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0.07 Pg-C lower than the long-term average, making it 
the third-largest anomaly determined with this method 
since 1983, with the largest uptake of carbon over the past 
decade coming from the eastern Indian Ocean. Global 
phytoplankton chlorophyll concentrations were slightly 
elevated in 2008 relative to 2007, but regional changes 
were substantial (ranging to about 50%) and followed 
long-term patterns of net decreases in chlorophyll with 
increasing sea surface temperature. Ozone-depleting 
gas concentrations continued to fall globally to about 
4% below the peak levels of the 2000–02 period. Total 
column ozone concentrations remain well below pre-
1980, levels and the 2008 ozone hole was unusually large 
(sixth worst on record) and persistent, with low ozone 
values extending into the late December period. In fact 
the polar vortex in 2008 persisted longer than for any 
previous year since 1979. 

Northern Hemisphere snow cover extent for the year 
was well below average due in large part to the record-
low ice extent in March and despite the record-maximum 
coverage in January and the shortest snow cover duration 
on record (which started in 1966) in the North American 
Arctic. Limited preliminary data imply that in 2008 glaciers 
continued to lose mass, and full data for 2007 show it was 
the 17th consecutive year of loss. The northern region 
of Greenland and adjacent areas of Arctic Canada expe-
rienced a particularly intense melt season, even though 
there was an abnormally cold winter across Greenland’s 
southern half. One of the most dramatic signals of the 
general warming trend was the continued significant 
reduction in the extent of the summer sea-ice cover and, 
importantly, the decrease in the amount of relatively 
older, thicker ice. The extent of the 2008 summer sea-ice 
cover was the second-lowest value of the satellite record 
(which started in 1979) and 36% below the 1979–2000 
average. Significant losses in the mass of ice sheets and 
the area of ice shelves continued, with several fjords on 
the northern coast of Ellesmere Island being ice free for 
the first time in 3,000–5,500 years.

In Antarctica, the positive phase of the SAM led to 
record-high total sea ice extent for much of early 2008 
through enhanced equatorward Ekman transport. With 
colder continental temperatures at this time, the 2007–08 
austral summer snowmelt season was dramatically weak-
ened, making it the second shortest melt season since 
1978 (when the record began). There was strong warming 
and increased precipitation along the Antarctic Peninsula 
and west Antarctica in 2008, and also pockets of warming 
along coastal east Antarctica, in concert with continued 
declines in sea-ice concentration in the Amundsen/
Bellingshausen Seas. One significant event indicative of this 
warming was the disintegration and retreat of the Wilkins 
Ice Shelf in the southwest peninsula area of Antarctica. 

The global mean temperature in 2008 was slightly 
cooler than that in 2007; however, it still ranks within the 
10 warmest years on record. Annual mean temperatures 
were generally well above average in South America, 
northern and southern Africa, Iceland, Europe, Russia, 
South Asia, and Australia. In contrast, an exceptional cold 
outbreak occurred during January across Eurasia and over 
southern European Russia and southern western Siberia. 
There has been a general increase in land-surface tem-
peratures and in permafrost temperatures during the last 
several decades throughout the Arctic region, including 
increases of 1° to 2°C in the last 30 to 35 years in Russia. 
Record setting warm summer (JJA) air temperatures were 
observed throughout Greenland. 

The year 2008 was also characterized by heavy 
precipitation in a number of regions of northern South 
America, Africa, and South Asia. In contrast, a prolonged 
and intense drought occurred during most of 2008 in 
northern Argentina, Paraguay, Uruguay, and southern 
Brazil, causing severe impacts to agriculture and affecting 
many communities. 

The year began with a strong La Niña episode that 
ended in June. Eastward surface current anomalies in the 
tropical Pacific Ocean in early 2008 played a major role 
in adjusting the basin from strong La Niña conditions to 
ENSO-neutral conditions by July–August, followed by 
a return to La Niña conditions late in December. The 
La Niña conditions resulted in far-reaching anomalies 
such as a cooling in the central tropical Pacific, Arctic 
Ocean, and the regions extending from the Gulf of Alaska 
to the west coast of North America; changes in the sea 
surface salinity and heat content anomalies in the trop-
ics; and total column water vapor, cloud cover, tropo-
spheric temperature, and precipitation patterns typical 
of a La Niña. Anomalously salty ocean surface salinity 
values in climatologically drier locations and anomalously 
fresh values in rainier locations observed in recent years 
generally persisted in 2008, suggesting an increase in the 
hydrological cycle. 

The 2008 Atlantic hurricane season was the 14th 
busiest on record and the only season ever recorded 
with major hurricanes each month from July through 
November. Conversely, activity in the northwest Pacific 
was considerably below normal during 2008. While ac-
tivity in the north Indian Ocean was only slightly above 
average, the season was punctuated by Cyclone Nargis, 
which killed over 145,000 people; in addition, it was the 
seventh-strongest cyclone ever in the basin and the most 
devastating to hit Asia since 1991. 

Greenhouse gas concentrations continued to rise, 
with CO

2 increasing by more than expected based on 
the 1979 to 2007 trend. In the oceans, the global mean 
CO2 uptake for 2007 is estimated to be 1.67 Pg-C, about 

ABSTRACT—M. O. Baringer and T. C. Peterson 
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I.	 Introduction—T. C. Peterson and M. O. Baringer

The primary goal of the annual State of the Cli-
mate collection of articles is to document the year’s 
current weather and climate events from around the 
world, such as those shown in Fig. 1.1, and put them 
into accurate historical perspective, with a particular 
focus on unusual or anomalous events from the past 
year. This year the State of the Climate brings together 
more than 280 authors from every continent and from 
numerous different research groups to collaborate, to 
share data and insights, and to describe the observed 
changes in climate from different perspectives. 
Indeed, this year’s report has gained an even wider 
international perspective with the addition of chapter 
editors from the Met Office, Environment Canada, 
and Australia’s National Climate Centre, as well as 
an expanding list of international authors. One of 
the lessons learned from addressing apparent incon-
sistencies in observations is that one dataset is great 
but multiple datasets are better because they confirm 
results and/or help provide estimates of uncertainty 
(Karl et al. 2001). With this in mind, the authors and 
editors seek to provide an inclusive synthesis of di-
verse sources of weather and climate data to describe 
what took place across our planet last year. 

As a guiding principle behind the inclusion of 
certain climatic variabiles into this report, the Global 
Climate Observing System has identified Essential 
Climate Variables (GCOS 2003) (see the appendix 
for a full list of abbreviations) that are necessary to 
support the United Nations Framework Convention 
on Climate Change and the Intergovernmental Panel 
on Climate Change. These variables are defined as 
those required for international exchange and should 
be economically and technically feasible to acquire 

(Table 1). Some other variables important for re-
search purposes are not included as ECVs; however, 
the GCOS list of ECVs as well as the other variables 
presented in this report are continually being reas-
sessed as improved observing technologies emerge. 
The State of the Climate report has strived to include 
an increasing number of these climatically important 
variables as the data availability increases and the 
analysis techniques and attributions improve.

The degree to which each of these ECVs can be 
assessed and reported depends largely on the level 
of data availability both currently and within the 
homogeneous historical record; hence the variables 
can be divided into categories: being monitored, par-
tially monitored, and not yet monitored. To be listed 
as monitored, the ECV not only has to be observed 
across much of the world but there also needs to be 
a moderately long-term dataset with accompanying 
analysis. For example, some ECVs, such as water 
vapor, have been observed across the world for over 
a century. But in that time, the observing instru-
mentation has changed, imparting artificial biases 
to the data. Therefore, to be effectively monitored 
requires not only observations but also adjustments 
to the historical data to remove or at least greatly 
diminish artificial biases. Also, the dataset needs to 
be updated in near-real time and be included in a 
peer-reviewed article documenting the reliability of 
all of these steps. It can be hard work, but progress 
is being made on many fronts. For example, surface 
water vapor is expected to be fully included in the 
report next year. In total, 34 GCOS Essential Climate 
Variables are reported in the 19th annual State of the 
Climate report.



S14 august 2009|

Fi
g

. 1
.1

. G
eo

gr
ap

hi
ca

l d
is

tr
ib

ut
io

n 
of

 n
ot

ab
le

 c
lim

at
e 

an
om

al
ie

s 
an

d 
ev

en
ts

 o
cc

ur
ri

ng
 a

ro
un

d 
th

e 
pl

an
et

 in
 2

00
8.



S15august 2009STATE OF THE CLIMATE IN 2008 |

Table 1.1. The GCOS ECVs and soil moisture (an emerging ECV) and their monitoring status. Like traf-
fic stop lights, green indicates yes, that this ECV is being monitored on a global or near-global scale and 
that this report includes a section that describes the ECV’s changes over time. Amber indicates that the 
ECV is explicitly discussed in this year’s State of the Climate, but the data are not updated through 2008 
or the coverage is not global. Red indicates more work needs to be done to monitor and document this 
ECV.



S16 august 2009|



S17august 2009STATE OF THE CLIMATE IN 2008 |

2.	Global Climate—P. W. Thorne, Ed.
a.	 Summary—P. W. Thorne

2008 was cool, but only in the context of the last 
few very warm years. It still ranks within the 10 
warmest years on record. The primary cause was 
a moderate to strong La Niña event. 1999, the last 
year with a similarly large La Niña, was 0.1°C colder. 
Surface cooling straddled 2007/08. Because the tropo-
spheric response lags the surface, 2008 ranked outside 
the top 10 warmest tropospheric years regardless of 
choice of dataset. This difference in rankings does not 
reflect, as has been variously posited, a fundamental 
issue for surface record homogeneity. 

This year’s global chapter incorporates many more 
climate variables than previous vintages. Where pos-
sible, anomalies for those variables in Plate 2.1 and in 
the individual section diagrams have been plotted in 
a consistent format to aid comparisons. We have also 
used more independently derived datasets. The spread 
provides guidance on how well we can characterize 
the climate system’s evolution. There are substantial 
questions about how well we understand, particularly, 
the long-term trends in many variables. However, it is 
clear that over the 30-yr period of truly global moni-
toring from satellites, the world has overall become 
warmer, moister, and probably stormier. 

Plate 2.1 shows that the dominant factor for almost 
all climate variables in 2008 was the La Niña event. 
total column water vapor, cloud cover, and precipita-
tion provide a consistent picture of areas of drying 
and moistening typical of a La Niña. The sea level 
pressure signature of La Niña is also readily appar-
ent, as are the surface and tropospheric temperature 
signals. Northern Hemispheric snow cover extent 

for the year was well below average despite record 
maximum coverage in January. Top-of-atmosphere 
radiation data imply that 2008 saw a net receipt of 
radiation into the climate system, but further work on 
these data is required so this should be treated as pro-
visional. Greenhouse gas concentrations continued 
to rise, with CO2 increasing by more than expected 
based on the 1979 to 2007 trend. Ozone-depleting gas 
concentrations continued to fall. Total-column ozone 
concentrations remained well below pre-1980 levels, 
and the Antarctic ozone hole was particularly large 
and long-lived. Limited preliminary data imply that 
in 2008 glaciers continued to lose mass, and full data 
for 2007 show it was the 17th consecutive year of loss. 
New land-use and vegetation-state products highlight 
how we are both directly and indirectly systematically 
altering the land-surface characteristics. Datasets 
used in this chapter that are publicly available are 
referenced in Table 2.5 at the chapter’s end. 

b.	 Temperatures
1)	Global surface temperatures in 2008—M. J. Menne 

and J. J. Kennedy
2008 was the coolest year since 2000, but still 

within the 10 warmest on record according to all 
three datasets [GISS, Hansen et al. 2001; HadCRUT3, 
Brohan et al. 2006; NCDC, Smith and Reynolds 2005]. 
Each analysis is based on air temperature data over 
land and sea-surface temperatures observed from 
ships and buoys (and satellites in the case of NCDC 
and GISS) with adjustments to account for changes 
in observing system bias. Differences in techniques 

Fig. 2.1. Global surface temperature anomalies with 
respect to the 1961 to 1990 average. (bottom) Mean of 
GISS, HadCRUT3 and NCDC; upper panel: difference 
between GISS, HadCRUT3, NCDC and the mean. 

Fig. 2.2. Year-by-year temperature rankings and 95% 
confidence limits for the HadCRUT3 temperature 
analysis. The main panel shows the 50 warmest years 
and the inset shows the full 159-yr record. 
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lead to differences in detail especially in regions with 
sparse data and in the specifics of yearly rankings. 
However, they are in strong agreement regarding the 
low-frequency variations in the surface temperature 
signal (Fig. 2.1, top). Differences rarely exceed 0.1°C 
and are much smaller than the increase in global 
mean temperature since the 1970s. Moreover, the 
uncertainties imply that 2008 is effectively indis-
tinguishable from several of the other high-ranking 

years (Fig. 2.2). Notably, the 20 warmest years have 
all occurred since 1981, and the 10 warmest have all 
occurred in the past 12 years.

2008 was cooler than recent years in part because 
of the moderate to strong La Niña that developed in 
the latter half of 2007. La Niña peaked in early 2008 
as indicated by the negative anomalies at equatorial 
latitudes (Fig. 2.3). Evidence of the impact of the 
ENSO cycle on tropical temperatures can be seen 
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throughout the record. Figure 2.3 also illustrates 
the increase in temperatures at high latitudes of the 
Northern Hemisphere in recent decades. As shown in 
Plate 2.1, panel 3, this trend continued into 2008 when 
above-average temperatures were recorded across all 
of northern Eurasia and much of the Arctic. 

2)	Lower tropospheric temperatures— J. Christy, 
D. Seidel, C. Mears, and L. Haimberger

The 2008 global average temperature of the lower 
tropospheric layer (TLT, surface to ~8km) was cooler 
than in recent years due to the La Niña. When the 
surface cools, the troposphere responds with similar 

temperature changes, which for the global average lag 
the surface fluctuations by 2 to 4 months (Christy and 
McNider 1994). The surface was coolest in January 
2008, and consequently the troposphere was coolest 
in May (~0.4°K below the 2007 average). Overall, 
2008 was cooler than 2007 by about 0.25°K. The 
51-yr time series of globally averaged TLT (Fig. 2.4) 
indicate this recent dip. 2008 was the 15th warmest 
of the mean of the datasets (individual rankings by 
dataset: 12th to 18th). 

Datasets in Fig. 2.4 were constructed by differ-
ent teams using either balloon-based radiosondes 
or satellite-based microwave sensors. Continuing 

Plate 2.1. Global annual anomaly maps for those variables for which it was possible to create a meaningful 
anomaly estimate. Climatologies differ among variables, but spatial patterns should largely dominate over 
choices of climatology period. Dataset sources and climatologies are given in the form (dataset name/data 
source, start year–end year) for each variable. See relevant section text and figures for more details. Lower 
stratospheric temperature (RSS MSU 1981–90); lower tropospheric temperature (UAH MSU 1981–90); surface 
temperature (NCDC 1961–90); cloud cover (PATMOS-x 1982–2008); total column water vapor (SSM/I/GPS 
1997–2008); precipitation (RSS/GHCN 1989–2008); mean sea level pressure (HadSLP2r 1961–90); wind speed 
(SSM/I 1988–2007); total column ozone (annual mean global total ozone anomaly for 2008 from SCIAMACHY. 
The annual mean anomalies were calculated from 1° × 1.25° gridded monthly data after removing the seasonal 
mean calculated from GOME (1996–2003) and SCIAMACHY (2003–07)]; vegetation condition [annual FAPAR 
anomalies relative to Jan 1998 to Dec 2008 from monthly FAPAR products at 0.5° × 0.5° [derived from SeaWiFS 
(NASA) and MERIS (ESA) data].
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research has developed procedures to account for 
inhomogeneities in these systems to provide the most 
confident estimates of the temperature evolution. 
Reanalyses have the potential to provide a physically 
consistent synthesis of all data sources, but inhomoge-
neities in their data inputs and the intrusion of model 
biases give reason to discount current reanalysis-

based trends (e.g., Karl et al. 2006, Sakamoto and 
Christy 2009).

The La Niña signal of the cool tropics is clear in the 
first half of 2008 (Fig. 2.5). Similar but longer-lived 
cool tropical events occurred around 1985, 1989, and 
2000. The cooling in 1992 is related to the volcanic 
eruption of Mt. Pinatubo. During the last decade or so 
there has been a general shift to warmer temperatures 
in the northern latitudes and tropics.

The estimated trend for both the entire time 
series beginning in 1958 (radiosonde era) and since 
1979 (satellite era) is +0.145 ±0.02°C decade–1 with 
the range of the trends calculated from the various 
datasets. There is no indication of acceleration of the 
trend, though the relatively large excursions from the 
trend line make possible other interpretations than 
a simple trend. Decadal variations and shifts tend to 
limit the meaning of linear trend estimates (Seidel 
and Lanzante 2004). 

The atmosphere responded to the equatorial 
Pacific influence in 2008 in a common “teleconnec-
tion” pattern (Plate 2.1, panel 2) with cold equatorial 
Pacific anomalies, warm regions in the north and 
south Pacific, and cold regions farther east of these, 
including into North America (Wallace et al. 2005). 
Other regions of warm anomalies in 2008 include 
Arctic Canada and most of Russia. Aside from the 
broad, cool anomalies in the tropics, the Southern 
Hemisphere was mostly below average.

3)	Stratospheric temperatures—D. Seidel, J. Christy, and 
C. Mears

The 2008 annual average temperature of the lower 
stratosphere was similar to that of the last dozen 
years (Fig. 2.6). Globally, the lower stratosphere has 
been about 1.5°C cooler over the past decade than 

Fig. 2.4. Global mean lower tropospheric tempera-
ture (1958–2008) from multiple datasets, including 
five radiosonde datasets (HadAT, IUK, RAOBCORE, 
RATPAC, and RICH) and two satellite MSU datasets 
(RSS, UAH). All time series are for the layer sampled 
by MSU retrieval 2LT, spanning 0–8 km in altitude. 
Black curve is the average of all available radiosonde 
datasets, and the colored curves show differences 
between individual datasets and this average. Refer-
ences for the radiosonde datasets are Thorne et al. 
2005b, Sherwood et al. 2008, Haimberger 2007, Free 
et al. 2005, and Haimberger et al. 2008; and for the 
MSU datasets are Mears and Wentz 2009a and Christy 
et al. 2003.

Fig. 2.3. HadCRUT3 monthly average temperature 
anomalies by latitude for the period 1850 to 2008. The 
data have been smoothed in space and time using a 
1:2:1 filter. White areas indicate missing data. 

Fig. 2.5. Zonal mean lower tropospheric temperature 
anomalies (1979–2008) with respect to the 1979–88 
mean. Anomalies based on MSU Channel 2LT data, as 
processed by RSS (Mears and Wentz 2009a). 
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in the 1960s when the radiosonde network began to 
offer reasonably global monitoring. The cooling oc-
curred in steps (Ramaswamy et al. 2006; Seidel and 
Lanzante 2004). Major volcanic eruptions (Agung 
1963; El Chichon 1982; Pinatubo 1991) warmed the 
lower stratosphere for about two years (Free and 
Lanzante 2009), followed by cooler mean states than 
before (Fig. 2.6). Volcanic warming events are most 
notable in the tropics (Fig. 2.7). Other influences on 
stratospheric temperature changes include green-
house gas and stratospheric ozone changes and solar 
variations.

This general evolution of global lower strato-
spheric temperature is robustly captured in all 
available radiosonde (1958–present) and satellite 
(1979–present) datasets (Fig. 2.6). However, the data-
sets differ in detail. Of those that cover 1979–2008, 
2008 ranks as the coldest year in three, the second 
coldest in one, and the eighth coldest in another. 
Trends estimated from the average of the radiosonde 
datasets are −0.35 ± 0.07 °C decade–1 for 1958–2008, 
and −0.50 ± 0.16°C decade–1 for 1979–2008; how-
ever, there are statistically significant differences 

(of about 0.1°C decade–1) between datasets, with all 
satellite-based datasets showing less cooling (−0.33° 
to 0.42°C decade–1) since 1979 than the radiosondes, 
and even greater disagreement among the radiosonde 
datasets before that. This uncertainty in the mag-
nitude, and therefore cause, of the long-term trend 
(Thorne et al. 2005a) is due to the lack of reference 
quality observations. However, 2008 saw the imple-
mentation of a new GCOS Reference Upper-Air Net-
work to provide much higher-quality data, in both the 
troposphere and stratosphere (Seidel et al. 2009).

The tropical stratospheric QBO in wind direction 
(Baldwin et al. 2001) imposes a signature on tropical 
temperatures (Fig. 2.7), also apparent in the global 
average (Fig. 2.6). The QBO shifted from easterly to 
westerly in the lower stratosphere during 2008, bring-
ing a change from cold to warm tropical anomalies. 
Sudden stratospheric warming events in northern 
high latitudes in January and February brought 
temperature increases of 10° to 30°K at the 10-hPa 
level (NOAA CPC 2009a). Their impact is seen in the 
annual anomaly map for the lower stratosphere (Plate 
2.1, panel 1) as warm anomalies over the Canadian 
Arctic. Over Antarctica, the wintertime stratospheric 
vortex was the longest-lived since 1979, contributing 
to 2008 being one of the coldest winters on record in 
the Antarctic stratosphere and to a long-lived Ant-
arctic ozone hole (NOAA CPC 2009b). 

The preceding analysis focused on the lower 
stratosphere. The state of the global stratosphere at 
higher levels is more difficult to describe because few 
long-term datasets are available. The recent compre-
hensive analysis by the Stratospheric Processes and 
their Role in Climate program (Randel et al. 2009) 
included revised and updated data for the middle 
and upper stratosphere from the satellite-borne SSU 
for 1979–2005 (Shine et al. 2008). SSU data require 
homogeneity adjustments for instrument change and 
drift and for changing atmospheric composition, but 
they have not yet benefitted from analysis by multiple 
groups, which tends to facilitate the identification and 
correction of errors. The revised SSU data indicate 
long-term cooling of ~0.5° to 1.5°K decade–1 of the 
middle and upper stratosphere (about twice as large 
as lower stratospheric trends), but relatively constant 
temperatures during 1995–2005 like both MSU and 
radiosonde data for the lower stratosphere. However, 
the SSU channel that samples the lower stratosphere 
indicates a gradual temperature increase during that 
period, so there remain unreconciled differences with 
other datasets and uncertainty in middle and upper 
stratospheric temperature changes. 

Fig. 2.6. As Fig. 2.4. but all time series are for the layer 
sampled by MSU channel 4, spanning 10–25 km in al-
titude, with a peak near 18 km. Additional dataset is 
STAR (Zou et al. 2008) and RSS Channel 4 is described 
in Mears and Wentz (2009b). 

Fig. 2.7. As Fig. 2.5 but for the lower stratospheric 
channel (Mears and Wentz 2009b).
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Fig. 2.8. Global mean temperature 
changes over the last decade in 
context. (a) Monthly global mean 
temperature anomalies (with re-
spect to 1961–90 climatology) since 
1975, derived from the combined 
land and ocean temperature data-
set HadCRUT3 (gray curve). (top 
blue curve) The global mean after 
the effect of ENSO that has been 
subtracted is also shown, along with 
(bottom blue curve, offset by 0.5°C) 
the ENSO contribution itself. Least 
squares linear trends in the ENSO 
and ENSO-removed components 
for 1999–2008 and their two std 
dev uncertainties are shown in 
orange. (b) ENSO-adjusted global 
mean temperature changes to 2008 
as a function of starting year for 
HadCRUT3, GISS dataset (Hansen 
et al. 2001) and the NCDC dataset 
(Smith et al. 2008) (dots). Mean 
changes over all similar-length 
periods in the twenty-f irst cen-
tury climate model simulations are 
shown in black, bracketed by the 
70%, 90%, and 95% intervals of the 
range of trends (gray curves). (c) 
Distribution of 1999–2008 trends 
in HadCRUT3 (°C decade–1). Black 
squares indicate where the trends 
are inconsistent at the two std dev 
level with trends in 17 simulated 
decades (see text). 

Observations indicate that global 
temperature rise has slowed in 
the last decade (Fig. 2.8a). The 
least squares trend for Janu-
ary 1999 to December 2008 
calculated from the HadCRUT3 
dataset (Brohan et al. 2006) is 
+0.07±0.07°C decade–1—much 
less than the 0.18°C decade–1 
recorded between 1979 and 

Do global temperature trends over the last decade falsify climate 
predictions?—J. Knight, J. J. Kennedy, C. Folland, G. Harris, G. S. Jones, M. Palmer, 
D. Parker, A. Scaife, and P. Stott
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2005 and the 0.2°C decade–1 
expected in the next decade 
(IPCC; Solomon et al. 2007). 
This is despite a steady increase 
in radiative forcing as a result 
of human activities and has led 
some to question climate predic-
tions of substantial twenty-first 
century warming (Lawson 2008; 
Carter 2008). 

El Niño–Southern Oscillation is 
a strong driver of interannual global 
mean temperature variations. 
ENSO and non-ENSO contribu-
tions can be separated by the 
method of Thompson et al. (2008) 
(Fig. 2.8a). The trend in the ENSO-
related component for 1999–2008 
is +0.08±0.07°C decade–1, fully 
accounting for the overall observed 
trend. The trend after remov-
ing ENSO (the "ENSO-adjusted" 
trend) is 0.00°±0.05°C decade–1, 
implying much greater disagree-
ment with anticipated global tem-
perature rise. 

We can place this apparent lack 
of warming in the context of natu-
ral climate fluctuations other than 
ENSO using twenty-first century 
simulations with the HadCM3 cli-
mate model (Gordon et al. 2000), 
which is typical of those used in the 
recent IPCC report (AR4; Solomon 
et al. 2007). Ensembles with differ-
ent modifications to the physical 
parameters of the model (within 
known uncertainties) (Collins et al. 
2006) are performed for several of 
the IPCC SRES emissions scenarios 
(Solomon et al. 2007). Ten of these 
simulations have a steady long-term 
rate of warming between 0.15° 

and 0.25ºC decade–1, close to the 
expected rate of 0.2ºC decade–1. 
ENSO-adjusted warming in the 
three surface temperature datasets 
over the last 2–25 yr continu-
ally lies within the 90% range of 
all similar-length ENSO-adjusted 
temperature changes in these 
simulations (Fig. 2.8b). Near-zero 
and even negative trends are com-
mon for intervals of a decade or 
less in the simulations, due to the 
model’s internal climate variability. 
The simulations rule out (at the 
95% level) zero trends for intervals 
of 15 yr or more, suggesting that 
an observed absence of warming of 
this duration is needed to create 
a discrepancy with the expected 
present-day warming rate. 

The 10 model simulations (a 
total of 700 years of simulation) 
possess 17 nonoverlapping decades 
with trends in ENSO-adjusted 
global mean temperature within the 
uncertainty range of the observed 
1999–2008 trend (−0.05° to 
0.05°C decade–1). Over most of the 
globe, local surface temperature 
trends for 1999–2008 are statisti-
cally consistent with those in the 
17 simulated decades (Fig. 2.8c). 
Field significance (Livezey and Chen 
1983) is assessed by comparing 
the total area of inconsistent grid 
boxes with the range of similar area 
values derived by testing the con-
sistency of trends in each simulated 
decade with those in the remaining 
simulated decades. The 5.5% of 
the data area that is inconsistent 
in the observed case is close to 
the median of this range of area 

values, indicating the differences 
are not field significant. Inconsistent 
trends in the midlatitude Southern 
Hemisphere strongly resemble the 
surface temperature pattern of the 
negative phase of the SAM (Ciasto 
and Thompson 2008), which did 
indeed show a negative trend in the 
last decade.

These results show that cli-
mate models possess internal 
mechanisms of variability capable of 
reproducing the current slowdown 
in global temperature rise. Other 
factors, such as data biases and 
the effect of the solar cycle (Haigh 
2003), may also have contributed, 
although these results show that 
it is not essential to invoke these 
explanations. The simulations also 
produce an average increase of 
2.0°C in twenty-first century global 
temperature, demonstrating that 
recent observational trends are 
not sufficient to discount predic-
tions of substantial climate change 
and its significant and widespread 
impacts. Given the likelihood that 
internal variability contributed 
to the slowing of global tempera-
ture rise in the last decade, we 
expect that warming will resume 
in the next few years, consistent 
with predictions from near-term 
climate forecasts (Smith et al. 2007; 
Haines et al. 2009). Improvements 
in such forecasts will give greater 
forewarning of future instances of 
temporary slowing and accelera-
tion of global temperature rise, as 
predicted to occur in IPCC AR4 
projections (Easterling and Wehner 
2009).
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Fig. 2.10. Anomaly time series of TCWV both from 
SSM/I and from an average of GPS stations. The time 
series have been smoothed to remove variability on 
time scales shorter than 6 months. A linear fit to the 
SSM/I data is also shown, indicating an increasing trend 
in water vapor over the 1988–2008 period.

Fig. 2.11. Time–latitude plot of TCWV anomaly calcu-
lated using a reference period of 1988–2007. The data 
have been smoothed in the time direction to remove 
variability on time scales shorter than 4 months. 

c.	 Hydrological cycle
1)	Total column water vapor—C. Mears, J. Wang, and 

L. Zhang
Total column water vapor over the world’s oceans 

has been monitored continuously since the launch 
of the first SSM/I satellite in late 1987 (Wentz 1997). 
These data have been independently evaluated and 
found to be accurate enough for climate studies 
(Trenberth et al. 2005). Beginning in the late 1990s, 
ground-based GPS measurements have provided a 
second accurate estimate of TCWV over land (Wang 
et al. 2007); they are an important complement to the 
ocean-only SSM/I measurements. 

Plate 2.1, panel 5 includes data from SSM/I and 
from a subset of 71 GPS stations with continuous data 
from 1997 to 2008, allowing meaningful anomaly es-
timates. The network is expanding rapidly. In 2008 a 
total of 560 GPS stations had data, and annual means 
could be calculated at 252 stations (Fig. 2.9). There 
is generally agreement within 0.5 mm between the 
SSM/I and GPS measurements where they overlap. 
The most striking feature is the large dry anomaly 
centered on the central tropical Pacific, associated 
with La Niña. The dry region extends poleward and 
eastward from this source, resulting in dry anomalies 
over much of the continental United States. 

The global ocean average SSM/I TCWV shows 
dramatic maxima in 1988–89 and 1997–98 associ-
ated with ENSO events (Fig. 2.10). Minima associ-
ated with La Niña events occur in 1988–89, 1993, 
1999, and 2008. The GPS data averaged over the 71 
stations in Plate 2.1 show similar features despite 
the substantially different geographical sampling. 
The SSM/I data show a 0.25 mm decade–1 trend in 
TCWV. In the tropics this is consistent with increases 
in lower tropospheric temperature (Mears et al. 2007) 

and has been formally attributed to anthropogenic 
change over the 1988–2006 period (Santer et al. 2007). 
Variability in zonally averaged TCWV is dominated 
by variability in the tropics caused by ENSO events 
(Fig. 2.11). The tropics dominate because of the larger 
changes in TCWV per degree change in temperature 
at higher temperatures as described by the Clausius–
Clapeyron relationship.

2)	Global precipitation—D. H. Levinson, K. A. Hilburn, 
and M. C. Kruk

Land-based data are primarily analyzed from 
monthly totals of in situ gauge measurements using 
the GHCN dataset (Peterson and Vose 1997), which 
for most regions extends back to the beginning of 
the twentieth century. Several alternative land-based 
datasets are also considered. Over ocean basins, three 
satellite datasets are considered: 

•	 Remote Sensing Systems intercalibrated passive 
microwave rain retrievals (Hilburn and Wentz 

Fig. 2.9. 2008 annual mean TCWV (mm) at 252 sta-
tions (colored circles) and 308 stations (denoted by 
an asterisk) that have data in 2008, but not enough to 
calculate an annual mean. 
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2008) that closely match gauges on tropical buoys 
(Bowman et al. 2009) and are not sensitive to snow, 
which may account for an apparent low global bias 
(Wentz et al. 2007)

•	 The Global Precipitation Climatology Project Ver-
sion 2, Combined Precipitation Data Set (Adler 
et al. 2003), a combination of data from microwave 
and infrared satellite sensors and rain gauges

•	 NOAA CMAP (Xie and Arkin 1997), combining 
data from microwave and infrared satellite sensors, 
rain gauges, and numerical model predictions.

Despite obvious differences among datasets, global 
land precipitation has clearly varied on interdecadal 
time scales, and the above-average anomaly in 2008 is 
part of a longer-term wet period that began in the late 
1990s (Fig. 2.12). The 2008 anomaly was dominated 
by an extremely wet Southern Hemisphere summer 
(DJF). There is substantial disagreement among the 
ocean precipitation time series, especially in the 
first half of the period (Fig. 2.12c). Despite this, RSS 
and GPCP have similar overall linear trends, both 
of which are significant at the 95% confidence level. 
The trend for CMAP is negative but not significant. 
Significance is estimated from deviations from the 
linear fit, accounting for autocorrelation (Santer et al. 

Fig. 2.12. (a) Annual global land surface precipitation 
anomalies (mm) over the period 1901–2008 from 
the GHCN dataset (Vose et al. 1992). Precipitation 
anomalies were calculated with respect to 1981–2000 
(Trenberth et al. 2007) : green bars are positive 
anomalies, yellow bars are negative anomalies, and 
red bar is 2008 anomaly. Smoothed GHCN and CRU 
(v.3) annual values were created using a 13-point bino-
mial filter. (b) Time series of the difference between 
the smoothed GHCN annual anomalies and annual 
anomalies over global land areas from five different 
global precipitation datasets for the period 1951–2008: 
CRU v.3, Chen et al. (2002), GPCP, and two from the 
GPCC (VasClimO and Full v.3). (c) Ocean precipita-
tion anomalies relative to the period 1988–2008. Aver-
ages are for the global ocean between 60°S and 60°N 
latitude using a common definition of “ocean.” The 
annual cycle has been removed and the time series 
have been low-pass filtered by convolution using a 
Gaussian distribution, with 4-month width at half-peak 
power. Note that the RSS data are available through 
all of 2008, while GPCP and CMAP data are available 
through Apr and Jul 2008, respectively. The inset gives 
the 1988–2008 mean (mm yr−1) and the linear trend 
(mm yr−1 decade−1) with the 95% confidence interval. 
Straight lines denote the linear trends, and the confi-
dence interval is estimated based on deviations from 
the linear fit and does not incorporate a particular 
dataset’s “error.” 

2000). For RSS, the 95% confidence interval is about 
60% larger than that estimated by Wentz et al. (2007), 
who estimated the uncertainty in RSS by using devia-
tions from hydrological balance.

Spatial trends in GHCN annual precipitation 
were determined for 1901–2008 and for 1989–2008 
(Fig. 2.13). On the century time scale, most of the 
globe has trended toward wetter conditions, but with 
notable exceptions, including parts of southern Eu-
rope, most of Africa, southwestern Australia, and the 
west coast of South America. Drying trends were most 
prominent in the African Sahel, where drought domi-
nated from the 1970s through the 1990s. Since 1989, 
however, the Sahel has trended wetter (Fig. 2.13b). 
Two regions that have become significantly drier over 
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the past two decades are the southwestern United 
States and southeastern Australia. 

These regional trends are also apparent in the 
GHCN zonal mean precipitation (Figs. 2.14a,b). A 
trend toward drier tropical conditions since the 1950s 
is clearly evident. There has been a steady increase 
in precipitation over northern high latitudes during 
the twentieth century, which has accelerated over the 

Fig. 2.13. Trends in annual precipitation calculated 
from the GHCN monthly dataset for two different 
time periods: (a) 1901–2008 (% change century−1) and 
(b) 1989–2008 (% change decade−1). Calculation of 
grid cell trends required at least two-thirds (66%) of 
the years without missing data during each of the two 
periods analyzed.

Fig. 2.14. (a) Time–latitude plot of GHCN annual land 
precipitation in terms of the % departure from 1989 to 
2000 base-period means, with zonal means determined 
over 5°-latitude bands covering the period 1901–2008. 
Gray shading at higher latitudes in the early twentieth 
century is due to a lack of data south of 40°S and north 
of 75°N. (b) Same as (a) but for the RSS satellite re-
cord era. (c–e) Time–latitude section of precipitation 
anomalies (mm yr−1) averaged over the (c) Atlantic, 
(d) Pacific, and (e) Indian Ocean basins as observed by 
the RSS monthly averaged dataset. Anomalies were 
calculated using the 1988–2008 base period by remov-
ing the latitude-dependent annual cycle.

past 5 yr. Figures 2.14c–e show time–latitude sections 
of precipitation anomalies over the Atlantic, Pacific, 
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Fig. 2.16. Global map of daily precipitation extremes observed in 2008 from the GHCN dataset. The plotted 
values are the average of the top five largest daily precipitation events (mm) at each station. 

and Indian Ocean basins over the shorter satellite 
era. Wetter-than-average conditions over the Atlantic 
basin in 2008 were focused south of the equator in 
the first half of 2008, and north of the equator for the 
second half. With the break in the dry conditions over 
the equatorial Pacific in the middle of 2008, the drier 
areas shifted northward. 

The western equatorial Pacific was wetter than 
normal in 2008, while it was drier than normal across 
much of the tropical eastern and central Pacific (Plate 
2.1, panel 6), an expected consequence of the 2008 
La Niña (Ropelewski and Halpert 1987). The dry 
anomalies across the central Pacific began in late 
2007 (Fig. 2.15) and strengthened in the beginning of 
2008 before weakening around June. Dry conditions 
redeveloped later in 2008 but were not as strong. 

Fig. 2.15. Time–longitude section of precipitation 
anomaly averaged over the tropical ocean (5°S to 5°N) 
as observed by the RSS monthly averaged dataset. 
Anomalies were determined using the 1988–2008 base 
period by removing the longitude-dependent annual 
cycle. Missing areas are the results of land masks: be-
tween 10° and 40°E are due to Africa, the areas near 
100° and 115°E are due to Sumatra and Borneo, and 
the areas between 280° and 310°E are due to South 
America. 
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Fig. 2.17. Anomalies of monthly snow cover extent 
over Northern Hemisphere lands (including Green-
land) between Nov 1966 and Dec 2008. Anomalies are 
calculated from NOAA snow maps. Mean hemispheric 
snow extent is 25.5 million km2 for the full period of 
record. Monthly means for the period of record are 
used for nine missing months between 1968 and 1971 
to create a continuous series of running means. Missing 
months fall between Jun and Oct; no winter months 
are missing. 

Fig. 2.18. Seasonal snow cover extent over Northern 
Hemisphere lands (including Greenland) between 
winter (Dec–Feb) 1966/67 and fall (Sep–Nov) 2008. 
Calculated from NOAA snow maps.

The most extreme land precipitation events ob-
served in 2008 were determined by averaging the five 
wettest days using GHCN data. The largest extremes 
affected Japan, Southeast Asia, and numerous loca-
tions across the United States (Fig. 2.16). The maxi-
mum of 716 mm occurred in the Hawaiian Islands.

3)	Northern Hemisphere continental snow cover 
extent—D. A. Robinson

Annual snow cover extent over the Northern 
Hemisphere was 1.1 million km2 less than the 39-yr 
average; 2008 had the fourth least extensive cover 
on record (Table 2.1). This includes the Greenland 
ice sheet. The 12-month running means of SCE 
were below the long-term average throughout 2008. 
They were consistently the lowest values since the 
notable minimum in the late 1980s and early 1990s 
(Fig. 2.17).

The year commenced with record maximum 
hemispheric SCE, due to record Eurasian cover 
(Fig. 2.17b; see also box in regional chapter on the 
impacts). February SCE remained anomalously large 
over both continents. Combined with an upper-
quartile ranking in December 2007, the winter of 
2007/08 had the fourth most extensive hemispheric 
SCE of the past 42 years (Fig. 2.18). Eurasian snow 
melted quickly in March, leading to a record low 
SCE over the continent and the fourth lowest over 
the hemisphere. In May, North American SCE joined 
Eurasia and the hemisphere as a whole in the lowest 
quartile. Record-low June coverage occurred over 
both continents. Spring coverage was the third low-
est on record, and summer SCE was a record low. 
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Eurasian cover consistently ranked near the 25th 
percentile throughout the fall and into December. 
North American SCE was slightly above average in 
September, somewhat below average in October and 
November, and seventh most extensive in December. 
This resulted in hemisphere-wide cover between the 
20th and 50th percentile during the last four months 
of 2008, and a fall cover ranking as 10th lowest.

4)	Global cloudiness—M. J. Foster, S. A. Ackerman, 
R. Bennartz, A. K. Heidinger, B. C. Maddux, and W. B. Rossow

Global cloudiness in 2008 was dominated by 
La Niña, a return of Arctic summer cloudiness due 
to a weakening of the anticyclonic atmospheric cir-
culation pattern seen in 2007, and an increase in the 
amount of equatorial Atlantic high cloud in the boreal 
spring. The primary dataset used for this analysis 
is the 27-yr record of cloud retrievals in NOAA’s 
AVHRR PATMOS-x dataset.

The La Niña, along with enhanced low-level east-
erly winds, strengthened large-scale convection in 
the western Pacific near Indonesia and suppressed it 
in the central Pacific. Plate 2.1, panel 4 shows below-
normal cloudiness in the central equatorial Pacific, 

and above-normal cloudiness around Indonesia. The 
magnitude of the central Pacific negative anomaly 
is approximately 20%–25%. The positive anomaly 
around Indonesia is between 10% and 15%. Only 
small portions of the central Pacific negative anomaly 
are statistically significant at the 95% confidence level, 
and none of the positive anomaly around Indonesia 
is statistically significant.

Both MODIS and PATMOS-x capture a positive 
equatorial anomaly in boreal spring and summer 
2008 (Fig. 2.19). This is consistent with an anoma-
lous shift of the ITCZ over the equatorial Atlantic, 
which may have been influenced by ENSO effects 
on the Walker circulation (Saravanan and Chang 
2000; Chiang et al. 2002). NCEP–NCAR reanalysis 
data show higher-than-normal SSTs, easterly wind 
strength, and tropospheric humidity, yielding in-
creased convective activity and a positive high cloud 
anomaly over 30% relative to the long-term mean for 
March through May. The magnitude of the anomaly 
is reduced in Fig. 2.19 by an ENSO-induced negative 
high cloud anomaly in the equatorial central Pacific, 
but portions of the annual anomaly are statistically 
significant at the 95% confidence level.

Table 2.1. Monthly and annual climatological information on Northern Hemisphere and continental 
snow extent between Nov 1966 and Dec 2008. Included are the numbers of years with data used in 
the calculations, means, std dev, 2008 values, and rankings. Areas are in millions of square kilometers. 
1968, 1969, and 1971 have 1, 5, and 3 missing months, respectively, and thus are not included in the an-
nual (Ann) calculations. North America (N. Am.) includes Greenland. Ranks are from most extensive 
(1) to least (ranges from 39 to 43 depending on the month).

Years Mean Std dev 2008

2008  
Northern 

Hemisphere 
rank

Eurasia 
rank

N. Am. 
rank

Jan 42 47.0 1.6 50.1 1 1 13

Feb 42 45.9 1.8 47.4 11 13 10

Mar 42 40.9 1.9 37.9 39 42 7

Apr 42 31.3 1.7 29.4 36 42 9

May 42 20.3 1.9 17.7 38 38 34

Jun 41 10.8 2.2 6.6 41 41 41

Jul 39 4.7 1.5 2.4 39 39 39

Aug 40 3.4 1.0 2.4 35 38 34

Sep 40 5.6 1.0 5.1 26 30 17

Oct 41 18.3 2.6 16.8 33 31 26

Nov 43 34.1 2.0 32.8 32 32 25

Dec 43 43.5 1.8 43.9 22 32 7

Ann 39 25.5 1.0 24.4 36 36 25
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Fig. 2.19. (a) Monthly zonal average PATMOS-x anoma-
lies of high cloud cover (cloud top pressure < 440 hPa) 
in 2008, relative to 2003–08 climatology based on re-
trievals from the NOAA-16 and NOAA-18 satellites. 
The 2003–08 reference period is chosen to match that 
of MODIS (b) to facilitate comparison. (b) Same as (a) 
but for MODIS (cloud top pressure < 440 hPa) based 
on retrievals from the Aqua and Terra satellites.

Fig. 2.20. Anomalies of monthly cloud amount between 
Jan 1971 and Dec 2008 taken from four datasets. The 
thick solid lines represent smoothing with a boxcar 
filter with a 2-yr window. There are 6 months missing 
from the PATMOS-x time series between Jan 1985 and 
Feb 1991, as well as a gap from Jan 1994 to Feb 1995.

In 2007 increased temperatures and decreased tro-
pospheric humidity associated with an anticyclonic 
atmospheric circulation pattern caused noticeable 
decreases in Arctic summer cloudiness (Kay et al. 
2008). In 2008 this anticyclonic atmospheric circu-
lation pattern persisted through boreal spring but 
weakened during the Arctic summer, resulting in an 
increase in cloudiness over northern Greenland and 
much of the Arctic Ocean of 15% to 20%. None of 
these increases is statistically significant.

Figure 2.20 shows global mean monthly cloud 
amount anomalies since January 1971 from four 
sources: SOBS for 1971–96, infrared sounder instru-
ments on the NOAA polar orbiting weather satellites 
(HIRS-W) for 1979–2002, imaging radiometers on 
operational weather satellites (ISCCP) for 1983–2007 
(and continuing), and the PATMOS-x data. The re-
cords appear to disagree on the long-term variation 
of cloudiness, but the variations and their differences 
are smaller than the estimated uncertainties and are 

much smaller than the annual cycle. We conclude 
that the global monthly mean cloud cover did not 
vary by more than a few percent over more than two 
decades. This upper limit is significant in light of 
other, simultaneous variations of the climate: the lack 
of change needs to be explained as much as would a 
significant change.

PATMOS-x is the only record shown that currently 
extends throughout 2008. Its 2008 annual mean glob-
ally averaged cloud amount is 65%, very close to its 
27-yr mean of 65.2; all months were within 1% of the 
long-term mean cloudiness.

5)	River discharge—A. M. Macdonald, B. M. Fekete, L. C. 
Bowling, R. B. Lammers, R. Lawford

Discharge is a uniquely useful climate indicator 
among water cycle components as hydrograph obser-
vations integrate both in space and time. Runoff var-
ies in response to natural and anthropogenic forcing 
(e.g., land-use change, reservoirs, dams) (Milliman 
et al. 2008; IPCC 2007; Gedney et al. 2006). Variations 
that affect the water available in local watersheds 
contribute to changes in ocean freshwater budgets 
(Talley 2008; Peterson et al. 2006), and play a sig-
nificant role in the temporal variability and trends of 
the global water cycle (Oki and Kanae 2006). Modern 
estimates of global runoff vary by less than 10% (Table 
2.2). Regional year-to-year discharge is dominated 
by variations in precipitation but is also nonlinearly 
dependent on groundwater contributions, regional 
runoff fractions, and surface water withdrawals. 

Most discharge records have temporal gaps and/or 
infrequent or spatially inhomogeneous sampling. 
Divergent methods of data collection and apparent 
political disincentives to report accurately com-

(a)

(b)
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Table 2.2. Estimates of long-term mean annual global runoff (km3 yr−1) into major ocean basins. Per-
cent variation is a measure of the variation among the different estimates and is equal to the std dev 
divided by the mean times 100. Rows 1–3, 5, and 7 are adapted from Dai and Trenberth’s (2002) Table 4, 
which states that the values exclude the Antarctic runoff into the Southern Ocean that they estimate at 
~2614 km3 yr−1 after Jacobs et al. (1992) (see their references). Rows 4, 6, and 8 are estimated from GRDC 
(2004). Including only those estimates made in the last decade reduces the percent variation among the 
estimates to 16%, 6%, 8%, 42%, 10%, and 4% for columns 1 to 6, respectively

Arctic Atlantic Indian
Mediterranean  
& Black Seas

Pacific Total

Baumgartner and 
Reichel (1975)

2,600 19,300 5,600 0 12,000 37,713

Korzun et al. (1977) 5,220 20,760 6,150 0 14,800 46,930

Oki (1999) 4,500 21,500 4,000 0 10,000 40,000

Shiklomanov (1999) 4,281 19,799 4,858 0 12,211 41,149

Fekete et al. (2000) 2,947 18,357 4,802 1,169 11,127 38,402

Fekete et al. (2002) 3,268 18,506 4,858 475 10,476 37,583

Dai and Trenberth 
(2002)

3,658 19,168 4,532 838 9,092
37,288
±662

GRDC (2004) 3,863 20,373 5,051 0 11,245 40,533

Average, Std Dev 
and % Variation  
of above Values 

3,792
±863
23%

19,720
±1,102

6%

4,981
±653
13%

827
±347
42%

11,369
±1724
15%

39,950
±3176

8%

pound the issue. Although satellite measurements 
may improve global coverage, orbit tracks present 
issues for spatial and temporal resolution (Alsdorf 
et al. 2007).

The primary archive for global in-situ river dis-
charge data is the GRDC. As of December 2007, it 
held 3.3 million monthly discharge estimates from 
7,332 stations in 156 countries worldwide, represent-
ing some 276,000 station years of data. The shortest 
records are for a single year, the longest 197 years. 
However, the most recent data available (GRDC 2009) 
are for 2004. 

Planned discharge data products will combine 
discharge observations with rainfall runoff simula-
tion based on meteorological observations to provide 
spatially distributed estimates (Fekete et al. 2001). 
Alsdorf and Lettenmeier (2003) also recommend 
incorporation of satellite estimates. As a precursor 
to such merged products, the Global Terrestrial 
Network for Hydrology publishes runoff and river 
discharge estimates based on climate and precipita-

tion data forcing. There is strong spatial variability of 
2007 runoff and anomalies (Fig. 2.21), reflecting the 
integral quality of discharge. Such products offer the 
potential for global monitoring, even where primary 
data are not readily accessible. 

d.	 Atmospheric circulation
1)	Mean sea level pressure—R. Allan
The major feature of the 2008 annual global MSLP 

field was the influence of the moderate La Niña event. 
Annual MSLP anomalies were 1 to 2.5 hPa above av-
erage across the bulk of the Pacific Ocean and up to 
1 hPa below average across the Indian Ocean and the 
“maritime continent” of Indonesia (Plate 2.1, panel 7). 
El Niño and La Niña events can be monitored by the 
SOI, the normalized MSLP difference between Tahiti 
and Darwin (Allan et al. 1996). El Niños (negative 
SOI) and La Niñas (positive SOI) vary in magnitude, 
duration, and evolution, and no two events or epi-
sodes are exactly the same. Major events can be near 
global in their influence on weather patterns, due 
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Fig. 2.22. The SOI for (a) 1900 to present and (b) 
from 2000 to 2008 relative to the 1876 to 2008 base 
period.

since 1900 is dominated by interannual to multidec-
adal vacillations, but very-long-term trends are not 
evident (Fig. 2.22). Figure 2.22b indicates that the 
weak–moderate La Niña in 2008 is part of a longer, 
persistent episode that started in 2007. 

In the Southern Hemisphere in 2008, high lati-
tudes were dominated by negative MSLP anomalies, 
with positive MSLP anomalies at middle latitudes, 
particularly across the southern Atlantic and Indian 
Ocean sectors (Plate 2.1, panel 7). This indicates a 
strong positive phase of the Southern annular mode 
(Fig. 2.23b) which plays an important role in modulat-
ing climatic patterns across the Southern Hemisphere 
continents. The 2008 annual MSLP anomalies in 
the North Atlantic region, being negative at higher 
latitudes and positive at midlatitudes, reflect a posi-
tive winter NAO (Fig. 2.23a). The instrumental NAO 
record is dominated by interannual to multidecadal 
fluctuations. The negative MSLP anomalies over the 
United Kingdom and Scandinavia in 2008 also reflect 
the circulation pattern underlying the wet 2008 sum-
mer in the United Kingdom.

2)	Surface wind speed—C. Mears
Surface wind speed over the oceans began to be 

monitored continuously with the first SSM/I satellite 
in late 1987. This uses measurements of upwelling 
microwave radiation to infer the surface roughness 
of the world’s oceans, and thus surface wind speed 
(Wentz 1997). Here we use Version 6 of the SSM/I 
dataset produced by RSS. The average winds over 
the global ocean exhibited a maximum in 1988–89, 
followed by an increasing trend since 1990 (Fig. 2.24). 
The sharp peak in mid-2008 may be an artifact of 
missing data in the SSM/I dataset, because the sharp 
peak is not seen in wind speeds derived from the 
QuikSCAT microwave scatterometer (Lungu and 
Callahan 2006). 

Zonal mean surface wind speed is dominated 
by short-term variability that makes it difficult 
to discern interannual and decadal scale changes 
(Fig. 2.25). The only obvious long-term trend occurs 
in the southern extratropics. Hence, a large portion 
of the global scale increase is due to changes in this 
region, related to the intensification of the Antarctic 
circumpolar circulation (Yang et al. 2007; Fig. 2.23b). 
The effects of ENSO are difficult to discern in part 
because averaging over all available longitudes de-
emphasizes the east–west movement of circulation 
features during ENSO.

Plate 2.1, panel 8 reveals several notable anomalies 
in 2008. A large positive anomaly occurred in the 
central tropical Pacific, associated with the La Niña. 

Fig. 2.21. Estimates for 2007 of (a) runoff and (b) its 
anomaly based on outputs from a hydrometeorological 
model utilizing GPCP precipitation measurements.

to dynamical teleconnections from the Indo-Pacific 
region to higher latitudes in both hemispheres. There 
are also protracted El Niño and La Niña episodes, 
such as the protracted El Niño in the first half of 
the 1990s and the protracted La Niña from 1998 to 
2000 (Allan and D’Arrigo 1999; D’Arrigo et al. 2008). 
Such episodes are characterized by periods with 
weak–moderate anomalies, but their persistence over 
several years has substantial impacts. They also tend 
to show within-episode fluctuations, with measures 
such as the SOI suggesting that an episode can show 
signs of waning but then be reestablished. The SOI 

(b)

(a)
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Fig. 2.23. (a) The annual historical instrumental [Ponta 
Delgada (Azores) minus Stykkisholmur (Iceland), nor-
malized] NAO series from the mid-1860s to present 
(blue); the 21-point binomial filter run through the data 
three times (red). The green bar shows the average for 
the 2007/08 boreal winter. (b) Standardized 3-month 
running-mean value of the SAM or AAO index from 
1979. The loading pattern of the SAM/AAO is defined 
as the leading mode of EOF analysis of monthly mean 
700-hPa height during the 1979–2000 period. The 
monthly SAM/AAO index is constructed by projecting 
the monthly mean 700-hPa height anomalies onto the 
leading EOF mode. The resulting time series are nor-
malized by the std dev of the monthly index (1979–2000 
base period). Source: www.cpc.ncep.noaa.gov/prod-
ucts/precip/CWlink/daily_ao_index/aao/aao.shtml.

Fig. 2.25. Surface wind speed anomalies by latitude 
(reference period 1988–2007) over the ice-free oceans. 
The data have been smoothed in time to remove vari-
ability on time scales shorter than 4 months.

Fig. 2.24. Surface wind speed anomalies averaged 
over the global ice-free oceans. The time series has 
been smoothed to remove variability on time scales 
shorter than 4 months. The reference period for the 
SSM/I measurements is 1988–2007. For the QuikSCAT 
measurements the reference period is 2000–07, with 
the mean adjusted to match the SSM/I anomalies for 
the 2000–07 period.

A large negative anomaly affected most of the 
Northeastern Pacific, and there was a large positive 
anomaly over most of the Southern Ocean. In the 
North Atlantic, the positive anomalies near Iceland 
and in the trade wind region are consistent with the 
positive winter North Atlantic Oscillation (section 
2d1; see also Hurrell et al. 2003).

e.	 Earth radiation budget at top-of-atmosphere— 
T. Wong, P. W. Stackhouse Jr., D. P. Kratz, and A. C. Wilber
Preliminary analysis suggests that global annual-

mean outgoing longwave radiation decreased by 

~0.75 W m−2, from 2007 to 2008, while there was 
a decrease of 0.14 W m−2 in global-annual mean 
ref lected shortwave radiation (Table 2.3). A small 
portion of the shortwave decrease was caused by 
changes in the total solar irradiance since the 11-yr 
solar cycle was near its minimum during 2007–08. 
The combined longwave and shortwave changes 
caused an increase of ~0.89 W m−2 in net radiation 
into the Earth climate system in 2008. However, these 
initial results are largely derived from the FLASH-
Flux dataset (Stackhouse et al. 2006; L’Ecuyer et al. 
2009), which still includes instrument drift artifacts 
between September 2007 and December 2008 that 
are currently under study by the CERES instrument 
team and have not yet been removed. Reassessments 
of these results are expected when newer CERES 
data are released. Relative to the multidataset aver-
age for 2001 to 2008, the 2008 global annual-mean 
anomalies (Table 2.3) are −0.54/−0.26/+0.80 W m−2 
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respectively for longwave/shortwave/net radiation. 
These are within their corresponding 2σ interannual 
variabilities (Table 2.3) for this period. 

Time series of global monthly mean deseasonal-
ized anomalies since March 2000 have been con-
structed by merging ERB datasets from three sources: 
CERES EBAF (Loeb et al. 2009); CERES ERBE-like 
(Wielicki et al. 1999); and FLASHFlux (Fig. 2.26). The 
2σ monthly uncertainties of the merge procedure is 
±0.23/±0.93/±1.11 W m−2, respectively, for the long-
wave/shortwave/net radiation. A decrease in longwave 
and increase in net radiation are noticeable in 2008 
and are partly related to the switch to the 2007–08 
La Niña, which altered the global distribution of 
clouds, total column water vapor, and temperature. 
Linear trend analyses are inconclusive due to natural 
fluctuation in ERB relating to ENSO activity, large 
uncertainty from the data-merging process, and in-
strument drift issues in the 2007–2008 FLASHFlux 
data. A long-term homogeneous data source with 
in-depth instrument stability analysis (e.g., CERES 
EBAF) is needed to reduce these uncertainties for 
future reassessment activity. 

f.	 Atmospheric composition
1)	Atmospheric chemical composition—R. C. Schnell
(i) �Carbon dioxide, methane, and carbon monoxide—

E. J. Dlugokencky
(a) Carbon dioxide

Since 1750, ~335 billion tons of carbon has been 
emitted into the atmosphere by combustion of fos-
sil fuels and production of cement. About half of 
these emissions have occurred since the mid-1970s 
(Marland et al. 2008), and emission rates increased 
by >3% from 2000 to 2004 (Raupach et al. 2007). This 
carbon, which is emitted as CO2, is partitioned into 
the atmosphere, oceans, and terrestrial biosphere. 
Atmospheric CO2 has increased from about 280 ppm 
(ppm = parts per million by dry-air mole fraction) at 
the start of the Industrial Revolution to more than 

Table 2.3. Global annual-mean TOA radiative flux changes between 2007 and 2008, the 2008 global 
annual-mean radiative flux anomalies relative to their corresponding 2001–08 mean climatological 
values, and the 2σ interannual variabilities of 2001–08 global annual-mean fluxes (units in W m−2).

One year change
(2008 minus 2007)

2008 anomaly  
(relative to climatology)

Interannual variability
(2001 to 2008)

Longwave −0.75 −0.54 ±0.56

Shortwave −0.14 −0.26 ±0.41

Net +0.89 +0.80 ±0.82

Fig. 2 .26. Time series of global monthly mean 
deseasonalized anomalies of TOA Earth Radiation 
Budget for longwave (red line), shortwave (blue line), 
and net radiation (green line) from Mar 2000 to Dec 
2008. Anomaly is computed relative to the calendar 
month climatology derived for the Mar 2000 to Dec 
2008 period. The shaded green/yellow/pink area of 
the figure indicates the portion of the time series 
that is constructed using the CERES EBAF (Mar 2000 
to Oct 2005)/CERES ERBE-like (Nov 2005 to Aug 
2007)/FLASHFlux (Sep 2007 to Dec 2008) dataset, 
respectively. All three datasets are derived directly 
from CERES measurements. EBAF has been renormal-
ized so that globally averaged top-of-atmosphere net 
radiation from 2000 to 2005 is consistent with ocean 
heat storage value (Willis et al. 2004; Hansen et al. 
2005; Wong et al. 2006). The green (EBAF) and yellow 
(ERBE-like) shading indicate high-quality climate data 
with in-depth on-orbit instrument stability analysis. 
The pink shading (FLASHFlux) indicates preliminary 
climate data with possible instrument stability arti-
facts. Mean differences among datasets were removed 
using available overlapping data, and the combined 
ERBE time series was anchored to the absolute value 
of EBAF before deseasonalization.
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Fig. 2.27. CO2 dry air mole fractions (top: NOAA 
ESRL) and δ13C in CO2 (bottom: University of Colo-
rado, INSTAAR, courtesy James White) from weekly 
samples at Cape Kumukahi, HI.

380 ppm today. About half of the emitted CO2 re-
mains in the atmosphere after a year, and after a mil-
lennium, ~20% remains (Archer and Brovkin 2008). 
The atmospheric increase since the preindustrial era 
contributes ~1.7 W m−2 of radiative forcing (see, e.g., 
www.esrl.noaa.gov/gmd/aggi/). 

The fate of fossil fuel–derived CO2 is important to 
climate, because different reservoirs have different 
residence times and different susceptibilities to hu-
man interference. Therefore much current research is 
dedicated to understanding the partitioning of fossil 
CO2 into the ocean and terrestrial biosphere. One key 
indicator of this is stable C isotopes in atmospheric 
CO2. Figure 2.27 (top) shows CO2 mole fraction and 
δ13C in CO2 from weekly samples at Cape Kumukahi, 
Hawaii. The long-term decline in δ13C results from 
fossil carbon being depleted in 13C relative to atmo-
spheric CO2. There is a seasonal cycle of opposite 
phase in CO2 mole fraction and δ13C. As the biosphere 
takes up CO2 in the spring and summer, it favors 12C; 
this enriches the atmosphere in 13C (less negative δ13C 
values). Interannual variation in the balance between 
photosynthesis and respiration is seen in the subtle 
variations in the long-term δ13C trends. 

The preliminary globally averaged atmospheric 
CO2 mole fraction in 2008 was 384.9 ppm, 2.28 ppm 
more than in 2007 (see www.esrl.noaa.gov/gmd/ccgg/
trends/ for updated data; see Conway et al. 1994 for 
a description of sampling network and methods). 
This is significantly greater than the average rate 
of increase from 1979 through 2008, 1.62 ppm yr−1. 
Despite fossil CO2 emissions being predominantly 
in the Northern Hemisphere, the rate of increase 
of atmospheric CO2 is approximately the same ev-
erywhere. Figure 2.28 shows monthly mean CO2 
mole fractions from four well-spaced NOAA ESRL 
observatories. The amplitude of the seasonal cycle 
varies according to exposure of air masses arriving at 
the sites to the terrestrial biosphere, but there are no 
significant differences in long-term trends. 

(b) Methane (CH
4
)

Methane contributes ~0.7 W m−2 to anthropo-
genic radiative forcing, when direct and indirect 
effects are included. While ~2/3 of CH4 emissions 
are from anthropogenic sources, natural emissions 
of CH4, predominantly from wetlands, are especially 
susceptible to climate change because they depend 
strongly on temperature and precipitation. In the 
Arctic, where surface temperatures are increasing 
at twice the global rate (Solomon et al. 2007), there 
is the potential for increases in CH4 emissions from 
wetlands. The Arctic also contains large stores of 

organic carbon in permafrost (Zimov et al. 2006) and 
in hydrates (Kvenvolden 1993). Rapid destabilization 
of hydrates could release enormous amounts of CH4 
in a short time, although this scenario is unlikely. 
Anthropogenic sources such as biomass burning are 
also susceptible to changing climate through changes 
in precipitation. Dry conditions during the strong 
El Niño of 1997–98 resulted in an estimated 50% 
increase in CH4 emissions from biomass burning in 
the tropics and high northern latitudes relative to 
normal (van der Werf et al. 2006).

After a decade of near-zero growth, atmospheric 
methane increased globally in 2007 by 7.5 ppb (Rigby 
et al. 2008), driven by increased Arctic and tropical 
emissions. Likely causes were anomalously high tem-
peratures and precipitation in wetland regions, par-
ticularly in the Arctic: CO measurements indicated 
little contribution from enhanced biomass burning. 
In 2008, globally averaged atmospheric CH4 increased 
again, with most of the increase driven by the tropics. 
Arctic emissions returned to normal despite contin-
ued warmth. The 2007–08 La Niña, with excess pre-
cipitation in Indonesia and parts of Amazonia (Plate 
2.1, panel 6) , may be responsible for increased tropical 
emissions, but the current atmospheric CH4 observing 
network, including in situ and remotely sensed obser-
vations, is insufficient to determine with certainty the 
causes of the CH4 increases in 2007 and 2008.

(c) Carbon monoxide

Carbon monoxide does not strongly absorb ter-
restrial infrared radiation, but it impacts climate 
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through its chemistry. This affects OH (which 
influences the lifetimes of CH4 and HFCs) and tro-
pospheric O3 (itself a greenhouse gas), so emissions 
of CO can be considered equivalent to emissions of 
CH4 (Prather 1996). Current emissions of CO may 
contribute more to radiative forcing over decadal time 
scales than emissions of anthropogenic N2O (Daniel 
and Solomon 1998). 

There has been no long-term CO trend since ESRL 
measurements began in 1990 (Novelli et al. 2003), but 
CO enhancements occurred during 1997 to 1998, and 
again in 2002 to 2003. These are likely the result of 
tropical (Langenfelds et al. 2002) and boreal biomass 
burning (Kasischke et al. 2000). Because the lifetime 

of CO is only a few months, the CO 
enhancements quickly disappeared. 

The preliminary globally averaged 
CO mole fraction in 2008 of 83 ppb 
is 12 ppb lower than in 1998 when 
there was a large contribution from 
biomass burning. ESRL’s surface 
sampling network is less sensitive to 
biomass-burning emissions of CO 
than remotely sensed CO observa-
tions such as MOPITT (Pan et al. 
1998), because emissions are rapidly 
transported away from the surface 
where the sampling sites are located. 
The combination of surface measure-
ments and MOPITT retrievals may 
improve our understanding of the 
contribution of biomass burning to 
atmospheric CH4.

(ii) �Ozone-depleting gases and their 
replacements—S. A. Montzka

Long-lived halocarbons affect the 
radiative balance of the atmosphere 
because they efficiently absorb ter-
restrial IR radiation (see next section). 
Long-lived halocarbons containing 
bromine and chlorine also influence 
the radiative atmospheric balance in-
directly through their destruction of 
stratospheric ozone. So production of 
many halocarbons has been restricted 
following the 1987 Montreal Protocol 
on Substances that Deplete the Ozone 
Layer. As a result, mixing ratios of 
most of the potent ozone-depleting 
gases have been declining at Earth’s 
surface; this decline continued in 2008 
(Fig. 2.29).

The mixing ratios of some halogenated gases 
continue to increase globally (Fig. 2.29). The most 
rapid increases are observed for HCFCs and HFCs, 
which are common replacements for CFCs, halons, 
and other ozone-depleting gases. Increases in HCFCs 
have recently accelerated because of enhanced use 
in developing countries (Montzka et al. 2009). Both 
HCFCs and HFCs are efficient absorbers of infrared 
radiation (Table 2.4). Although HCFCs contain 
chlorine and deplete ozone with a reduced efficiency 
compared to CFCs, HFCs do not participate in ozone-
destroying reactions.

The influence of halocarbon trace-gas trends on 
future levels of stratospheric ozone can be estimated 

Fig. 2.28. (a) CO2 monthly mean mole fractions determined from 
NOAA ESRL observatories at Barrow, AK; Mauna Loa, HI; American 
Samoa; and South Pole, part of the larger global carbon-cycle moni-
toring network shown in (b). 2008 results are preliminary. Data are 
courtesy of Kirk Thoning, NOAA ESRL. Current CO2 trends at MLO 
are available at www.esrl.noaa.gov/gmd/ccgg/trends/. Additional 
plots can be found at www.esrl.noaa.gov/gmd/ccgg/iadv/ and www.
esrl.noaa.gov/gmd/Photo_Gallery/GMD_Figures/ccgg_figures/. 
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Fig. 2.29. Changes in global mean tropospheric mixing ratios (ppt, or 
pmol mol−1) of the most abundant CFCs, HCFCs, HFCs, chlorinated 
solvents, and brominated gases. The middle right-hand panel shows 
secular changes in atmospheric equivalent chlorine (EECl; ppb or 
nmol mol−1), which is an estimate of the ozone-depleting power 
of these atmospheric halocarbons. EECl is derived from observed 
mixing ratios of ozone-depleting gases appearing in the other four 
panels, and it is derived from the sum of [Cl + (Br×60)] contained in 
these gases. The bottom shows the recent changes in EESC observed 
by the NOAA/GMD global network relative to the secular changes 
observed in the past, including the level observed in 1980 when the 
ozone hole was first observed, and a projected future. The Ozone 
Depleting Gas Index for midlatitudes is derived (right-hand axis) 
from rescaling EESC. EESC is derived from EECl by simply adding 
3 yr to the time axis to represent the lag associated with mixing air 
from the troposphere to the middle stratosphere, where the ozone 
layer resides [Source: Montzka et al. (1996, 1999.)] 

from weighted sums of Cl and Br in long-lived ha-
locarbons provided that the enhanced efficiency for 
Br to destroy ozone is considered [a factor of 60 is 
used here (Clerbaux and Cunnold et al. 2007)]. For 
midlatitudes this sum is expressed as EECl (Fig. 2.29) 
and is derived from surface-based measurements. 
It provides an estimate of the near-future ozone-
depleting power of trace gases, when air at Earth’s 
surface will have become mixed into the midlatitude 

stratosphere. A second metric, ECl, 
provides an estimate of the ozone-
depleting power of trace gases in the 
near future for the stratosphere over 
the polar regions.

The EECl content of the lower at-
mosphere has declined fairly steadily 
since the peak in 1994 at a mean 
rate of 28 parts per tril lion yr−1. 
Despite these substantial changes, 
full recovery of stratospheric ozone 
is not expected until the mid- to 
late-twenty-first century due to the 
long lifetime of many of these chemi-
cals [Fig. 2.29 (bottom); Table 2.4]. 
Progress toward EECl reductions 
can now be readily assessed with the 
NOAA ODGI (see www.cmdl.noaa.
gov/odgi/; Hofmann and Montzka 
2009), which is derived from EECl. 
It is scaled so that a value of 100 
represents the EECl abundance at its 
peak, and 0 represents the 1980 level 
(when ozone depletion was thought to 
have been small). In 2008 the ODGI–
Midlatitudes was 70.8 (Fig. 2.29). 
Less progress is evident in ECl; the 
ODGI-Antarctica derived from ECl 
estimates was 84.5 in 2008.

(iii) �The combined influence of long-
lived trace gases on the radiative 
balance of the atmosphere—S. A. 
Montzka

The direct radiative influence of a 
trace gas is directly proportional to its 
atmospheric abundance and how ef-
ficiently it absorbs infrared radiation 
in specific regions of the electromag-
netic radiation spectrum (its radiative 
efficiency; Table 2.4). High-precision 
measurements of CO2, CH4, N2O, 
CFC-12, CFC-11 (the major long-
lived greenhouse gases) and 10 minor 

greenhouse gases (CFC-113, HCFCs, HFCs, etc., see 
Table 2.4 for complete list) from the NOAA global 
air sampling network have been used to calculate the 
overall change in the direct radiative climate forcing 
(Hofmann et al. 2006) (Fig. 2.30). This is calculated 
from changes in the abundances of these gases since 
1750, and by mid-2007 amounted to approximately 
2.69 W m−2, of which changes in the abundance of 
CO2 accounted for 63%.
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The NOAA AGGI is based on the direct radiative 
forcing calculated from these NOAA measurements 
(Hofmann et al. 2006). It is calculated as a ratio rela-
tive to the direct radiative forcing calculated from 
these gases for 1990, the Kyoto Protocol baseline year; 
indirect effects (e.g., arising from ozone depletion or 
water-vapor feedbacks) are not considered. By 2007, 
the AGGI was 1.241 (Fig. 2.30). Increases in the at-

mospheric abundance of CO2 accounted for 80% of 
the increase since 1990.

(iv) �Nitrous oxide and sulfur hexafluoride—J. W. Elkins 
and G. S. Dutton

Nitrous oxide (N2O) and sulfur hexafluoride (SF6) 
are important atmospheric trace gases. Atmospheric 
N2O has the third-strongest radiative forcing since 

Table 2.4. Radiative efficiencies and lifetimes of chemicals considered in the AGGI and OGDI.

Industrial Designation or 
Common Name

Chemical 
Formula AGGI ODGI

Radiative Efficiency 
(W m−2 ppbv−1) *

Mixing ratio 
[change 

from 2006 
to 2007]** Lifetime

Carbon Dioxide CO
2

Y N 1.41x10−5 382.6[1.7]

Methane CH4
Y N 3.7x10−4 1781.4[6.0] 12.0

Nitrous oxide N
2
O Y N 3.03x10−3 321.9[0.7] 114

Chlorofluorocarbons

CFC-11 CCl
3
F Y Y 0.25 247.3[−2.3] 45

CFC-12 CCl
2
F

2
Y Y 0.32 530.6[−1.8] 100

CFC-113 CCl2FCClF
2

Y Y 0.30 77.4[−0.8] 85

Hydrochlorofluorocarbons

HCFC-22 CHClF
2

Y Y 0.20 182.9[7.7] 12.0

HCFC-141b CH
3
CCl2F Y Y 0.14 18.7[0.6] 9.3

HCFC-142b CH3
CClF

2
Y Y 0.20 17.2[1.2] 17.9

Hydrofluorocarbons

HFC-134a CH
2
FCF

3
Y N 0.16 43.2[4.3] 14

HFC-152a CH3
CHF

2
N N 0.09 5.3[0.7] 1.4

Chlorocarbons

Methyl Chloroform CH
3
CCl

3
Y Y 0.06 12.9[−2.5] 5.0

Carbon Tetrachloride CCl4 Y Y 0.13 92.1[−1.2] 26

Methyl Chloride CH3
Cl N Y 0.01 548[7.3] 1.0

Bromocarbons

Methyl Bromide CH
3
Br N Y 0.01 7.6[0.0] 0.7

Halon 1211 CBrClF2
Y Y 0.30 4.1[−0.03] 16.0

Halon 1301 CBrF3
Y Y 0.32 3.1[0.03] 65

Halon 2402 CBrF
2
CBrF N Y 0.33 0.47[−0.01] 20

Fully fluorinated species

Sulfur Hexafluoride SF6
Y N 0.52 6.16[0.26] 3,200

* Radiative forcings and lifetimes are taken from Daniel and Velders et al. (2007) and 
Clerbaux and Cunnold et al. (2007).
** Mixing ratios are measured global surface means determined from NOAA global 
cooperative sampling network (Hofmann et al. 2006). Changes indicated in brackets are 
simply the difference between the 2007 and 2006 annual global surface mean mixing ratios. 
Units are ppm for CO

2
, ppb for CH

4
 and N

2
O, and ppt for all others. 
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Fig. 2.31. (top) Global monthly means along with 
estimates for the linear growth rate of atmospheric 
nitrous oxide (N2O, red) in ppb and sulfur hexafluoride 
(SF6, blue) in ppt from the NOAA/ESRL halocarbon 
network. (bottom) Instantaneous growth rate of N2O 
and SF6 using a smoothing algorithm with a 2-yr filter; 
note the rapid rise of the atmospheric SF6 growth rate 
after 2003. Atmospheric data for N2O prior to 1989 and 
for SF6 prior to 1999 were analyzed from flasks instead 
of continuously operating instruments at NOAA/ESRL 
baseline observatories. 

the beginning of the Industrial Revolution after car-
bon dioxide and methane, while SF6 represents the 
fourth-strongest forcing (Table 2.4). Atmospheric 
N2O is also a source of stratospheric nitric oxide that 
is involved in stratospheric ozone depletion, and 30% 
of its sources are man made (fertilizers, industrial 
by-products, human and animal waste, and catalytic 
converters). SF6 is 100% man made; it is used pri-
marily for insulation in the distribution of electric 
power. Nitrous oxide has been growing since 1978 at a 
relatively constant growth rate of 0.772 ppb yr–1 with 
important biennial oscillations in its growth rate re-
sulting from atmospheric transport (Fig. 2.31). Sulfur 
hexafluoride’s growth rate has been increasing since 
2003; note the recent deviation from a linear growth 
rate of 0.223 ppt yr−1 over 11 yr in Fig. 2.31, due to the 
world’s growing demand for electricity.

2)	Global aerosols— J. Haywood, N. Bellouin, and 
A. Jones

Aerosols impact climate by scattering and absorb-
ing solar and terrestrial radiation (direct effects) and 
by influencing the microphysical and optical proper-
ties of clouds, thereby influencing cloud development 
(indirect effects). The effects of anthropogenic aero-
sols remain major uncertainties in driving climate 
change. The global distribution of aerosols in 2008 
was generally in line with that from climatology and 
with that from 2007 as demonstrated by aerosol op-
tical depths derived from the MODIS sensor on the 
Aqua platform (Fig. 2.32). Except for the biomass-
burning plume over the rain forests of Brazil in 2007 
and the increased aerosol optical depths over north-
eastern Eurasia in 2008, the global distributions (and 
the global means) are very similar. 

The reduced Amazonian optical depth in 2008 is 
more in line with anomalously clear skies also noted 
in 2006 (Koren et al. 2007), than with the increasing 
trend seen from 2000 to 2007 (Evan 2007). Increased 
aerosol optical depths over northeastern Eurasia 
appear to arise from intense, large-scale boreal for-
est fires during April and July 2008. The number of 
acres burned by wildfires in the United States was 
significantly less (5.2 million) than the peak in 2006 
(9.9 million). 

Aerosol algorithm development continues apace 
with many improved products since the early ocean-
only 2-channel retrievals of AVHRR (e.g., Mishchenko 
et al. 2007). Algorithms can now determine the fine-
mode fraction of aerosols (e.g., MODIS; Remer et 
al. 2005) and speciated aerosol optical depths (e.g., 
MISR; Kahn et al. 2005). The use of multisensor algo-
rithms allows estimation of the anthropogenic aerosol 
optical depth, which is important in determining 

Fig. 2.30. The NOAA AGGI shows radiative forcing 
relative to 1750, of all the long-lived greenhouse gases 
indexed to 1 for the year 1990. Since 1990, radiative 
forcing from greenhouse gases has increased 24%. 
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the radiative forcing of aerosols (Forster et al. 2007) 
as well as any anthropogenically influenced trend. 
Figure 2.32c shows the anthropogenic aerosol optical 
depth determined from MODIS using the retrieval 
algorithm of Bellouin et al. (2008). The anthropogenic 
aerosol optical depth consists primarily of industrial 
pollution (mainly sulfate, nitrate, organic carbon, and 
black carbon) and biomass-burning smoke (mainly 
volatile organic carbon, black carbon, and inorganic 
compounds). It averages around 0.03 over the ocean 
but exceeds 0.1 over many land areas. 

Decreases (increases) in sulfur dioxide emissions 
over Europe and eastern Asia continue to be linked to 
increases (decreases) in surface solar radiation lead-
ing to brightening (dimming) (e.g., Wild et al. 2005). 
These dimming/brightening features are explicitly 
modeled in climate scenarios by including the effects 
of aerosol on radiation as shown in Fig. 2.33. Over 
Europe the brightening since the mid-1980s evident 
in the observations and in the modeling shown in 
Fig. 2.33 also appears well correlated with changes 
in atmospheric visibility (e.g., Vautard et al. 2009). 
The analysis of visibility trends attributes some, but 
not all, of the recent warming trend in the region to 
this phenomenon.

3)	Stratospheric ozone—M. Weber
The Antarctic ozone hole area with total col-

umn ozone below 220 DU reached a maximum of 
26 million km2 by the end of September 2008; among 
the largest on record (www.temis.nl/protocols/
o3hole/data/fd-o3area220.pdf). October total ozone 
above Antarctica and the tip of South America was 
up to 30 DU below the long-term mean. The annual 
anomaly was negative for most parts of the globe 
except for a narrow band in the tropics and a small 
region near the North Pole with positive anomalies 
of up to 10 DU (Plate 2.1, panel 9). Large negative an-
nual anomalies were observed above Russia due to a 
shift of the Arctic polar vortex into this region during 
spring as well as lower ozone during fall. The posi-
tive tropical anomaly is related to the QBO (Baldwin 
et al. 2001), which was mainly in the west phase near 
50 hPa. The QBO signal as well as the 11-yr solar cycle 
signature in the tropics is clearly evident in the total 
ozone anomaly time series (Fig. 2.34). 

The long-term evolution of total ozone (Fig. 2.34)  
is dominated by lower stratospheric ozone (~30– 
100 hPa or 15–25 km) and can be divided into two 
phases. A steady decline at mid- to high latitudes 
from satellite record inception lasted until about the 
mid-1990s, followed by a sharp increase, then level-
ing off in recent years in the Northern Hemisphere 
and a leveling off with some enhanced interannual 
variability in the Southern Hemisphere (Fig. 2.35). 
Important factors are the 11-yr solar cycle, major 
volcanic eruptions, the QBO, and chemical ozone loss 
(Staehelin et al. 2001). The total ozone changes since 
the mid-1990s can be attributed in part to changes in 
the halogen load [section 2f1(iv); Dhomse et al. 2006; 
Froidevaux et al. 2006; Newman et al. 2006, 2007; 
Stolarski and Frith 2006; Yang et al. 2005]. However, 
changes in stratospheric circulation pattern and at-
mospheric dynamics, for example, Brewer–Dobson 

Fig. 2.32. Annual mean total aerosol optical depth 
derived from the MODIS Aqua sensor for (a) 2007, 
(b) 2008. (c) The anthropogenic aerosol optical depth 
derived from MODIS aerosol optical depths and 
fine-mode fractions for 2008, following Bellouin et al. 
(2008). Missing data areas are white. 
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Fig. 2.34. Time series of SBUV/TOMS/OMI (black), 
GOME (red), and SCIAMACHY (blue) total ozone in 
the bands 50°–90°N in Mar, 20°S–20°N (annual mean), 
and 50°–90°S in Oct. Anomalies were calculated from 
area-weighted monthly mean zonal mean data in 5° 
latitude steps by removing the seasonal mean from 
the period 1979–89. 

circulation (Weber et al. 2003; Dhomse et al. 2006), 
teleconnection patterns such as the North Atlantic 
Oscillation (Appenzeller et al. 2000; Orsolini et al. 
2004), and atmospheric advection (Wohltmann et al. 
2007), all contribute to winter ozone transport from 
the tropical production region into middle and high 
latitudes and explain the large observed interan-
nual variability in extratropical ozone (Fig. 2.35). 
A record-high chemical ozone loss in Arctic winter 
2004/05 (Rex et al. 2006; Newman and Rex 2007) 
and record-size ozone hole above Antarctica in 2006 
indicate that stratospheric halogen load still remains 
high. The rate of recovery in coming decades will 
strongly depend on the influence of climate change 
on stratospheric circulation and temperatures in ad-
dition to the expected decrease in ozone-depleting 
substances (Waugh et al. 2009). 

The upper stratosphere is a more favorable region 
to investigate ozone recovery because long-term 
changes are larger than observed in column ozone 
and atmospheric dynamics are less inf luential 
(Newchurch et al. 2003). By the end of the 1990s ozone 
near 40-km altitude had decreased by ~8% decade–1 

at middle latitudes and then leveled off after that or 
slightly increased, in agreement with changes in the 
halogen load (Steinbrecht et al. 2009; Jones et al. 2009). 
In this region an eventual “super recovery” (Newman 
and Rex  2007) to ozone levels greater than 1960 levels 
can be expected if stratospheric temperatures con-
tinue to cool (Eyring et al. 2006). Surprisingly, there 
are indications that upper stratospheric temperatures 

Fig. 2.35. Time variation (1979–2008) of zonally aver-
aged total ozone anomalies. Anomalies are based on 
the merged SBUV/TOMS/OMI up to Jun 1995 (Frith 
et al. 2004), GOME from Jul 1995 to May 2003, and 
SCIAMACHY data from Jun 2003 to Dec 2008 (Weber 
et al. 2007). 

Fig. 2.33. (a) The change in aerosol optical depth simu-
lated by the Met Office HadGEM1 over the period 1980 
to 2000. Blue and gray represent a decrease in aerosol 
optical depths over Europe and the eastern United 
States due to more stringent emission controls, while 
red and yellow represent emissions from increasingly 
industrialized regions. (b) The modeled change in 
sunlight received at the surface (W m−2) for the same 
period—“brightening” is shown in yellow/orange, while 
“dimming” is shown in the blue colors.

(b)

(a)
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when of 442 glaciers examined, 26 advanced, 18 were 
stationary, and 398 (90%) retreated. Overall there has 
been a substantial volume loss of 11% of New Zealand 
glaciers from 1975 to 2005 (Salinger NWIA). 

In 2008 New Zealand snowlines were 130 m above 
the elevation for equilibrium leading to negative mass 
balances and a new record minimum total ice volume 
for the southern Alps since records began in 1976. 
In Switzerland negative balances ranged from −0.6  
to −1.6 m, and of the 80 glacier termini reporting to 
date 73 were retreating, 2 advancing, and 5 station-
ary (Bauder, VAW/ETH). In Norway, of 32 glaciers 
observed in 2008, 24 retreated, 3 advanced, and 5 were 
stationary (H. Elvehoi, NVE). The Pacific Northwest 
of North America experienced strong La Niña condi-
tions with extra snowfall, so mass balances of North 
Cascade and southeast Alaska glaciers were positive 
in 2008. 

In northern Greenland, ice melt in 2008 lasted 18 
days longer than the previous maximum and the melt 

near 40-km altitude have not changed significantly 
over the past 20 yr (Steinbrecht et al. 2009), though 
temperature trends in this altitude region are not 
consistent among different datasets (section 2b3). 

g.	 Land surface properties
1)	Alpine glaciers and ice sheets—M. S. Pelto
The WGMS (WGMS 2007, 2008) provides annual 

global indices based on alpine glacier mass balance 
and terminus position, as these reflect annual volume 
change (Oerlemans 1994). However, a 9-month time 
lag prevents immediate assessment of the global state 
of alpine glaciers in 2008. 

Worldwide retreat of mountain glaciers is one 
of the clearest signals of climate change (Haeberli 
and Hoelzel 1995). It reflects strongly negative mass 
balances over the last 30 yr (WGMS 2007). Mass 
balance is the most appropriate climate parameter 
for glaciers because it is an annual integral of local 
weather conditions (Pelto and Hedlund 2001). The 
change in glacier length is a smoothed and delayed 
response to the mass balance changes (Haeberli and 
Hoelzle 1995). The recent rapid retreat and prolonged 
negative balances have led to some glaciers disappear-
ing (Pelto 2006).

Glacier mass balance is the difference between ac-
cumulation and ablation. Variations in temperature 
and/or snowfall alter the mass balance. A glacier with 
a sustained negative (positive) balance will retreat 
(advance) to reestablish equilibrium by decreasing 
(increasing) the area at lower elevations where abla-
tion is highest. If a glacier lacks a consistent accumu-
lation zone, it is in disequilibrium with climate and 
will disappear (Pelto 2006; Paul et al. 2007).

In 2007 the mean mass balance of all the WGMS 
reporting glaciers was −528-mm water equivalent; it 
was −673 mm for 30 reference glaciers with 30 yr of 
record, the 17th consecutive year of negative mass bal-
ance (Fig. 2.36a). A loss of 0.9 m of water equivalent is 
the same as the loss of 1.0 m of glacier thickness, since 
ice is less dense than water. The trend demonstrates 
why alpine glaciers are currently retreating. The cu-
mulative loss of the last 30 yr (Fig. 2.36b) is the equiva-
lent of cutting a 12–14-m-thick slice off of the average 
glacier. The trend is remarkably consistent from 
region to region (WGMS 2007), and the results from 
the 30 reference glaciers are not appreciably different 
from those for all monitored glaciers (Fig. 2.36b). 

The WGMS glacier terminus position data over-
emphasize the European Alps, but the overall global 
and regional records are very similar, except for New 
Zealand. The proportion of advances in Europe, Asia, 
and North America reached a minimum in 2005 

Fig. 2.36. (a) The mean annual mass balance (mm water 
equivalent) of 30 WGMS reference glaciers, 1980–2007. 
(b) The mean cumulative mass balance for the 30 refer-
ence glaciers and all monitored glaciers. The dashed 
line is for subset of 30 reference glaciers because not all 
30 glaciers have final data for the last few years. 
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2)	Land cover—A. S. Belward, E. Bartholomé, F. Achard, 
and A. B. Brink

We have begun to make significant progress in 
documenting the climate-forcing effects of land cover, 
through increasingly accurate mapping of the global 
distribution of land-cover types and ongoing changes. 
At the turn of the millennium a quarter of the land 
surface was unvegetated (barren, permanent snow 
and ice, or urban), 30% was grass and shrubland, 29% 
was forest, and the remaining 16% was devoted to ag-
riculture (Bartholomé and Belward 2005; Fig. 2.37). 

In 2008 the U.S. Geological Survey made the 
Landsat archives—which extend back to 1972—freely 
available. These data are being used to measure rates 
and patterns of land cover change, first on a conti-
nental and pan-tropical scale, and eventually glob-

index was 300% of the 1979–2007 average (Tedesco 
et al. 2008). The record ablation in northern Green-
land reflected regional warmth that led to the breakup 
of 29 km2 of the floating terminus lobe of Petermann 
Glacier (Box and Howat, Ohio State), as well as the 
breakup of Arctic ice shelves on the north coast of 
Ellesmere Island. Ward Hunt lost 22 km2, Serson Ice 
Shelf lost 122 km2—60% of its area—and Markham 
lost all 50km2 of its area (Muller, Trent University). 

In Antarctica, Wilkins ice shelf lost 400 km2 in a 
rapid February collapse. Humbert and Braun (2008) 
noted that ongoing thinning had preconditioned it 
for collapse and that existing rifts in February 2008 
suggested that an additional 2000 km2 was in immi-
nent danger of collapse. During the austral winter an 
additional 1350 km2 was lost.

Fig. 2.37. Global land cover at the turn of the millennium: 22 land-cover classes, legend compatible with the 
FAO Land Cover Classification System (Di Gregorio and Jansen 2000). Projection Interrupted Goode Homo-
losine Classification derived from daily SPOT VGT satellite observations, 1 × 1 km grid cell, between Nov 1999 
and Dec 2000. Map and independent reference data agree 68.6% of the time (Mayaux et al. 2006). Twenty-two 
percent of the misclassified areas occur in the mixed classes (e.g., some areas known from reference data to 
be broad-leaved deciduous forest have been mapped as mixed forest). 
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ally. Results for Africa, shown in Fig. 2.38, indicate 
that since 1975 around 5 million hectares of Africa’s 
natural vegetation have been converted to agriculture 
each year. This affects albedo, roughness, evapotrans-
piration, carbon exchange, and aerosol emissions on a 
continental scale, though the magnitude of the effects 
relative to natural variability and other external forc-
ing influences has yet to be determined. “Hotspots” 
of savanna clearance in West Africa are particularly 
evident, as are the low rates of change in the African 
humid forest biome (Brink and Eva 2008).

Using a combination of Landsat and MODIS data, 
Hansen et al. (2008) estimated humid tropical forest 
clearance between 2000 and 2005 to be 27.2 million 
hectares or a 2.36% reduction in area. Forest clear-
ing is highly localized, with 55% of the loss being 
concentrated in just 6% of 
the humid tropical forest 
biome—most ly in Lat in 
America and southeast Asia. 
The Americas lost 2.56% of 
their humid tropical forest 
between 2000 and 2005 and 
Asia lost 2.9%, while Africa 
lost less than 0.8%.

The ESA has released new 
global land cover data for 
2005, based on MERIS ob-
servations and with a spatial 
resolution of 300 m (Arino 

et al. 2008). NASA has released for evaluation a 
new global land cover dataset for 2001–05 based on 
MODIS observations at a spatial resolution of 500 m 
(Strahler et al. 1999). These datasets will form a basis 
for extending cover-change analysis beyond Africa 
and the tropics and are evidence of renewed attention 
to land cover by space agencies. The changes in global 
land cover reported here are anthropogenic in origin, 
driven by the increasing need of our growing popula-
tion for land to supply food, fuel, fiber, and shelter. 
Land cover is also in part determined by regional 
climate, and as climates change so too does the distri-
bution of vegetation, barren land, water bodies, snow, 
and ice. Population growth—and climate change—
makes future changes in land cover inevitable. 

3)	Global vegetation condition—N. Gobron and  
A. S. Belward

The Fraction of Absorbed Photosynthetically Ac-
tive Radiation is crucial for the energy and carbon 
balances of ecosystems. It can be used in quantifying 
CO2 assimilation by plants and the release of water 
through evapotranspiration. Daily observations of 
FAPAR provide a basis for monitoring the seasonal 
cycle and long-term trends of vegetation, and the data 
have been used in diagnostic models, for example, 
to examine the role of the terrestrial biosphere in 
climate-carbon feedbacks (Knorr et al. 2007).

Rates of photosynthesis are affected by tempera-
ture and precipitation, so favorable temperatures 
and soil moisture availability (extreme heat and/or 
drought) are accompanied by higher- (lower-) than-
average FAPAR. Other influences on plant physiology 
and plant health, such as pollution, disease, insect 
attack, wind-throw, and fire, also affect FAPAR. Such 
perturbations tend to be episodic, though the savanna 
fires of Africa, for example, are a yearly feature.

Since 1998 FAPAR has been derived from a range 
of polar-orbiting platforms (Knyazikhin et al. 1998; 

Fig. 2.38. Conversion of natural vegetation to agricul-
ture and reversion of agriculture to natural vegetation 
between 1975 and 2000 for Africa; rates range from 
−1.96% to 35.5% 

Fig. 2.39. Zonal-average FAPAR anomalies 1998–2008. Values range from 
−0.06 to 0.06. 
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Gobron et al. 2006, 2008). Figure 2.39 is derived from 
SeaWiFS (NASA 1998 to 2006) and MERIS (ESA 2002 
to 2008), both of which have been subject to rigorous 
comparison with reference data (Gobron et al. 2006, 
2008). Global vegetation dynamics, as represented by 
FAPAR, show considerable interannual variations. 
The Southern Hemisphere generally shows more 
variability than the Northern Hemisphere, reflecting 
the greater impact of ENSO events on vegetation at 
these latitudes. The Northern Hemisphere shows the 
impacts of the major heat waves of 2003 (Europe) and 
2007 (western and central Russia). In 2008 (Plate 2.1, 
panel 10) the strongest negative anomaly reflected 

severe drought in Argentina’s steppe and grassland. 
Southeastern Amazonia had negative anomalies, 
arising partly from intense land-use transformations 
(Malhi et al. 2008). There were also major negative 
anomalies in Australia and central Asia. In contrast, 
much of China, southern Africa’s savannas, and 
northern high latitudes enjoyed better-than-average 
vegetation vigor in 2008.

FAPAR products (Fig. 2.39), along with repro-
cessed historical archives and planned missions, have 
the potential to greatly improve our understanding 
of vegetation–climate interactions.
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Table 2.5. Sources of those datasets used in this chapter that are publicly available for bona fide 
research purposes. 

Source Datasets

http://www.hadobs.org
HadCRUT3 (surface temperatures), HadAT (radiosonde temperatures), Had-
SLP2r (SLP and derived indices)a

http://www.ncdc.noaa.gov/oa/climate/research/
anomalies/anomalies.html

NCDC (surface temperatures)

http://data.giss.nasa.gov/gistemp/ GISS (surface temperatures)
http://www.ncdc.noaa.gov/oa/climate/ratpac/
index.php

RATPAC (radiosonde temperatures)

http://earth.geology.yale.edu/~sherwood/
radproj/

IUK (radiosonde temperatures)b

http://www.univie.ac.at/theoret-met/research/
raobcore/

RAOBCORE and RICH (radiosonde temperatures)

http://vortex.nsstc.uah.edu/data/msu/ UAH MSU record (satellite temperatures)

http://www.remss.com
RSS MSU record (satellite temperatures), RSS SSM/I record (winds, precipitation 
and TCWV over the oceans), TMI and AMSR-E (precipitation)c

http://www.star.nesdis.noaa.gov/smcd/emb/
mscat/mscatmain.htm

STAR MSU record (satellite temperatures)

On request from junhong@ucar.edu Land-based GPS TCWV
http://www.geo.unizh.ch/wgms/mbb/mbb10/
sum07.html

Glacial Mass Balance data

http://gem.jrc.ec.europa.eu/index.php Global land covera 
http://www.ncdc.noaa.gov/oa/climate/ 
ghcn-monthly/index.php

GHCN monthly (precipitation)d

http://www.ncdc.noaa.gov/oa/climate/ghcn-daily/ GHCN dailyd

http://www.cdc.noaa.gov/data/gridded/data.gpcc.
html

GPCC (VasClimO and Full v.3) (precipitation)

http://precip.gsfc.nasa.gov GPCP (precipitation)
http://www.cpc.noaa.gov/products/global_precip/
html/wpage.cmap.html

CMAP (precipitation)

http://climate.rutgers.edu/snowcover Snowcover extent
http://www.atmos.washington.edu/~ignatius/
CloudMap

SOBS cloud

http://www.ssec.wisc.edu/~donw/PAGE/
CLIMATE.HTM

HIRS-W cloud

http://isccp.giss.nasa.gov ISCCP D2 cloud

http://cimss.ssec.wisc.edu/patmosx PATMOS-x cloud

http://ladsweb.nascom.nasa.gov MODIS cloud

http://www.cdc.noaa.gov/data/reanalysis NCEP–NCAR reanalysis 

http://www.gth-h.net Runoff data

http://eosweb.larc.nasa.gov/
CERES EBAF, CERES ERBE-like, and FLASHFlux data (satellite broadband earth 
radiation budget; outgoing longwave, reflected shortwave, and net radiation)e

http://www.esrl.noaa.gov/gmd/aggi/ Greenhouse gas index

http://www.esrl.noaa.gov/gmd/ccgg/trends/ Carbon dioxide monitoring

www.esrl.noaa.gov/gmd/ccgg/towers/ ESRL carbon monoxide monitoring

http://www.cmdl.noaa.gov/odgi/ Ozone-depleting gas index

http://www.esrl.noaa.gov/gmd/dv/ftpdata.html ESRL halocarbon network

http:// www.iup.uni-bremen.de/gome/wfdoas/ SBUV/TOMS/OMI, GOME, SCIAMACHY ozone

http://fapar.jrc.ec.europa.eu/ FAPAR

eMany additional datasets available; including clouds and aerosols

dAlso other variables

aMany additional land datasets available

cEntire SSM/I record only available on hard disk.

bMay move as site owner has changed institute
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3.	Global Oceans—J. M. Levy, Ed.
a.	 Overview—J. M. Levy

As the global ocean observing system matures 
and climatologies of essential climate variables grow 
more robust, observations of anomalous departures 
continue to shed light on the evolving behavior of 
the coupled ocean–atmosphere system. 2008 was 
characterized by the following findings.

The global mean SST in 2008 was slightly cooler 
than that in 2007, largely due to the cooling in the 
central tropical Pacific, the Arctic Ocean, and the 
regions extending from the Gulf of Alaska to the 
west coast of North America. The yearly mean SST 
anomaly in 2008 was dominated by a negative PDO 
pattern. The yearly mean PDO index in 2008 was the 
lowest since 1971. 

Global integrals of upper-ocean heat content for 
the last several years have reached values consistently 
higher than for all prior times in the record, demon-
strating the dominant role of the oceans in the Earth’s 
heat budget. 2008 basin-scale upper-ocean heat con-
tent patterns are consistent with current phasing of 
familiar climate indices such as ENSO.

The basin-averaged latent and sensible heat fluxes 
in 2008 decreased slightly from 2007, continuing the 
broad downward trend that started in 1999. There 
seems to be a tendency toward reversing the upward 
trend that had dominated the decades of the 1980s 
and 1990s. Changes in latent and sensible heat fluxes 
in the Pacific responded to the SST anomalies of the 
cool PDO phase, with enhanced heat loss over positive 
SST anomalies and reduced heat loss over negative 
SST anomalies. By contrast, the ocean heat f luxes 
in the Atlantic Ocean were an important forcing for 
SST variability: SST increased as a result of reduced 
heat loss at the sea surface and decreased as a result 
of enhanced heat loss at the surface. 

Tropical cyclone heat potential values in the north-
central Gulf of Mexico were lower in August 2008 
than in August 2005.

Outside the tropics, the anomalously salty surface 
salinity values in climatologically drier locations 
and anomalously fresh values in rainier locations 
observed in recent years generally persisted in 2008, 
suggesting an increase in the hydrological cycle, 
consistent with climate model predictions for global 
warming scenarios. Within the tropics, 2008 sea 
surface salinity anomalies can be largely related to 
recent La Niña conditions.

Eastward surface current anomalies in the tropi-
cal Pacific Ocean in early 2008 played a major role in 
adjusting the basin from strong La Niña conditions to 
ENSO-neutral conditions by July–August. Long-term 

trends in geostrophic eddy kinetic energy continue 
to indicate interannual-to-decadal shifts in major 
current systems such as the Gulf Stream and the 
Brazil–Malvinas Confluence.

Direct observations of the strength of the me-
ridional overturning circulation show substantial 
variability on short time scales, with some evolving 
evidence of a pronounced seasonal variation. Indirect 
observations from subsurface water properties sug-
gest a recent strengthening of deep-water formation 
in the Labrador Sea and a decrease in deep-water 
transport from the Antarctic that is both warmer and 
fresher than in the past.

The La Niña event of 2007–08 affected not only 
regional sea level anomalies but GMSL as well. 
GMSL has been persistently low during the La Niña 
event relative to a linear trend of approximately 
3.3 mm yr−1. The correspondence between GMSL and 
the Multivariate ENSO Index highlights the strong 
inf luence of ENSO variability on global sea level. 
Once this interannual variability is accounted for, 
the inferred rate of GMSL change remains remark-
ably constant.

The global mean air–sea CO2 flux for the period 
1983 to 2007, including ENSO effects, gives an aver-
age uptake of 1.74 Pg-C yr−1. The global mean CO2 
uptake for 2007 is estimated to be 1.67 Pg-C, about 
0.07 Pg-C lower than the long-term average, making 
it the third-largest anomaly determined since 1983. 
Unlike long-term findings, the North Atlantic has 
not had the largest increase in anthropogenic car-
bon storage over the last decade. The rate of carbon 
inventory increase in the eastern Indian Ocean was 
significantly higher between 1995 and 2008 than it 
was between 1978 and 1995.

Global phytoplankton chlorophyll concentra-
tions were slightly elevated in 2008 relative to 2007, 
but regional changes were substantial (ranging to 
about 50%) and followed long-term patterns of net 
decreases in chlorophyll with increasing sea surface 
temperature. 

b.	 Sea surface temperatures in 2008—Y. Xue and R. W. 
Reynolds
The global SSTs in 2008 were analyzed using the 

OISST v.2, which is a weekly analysis on a 1° grid 
derived by combining������������������������������� in situ and satellite observa-
tions for the period of November 1981 to present 
(Reynolds et al. 2002). To put the 2008 SST in a 
historical perspective, we also analyzed the ERSST 
v.3b, which is a monthly merged land–ocean surface 
temperature analysis on a 2° grid for the period 
of 1854 to present (Smith et al. 2008). SSTA were 
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��������������������������������������������������defined as departures from the 1971–2000 climatol-
ogy described by Xue et al. (2003).

The seasonal evolution of SSTAs in 2008 is shown 
in Fig. 3.1 The SSTAs were generally positive in the 
Atlantic. In the Pacific basin, SSTAs were negative 
in the tropics related to the termination of a moder-
ate La Niña. The 2007–08 La Niña started in August 
2007, reached its mature phase during December 
2007 to February 2008, and then dissipated quickly 
with the return of ENSO-neutral conditions in June 
2008. La Niña conditions, however, reemerged during 
November 2008 to January 2009 (see NOAA’s ENSO 
definition at www.cpc.ncep.noaa.gov/products/
analysis_monitoring/ensostuff/ensoyears.shtml). 
Both the demise and the reemergence of La Niña 
lagged associated surface current anomalies (see 
Fig. 3.14 and accompanying discussion). 

During the first half of 2008, strong negative 
anomalies were present off the west coast of North 
America, while positive anomalies occurred along 
a rough sideways “V” pattern connecting the far 
western equatorial Pacific to 160°W at both 30°N 
and 30°S. Strong positive anomalies were also pres-
ent north of 30°N in the Atlantic and western Pacific. 
These northern positive anomalies were strongest 
between July and October, with associated positive 
anomalies in the Arctic Ocean between the date line 
and 120°W. The Arctic Ocean SST was above normal 
in 2008, but it was about 1.3°C lower than its historical 
high of 2.5°C observed in 2007 (not shown). Consis-
tently, the sea-ice extent in 2008 was larger than its 

historical low in 2007 (http://nsidc.org/
arcticseaicenews/index.html). 

In the North Atlantic, SST has been 
persistently above normal since 1995. 
In the tropical North Atlantic, SST was 
near normal in the first half of 2008 but 
increased to about 0.6°C above normal 
during the Atlantic hurricane season 
from June to November (see details in 
the Tropical Cyclones section of chapter 
4 of this report). In the eastern tropical 
Atlantic, SST has been persistently above 
normal during the past three years. 

The yearly mean SSTA in 2008 was 
dominated by a negative PDO pattern 
(Mantua et al. 1997), which featured 
below-normal SST near the Gulf of 
Alaska and along the west coast of North 
America and above-normal SST in the 
central North Pacific (Fig. 3.2a). (The 
PDO spatial pattern and associated 
temporal PDO index are defined at http://

jisao.washington.edu/pdo.) Monthly and annual time 
series of the PDO index are shown in Fig. 3.3. The 
negative PDO phase began in September 2007 and 

Fig. 3.1. Seasonal mean SST anomalies(°C) for (a) Dec 2007 to Feb 
2008, (b) Mar to May 2008, (c) Jun to Aug 2008 ,and (d) Sep to Nov 
2008. SSTs are the monthly fields interpolated from the weekly 1° 
OI analyses of Reynolds et al. (2002). All anomalies are defined as 
departures from the 1971–2000 climatology (Xue et al. 2003).

Fig. 3.2. (a) Yearly mean SSTA in 2008 and (b) SSTA 
differences between 2008 and 2007. SSTs are the 
monthly fields interpolated from the weekly 1° OI 
analyses of Reynolds et al. (2002). All anomalies are 
defined as departures from the 1971–2000 climatology 
(Xue et al. 2003).
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persisted through calendar year 2008 
(Fig. 3.3a). The longer-term yearly mean 
PDO index illustrates prominent low-
frequency variability with a downward 
trend from the mid-1980s to the present 
(Fig. 3.3b). Interestingly, the PDO value 
in 2008 was the lowest since 1971. Along 
with the negative PDO phase, upwelling 
along the west coast of North America 
was also well above normal during the 
2008 upwelling season, which favored 
high biological productivity during the 
past year (Frank Schwing 2009, personal 
communication). 

The global mean SST in 2008 was 
slightly cooler than that in 2007 (Fig. 3.4a), 
largely due to the cooling in the central 
tropical Pacific, the Arctic Ocean, and 
the regions extending from the Gulf of 
Alaska to the west coast of North America 
(Fig. 3.2b). The 2008 minus 2007 SSTA 
differences largely resemble the negative 
PDO pattern, which is also reflected in the 
anomaly differences of surface latent plus 
sensible heat flux (Fig. 3.8b). The tripole 
SST pattern in the North Atlantic is also 
reflected in the heat fluxes.

The global mean SST in 2007 and 2008 
was much cooler than that during 2002–
06 (Fig. 3.4a). The cooling in the past two 
years was largely due to the cooling in 
the tropical Pacific (Fig. 3.4b), which is 
associated with the 2007–08 La Niña and 

persistent negative PDO (Fig. 3.3a). The cooling in 
the tropical Pacific contributed to the cooling in the 
global tropical oceans in the past two years, although 
the contributions from the tropical Indian and At-
lantic Oceans were less evident (Figs. 3.4c–e). From a 
historical perspective, the global mean SST was below 
normal (1971–2000 average) during 1950–76 and has 
been persistently above normal since 1997. Although 
the global mean and tropical mean SSTAs all have a 
prominent upward trend from 1950 to 2008, similar 
trends are not evident in the North Pacific and North 
Atlantic (Figs. 3.4f–g). 

c.	 Ocean heat content—G. C. Johnson, J. M. Lyman, J. K. Willis, 
S. Levitus, T. Boyer, J. Antonov, C. Schmid, and G. J. Goni
Storage and transport of heat in the ocean are cen-

tral to aspects of climate such as El Niño (e.g., Zebiak 
1989), the North Atlantic Oscillation (e.g., Curry 

Fig. 3.3. (a) Monthly standardized PDO index (bar) in 
the past four years and (b) yearly mean of the monthly 
PDO index (bar) overlapped with the 5-yr running 
mean of the index (black line) in 1950–2008. The PDO 
index was downloaded from University of Washington 
at http://jisao.washington.edu/pdo.

Fig. 3.4. Yearly mean SST anomalies (°C) averaged in (a) the global 
ocean, (b) tropical Pacific Ocean, (c) tropical Indian Ocean, (d) 
tropical Atlantic Ocean, (e) all three tropical oceans, (f) North 
Pacific, and (g) North Atlantic in 1950–2008. SSTs are the ERSST 
v.3b of Smith et al. (2008). All anomalies are defined as departures 
from the 1971–2000 climatology (Xue et al. 2003).
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and McCartney 2001), hurricanes (e.g., Mainelli 
et al. 2008; Vecchi et al. 2008), sea level rise (e.g., 
Domingues et al. 2008), and global warming (e.g., 
Hansen et al. 2005).

We begin by discussing an estimate of upper 
(0–750 m) OHCA for the period 1 January–31 Decem-
ber 2008 (Fig. 3.5a) computed from a combination of 
in situ ocean temperature data and satellite altimetry 
data, following Willis et al. (2004) but relative to a 
1993–2008 baseline, hereafter the combined estimate. 
We also discuss changes in the combined estimate 
between 2008 and 2007 (Fig. 3.5b). We contrast 
these combined estimate changes with changes of 
mixed layer OHCA (Fig. 3.6) derived from in situ 
observations (Schmid 2005), hereafter the mixed 
layer estimate. We also put the estimates of recent 
upper-OHCA variability into a longer-term context 
using a time series of global integrals of 0–700-m 
in situ OHCA from 1955 through 2008 (Fig. 3.7), a 

time period much longer than the satellite altimeter 
record, estimated following Levitus et al. (2009), 
hereafter the in situ estimate.

In recent years many of the globally distributed in 
situ subsurface ocean temperature data are from Argo 
(Roemmich et al. 2004). Data from Argo floats with 
the potential for as yet uncorrected systematic pres-
sure biases (www.argo.ucsd.edu/Acpres_drift_apex.
html) have been removed from the combined estimate 
presented here. In addition, annual estimates of XBT 
fall-rate corrections have been applied for deep- and 
shallow-probe data following Wijffels et al. (2008) 
for the combined estimate, but with no XBT data 
used after 2005. A somewhat different set of cor-
rections to MBTs and XBTs for all years is applied 
for the 0–700-m in situ estimate following Levitus 
et al. (2009). The mixed layer estimate uses Argo and 
GTSPP (www.nodc.noaa.gov/GTSPP/) data subject to 
Argo real-time quality-control criteria followed by lo-
cal statistical checks to eliminate remaining outliers. 
Details of all the fields analyzed here may change after 
data from floats with potential pressure biases are cor-
rected and made available, after more real-time data 
are subject to delayed-mode scientific quality control, 
and as XBT and MBT corrections improve.

The 2008 0–750-m combined estimate of OHCA 
(Fig. 3.5a) shows eddy and meander variability down 
to the 100-km mapping scales, as does, to a greater 
extent, the difference of the 2008 and 2007 combined 
estimates (Fig. 3.5b). Strong small-scale spatial vari-
ability in OHCA fields is associated with the western 
boundary currents in every gyre, as well as the Ant-
arctic Circumpolar Current. The difference in com-
bined estimates between 2008 and 2007 (Fig. 3.5b) 
illustrates the large year-to-year variability in ocean 
heat storage, with changes reaching or exceeding 
the equivalent of a 95 W m−2 magnitude surface flux 
applied over one year (~3 × 109 J m−2). Ocean advec-
tion likely plays a significant role in many of these 
changes. Upper OHCA, deep variability, freshwater, 
and mass signals all contribute to sea level anoma-
lies. Despite this, there are many large-scale visual 
similarities between upper-OHCA (Fig. 3.5) and sea 
level (Fig. 3.21) fields in 2008, even relative to their 
differing baseline periods.

Large-scale patterns are evident in OHCA for 2008 
(Fig. 3.5a) and its difference from 2007 (Fig. 3.5b). The 
central equatorial Pacific is still low in heat content, 
as it was during 2007 due to a La Niña (Levinson 
and Lawrimore 2008), and the off-equatorial central 
and eastern tropical Pacific OHCA values also fell 
from 2007 to 2008. However, the eastern equatorial 
Pacific heat content has risen to values slightly above 

Fig. 3.5. (a) Combined satellite altimeter and in situ 
ocean temperature data estimate of upper- (0–750 m) 
ocean heat content anomaly OHCA (109 J m−2) for 2008 
analyzed following Willis et al. (2004) but relative to 
a 1993–2008 baseline. (b) The difference of 2008 and 
2007 combined estimates of OHCA expressed as a 
local surface heat flux equivalent (W m−2). For panel 
comparisons, note that 95 W m−2 applied over one year 
results in a 3 × 109 J m−2 change of OHCA.
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the mean in that interval, and the western tropical 
Pacific heat content has risen to levels well above the 
mean. While the annual averaging period presented 
here is too long for detailed study of the movement 
of heat associated with ENSO dynamics, certainly 
the change on the equator and perhaps those in the 
off-equatorial regions are related to those processes 
(e.g., Zebiak 1989).

Like the western tropical Pacific, the northeastern 
Indian Ocean continued gaining heat between 2007 

and 2008 (Fig. 3.5b), as both regions did between 2006 
and 2007 (Levinson and Lawrimore 2008). As a result, 
OHCA in the northeastern Indian Ocean in 2008 is 
above the mean (Fig. 3.5a), contrasting clearly with be-
low-average values found in 2006 (Aguez et al. 2007). 
Around 10°S in the Indian Ocean heat was lost in the 
western half and gained in the east from 2007 to 2008 
(Fig. 3.5b), largely the reverse of the tendency in this 
region from 2006 to 2007 (Levinson and Lawrimore 
2008), leaving the area around the Seychelles slightly 
below the mean for OHCA in 2008 (Fig. 3.5a).

The North Pacific shows high OHCA in its center 
in 2008, and low OHCA off the west coast of North 
America (Fig. 3.5a). This pattern is consonant with a 
strongly negative Pacific decadal oscillation (Mantua 
et al. 1997) during 2008, and hence mirrored in sea 
surface temperature anomalies for 2008 (Fig. 3.2). The 
band of high OHCA near 35°S in the South Pacific 
(Fig. 3.5a) appears to have steadily migrated south 
from lower subtropical latitudes in 2007 (Fig. 3.5b), 
and even lower tropical latitudes in 2006 (Aguez 
et al. 2007).

In the subpolar North Atlantic, the Labrador 
and Irminger Seas cooled between 2007 and 2008 
(Fig. 3.5b), returning OHCA values in these areas 
to near the 1993–2008 mean (Fig. 3.5a), consonant 
with a return of deep wintertime convection there 
in early 2008 (Våge et al. 2009). A strong warming 
centered near 45°N, 45°W (Fig. 3.5b) suggests a local 
northwestward shift in the North Atlantic Current in 
2008 relative to the previous year. The continued high 
OHCA values in the eastern subpolar North Atlantic 
(Fig. 3.5a) suggest that subtropical influences are still 
strong there, consistent with anomalously salty sur-
face conditions in that region in 2008 (Fig. 3.13). The 
subtropical and tropical Atlantic in both hemispheres 
remains slightly warmer than the mean, with little 
change from 2007 to 2008. 

Near the Antarctic Circumpolar Current, OHCA 
is highly variable (Fig. 3.5a) and appears anomalously 
cool in the Pacific, warm in the Indian, and mixed in 
the Atlantic in 2008, a less coherent pattern than in 
the previous few years (Arguez et al. 2007; Levinson 
and Lawrimore 2008). This lack of coherence may be 
related to a shift in the Antarctic Oscillation Index 
to positive in 2008, after several years of negative 
values.

A map of year-to-year changes in mixed layer 
OHCA (Fig. 3.6) shows many similarities to the map 
of 2008–07 0–750-m combined OHCA (Fig. 3.5b). 
However, the figures are not directly comparable. The 
mixed layer map (Fig. 3.6) is much smoother than the 
analogous combined OHCA map (Fig. 3.5b) because 

Fig. 3.7. Time series of quarterly (red dots) and annual 
average (black line) global integrals of in situ estimates 
of upper OHCA (1022 J) for the 0–700-m layer from 
1955 to 2008, following Levitus et al. (2009). Error 
bars for the annual values are 1 std dev of the four 
quarterly estimates in each year. Additional error 
sources include sampling errors (Lyman and Johnson 
2008) and remaining uncorrected instrument biases 
(Levitus et al. 2009).

Fig. 3.6. Change of ocean mixed layer heat content 
estimated following Schmid (2005) expressed as a 
surface heat flux equivalent (W m−2). The map is based 
on subtraction of a yearly mean of ocean mixed layer 
content for calendar year 2008 from that for calendar 
year 2007.
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the former map uses much longer decorrelation 
length scales (20° lon and 4° lat) than the latter. The 
difference in scales arises because the combined maps 
of 0–750-m OHCA use altimeter data to increase 
resolution and fill in where in situ data are sparse. 

These methodological differences notwithstand-
ing, the magnitudes of year-to-year changes in the 
mixed layer (Fig. 3.6) are generally smaller than those 
from the combined estimates for 0–750 m (Fig. 3.5b). 
This reduction in magnitude is expected because 
year-to-year OHCA changes can extend below the 
mixed layer. In addition, there are a few regions with 
qualitative differences in the two quantities, such as 
on either coast of South America around 20°S, where 
the mixed layer heat content anomaly has fallen 
over the course of a year (Fig. 3.6), but there is no 
such change evident in the combined map of upper 
OHCA (Fig. 3.5b). Changes in mixed layer depth can 
have large impacts on the heat content in the mixed 
layer even if there is no change in the mixed layer 
temperature, and that fact could be the reason for 
such striking differences.

Over a multidecadal period, upper-ocean estimates 
(0–700 m) of in situ ocean heat content following 
Levitus et al. (2009) reveal a large increase in global 
integrals of that quantity (Fig. 3.7). Global integrals 
of the in situ estimates for the last several years have 
reached consistently higher values than for all prior 
times in the record. The recent several-year plateau 
has smaller variability than the rest of the record, 
probably because of the effects of the excellent data 
coverage (Lyman and Johnson 2008) as provided by 
Argo floats (Roemmich et al. 2004). However, there 
are also long stretches in the record prior to 2000 that 
also exhibit little upward trend in OHCA.

Finally, around Antarctica and in the northern 
North Atlantic, near-surface water becomes dense 
enough to sink to the abyssal ocean, spreading around 
the globe (e.g., Lumpkin and Speer 2007). The ocean 
below the 2-km target depth for Argo profiles is not 
frequently sampled, making quantitative annual 
global estimates of abyssal ocean heat content changes 
impossible. However, there is observational evidence 
that the deep oceans, including the North Atlantic, 
have gained heat at least to 3,000 m over the past few 
decades (Levitus et al. 2005). Furthermore, analyses 
of recent repeated hydrographic observations in the 
deep South Atlantic (Johnson and Doney 2006), Pa-
cific (Johnson et al. 2007), and South Indian Oceans 
(Johnson et al. 2008a) suggest that Antarctic Bottom 
Water has warmed over the last decade and that this 
warming could make a contribution to the global heat 
budget on the order of 10%–20%.

d.	 Global ocean heat fluxes—L. Yu and R. A. Weller
Much of the solar energy absorbed at the top 

ocean layer is released back to the atmosphere by 
two heat exchange processes at the air–sea interface: 
evaporation that releases latent heat and conduction 
and convection that releases sensible heat. These 
air–sea heat exchanges cool the ocean but warm the 
air, supplying the heat energy needed to drive the 
atmospheric circulation and global weather patterns. 
Clearly, air–sea heat fluxes (i.e., the amount of air–
sea heat exchange) are a key measure of the role that 
the ocean plays in global climate, and their changes 
on short-term and long-term time scales may have 
important climate implications. 

The global distribution of latent and sensible heat 
fluxes in 2008 (Fig. 3.8a) shows that on an annual ba-
sis the largest ocean heat losses occur over the regions 
associated with major WBCs and their extensions 
(e.g., the Kuroshio off Japan, the Gulf Stream off the 
United States, and the Agulhas Current off the Afri-
can coast). The magnitude of the annual mean LHF 
+ SHF in these regions exceeds 250 W m−2, produced 
largely during the fall-to-winter seasons by strong 
winds and cold and dry air masses coming from the 
land (Bigorre and Weller 2008). The second-largest 
heat loss (~180 W m−2) is located over the broad 
subtropical southern Indian Ocean, where the large 
air–sea heat exchange is sustained primarily by the 
strong southeast trade winds in the monsoon months 
June–September.

The estimates of LHF + SHF were produced by 
the OAFlux project (Yu et al. 2008) at WHOI. The 
computation of the OAFlux products uses the state-
of-the-art bulk flux algorithm version 3.0 by Fairall 
et al. (2003), with the surface meteorological variables 
determined from an optimal blending of satellite re-
trievals and atmospheric reanalysis/forecast models 
of NCEP and ECMWF. The accuracy of the OAFlux 
LHF and SHF estimates was evaluated using 105 
buoys available over the global oceans (Yu et al. 2008, 
manuscript submitted to J. Climate). The averaged 
root-mean-square differences between OAFlux and 
buoy calculated over the buoy locations are 9.6 W m−2 
for LHF and 2.6 W m−2 for SHF.

The plot of the LHF + SHF differences between 
2008 and 2007 (Fig. 3.8b) shows that LHF + SHF 
had significant changes in the tropical Pacific and 
Indian Oceans. Positive anomalies are observed in 
the equatorial eastern Pacific and central tropical 
Indian Oceans, while negative anomalies are found 
in the central tropical Pacific. These changes appear 
to result from the direct response of LHF to SST. The 
equatorial Pacific in the second half of 2008 was in 
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ENSO-neutral conditions after a La Niña faded in 
the spring. The eastern equatorial Pacific warmed 
following the cool La Niña conditions and the cen-
tral equatorial Pacific cooled (Fig. 3.2b). Because a 
warmer (cooler) sea surface increases (reduces) the 
rate of heat transfer by evaporation, more (less) latent 
heat was lost in the eastern (central) equatorial Pacific 
as the basin evolved from a cold ENSO phase to an 
ENSO-neutral phase. On the other hand, unlike the 
Pacific counterpart, SST was not the leading cause of 
the larger LHF in the central tropical Indian Ocean. 
Persistent dry westerly wind anomalies associated 
with enhanced convection over the Maritime Conti-
nent contributed to a faster rate of evaporation over 
the warm tropical Indian Ocean waters.

While the tropical Pacific returned to an ENSO-
neutral state, the basin-scale pattern of the Pacific was 
locked in a cool phase of the PDO (Mantua et al. 1997) 
that started in 2007 (http://jisao.washington.edu/pdo/
PDO.latest). The PDO in 2008 was the most nega-
tive since 1971. Compared to 2007, SST had trended 
downward in a much broader area off the coast of 
North America from Alaska to the equator, forming a 

cool horseshoe-shape region around a core of warmer 
SST anomalies to the west (Fig. 3.2b). Interestingly, 
the LHF + SHF 2008 minus 2007 difference pattern 
in the Pacific bears a broad resemblance to the clas-
sic pattern of the cool PDO phase, with enhanced 
(reduced) latent and sensible heat loss over positive 
(negative) SST anomalies. The positive correlation 
between SST and LHF + SHF is indicative of the 
atmospheric response to SST, underlying the domi-
nant role of the ocean in the large-scale atmospheric 
circulation in the Pacific.

For the North Atlantic Ocean, the LHF + SHF 
difference anomalies between 2008 and 2007 show a 
tripole structure, with negative anomalies off the east 
coast of North America (between 30° and 60°N) and 
positive anomalies to its north and south. The pat-
tern is similar to that of the SST difference anomalies 
(Fig. 3.2b), but the sign is opposite. This negative 
correlation between SST and LHF + SHF implies that 
the variability of the Atlantic SST in 2008 was driven 
primarily by the atmospheric forcing: SST increases 
(decreases) as a result of reduced (enhanced) latent 
and sensible heat loss at the sea surface. That heat 
fluxes are important forcing for the North Atlantic 
Ocean variability in 2008 was best demonstrated by 
a recent study by Våge et al. (2009), who reported a 
remarkable deep convective overturning event in the 
Labrador and Irminger Seas in the winter of 2007/08 
(defined as December 2007 to February 2008), trig-
gered by rapid, intensive sea surface cooling under 
unusually cold westerly winds. Deep convection in 
the northern North Atlantic is regarded as a pump 
that drives the Atlantic meridional overturning circu-
lation, and it has been suggested that its onset depends 
on strong westerly winds across this ocean basin that 
occur during the positive phase of the NAO (Hurrell 
et al. 1995). Våge et al. (2009) showed that winter 
2007/08 was unusual. Though the NAO index was 
lower than in the previous winters, the westerly winds 
were unusually strong and cold, resulting in very large 
latent and sensible heat loss at the sea surface and 
subsequently a mixing of the water column to depths 
that had not been reached since the mid-1990s. This 
enhanced flux of ocean heat in the 2007/08 winter, 
which was more than 100 W m−2 above the winter 
climatology (Våge et al. 2009), left a clear mark even 
on the difference plot based on the 2007 and 2008 
annual means (Fig. 3.8b): a band of positive LHF + 
SHF anomalies extends eastward from the ice edge 
in the Labrador Sea into the Irminger Sea. 

The changing relationships between air–sea fluxes 
and SST from the Pacific to the Atlantic Oceans pro-
vide a clear example that the global climate system is 

Fig. 3.8. (top) Annual mean latent plus sensible heat 
fluxes in 2008. The sign is defined as upward (down-
ward) positive (negative) . (bottom) Differences 
between the 2008 and 2007 annual mean latent plus 
sensible heat fluxes.
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ruled by intricate feedbacks between the ocean and 
the atmosphere. The oceans modulate large-scale 
climate variability and change, while short-term 
weather events could impose significant impact on 
ocean variability and thus impart an indelible signa-
ture on the long-term climate of the ocean circula-
tion. It is worth noting that changes in air–sea heat 
f luxes also affect the hydrological cycle and hence 
ocean salinity, as the evaporation releases not only 
latent heat but also water vapor to the atmosphere. 
The structure of LHF + SHF anomalies, in particu-
lar the tripole shape in the North Atlantic Ocean, 
was in broad agreement with that of surface salinity 
anomalies (Fig. 3.13b). The freshening of the sea 
surface (i.e., negative surface salinity anomalies) over 
the Gulf Stream was in tune with the local weakened 
evaporation (i.e., negative LHF + SHF anomalies), 
while the increased surface salinity to the north and 
south coincided with enhanced evaporation forcing 
(positive LHF + SHF anomalies). 

The basin-averaged LHF + SHF in 2008 was slight-
ly down from 2007, continuing the broad downward 
trend that started in 1999 (Fig. 3.9). There seems to 
be a tendency toward reversing the upward trend that 
had dominated the decades of 1980s and 1990s.

e.	 Tropical cyclone heat potential—G. J. Goni and J. A. 
Knaff
Tropical cyclones occur in seven regions in all 

ocean basins: tropical Atlantic, northeast Pacific, 
northwest Pacific, southwest Indian, north Indian, 
southeast Indian, and South Pacific. While SST plays 
a role in the genesis of TCs, the ocean heat content 
contained between the sea surface and the depth of 
the 26°C isotherm, also referred to as TCHP, has 
been shown to play a more important role in TC 

intensity changes (Shay et al. 2000), provided that 
atmospheric conditions are also favorable. The TCHP 
shows high spatial and temporal variability associated 
with oceanic mesoscale features. Sea surface height 
observations derived from satellite altimetry can be 
used to compute the TCHP (Goni et al. 1996; Shay 
et al. 2000). In general, the real-time forecast of TC 
intensity is highly dependent on track forecasts, and 
many of the errors introduced in the track forecast 
are translated into the intensity forecast. Clearly, areas 
with high values of TCHP may be important only 
when TCs travel over them.

To examine the interannual variability of TCHP 
with respect to tropical cyclones, TCHP anomalies 
are computed during the months of TC activity in 
each hemisphere: June through November in the 
Northern Hemisphere and November through April 
in the Southern Hemisphere. Anomalies are defined 
as departures from the mean TCHP calculated during 
the same months for the period 1993 to 2008. These 
anomalies show large variability within and among 
the tropical cyclone basins (Fig. 3.10).

The west Pacific basin exhibits the anomalies from 
the signature of the negative phase of the 2007 ENSO 
event (La Niña). The South Pacific basin showed 
mostly positive anomalies. The north Indian Basin 
exhibited positive values in the Bay of Bengal and in 
the eastern Arabian Sea and negative values in the 

Fig. 3.10. Global anomalies of TCHP corresponding 
to 2008 computed as described in the text. The boxes 
indicate the seven regions where TCs occur: (left to 
right) southwest Indian, north Indian, west Pacific, 
southeast Indian, South Pacific, east Pacific, and North 
Atlantic (shown as Gulf of Mexico and tropical Atlantic 
separately). The black lines indicate the trajectories 
of all tropical cyclones Category 1 and above during 
Nov 2007 through Dec 2008 in the Southern Hemi-
sphere and Jan through Dec 2008 in the Northern 
Hemisphere. The Gulf of Mexico conditions during 
Jun through Nov 2008 are shown in detail in the insert 
shown in the lower right corner. 

Fig. 3.9. Year-to-year variations of global-averaged 
annual mean latent plus sensible heat flux (blue line), 
latent heat flux (red line), and sensible heat flux (black 
line). The shaded areas indicate the upper and lower 
limits at the 90% confidence level.
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western Arabian Sea. The Gulf of Mexico (insert) 
showed an alternation of regions with positive and 
negative values. The tropical Atlantic exhibited posi-
tive values to the north of 30°N and south of 15°N. 
The most evident changes that happened between 
2008 and 2007 are the increase of values in the south-
ern region of the western Pacific basin.

During 2008 several TCs were identified to have 
gained strength when traveling into regions of very 
high or higher values of TCHP. Some examples of 
these intensification events are shown in Fig. 3.11. 
The results presented here correspond to five intense 
(Categories 4 and 5) TCs, where the location of their 
intensification coincided with an increase of the values 
of TCHP along their tracks. Additionally, the cooling 
associated with the wake of the TCs, which can reach 
values of 30 kJ cm−2 in tropical cyclone heat potential 
and 3°C in sea surface temperature, is important be-
cause it influences the upper-ocean thermal structure 
on regional scales within weeks to months after the 
passage of the cyclones. These TCs were Gustav in the 

Gulf of Mexico, Ike in the Caribbean Sea, Sinlaku in 
the western Pacific, Nargis in the northern Indian, and 
Ivan in the southwest Indian region. A brief descrip-
tion of each of these storms is now presented. 

In the Atlantic basin, Hurricanes Gustav and 
Ike are good examples of major hurricanes that 
interacted with TCHP features. Hurricane Gustav 
(25 August–2 September) reached its maximum esti-
mated intensity of 125 kt prior to making landfall in 
Cuba on 30 August and at a time when its track was 
traversing some of the highest values of TCHP west of 
Jamaica. The storm’s impact was felt throughout the 
northern Caribbean in Hispanola, Jamaica, the Cay-
man Islands, and Cuba. On the other hand, Hurricane 
Ike (1–14 September) experienced three separate peak 
intensities. The first and maximum peak intensity, 125 
kt, was obtained in the central Atlantic, northwest of 
the Leeward Islands. In the next day or so, the storm 
weakened and moved southwest. The second peak 
shown in Fig. 3.11 occurred in a region of elevated 
TCHP. The third peak intensity occurred in the Gulf 
of Mexico before making landfall in Texas (not shown 
in Fig. 3.11). This storm resulted in major impacts 
throughout the northern Caribbean, making landfall 
twice in Cuba (110, 115 kt) and once in Texas (95 kt). 

Typhoon Sinlaku (8–22 September), in the west-
ern North Pacific, obtained its maximum intensity 
(125 kt) following an encounter with a warm ocean 
eddy. Following its peak intensity, the storm weak-
ened slightly as it turned toward Taiwan and moved 
over lower values of TCHP. Following this weakening, 
Sinlaku showed a slight intensification as it tracked to 
the northwest and moved over larger TCHP values. 
The storm eventually brushed the northeast coast of 
Taiwan on 13 September with an estimated intensity 
between 90 and 95 kt. 

In the north Indian Ocean, Tropical Cyclone 
Nargis (27 April–3 May) made landfall in Myanmar 
on 2 May with an estimated intensity of 115 kt. The 
storm resulted in a devastating surge that killed an 
estimated 146,000 people. The storm intensified over 
the high TCHP waters of the Bay of Bengal. One as-
pect of the storm’s forecast is that for the 48 h prior 
to landfall the storm was forecasted to have a more 
northward track than was observed, which not only 
allowed the storm to track over higher TCHP values 
but to make landfall in the low-lying Irrawaddy River 
delta. This storm occurred in early May and likely 
contributed to the negative anomalies in Fig. 3.10 in 
the northern part of the Bay of Bengal. 

Tropical Cyclone Ivan (7–22 February) is a good 
example of a very strong and rather large Southern 
Hemisphere tropical cyclone, which reached its 

Fig. 3.11. (left) Tropical cyclone heat potential and 
surface cooling given by the difference between post- 
and prestorm values of (center) tropical cyclone heat 
potential and (right) sea surface temperature, for 
(from top to bottom) Hurricane Gustav, Hurricane 
Ike, Typhoon Sinlaku, Tropical Cyclone Nargis, and 
Tropical Cyclone Ivan.
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maximum intensity of 115 kt just as it made landfall 
in Madagascar. Ivan also tracked across the warmest 
TCHP during the day or so prior to landfall on 17 
February when intensification was occurring. Initial 
reports indicated that 26 deaths occurred and more 
than 300,000 persons were affected, particularly by 
the heavy general rainfall and subsequent floods in 
the north and east of the island of Madagascar. 

Hurricane Gustav (2008) is now contrasted with 
Hurricane Katrina (2005) (Fig. 3.12). Both hurricanes 
made landfall in a region in the Gulf of Mexico. There 
are some similarities as they both traveled directly 
over the Loop Current. Katrina was energized by 
its passage over the Loop Current and continued to 
intensify as it moved from the Loop Current region 
into a region occupied by a warm ring shed by the 
Loop Current. The storm also became larger as it went 
through an eyewall replacement cycle (Maclay et al. 
2009). Gustav, in contrast, tried to reorganize over the 
Loop Current region following a landfall in western 
Cuba, but instead of moving over a warm eddy as 
Katrina did, Gustav moved into a region of relatively 
low TCHP and did not reintensify despite being in 
favorable environmental conditions (200–850-hPa 
vertical wind shear <15 kt and SST >29°C). As a 
likely consequence, Gustav did not become nearly as 
large or as intense as Katrina. And while both storms 
weakened as they approached the Louisiana coast, 
Katrina with its larger and more intense wind field 
and landfall in a more populated area produced more 
property damage. The difference in the intensity of 
these two hurricanes translates into a difference in 
sea surface cooling. Maximum cooling by Katrina 
was approximately 30 kJ cm−2 in tropical cyclone heat 
potential and 4°C in sea surface temperature, almost 
double that observed for Hurricane Gustav. 

f.	 Sea surface salinity—G. C. Johnson and J. M. Lyman
Ocean storage and transport of freshwater are 

intrinsic to aspects of global climate including the 
water cycle (e.g., Wijffels et al. 1992), El Niño (e.g., 
Maes et al. 2006), and anthropogenic climate change 
(e.g., Held and Soden 2006). In the past, in situ ocean 
salinity data have been too sparse and their reporting 
too delayed for an annual global perspective of ocean 
freshwater and its complement, salinity. However, 
over the past few years, the now mature Argo array 
of profiling floats, which measures temperature and 
salinity year-round in the upper 2 km of the ice-free 
global ocean (Roemmich et al. 2004), has remedied 
this situation. In addition, remote sensing of SSS by 
satellite is planned for 2010 (http://aquarius.gsfc.
nasa.gov/).

The near-global Argo data are analyzed here to de-
termine an annual average SSS anomaly for 2008 rela-
tive to a climatology and to describe how annual SSS 
anomalies have changed in 2008 relative to 2007. In 
this work the shallowest near-surface (<25 m) salinity 
data flagged as good from each available Argo profile 
for 2007 and 2008 were subjected to a statistical check 
to discard outliers. After this statistical check, the 
remaining data were then cast as differences from 
a climatological mean surface salinity field from 
the WOA based on historical data reported through 
2001 (WOA 2001; Boyer et al. 2001). The resulting 
anomalies were then mapped (Bretherton et al. 1976) 
assuming a Gaussian covariance function with 6° 
latitude and longitude decorrelation length scales 
and a noise-to-signal variance ratio of 2.2. While 
some delayed-mode scientific controlled (final) Argo 
data are available for the 2007–08 time period, many 
real-time (preliminary) Argo data were used in both 
years. The real-time estimates of SSS made here could 

change after all the data have been subjected 
to careful scientific quality control.

Climatological SSS patterns are corre-
lated with surface freshwater flux: the sum of 
evaporation, precipitation, and river runoff 
(e.g., Báranger et al. 1999) where advection 
processes are not dominant. In each ocean 
basin, subtropical salinity maxima centered 
between roughly 20° and 25° in latitude are 
signatures of the predominance of evaporation 
over precipitation. Conversely, in most regions 
where climatological surface salinities are 
relatively fresh, such as the high latitudes and 
the ITCZs, precipitation generally dominates 
over evaporation.

The 2008 anomalies from WOA 2001 
(Fig. 3.13a) reveal some large-scale patterns 

Fig. 3.12. (left) Tropical cyclone heat potential and surface 
cooling given by the difference between post- and prestorm 
values of (center) tropical cyclone heat potential and (right) 
sea surface temperature, for Hurricanes (bottom) Katrina 
in 2005 and (top) Gustav in 2008. The scales are the same as 
in Fig. 3.11.
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that also hold in 2005 through 2007 (not shown). The 
regions around the subtropical salinity maxima are 
mostly salty with respect to WOA 2001. Most of the 
high-latitude climatologically fresh regions appear 
fresher than WOA 2001, including most of the ACC 
near 50°S and the subpolar gyre of the North Pacific. 
These patterns may be consistent with an increase in 
the hydrological cycle (i.e., more evaporation in drier 
locations and more precipitation in rainy areas), as 
seen in simulations of global warming. These simula-
tions suggest this signal might be discernible over the 
last two decades of the twentieth century (Held and 
Soden 2006), consistent with the multiyear nature of 
these anomalies. In addition, a study of global sub-
surface salinity anomalies comparing 2000 Argo data 
to those from the 1990 World Ocean Circulation Ex-
periment and prior historical data suggests that these 
patterns are persistent and decadal (K. P. Helm et al. 
2009, manuscript submitted to Nature Geosci.).

Nonetheless, there may be alternate explanations. 
It is possible that the climatology, being based on rela-
tively sparse data distributions in many parts of the 
oceans, may tend to underestimate regional extrema 
that the well-sampled Argo array can better resolve, 
or that the climatology contains regional biases on 
seasonal or longer time scales that are not present in 
the Argo data. Also, some of these patterns might be 
explained by interannual variability in large-scale 
oceanic currents or atmospheric features such as the 
ITCZs.

For example, in contrast to the other high-latitude 
areas, the subpolar North Atlantic and Nordic Seas 
in 2008 are anomalously salty with respect to WOA 
2001 (Fig. 3.13a), as they have been since at least 2005 
(not shown). This salty subpolar anomaly is incon-
sistent with a simple increase in the strength of the 
hydrological cycle. However, the pattern may have 
less to do with local evaporation and precipitation 
fields than with northward spread of saltier waters 
from the south. The salty anomaly in this region is 
consistent with a stronger influence of subtropical 
gyre waters in the northeastern North Atlantic in 
recent years and a reduced extent of the subpolar gyre 
(Hátún et al. 2005). 

Salinity in the tropics exhibits strong interannual 
variability due to influences of phenomena such as 
the ENSO cycle (e. g., Ando and McPhaden 1997). For 
instance, the ITCZ in the central and eastern tropi-
cal Pacific is anomalously salty in 2008 (Fig. 3.13a), 
with some of that anomaly due to changes since 2007 
(Fig. 3.13b), probably caused by an ongoing La Niña 
in 2008 reducing atmospheric convection and thus 
changing patterns of evaporation (Fig. 3.8) and precip-

itation in the region. In contrast, freshening in the far 
western tropical Pacific is evident, as is freshening in 
the Atlantic ITCZ. In addition, a strong fresh anomaly 
south of India in the tropics in 2007 (not shown) is 
absent in 2008 (Fig. 3.13a), again due to changes tak-
ing place over a 1-yr interval (Fig. 3.13b).

g.	 Surface current observations—R. Lumpkin, G. Goni, and 
K. Dohan
Near-surface currents are measured in situ by 

drogued1 satellite-tracked drifting buoys and by 
current meters on moored ATLAS buoys. (Drifter 

1	A drogued buoy is attached to a large cylindrical canvas 
sea anchor. The drogue (sea anchor) dominates the surface 
area of the drifter and ensures that it follows currents at the 
drogue depth of 15 m rather than being blown by the wind.

Fig. 3.13. (a) Map of the 2008 annual surface salinity 
anomaly estimated from Argo data (colors in PSS-78) 
with respect to a climatological salinity field from 
WOA 2001 (gray contours at 0.5 PSS-78 intervals). 
(b) The difference of 2008 and 2007 surface salinity 
maps estimated from Argo data [colors in PSS-78 yr−1 
to allow direct comparison with (a)]. White areas are 
either neutral with respect to salinity anomaly or too 
data poor to map. While salinity is often reported in 
PSU, it is actually a dimensionless quantity reported 
on the PSS-78.
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Fig. 3.14. OSCAR monthly averaged zonal current 
anomalies (cm s−1), positive eastward, with respect to 
seasonal climatology for Jan, May, Sep, and Nov 2008.

Fig. 3.15. Daily (thin black) and 15-day low-passed 
(thick black) zonal currents (positive eastward) mea-
sured at the equatorial TAO mooring at 110°W, at 
a depth of 10 m. Also shown are the mean seasonal 
cycle (gray) and OSCAR monthly mean zonal currents 
(black dots) at this location.

Fig. 3.16. Principal EOF of surface current (“SC”) and SST 
anomaly variations in the tropical pacific. (top) Amplitude time 
series of the EOFs normalized by their respective std devs. (bot-
tom) Spatial structures of the EOFs.

data are distributed by NOAA/AOML at www.
aoml.noaa.gov/phod/dac/gdp.html. Moored data 
are distributed by NOAA/PMEL at www.pmel.noaa.
gov/tao. OSCAR gridded currents are available at 
www.oscar.noaa.gov/. AVISO gridded altimetry is 
produced by SSALTO/DUACS and distributed with 
support from CNES, at www.aviso.oceanobs.com/.) 
During 2008, the drifter array ranged in size from 
a minimum of 918 drogued buoys to a maximum 
of 1,065, with a median size of 966 drogued buoys 
(undrogued drifters continue to measure SST but are 
subject to significant wind slippage; Niiler et al. 1987). 
The moored array included 35 buoys with current 
meters, all but two between 10°S and 21°N. Tropical 
moorings are maintained by the Pacific Ocean TAO, 
Atlantic Ocean PIRATA, and Indian Ocean RAMA 
projects. The two nontropical moored current meter 
sites of the Global Ocean Observing System are the 
Kuroshio Extension Observatory (32°N, 145°E) and 
Ocean Station Papa (50°N, 145°W).

Satellite-based estimates of ocean cur-
rents are produced by NOAA’s OSCAR 
project, which uses satellite altimetry, winds, 
and SST to create 1° resolution surface cur-
rent maps for the 0–30-m layer of the ocean 
(Bonjean and Lagerloef 2002). Anomalies 
are calculated with respect to the time pe-
riod 1992–2002. 

1)	Surface current anomalies in 2008
The instantaneous distribution of current 

anomalies from the 1992–2002 mean mainly 
reflects the distribution of eddy kinetic en-
ergy associated with mesoscale eddies (cf., 
Stammer 1998; Lumpkin and Pazos 2007). 
To be significant, we require that anomalies 
must exceed the mean standard deviation 
(square root of eddy kinetic energy) with a 
distribution extending over several Eulerian 
length scales (Stammer 1998). By this defini-
tion, the only significant short-term (seasonal 

to annual) anomalies in 2008 occurred in the tropical 
Pacific Ocean. Longer-term variations can be resolved 
elsewhere and are discussed in the next section.

In the equatorial Pacific, the year began with large 
westward current anomalies in the western basin, as-
sociated with strong La Niña conditions, extending to 
140°W (Fig. 3.14). In the eastern basin, weak eastward 
anomalies were seen from 120°W to the South Ameri-
can coast. These eastward anomalies grew in intensity 
and spatial coverage despite enhanced easterly surface 
winds (Fig. 4.4) At 110°W, this eastward anomaly pat-
tern peaked in early May (Fig. 3.15), when the seasonal 
cycle typically reaches its maximum eastward speed. 
The eastward anomalies were 20–40 cm s−1 above 
typical May values and extended from South America 
to 160°E (Fig. 3.14). These anomalies deepened the 
thermocline in the eastern equatorial Pacific (Fig. 4.3), 
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increasing upper-ocean heat content and resulting 
in warm SST anomalies (Fig. 4.2). Warm SSTs were 
concentrated west of 120°W on the equator in May, 
when the Niño-3.4 index (which had been negative 
from January–April) became neutral (Fig. 4.1). 

This El Niño–like surface current pattern, as-
sociated with the transition from La Niña to ENSO-
neutral conditions, weakened in early boreal summer 
and had disappeared by early fall when warm SST 
anomalies in the eastern equatorial Pacific peaked 
and the monthly averaged Niño-3 and Niño-3.4 indi-
ces reached their maximum 2008 value (Fig. 4.1).

Through midboreal summer, westward current 
anomalies developed in the eastern part of the Pacific 
basin, reaching a peak of 40 cm s−1 (with respect to 
seasonal climatology) in September at 110°W (Fig. 
3.15; anomaly is difference between the black and 
gray curves). This pattern spread westward in late 
2008, reaching the western Pacific with maximum 
anomalies of 65–75 cm s−1 in November (Fig. 3.14). 
The resulting shallower thermoclines in the eastern 
Pacific were associated with cool SST anomalies and 
decreases in the Niño-3 and Niño-3.4 indices over 

the period October–December 
(Fig. 4.1).

Surface current anomalies in 
the equatorial Pacific typically 
lead SST anomalies by several 
months, with a magnitude that 
scales with the SST anomaly 
magnitude. Recovery to normal 
current conditions is also typi-
cally seen before SST returns to 
normal. Thus, current anoma-
lies in this region are a valuable 
predictor for the evolution of 
SST anomalies and their related 
climate impacts. This leading 
nature can be seen clearly in the 
first principal EOF of surface 
current anomaly and separately 
of the SST anomaly in the tropi-
cal Pacific basin (Fig. 3.16), ex-
tending back to 1996. 

2) �L ong-term changes in surface 
currents

Geostrophic EKE can be de-
rived from gridded AVISO altim-
etry fields and reveals long-term 
trends in the Atlantic Ocean over 
the period 1993–2008 that may 
indicate a change of intensity and 

location of major surface currents. Along the axis 
of the Gulf Stream (Fig. 3.17) an increase in EKE to 
the south and a decrease to the north may indicate 
a long-term shift to the south in the current. In the 
southwestern Atlantic, a similar situation occurs, 
where the linear trend of EKE exhibits negative 
(positive) values to the north (south) of 38°S in the 
Brazil–Malvinas Confluence region. As with the Gulf 
Stream, this linear trend may indicate a shift in the 
surface current field to the south. Altimetry observa-
tions (bottom, Fig. 3.17) also show that the separation 
of the Brazil Current from the continental shelf break 
(Goni and Wainer 2001) has shifted south over the 
period 1993–2008. However, since 2004 (when the 
Brazil Current reached its southernmost separation 
point) it has tended to shift to the north. 

h.	 The meridional overturning circulation—M. O. Baringer, 
C. S. Meinen, G. C. Johnson, T. O. Kanzow, S. A. Cunningham, W. E. 
Johns, L. M. Beal, J. J.-M. Hirschi, D. Rayner, H. R. Longworth, H. L. 
Bryden, and J. Marotzke
The meridional redistribution of mass and heat as-

sociated with the large-scale vertical circulation with-

Fig. 3.17. Trends in geostrophic EKE for 1993–2008 in (top left) the Gulf 
Stream region and (top right) the Brazil–Malvinas Confluence, calcu-
lated from satellite altimetry. (bottom) Location of the Brazil Current 
separation with respect to its mean position over the period 1993–2008. 
Circles with bars indicate annual means and 2 std devs of the values in 
each calendar year.
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in the oceans is typically called the MOC. The most 
common definition of the strength of the MOC at any 
particular latitude is the maximum of the vertically 
integrated basin-wide streamfunction, which changes 
as a function of location and time and is influenced 
by many physical systems embedded within it. There 
are several available estimates of the steady-state 
global mass, freshwater, and heat transport based on 
the best available hydrographic data (Talley 2008; 
Lumpkin and Speer 2007; Ganachaud and Wunsch 
2003), as well as a few local estimates of the MOC 
from one-time full water column hydrographic sec-
tions and western boundary arrays (e.g., McDonagh 
et al. 2008; Kanzow et al. 2008b); however, true time 
series observations of basin-wide MOC transports are 
logistically very challenging to collect. 

Presently, observing systems capable of quantify-
ing changes in the MOC are at fledgling stages, and 
most existing systems at best observe only one com-
ponent (e.g., a specific current or ocean layer) of the 
global MOC at discrete locations. Long-time series 
necessary for fully capturing the MOC variability 
and hence understanding the variations do not yet 
exist for the global MOC. As such, estimates of the 
state of the MOC must be inferred from time series of 
the complete MOC at one particular location (e.g., at 
26°N in the Atlantic; Cunningham et al. 2007; Kan-
zow et al. 2007; Johns et al. 2008), through individual 
components of the MOC, or from indirect measure-
ments influenced by the strength of the MOC, such 

as deep property fields like 
temperature or salinity. 

The only observing sys-
tem currently in place that 
measures the MOC spans 
the subtropical gyre in the 
North Atlantic near 26°N 
since April 2004 (called the 
RAPID Climate Change 
Program by the U.K. con-
tributors and the MOCHA 
by the U.S. contributors; see 
Kanzow et al. 2008a); hence 
this note concentrates on 
those observations. During 
the first year of this new 
MOC monitoring array, 
the mean MOC transport 
was 19.1 Sv2 with a standard 
deviation of 5.6 Sv (Kanzow 
et al. 2007; Cunningham 
et al. 2007). Observations 
of the strength of the MOC 

from this array are available only with a time delay 
as the moorings are recovered over 12- to 18-month 
intervals. The MOC can be divided into three com-
ponents: the northward western boundary Florida 
Current, the wind-driven Ekman transport, and 
the southward “interior” transport (0–1,000 m deep 
geostrophic flow between the Bahamas and Africa). 
Recently, Kanzow et al. (2009) extended the analysis 
of the interior transport time series through October 
2007 (Fig. 3.18). As with the results from the first year 
of this array, the time series indicates a surprising 
amount of variability at a range of time scales, includ-
ing the emergence of a possible annual cycle that looks 
similar to the annual cycle postulated on the basis of 
all available section data in Baringer and Molinari 
(1999). Of note is that all the interior transport val-
ues estimated from five repeated CTD3 sections by 
Bryden et al. (2005) can be found within the seasonal 
range of the interior transport time series (Fig. 3.18). 
These results do not disprove the presence of a long-
term trend in the strength of the MOC (e.g., as sug-
gested by Bryden et al. 2005; Wunsch and Heimbach 
2006), but they do suggest a careful error analysis 
must be performed that includes the impact of the 

2	Sv is a Sverdrup or 106 m3/s, a unit commonly used for ocean 
volume transports.

3	CTD sensors are used to obtain vertical profiles of tempera-
ture, salinity, and density in the ocean.

Fig. 3.18. Daily estimates of the strength of the upper 1,000-m transport (green 
solid) as measured by the United Kingdom’s NERC Rapid Climate Change 
Program, the National Science Foundation’s Meridional Overturning and 
Heat transport Array, and the long-term NOAA-funded Western Boundary 
Time Series Program. The interior volume transport estimate (accurate to 
1 Sv; Cunningham et al. 2007) is based on the upper-ocean transport from Mar 
2004 to Oct 2007 (adapted from Fig. 7 from Kanzow et al. 2009), with a 10-day 
low-pass filter applied to the daily transport values. Dashed black horizontal 
lines are the Bryden et al. (2005) upper-ocean transport values from the 1957, 
1981, 1992, 1998, and 2004 transatlantic hydrographic sections. The total heat 
transport (estimated error 0.2 PW for monthly averages) is adapted from 
Baringer and Molinari (1999), including the mean heat transport components 
from Molinari et al. (1990).
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underlying higher-frequency variability of the MOC 
on trend estimates (e.g., Baehr et al. 2008; Baehr et al. 
2007; Brennan et al. 2008). Other related studies of 
the MOC trend are so far contradictory, with some re-
porting a decrease in the MOC or components of the 
MOC (e.g., Wunsch and Heimbach 2006; Koltermann 
et al. 1999; H. R. Longworth et al. 2008, unpublished 
manuscript), while others suggest no change or even 
an increase (e.g., Kohl and Stammer 2008; Zhang 
2008; Olsen et al. 2008; Lumpkin et al. 2008; Schott 
et al. 2006). Clearly, while disagreement remains over 
the details of findings from any particular observing 
system (e.g., Kanzow et al. 2009), agreement exists 
that longer time series at multiple locations, particu-
larly of the deep transport components, are needed 
(e.g., Wunsch 2008).

The longest transport time series of an ocean cir-
culation feature directly linked to the MOC exists at 
27°N in the Atlantic, where the bulk of the warm up-
per limb of the Atlantic MOC is thought to be carried 
in the Florida Current through the Straits of Florida 
and the majority of the cold lower limb is believed to 
be carried to the south in the DWBC just east of the 
Bahamas (e.g., Meinen et al. 2009, manuscript sub-

mitted to J. Geophys. Res.; Baringer and 
Larsen 2001). Since 1982, variations in 
the upper limb of the Atlantic MOC 
have been monitored by measuring 
the Florida Current transport using a 
submarine cable across the Straits of 
Florida in combination with regular 
hydrographic sections. In 2008 the 
median transport through the Straits 
of Florida was 32.4 Sv, well within the 
middle range of mean annual values 
(32.2 Sv median transport of the Straits 
of Florida from 1982 to 2008 with 50% 
of the annual means within ±2.2 Sv). 
There were, however, several unusual 
high-frequency events during the year 
(Fig. 3.19): three anomalously low (out-
side of 2–3 standard deviations of the 
daily averaged values) transport events 
during 4–6 January, 7 April–17 May, 
and 24–29 September, with values as 
low as about 20 Sv, and an unusually 
high transport 10–31 December, with 
values as high as about 42 Sv. Because 
these events were relatively short lived, 
it is likely they are local responses to 
upstream atmospheric forcing and 
coastally trapped wave processes and 
are not particularly indicative of a cli-

matically important shift (e.g., Mooers et al. 2005). 
Interannual fluctuations in the Florida Current show 
a negative correlation (r ~ 0.6) with the NAO during 
the 1982–98 time period (Baringer and Larsen 2001); 
however, while the NAO has been tending to decrease 
over the past 20 years, the Florida Current transport 
shows no corresponding long-term trend through 
2008 (Meinen et al. 2009, manuscript submitted to J. 
Geophys. Res.; Peng et al. 2009; Beal et al. 2008). 

Trends in the global MOC can also be determined 
through proxies of the MOC strength, such as paleo 
observations (e.g., Carlson et al. 2008), tracers (e.g., 
LeBel et al. 2008), and characteristic water masses 
(e.g., Lohmann et al. 2008; Hawkins and Sutton 2007). 
For example, during the past year, temperature and 
salinity observations in the Labrador Sea showed an 
abrupt return of deep convection between 2007 and 
2008 (Våge 2009). Yashayaev and Yoder (2009) showed 
that the enhanced deep convection in the Labrador Sea 
in the winter of 2008 was the deepest since 1994 and 
included the largest heat loss from the ocean to the 
atmosphere since the mid-1990s, exceeding the long-
term mean by 50% (see also Fig. 3.8b). Such anomalous 
local events may be a precursor to changes in the MOC 

Fig. 3.19. (a) Daily estimates of the transport of the Florida Current 
for 2008 (red solid line) compared to 2007 (dashed blue line). The 
daily values of the Florida Current transport for other years since 
1982 are shown in light gray. The median transport in 2008 increased 
slightly relative to 2007 and 2006 and is slightly above the long-term 
median for the Florida Current (32.2 Sv). (b) Two-year smoothed 
Florida Current transport (red) and NAO index (dashed orange). 
The daily Florida Current transport values are accurate to 1.1–1.7 
Sv (Meinen et al. 2009, manuscript submitted to J. Geophys Res.) 
and the smoothed transport to 0.25 Sv (a priori estimate using the 
observed 3–10-day independent time scale).
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strength (e.g., Lohmann et al. 
2009; Bellucci et al. 2008).

While the MOC is often 
discussed in terms of the large-
scale, full-depth circulation 
in the North Atlantic Ocean, 
surface water also sinks into the 
abyssal ocean around Antarc-
tica (e.g., Orsi et al. 1999). The 
Antarctic and North Atlantic 
limbs of the MOC appear to 
be of similar magnitude (e.g., 
Lumpkin and Speer 2007), and 
the Antarctic Bottom Water 
fills more of the deepest parts of 
the global ocean than does the 
North Atlantic Deep Water (e.g., 
Johnson 2008b). Comparisons 
of deep hydrographic observa-
tions with respect to earlier data 
reveal some interesting changes 
associated with Antarctic Bot-
tom Water. For instance, bot-
tom waters of Antarctic origin 

in the deep South Atlantic (e.g., Johnson and Doney 
2006), Pacific (e.g., Fukasawa et al. 2004; Kawano et al. 
2006; Johnson et al. 2007), and south Indian Oceans 
(e.g., Johnson et al. 2008a) have all warmed over the last 
decade, indicating a change in the Antarctic contribu-
tion to the MOC. Furthermore, bottom waters close 
to Antarctica, at least in the Indian Ocean sector, also 
appear to have freshened (Rintoul 2007; Johnson et al. 
2008a), consistent with decadal time scale freshening 
in the source regions for this bottom water (Jacobs 
et al. 2002). Finally, there are suggestions in both the 
North Atlantic (Johnson et al. 2008b) and North Pa-
cific (Kouketsu et al. 2009) that the MOC associated 
with Antarctic Bottom Water may have slowed. Above 
the bottom water, Argo float data document a large-
scale warming and freshening around Antarctica, 
but there is no accompanying change in horizontal 
gradients and hence no suggestion of a response to 
the large-scale increases in westerly winds that have 
been observed and are projected to continue under a 
warming climate (e.g., Boning et al. 2008).

i.	 Sea level variations, 2008 annual assessment—M. A. 
Merrifield, R. S. Nerem, G. T. Mitchum, L. Miller, E. Leuliette, S. Gill, 
and P. L. Woodworth 
Sea level variations in 2008 are strongly influenced 

by the persistent, but apparently weakening, La Niña 
event. We will begin with a description of the associ-
ated quarterly sea level anomalies, turning then to 

Fig. 3.21. (top) The 2008 SSH anomaly (Ssalto/Duacs 
product) from the 1993–2007 baseline is compared to 
the 2008 anomaly computed for tide gauge data (dots) 
obtained from the University of Hawaii Sea Level 
Center (http://uhslc.soest.hawaii.edu/). (bottom) The 
difference between 2008 and 2007 annual means.

Fig. 3.20. Seasonal SSH anomalies for 2008 relative to the 1993–2007 base-
line average are obtained using the multimission gridded sea surface height 
altimeter product produced by Ssalto/Duacs and distributed by Aviso, with 
support from CNES (www.aviso.oceanobs.com).
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the mean of 2008 relative to a long-term mean, and 
then relative to the 2007 mean, the latter difference 
being interpreted as the present sea level tendency. We 
will conclude with an evaluation of global sea level 
changes in the context of the recent La Niña condi-
tions, and a brief description of sea level extremes 
observed at tide gauges in 2008.

The La Niña event that developed during 2007 
persisted during 2008 with strong positive anomalies 
in the western tropical Pacific (Fig. 3.20). During JFM 
2008 positive SSH anomalies extended throughout 
the Indonesian Archipelago into the tropical Indian 
Ocean and southward along the west coast of Aus-
tralia. The La Niña weakened noticeably during AMJ 
2008 with the arrival of a Kelvin wave in the eastern 
equatorial Pacific. 

The annual mean SSH (Fig. 3.21, top) depicts 
the dominant La Niña state in the Pacific, and the 
negative-phase PDO pattern in the North Pacific 
with negative anomalies along the west coast of North 
America and positive anomalies in the central North 
Pacific. The shift to a negative PDO began in late 
2007. In general, sea level appears to be higher in most 
regions relative to the 1993–2002 baseline, with the 
exception of the mid- to high-latitude North Pacific 
and North Atlantic. The coastal tide gauge and adja-
cent SSH deviations are similar at most stations.

The SSH tendency (Fig. 3.21, bottom), measured as 
the difference in annual mean SSH between 2008 and 
2007, shows a net increase in sea level in the warm-
pool region despite the weakened state of the La Niña 
during the Kelvin wave event (AMJ; Fig. 3.20). The 
SSH increase in this region is associated with zonal 
wind anomalies directed toward the Indonesian Ar-
chipelago from both the Indian and Pacific Oceans. 
A decrease in sea level occurs in the central equatorial 

Fig. 3.22. (top) Monthly GMSL (seasonal cycle re-
moved) relative to a linear trend of 3.5 mm yr−1. 
(bottom) Monthly GMSL (linear trend removed, red) 
versus the MEI (blue). SSH data provided by the NASA 
PO.DAAC at the Jet Propulsion Laboratory/California 
Institute of Technology (http://podaac.jpl.nasa.gov/).

Fig. 3.23. Time series of GMSL, or total sea level, is 
compared with the two principal components of sea 
level change, upper-ocean steric change from Argo 
measurements, and mass change from GRACE mea-
surements (Leuliette and Miller 2009). In this figure, 
black lines show the observed values and gray lines the 
inferred values from the complementary observations 
(e.g., the inferred steric sea level is obtained from ob-
served total sea level–observed ocean mass). 
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Pacific and in the eastern tropical Pacific. There is, 
however, a positive anomaly along Central and South 
American coasts associated with the Kelvin wave. A 
strong positive anomaly that occurred during 2007 
in the western Indian Ocean fell sharply in 2008, and 
this region is now substantially below normal. SSH 
changes in the Atlantic Ocean were weak compared 
to other regions. 

The La Niña event of 2007–08 affected not only 
regional sea level anomalies but GMSL as well. 
GMSL has been persistently low during the La Niña 
event relative to a linear trend of approximately 3.5 

± 0.4 mm yr−1 (Fig. 3.22.) (R. S. Nerem 
et al. 2009, unpublished manuscript). 
The correspondence between GMSL 
and the MEI (www.cdc.noaa.gov/people/
klaus.wolter/MEI/mei.html) shows that 
El Niño and La Niña events have a strong 
influence on global sea level. Once this 
interannual variability is accounted for, 
the inferred rate of GMSL change re-
mains remarkably constant, suggesting 
that La Niña may partially explain the 
f lattening of the GMSL curve over the 
past one to two years.

Variations in GMSL due to changes 
in ocean density (steric sea level) and 
ocean mass are currently under in-
vestigation using satellite altimeters, 
the Argo array (ocean thermal), and 
the GRACE time series (ice melt and 
other hydrological variations), and pre-
liminary investigations are beginning 
to document these changes (e.g., Willis 
et al. 2008; Leuliette and Miller 2009). 
On seasonal time scales (Fig. 3.23), the 
steric and mass components of GMSL 
are 180° out of phase due to differences 
in continental surface area in the North-
ern and Southern Hemispheres, which 
leads to asymmetries in net ocean heat 
flux and river runoff (Willis et al. 2008). 
These analyses of seasonal variations 
demonstrate the power of the present 
system for observing and interpreting 
sea level variations. As the time series 
from Argo and GRACE lengthen, the 
contributions to interannual GMSL 
change will become increasingly clear.

Extreme sea level variability during 
2008 is examined using daily averages 
obtained from a global set of tide gauges 
(Fig. 3.24). Extreme sea levels, taken 
as the average of the 2% highest daily 

values relative to the annual mean level (top), were 
high along the coasts of North America, Europe, and 
Southeast Asia, and low at most of the islands in the 
tropics. For time series with at least 15 years of record 
length, we normalize the levels by removing the mean 
and dividing by the standard deviation of extreme sea 
levels for all available years (Fig. 3.24, bottom). By this 
measure, extremes along the southeast coast and Gulf 
Coast of the United States were notably higher than 
normal. Other areas of unusually high values include 
northern Australia and isolated stations south of the 

Fig. 3.24. (top) Extreme sea level variability is characterized using 
the average of the top 2% mean daily sea levels during 2008 rela-
tive to the annual mean at each station. (bottom) The extreme 
values are normalized by subtracting the mean and dividing by 
the std dev of past-year extreme values for stations with at least 
15-yr record lengths. 
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equator in the tropical Pacific. Extremes in Europe, 
Japan, and South Australia, and at island stations in 
the equatorial Pacific, were well below normal.

j.	 The global ocean carbon cycle—C. L. Sabine, R. A. Feely, 
R. Wanninkhof, and T. Takahashi
1)	Air–sea carbon dioxide fluxes

The time and space scales of variability in the 
air–sea CO2 flux make it challenging to assess global 
f luxes based on in situ surface observations. The 
latest global f lux map is based on approximately  
3 million measurements collected between 1970 and 
2007 (Takahashi et al. 2009). The annual mean con-

temporary CO2 flux over the global 
oceans in 2000 is estimated to be 
a net uptake of 1.4 ± 0.7 Pg-C yr−1. 
As with the previous maps, the es-
timate is for a “normal” year when 
there are no significant El Niño 
signals in the equatorial Pacific. 
Because the loss of CO2 from the 
equatorial Pacific to the atmo-
sphere is depressed during El Niños 
(Feely et al. 2006), these conditions 
result in a net increase in the global 
ocean CO2 uptake for that year. 
Seasonal-to-annual estimates of 
net air–sea CO2 fluxes are needed 
to better understand the changing 
role of the ocean in the global car-
bon cycle. The updated empirical 
approach to quantifying the air–
sea CO2 exchange utilizing in situ, 
climatological, and satellite data is 
described in Sabine et al. (2008). 
The diverse data streams and lags 
in availability of quality-controlled 
atmospheric CO2, satellite, and as-
similation products preclude real-
time analysis such that quarterly 
air–sea CO2 f lux maps are only 
available for the period from 1983 
to 2007. The global mean air–sea 
CO2 flux for this period, including 
the ENSO effects, gives an average 
uptake of 1.74 Pg-C yr−1. Assum-
ing the preindustrial steady-state 
ocean was a source of 0.4 Pg-C yr−1 

(Jacobson et al. 2007), the esti-
mated average flux equates to a net 
ocean anthropogenic CO2 uptake 
of 2.14 Pg-C yr−1. This is consistent 
with the oceanic anthropogenic 

CO2 sink estimate of 2.2 ± 0.5 Pg-C yr−1 from Bindoff 
et al. (2007), based on several different approaches. 
Gruber et al. (2009) analyzed the oceanic uptake rates 
of anthropogenic CO2 for the period of 1990 to early 
2000, which were estimated from observations (sea–
air pCO2 difference, sea–air 13C disequilibrium, and 
atmospheric O2/N2) and general circulation models 
(ocean data inversion, atmospheric data inversion, and 
ocean biogeochemical models). Multiple techniques 
for estimating ocean anthropogenic CO2, including 
observational approaches, numerical models, and 
techniques that blend observations and models, were 
found to be mutually consistent within their respec-

Fig. 3.25. Plots of sea–air pCO2 difference and air–sea CO2 flux in the 
equatorial Pacific between 1997 and 2007 based on underway CO2 mea-
surements collected on the TAO service cruises. The nominal cruise track 
lines are shown in black. A complete survey of the region is completed 
approximately every six months. The black and dark purple areas indicate 
where the atmosphere and seawater pCO2 values are nearly balanced. 
The pink areas indicate ocean uptake of CO2, and the blue to red colors 
indicate areas of ocean CO2 out-gassing.
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tive uncertainties, ranging from 1.5±0.9 Pg-C yr−1 to 
2.4±0.5 Pg-C yr−1 (Gruber et al. 2009).

Figure 3.25 shows the measured sea–air CO2 dif-
ferences and net fluxes in the equatorial Pacific for 
a 10-yr period from 1997 to 2007. The top, from the 
fall of 1997 and spring of 1998, shows the very low 
out-gassing conditions of the 1997/98 El Niño. This 
is in contrast to the bottom, which shows very strong 
out-gassing during the 2007 La Niña shown by the 
Multivariate ENSO Index (www.cdc.noaa.gov/enso/
enso.mei_index.html). The difference in the esti-
mated flux between the top (November 1997–May 
1998) and the bottom panels (April 2007–October 
2007) is 0.39 Pg-C, or about 20% of the long-term 
average annual global air–sea CO2 flux.

The global pattern of the net air–sea CO2 flux for 
October–December 2007 is presented in Fig. 3.26a 
based on seasonal correlations between sea surface 
temperature and pCO2 for each 4° by 5° pixel of the 
Takahashi et al. (2009) map (see Lee et al. 1998; Park 
et al. 2006; and Sabine et al. 2008 for methods). The 
interannual variability in air–sea CO2 fluxes is deter-
mined from these relationships and global interannu-
al sea surface temperature and wind speed anomalies 
derived from satellite and assimilation products. It 
shows the characteristic global pattern of net release 
of CO2 in the tropics and regions of upwelling and 
CO2 uptake in the mid- and high latitudes. Of note 
are the regions of efflux near the Antarctic ice edge 
that partially offset the sink strength of the Southern 

Ocean. Figure 3.26b shows the difference between 
the September–December 2007 air–sea f luxes and 
the average September–December f lux pattern for 
the whole record (1983–2007). The large positive 
anomaly in the equatorial Pacific means that there 
was enhanced out-gassing of CO2 consistent with the 
measurements shown in the bottom of Fig. 3.25. These 
estimates suggest the La Niña effect impacted a much 
larger area of the Pacific than the region measured 
from the cruises to service the TAO moorings. Very 
strong positive local anomalies are determined off 
the coast of Peru associated with intensified upwell-
ing and stronger winds. Positive anomalies are also 
estimated for the subtropical North Pacific. The cause 
of the North Pacific anomaly, and to a lesser extent 
in the North Atlantic, is being validated and is under 
investigation. Observations from volunteer observing 
ships in the North Atlantic suggest that this is an ac-
tual anomaly rather than an artifact of the approach. 
It is a continuation of the depressed North Atlantic 
CO2 sink in this region, albeit of lesser magnitude 
than that observed in the mid-1990s (Schuster and 
Watson 2007). Due to changing shipping routes there 
were no measurements in that region of the North 
Pacific to validate the results for the North Pacific, 
but the strong positive air–sea CO2 flux anomaly off 
the coast of Peru was confirmed with measurements 
from the flux reference buoy deployed as part of the 
VOCALS (www.eol.ucar.edu/projects/vocals/) proj-
ect and ship-based observations from NOAA ship 
R/V Ronald H. Brown servicing the buoy. 

A negative correlation (r2~0.6) between the Multi
variate ENSO Index and global air–sea CO2 fluxes 
is observed in the long-term f lux record. Positive 
MEI indicates El Niño conditions and low CO2 out-
gassing. The boreal winter of 2007 showed a negative 
MEI (<−1) corresponding to an increased equatorial 
Pacific CO2 flux to the atmosphere, or depressed net 
global oceanic uptake of CO2 (Fig. 3.26b). The global 
mean CO2 uptake for 2007 is estimated at 1.67 Pg-C, 
about 0.07 Pg-C lower than the long-term average. 
This seasonal anomaly is the third-largest determined 
with this method since 1983. The low global uptake 
is attributed, in large part, to the La Niña that was 
observed in the equatorial Pacific at that time. It 
intensified toward the end of 2007 as observed with 
sea surface temperature observations (Reynolds and 
Xue 2008). 

2)	Subsurface carbon inventory

In 2003, the U.S. CLIVAR/CO2 Repeat Hydrog-
raphy Program began reoccupying a subset of lines 
from the WOCE/JGOFS global ocean survey con-

Fig. 3.26. Maps of (a) net air–sea CO2 fluxes and (b) air–
sea CO2 flux anomaly for Sep–Dec 2007. Coastal pixels 
and those with ice cover are masked in gray. Negative 
fluxes represent uptake of CO2 by the ocean. Output 
and graphic provided by J. Trinanes.
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ducted in the 1990s. The program has identified 19 
hydrographic sections distributed around the global 
ocean that will be surveyed approximately every 10 
years to examine changes in ocean carbon and other 
physical and biogeochemical tracers. In 2008 two 
lines were completed: I6S in the southwestern Indian 
Ocean, nominally along 30°E, and P18 in the south-
eastern Pacific, nominally along 105°W.

Figure 3.27 shows sections of DIC along P18 
in 2008 and 1994. To first order the distributions 
look similar for both years, but the difference plot 
(Fig. 3.27, bottom) shows patchy increases as large 
as 50 µmol kg−1. This patchy pattern does not simply 
reflect a secular increase in CO2 but is also influenced 
by variability in the natural carbon distributions 
at interannual and shorter time scales. Aliasing 
from mesoscale eddies and frontal oscillations that 
displace isopycnal surfaces (Haine and Gray 2001; 
Peacock et al. 2005), as well as variations in water 
mass properties associated with climate modes such 
as the El Niño–Southern Oscillation (Feely et al. 
2002), can be significant when comparing two cruises 
separated in time.

To correct for these variations and isolate the 
changes due to uptake of CO2 from the atmosphere, 
we use the multiple linear regression approach first 
introduced by Wallace (1995). The application of these 
corrections varies depending on data quality and the 
oceanographic conditions along the section; thus each 
section must be evaluated separately. A full global 
assessment of ocean DIC changes cannot be made 
until the resurvey of the oceans is completed in the 
next few years. However, each updated ocean section 
provides incremental insight into how carbon uptake 
rates are evolving spatially and temporally.

Table 1 summarizes the current best estimates 
of anthropogenic CO2 accumulation along repre-
sentative north–south cruise tracks in the Atlantic, 
Pacific, and Indian Oceans over the last decade. If 
these values are representative of the basin averages, 
then the changes over the last decade are somewhat 
different from the pattern of long-term accumula-

tion. For example, Sabine et al. (2004) found that the 
largest accumulation of anthropogenic CO2 over the 
last 200 years was in the North Atlantic. This was 
attributed to the transport of waters rich in anthropo-
genic CO2 into the ocean interior by the formation of 
North Atlantic Deep Water. The repeat hydrography 
results, however, indicate that over the last decade 
the North Atlantic has not had the largest increase 
in anthropogenic carbon storage. This finding is 
consistent with other independent estimates that 
the North Atlantic uptake rate has decreased over 

Fig. 3.27. Sections of dissolved inorganic carbon 
(µmol kg−1) nominally along 105°W in (top) 2008 and 
(middle) 1994. The bottom section shows the DIC 
change between the two cruises (2008–1994). Black 
dots show sample locations. Inset map shows cruise 
track in red.

Table 3.1. Estimates of ocean column inventory changes in anthropogenic carbon  
(mol C m−2 yr−1) over the last decade. 

Atlantic (25°W)

1993–2005

Pacific (152°W)

1991–2006

Indian (90°E)

1995–2007

Northern Hemisphere 0.63 0.25 0.63

Southern Hemisphere 0.75 0.41 0.83
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the last decade (Schuster and Watson 2007; Thomas 
et al. 2008). The largest increases in anthropogenic 
carbon accumulation along these sections appear to 
be in the Southern Hemisphere oceans.

Figure 3.28 shows the change in carbon column 
inventories between the CLIVAR (2008), WOCE 
(1995), and GEOSECS (1978) cruises in the eastern 
Indian Ocean along 90°E. The pattern of average an-
nual carbon increases between 1995 and 2008 were 
similar to the pattern of increases between 1978 and 
1995, but the magnitude of the increases over the last 
decade are about twice the increases prior to 1995. 
These findings appear to contradict some recently 
published model results and surface ocean pCO2 
observations that have suggested that the Southern 
Ocean uptake of CO2 has decreased over the last few 
decades (Le Quéré et al. 2007; Lovenduski et al. 2007; 
Takahashi et al. 2009). There are still more lines that 
need to be examined in the Southern Ocean, but these 
initial results illustrate the importance of studying the 
linkages and differences between CO2 uptake from 
the atmosphere and the ultimate storage of carbon 
in the ocean interior.

Because atmospheric CO2 concentrations are 
growing at a nearly exponential rate, it is not surpris-
ing to find that the rate of carbon storage is increas-
ing with time. However, there are two processes that 
control the rate of anthropogenic carbon increases in 
the ocean: the equilibration time between the ocean 
and the atmosphere and the rate at which waters 
containing anthropogenic carbon are moved into the 
ocean’s interior. In most places the surface ocean CO2 
values are increasing at roughly the same rate as the 
atmosphere (Takahashi et al. 2009). This means that 
anthropogenic CO2 is accumulating in surface waters 
everywhere at approximately the same rate. There are 
only a few locations, however, where surface waters 
are moving into the ocean interior.

North of about 55°S the difference between the 
two curves in Fig. 3.28 is reasonably consistent. 
Because both curves show the largest overall ac-
cumulations of carbon in the southern subtropical 
gyre, the percent change in the carbon accumula-
tion rate is much larger north of 10°S (from 0.2–0.3 
to ~0.6 mol m−2 yr−1, or roughly a 100% increase) 
compared to the region south of approximately 10°S 
(from 0.7–0.9 to 1.0–1.2 mol m−2 yr−1, or about a 30% 
increase). This observation is consistent with the idea 
that surface layer accumulation of anthropogenic 
carbon has increased at all latitudes, but the rate of 
transport of anthropogenic carbon into the ocean 
interior has not changed dramatically along this sec-
tion. The anthropogenic carbon penetration is still 

relatively shallow north of 10°S, thus the increase in 
surface uptake resulted in a significant increase in 
the total carbon column inventory. South of 10°S, 
however, much of the anthropogenic carbon is found 
in the intermediate waters. An increase in the surface 
accumulation rate without a subsequent increase in 
the rate at which CO2 is moved into the ocean interior, 
therefore, would result in a smaller percent increase 
in the total column inventory as observed. 

These latest results show conclusively that an-
thropogenic CO2 is continuing to accumulate in the 
Atlantic, Pacific, and Indian Oceans and suggest 
that the accumulation rates can vary over decadal 
time scales. However, a single transect through an 
ocean basin is not sufficient for characterizing the 
full patterns of anthropogenic CO2 storage. More 
in-depth analyses will be undertaken once the global 
survey is complete. Because circulation and biological 
processes changes can vary in cycles often associated 
with ocean climate reorganizations such as ENSO, 
North Atlantic Oscillation, Pacific decadal oscilla-
tion, and southern annular mode, it is critical to con-
tinue to monitor the changes in carbon inventories 
and how they interact with the secular increases in 
anthropogenic CO2. 

k.	 Global ocean phytoplankton—M. J. Behrenfeld, D. A. Siegel, 
R. T. O’Malley, and S. Maritorena
Photosynthesis by the free-floating, single-celled 

phytoplankton of the upper sunlit “photic” layer of 
the global ocean is the overwhelmingly dominant 
source of organic matter fueling marine ecosystems. 
Phytoplankton contribute roughly half of annual 
biospheric (i.e., terrestrial and aquatic) NPP (gross 
photosynthesis minus plant respiration), and their 

Fig. 3.28. Column Inventory changes as a function of 
latitude along ~90°E in the eastern Indian Ocean. The 
blue line is the average annual change between 2007 
and 1995. The green line is the average annual change 
between 1995 and 1978. The red dotted line is the 
global-average annual uptake of anthropogenic CO2 
divided by the surface area of the ocean.
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New Evidence for Ocean Acidification in Coastal Waters of North 
America—R. A. Feely and A. G. Dickson

Over the past two centuries the 
release of CO

2
 from humankind’s 

combined industrial and agricultural 
practices has resulted in atmospheric 
CO

2
 concentrations that are now 

higher than experienced on the Earth 
for at least the last 800,000 years 
(Lüthi et al. 2008). During this period 
the oceans have taken up approxi-
mately one-third of the total amount 
of CO

2
 produced by human activities 

(Sabine et al. 2004). This addition of 
anthropogenic CO

2
 to the ocean has 

reduced the surface ocean pH by about 
0.1 to date (a process known as ocean 
acidification) and is expected to reduce 
pH by a further 0.3 units by the end of 
this century (Feely et al. 2004). It now 
appears likely that the 
level of CO

2
 in the at-

mosphere might double 
over its preindustrial 
levels by the middle of 
this century. This rapid 
change in ocean chem-
istry is more dramatic 
than at any time in the 
past 20 million years 
(Feely et al. 2004). This 
pH decrease will lead to 
a reduction in the satu-
ration state of seawater 
with respect to calcite 
and aragonite, which are 
the two most common 
types of calcium carbon-
ate formed by marine 
organisms (Feely et al. 
2004). These changes 
in seawater chemistry 
have consequences for 
a wide variety of marine 
organisms in coastal and 
open ocean ecosystems. 
Many species of marine 
calcifiers, such as clams, 
oysters, mussels, sea 
urchins, and corals, 
have exhibited reduced 
calcification rates in re-
sponse to elevated CO

2
 

levels (Kleypas et al. 
2006; Fabry et al. 2008; 
Doney et al. 2009). On 
the other hand, other 

Fig. 3.29 (after Feely et al. 2008). Distribution of the depths 
of “ocean acidified” undersaturated water (aragonite satu-
ration <1.0; pH <7.75) on the continental shelf of western 
North America from Queen Charlotte Sound, Canada, 
to San Gregorio Baja California Sur, Mexico. On transect 
line 5, the corrosive water reaches all the way to the sur-
face in the inshore waters near the coast. The black dots 
represent station locations.

noncalcifying species, including sea 
grasses (Palacios and Zimmermann 
2007; Hall-Spencer et al. 2008), and 
nitrogen-fixing bacteria (Hutchins et al. 
2007) appear to produce increased 
biomass under increased CO

2 
levels. 

Recent studies have provided new 
findings that organisms growing in 
estuaries or in coastal upwelling zones, 
such as near river mouths or along the 
continental shelf of the west coast of 
North America, may already be expe-
riencing significant biological effects 
resulting from the combined impacts 
of freshwater input, coastal upwelling, 
and ocean acidification (Salisbury et al. 
2008; Feely et al. 2008). For example, 
Salisbury et al. (2008) demonstrated 

that discharge of acidic river water 
over the continental shelf may result 
in poor conditions for shell forma-
tion. When the low-alkalinity river 
water mixes into the surface ocean it 
can significantly reduce the aragonite 
or calcite saturation state. For many 
rivers, this process could inhibit the 
development of certain shellfish larvae 
such as the commercially valuable clam 
Mya arenaria.

On the west coast of North 
America, the seasonal upwelling of 
subsurface waters along the coast 
brings CO

2
-enriched waters onto the 

shelf and, in some instances, into the 
surface ocean (Fig. 3.29). It appears 
that this water, in addition to its origi-

nal high level of CO
2
 

resulting from natural 
respiration processes in 
the subsurface layers, 
is also significantly 
contaminated with 
anthropogenic CO

2
 as it 

was last in contact with 
the atmosphere about 
50 years ago when it 
took up additional CO

2
 

from the atmosphere. 
An immediate conse-
quence of this additional 
CO

2
 is that the CO

2
 

concentrations in these 
upwelled waters will 
be significantly greater 
than they would have 
been in preindustrial 
times. Furthermore, 
each ensuing year will 
draw on water that has 
been exposed to the 
atmosphere still more 
recently, resulting in 
yet higher CO

2
 levels. 

Because these “ocean-
acidified” upwelled 
waters are undersatu-
rated with respect to 
aragonite, they are al-
ready a potential threat 
to many of the calcifying 
aragonitic species that 
live along such coasts.
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photosynthetic carbon fixation is the primary con-
duit through which atmospheric CO2 is transferred 
into ocean organic carbon pools. Thus, these tiny 
suspended ocean “plants” play a vital role in world 
fisheries and the Earth’s biogeochemical cycles.

The productivity of phytoplankton depends on the 
availability of sunlight, macronutrients (e.g., nitrogen, 
phosphorous), and micronutrients (e.g., iron), and 
thus is sensitive to climate-driven changes in these 
resources. Since 1997, a continuous satellite record of 
global climate-quality ocean color data has existed, 
allowing quantification of phytoplankton properties 
and investigation of broad relationships between 
upper-ocean environmental conditions and biology 
(e.g., McClain 2009). The ecosystem property most 
often derived from ocean color observations is the 

surface chlorophyll concentration (Chlsat) (Fig. 3.30a), 
which can be taken as representative of the upper 
mixed layer and is a complex expression of phyto-
plankton standing stock (biomass) and physiological 
responses to prevailing light and nutrient levels. Chlsat 
varies globally by three orders of magnitude (roughly 
0.03 to >30 mg m−3). A relevant property for ocean 
biology and biogeochemistry is the chlorophyll stand-
ing stock integrated over the photic zone (ΣChl; e.g., 
Behrenfeld et al. 2006), where the photic zone is tradi-
tionally defined as the layer between the surface and 
1% light depth. Qualitatively, ΣChl exhibits a similar 
global distribution as Chlsat (Fig. 3.30b), but ΣChl is 
roughly proportional to the square root of Chlsat, so 
its value range is constrained to only 1.3 orders of 
magnitude (Behrenfeld et al. 2008a; Behrenfeld and 
Falkowski 1997).

Since the beginning of the satellite ocean color 
record, a striking correspondence has emerged 
between global variations in ΣChl and SST (Gregg 
et al. 2005; Behrenfeld et al. 2006). In 2008, our abil-
ity to monitor, refine, and interpret this relationship 
weakened. For the past decade, the SeaWiFS provided 
an unbroken time series of well-characterized global 
ocean data, but multiple satellite system failures this 
past year yielded temporal discontinuities in the 
record, with data gaps extending several months. 
Consequently, continuation of the long-term satellite 
record requires merging SeaWiFS data with products 
from the MODIS on the Aqua EOS satellite, which 
unavoidably introduces a potential for intersensor 
artifacts in the time series. Data from the MODIS 
sensor on the Terra EOS satellite are not used because 
the MODIS–Terra sensor has many technical issues 
that limit its utility for climate applications (e.g., 
Kwiatkowska et al. 2008). 

SeaWiFS and MODIS–Aqua observations overlap 
continuously between July 2002 and December 2007. 
Over this 66-month period, global-average Chlsat for 
SeaWiFS is 0.302 mg m−3, average photic zone chloro
phyll (ΣChl) is 13.5 mg m−2, and total global chloro
phyll standing stock for the photic zone averages 
4.6 Tg. Sixty-one percent of this global chlorophyll 
stock is found in the permanently stratified oceans 
(approximated here as waters with annual average 
SST in 2007 of >15°C), which cover 72% of the ocean 
surface. The remaining 39% of global chlorophyll 
stock is found in the more productive seasonal seas 
at higher latitudes. By comparison, MODIS–Aqua 
data for the same 66-month period give a global-
average Chlsat of 0.266 mg m−3, an average ΣChl 
of 12.1 mg m−2, and an average global chlorophyll 
stock of 4.1 Tg, with 62% of this stock found in the 

Fig. 3.30. (a) Average MODIS–Aqua Chlsat for 2008. 
(b) Average MODIS-Aqua ΣChl for 2008. (c) Percent-
age change in ΣChl from 2007 to 2008. Heavy black 
lines demark permanently stratified oceans (2007 
average SST >15°C) from higher-latitude regions (2007 
average SST < 15°C). Because data were only available 
through day 320 of 2008 at the time of our analysis, 
here and in the main text annual values are for Julian 
dates 321 of a given year to 320 of the following year 
(e.g., the 2008 period = Julian day 321, 2007 to Julian day 
320, 2008). Photic zone chlorophyll content calculated 
following Behrenfeld et al. (2006). 
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permanently stratified oceans. The elevated values 
of chlorophyll for SeaWiFS relative to MODIS–Aqua 
ref lect a persistent bias between the two datasets, 
as clearly seen in the time series of monthly chloro-
phyll stocks for the permanently stratified oceans 
(Fig. 3.31a). On average, SeaWiFS chlorophyll values 
are 13.2% higher than MODIS–Aqua. When applied 
to the Vertically Generalized Production Model 
(Behrenfeld and Falkowski 1997), SeaWiFS data yield 
annual ocean NPP estimates ranging from 51.2 to 
52.3 Pg C y−1, while MODIS-Aqua gives values of 45.6 
to 46.9 Pg C y−1 (average intersensor bias between 
NPP values is 12.3%). 

Sensor gains for SeaWiFS and MODIS–Aqua are 
determined through comparison with the same in 
situ dataset (e.g., Franz et al. 2007), but no deliberate 
effort has been specifically made to date to minimize 
discrepancies between the resulting satellite data 
products. In 2009, both datasets will undergo a com-
plete reprocessing, after which issues of bias between 
the two sensors should be reevaluated.

For 2008, the complete annual record provided by 
MODIS–Aqua gives an average Chlsat of 0.271 mg m−3 
and an average ΣChl of 12.4 mg m−2. While the 
MODIS–Aqua globally integrated chlorophyll stand-
ing stock for 2008 of 4.1 Tg is only 1.4% higher than 
the 2007 value, regional changes in ΣChl were sub-
stantial and ranged to ±50% (Fig. 3.30c). Pixel-level 
comparison of these ΣChl changes with coincident 
changes in MODIS–Aqua SST data yields an inverse 
relationship for 66% of the stratified ocean (i.e., ΣChl 
decreases with increasing SST, and vise versa), while 
only 34% of the region exhibits a positive correlation. 
This result can be viewed in the broader context of 
the full satellite record by merging SeaWiFS, MODIS–
Aqua, and AVHRR data and comparing monthly 
chlorophyll and SST anomalies for the permanently 
stratified, northern high-latitude, and southern high-
latitude zones.

Monthly chlorophyll anomalies for the stratified 
oceans exhibit a remarkable coherence between the 
two records (r2 = 0.81) (Fig. 3.31b), despite the bias 
between SeaWiFS and MODIS–Aqua data (e.g., 
Fig. 3.31a). Similar intersensor agreement in chloro-
phyll anomalies is also found for the two high-latitude 
zones (i.e., annual average SST <15°C). While these 
results do not diminish the impact of SeaWiFS/
MODIS–Aqua biases on quantitative analyses of 
phytoplankton standing stocks and rates, they do 
imply that anomaly trends can be evaluated across the 
merged dataset. With respect to SST and in contrast to 
chlorophyll, AVHRR and MODIS–Aqua data for the 
2002–07 period do not show significant intersensor 

Fig. 3.31. (a) Monthly photic zone chlorophyll con-
centrations (= average ΣChl times area) for the 
permanently stratified oceans (SST >15°C; Fig. 1c). 
Solid symbols are SeaWiFS data. Open symbols are 
MODIS–Aqua data. (b) Monthly anomalies in stratified 
ocean photic zone chlorophyll for SeaWiFS (solid sym-
bols) and MODIS–Aqua (open symbols). Anomalies 
represent the difference between photic zone chloro-
phyll for a given month and the average value for that 
month for a given sensor record. (c) Monthly anoma-
lies in mean SST for the stratified oceans based on 
AVHRR-quality 5–8 data (solid symbols) and MODIS 
SST4 data (open symbols). 
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biases and their SST anomalies are highly correlated 
(r2 = 0.91) (Fig. 3.31c).

From the merged datasets, we f ind that the 
chlorophyll–SST relationship observed during 2008 
is consistent with longer-term patterns observed 
since the first SeaWiFS images in September 1997 
(Fig. 3.32). At northern high latitudes, oscillations 
in monthly chlorophyll anomalies are inversely cor-

related with SST anomalies (linear regression slope 
p < 0.01) (Fig. 3.32a). Note that the SST anomaly scale 
in all panels of Fig. 3.32 is the right-hand axes, with 
cooling at the top and warming at the bottom (as in 
Fig. 3.31c). Similarly, chlorophyll and SST anomalies 
are inversely related in the permanently stratified 
oceans (linear regression slope p < 0.001) (Fig. 3.32b). 
At high southern latitudes, weaker temporal trends 
in chlorophyll and SST are found, but an inverse 
relationship is still apparent and significant (linear 
regression slope p < 0.05). Combining the two polar 
regions, we find that the slope of the chlorophyll–SST 
relationship is a factor of 3 steeper (i.e., greater change 
in chlorophyll per unit change in SST) than in the 
permanently stratified zone.

Despite all three of our global zones exhibiting 
inverse chlorophyll–SST relationships, it is important 
to recognize their correlative, not causative, under-
pinnings. Ninety percent of the SST anomalies shown 
in Fig. 3.32 are within ±0.3°C of the 11-yr record 
monthly mean values (s.d. = 0.11°C), and the full 
range of anomaly values barely span a 1°C range. The 
direct physiological consequences (e.g., enzymatic 
reaction rates) of such minute temperature changes 
are negligible. Thus, correlations between SST and 
chlorophyll anomalies emerge because SST acts as 
a surrogate for other environmental factors that 
vary with SST and directly impact phytoplankton 
chlorophyll levels. Two such factors are nutrients 
(including iron) and mixed layer light levels. In 
general, surface layer warming is associated with 
stronger surface layer stratification and shallower 
mixing depths, which in turn increase average mixed 
layer phytoplankton light exposure and can hamper 
vertical nutrient exchange (Behrenfeld et al. 2005; 
Siegel et al. 2005). Decreased nutrient availability 
suppresses phytoplankton cellular chlorophyll levels 
and can diminish phytoplankton biomass. Likewise, 
acclimation to enhanced mixed layer light exposure 
entails reductions in cellular chlorophyll. Changes 
in seasonal surface mixing cycles can also inf lu-
ence chlorophyll levels by altering predator–prey 
interactions and thereby phytoplankton biomass 
and species composition. Thus, it is the correlation 
between SST and the summed expression of these 
direct nutrient, light, and ecosystem effects that 
gives rise to inverse chlorophyll–SST relationships. 
The relative importance of these controlling factors, 
however, varies over space and time (e.g., Behrenfeld 
et al. 2008b) and is expressed through variations in 
the slope of the chlorophyll–SST relationship. 

Conclusions of the 2008 analysis are that 1) con-
tinuation of the satellite-based climate record for 

Fig. 3.32. Comparison of monthly anomalies in photic 
zone chlorophyll (black and gray symbols, left axis) and 
SST (red symbols, right axis). (a) Northern waters with 
2007 average SST < 15°C. (b) Permanently stratified 
waters with 2007 average SST > 15°C. (c) Southern 
waters with 2007 average SST < 15°C. (a–c) Solid black 
symbols are SeaWiFS data. Gray symbols are MODIS–
Aqua data. MODIS–Aqua data are spliced into the 
SeaWiFS record beginning on Julian day 321, 2006, to 
be consistent with Fig. 1. Horizontal dashed line in each 
panel corresponds to monthly climatological average 
values. (Note, left axes increase from bottom to top, 
while right axes decrease from bottom to top.) 
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global chlorophyll anomalies was possible, despite 
prolonged 2008 gaps in SeaWiFS data, because of a 
substantial and continuous overlap period between 
SeaWiFS and MODIS–Aqua observations; 2) the rise 
in chlorophyll for the stratified oceans between 2007 
and 2008 corresponds with an ENSO shift toward 
La Niña conditions; 3) net inverse relationships 
between anomalies in chlorophyll and SST for the 

merged data are consistent with SeaWiFS-only trends 
since 1997; 4) intersensor biases in ocean products, 
while not preventing extension of anomaly trends, do 
have a significant impact on quantitative assessments 
of global chlorophyll concentrations and NPP; and 
5) continuity of satellite ocean color observations is 
essential for understanding global ocean biosphere 
changes and feedbacks (Siegel et al. 2008).
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4.	THE TROPICS—H. J. Diamond, Ed.
a.	 Overview—H. J. Diamond

This tropics section consists of five topics: 1) ENSO 
and the tropical Pacific; 2) the MJO; 3) TC activity for 
the 2008 season in seven basins: the North Atlantic, 
eastern North Pacific, northwest Pacific, north In-
dian and south Indian, South Pacific, and Australia; 
4) ITCZ behavior in the Pacific and Atlantic basins; 
and 5) the IOD.

The year was characterized by fluctuating condi-
tions throughout the tropical Pacific that began with 
a strong La Niña episode that ended in June. This 
was followed by ENSO-neutral conditions during 
the middle and latter half of the year, and a return to 
La Niña conditions late in December. The predomi-
nant La Niña conditions had significant impacts on 
the activity of the Atlantic and northeast Pacific TC 
seasons.

The 2008 Atlantic hurricane season was the 14th 
busiest on record and significantly more active than 
the 2006 and 2007 seasons. Conversely, activity in 
the northwest Pacific was considerably below nor-
mal during 2008. While activity in the north Indian 
Ocean was only slightly above average, the season 
was punctuated by Cyclone Nargis, which was the 
seventh-strongest cyclone ever in the basin. 

Since the weak negative IOD in 2005, there have 
been three consecutive seasons from 2006–08 with 
a positive IOD. 

b.	 ENSO and the tropical Pacific—M. L’Heureux, G. Bell, and 
M. Halpert 
1)	Oceanic conditions 
ENSO is a coupled ocean–atmosphere phenom-

enon centered in the equatorial Pacific Ocean. ENSO 
features two opposing phases, El Niño and La Niña, 
which are responsible for considerable interannual 
climate variability in the global tropics and mid-to-
high latitudes. NOAA defines these ENSO phases us-
ing the Niño-3.4 index, which reflects area-averaged 
SST anomalies between 5°N–5°S and 170°–120°W. 

El Niño occurs when the 3-month running mean 
value of the Niño-3.4 index (ONI) is greater than or 
equal to +0.5°C, while La Niña occurs when the ONI 
is less than or equal to −0.5°C. 

During 2008, conditions throughout the tropical 
Pacific reflected a strong La Niña episode that ended 
in June. This was followed by ENSO-neutral condi-
tions during the middle and latter half of the year, 
and a return to La Niña conditions late in December 
(Fig. 4.1). During the peak of the event, the DJF 
2007–08 ONI value was −1.4°C, with weekly values 
of the Niño-3.4 index dropping below −2°C. These 
measures indicated the strongest La Niña episode 
since 1999–2000. 

The seasonal surface and subsurface temperature 
anomalies associated with the 2007–08 La Niña epi-
sode are summarized in Figs. 4.2, 4.3. SSTs during 
the peak of the event were at least 1°C below average 

Fig. 4.1. Time series of SST anomalies (°C) in the 
Niño-3.4 region (5°N–5°S, 170°–120°W). Anomalies 
are departures from the 1971–2000 base period weekly 
means and are obtained from the adjusted OI dataset 
(Smith and Reynolds 1998).

Fig. 4.2. SST anomalies (°C) during (a) Dec–Feb 
2007–08, (b) Mar–May 2008, (c) Jun–Aug 2008, and 
(d) Sep–Nov 2008. Anomalies are departures from 
the 1971–2000 adjusted OI climatology (Smith and 
Reynolds 1998).
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across the eastern half of the equatorial Pacific, with 
the largest departures (below −2°C) centered just east 
of the international date line and in the east-central 
Pacific (Fig. 4.2a). 

The pattern of subsurface temperature anomalies 
illustrates the large vertical extent of the oceanic 
cooling during this period (Fig. 4.3a), with depar-
tures in some areas of the eastern Pacific at least 
5°C below average. In the east-central and eastern 
Pacific, this cooling reflected an exceptionally shal-
low thermocline. In contrast, in the western half 
of the basin temperatures were significantly above 
average at thermocline depth (100–250 m), although 
negative anomalies resided close to the ocean surface 
(0–100 m). These subsurface temperature anomalies 

and the associated increased slope of the oceanic 
thermocline are typical of a mature La Niña. 

During March–May 2008, a wide swath of below-
average but somewhat weaker SST anomalies re-
mained across the equatorial Pacific, except for the 
far eastern portion of the basin (Fig. 4.2b). The most 
significant evolution during this period occurred be-
low the ocean surface, where the negative temperature 
anomalies in the east-central and eastern equatorial 
Pacific dissipated in response to a deepening of the 
oceanic thermocline (Fig. 4.3b). Subsequent addi-
tional warming and a westward expansion of positive 
SST anomalies in the eastern Pacific contributed to 
a rapid weakening of La Niña during May and June, 
and to the appearance of positive anomalies in the 
Niño-3.4 region by early July. 

The dissipation of the anomalous subsurface tem-
perature structure occurred in conjunction with oce-
anic Kelvin waves initiated during January and May 
(Fig. 4.7). These waves were triggered by low-level 
westerly wind events associated with MJO activity 
(section 4c). Major impacts of the final Kelvin wave 
in May included a weakening of the record-high (dat-
ing back to the start of the historical record in 1980) 
oceanic heat content anomalies in the western Pacific, 
and the development of positive surface (Fig. 4.2c) 
and subsurface (Fig. 4.3c) temperature anomalies in 
the eastern Pacific. 

During SON 2008, near-average SSTs were evident 
throughout the equatorial Pacific Ocean (Fig. 4.2d). 
However, a more La Niña–like subsurface tempera-
ture pattern and thermocline structure became re-
established (Fig. 4.3d), which when combined with 
subsequent cooling of the SSTs, led to the reemer-
gence of La Niña in December. 

2)	Atmospheric circulation

During DJF 2007–08 and MAM 2008 the below-
average SSTs were strongly coupled to the atmosphere 
(Figs. 4.4a,b). For example, convection was suppressed 
over the central and east-central equatorial Pacific 
(brown shading), and enhanced over Indonesia and 
the far western Pacific (green shading). This pattern 
ref lects a westward contraction of the equatorial 
convection toward the western Pacific and a com-
plete disappearance of convection from the central 
Pacific. 

These conditions were associated with enhanced 
easterly trade winds at 850 hPa (vectors, Figs. 4.4a,b) 
and anomalous upper-level westerly winds at 200 hPa 
(not shown) across the central and western equato-
rial Pacific Ocean, along with anomalous low-level 
westerly winds over the IO. This combination reflects 

Fig. 4.3. Equatorial depth-longitude section of ocean 
temperature anomalies (°C) averaged between 5°N 
and 5°S during (a) Dec–Feb 2007–08, (b) Mar–May 
2008, (c) Jun–Aug 2008, and (d) Sep–Nov 2008. The 
20°C isotherm (thick solid line) approximates the 
center of the oceanic thermocline. The data are de-
rived from an analysis system that assimilates oceanic 
observations into an oceanic GCM (Behringer et al. 
1998). Anomalies are departures from the 1971–2000 
period monthly means.
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Fig. 4.4. Anomalous 850-hPa wind vector and speed 
(m s−1) and anomalous OLR (shaded, W m−2) during 
(a) Dec–Feb 2007–08, (b) Mar–May 2008, (c) Jun–Aug 
2008, and (d) Sep–Nov 2008. Anomalies are depar-
tures from the 1979–95 period monthly means. 

Fig. 4.5. 200-hPa circulation during Dec 2007–May 
2008: (a) anomalous streamfunction (shading) and 
vector winds (m s−1) and (b) total streamfunction 
(contours) and wind speed (shading). In (a), anoma-
lous ridges are indicated by positive values (red) in the 
NH and negative values (blue) in the SH. Anomalous 
troughs are indicated by negative values in the NH 
and positive values in the SH. In (b), “L” indicates 
mid-Pacific trough and “H” indicates western Pacific 
subtropical ridge. Anomalies are departures from the 
1971–2000 period monthly means.

106 m2 s–1

10 × 106 m2 s–1

an enhanced equatorial Walker circulation that was 
confined to the western half of the Pacific Ocean, 
which is typical of La Niña.

In both hemispheres the subtropical circulation 
during DJF and MAM 2008 was also typical of 
La Niña, with cyclonic anomalies over the central 
and east-central Pacific and anticyclonic anomalies 
over Australasia (shading, Fig. 4.5a). This pattern 
reflected enhanced mid-Pacific troughs and a west-
ward retraction of the subtropical ridges toward the 
western Pacific (contours, Fig. 4.5b). In the Northern 
Hemisphere, these conditions were associated with a 
westward retraction of the East Asian jet core, and a 
westward shift of the mean North American ridge to 
the eastern North Pacific and the mean Hudson Bay 
trough to western North America.

During JJA and SON the anomalous convection 
over the tropical Pacific weakened as La Niña dissi-
pated (Figs. 4.4c,d). However, the low-level easterlies 
remained enhanced in the western and central Pacific 

Ocean, and convection remained suppressed near 
the date line. 

3)	La Niña impacts

Regional La Niña impacts during DJF 2007–08 and 
MAM 2008 included above-average rainfall across 
much of the Maritime Continent (e.g., Indonesia, 
Philippines, Malaysia, and Borneo) extending to 
northernmost portions of Australia. An enhanced 
and extreme southwestward displacement of the 
SPCZ in April 2008 contributed to increased rain-
fall over the southwestern Pacific Ocean, including 
significant f looding in Vanuatu (Island Climate 
Update 2008a). 

Also consistent with La Niña, rainfall was en-
hanced in northeastern Brazil and in the South Afri-
can monsoon region. Over the United States, La Niña 
led to drier-than-average conditions across much of 
the South and to increased precipitation in the Pacific 
Northwest and in the Ohio and Tennessee valleys. A 
persistent La Niña–like circulation contributed to 
an above-normal Atlantic hurricane season (section 
4d2) and to below-average hurricane activity in the 
northeast Pacific (section 4d3).
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Fig. 4.6. Time–longitude section of filtered 200-hPa 
velocity potential anomaly (5°N–5°S) for 2008. Green 
(brown) shading represents anomalous divergence 
(convergence). Red lines highlight the MJO signal. The 
three MJO episodes are marked. Anomalies are depar-
tures from the 1971–2000 base period daily means.

106 m2 s–1

c.	 The Madden–Julian Oscillation— J. Gottschalck and  
G. Bell 
The MJO (Madden and Julian 1971, 1972, 1994) is a 

leading climate mode of tropical convective variability 
that occurs on intraseasonal time scales. The convec-
tive anomalies associated with the MJO often have 
the same spatial scale as ENSO, but differ in that they 
exhibit a distinct eastward propagation and generally 
traverse the globe in 30–60 days. The MJO can strongly 
affect the tropical and extratropical atmospheric cir-
culation patterns, and sometimes produces ENSO-like 
anomalies (Mo and Kousky 1993; Kousky and Kayano 
1994; Kayano and Kousky 1999). The MJO is often 
quite variable in a given year, with periods of moder-
ate-to-strong activity sometimes followed by little or 
no activity. Overall, the MJO tends to be most active 
during neutral and weak ENSO periods and is often 
absent during strong El Niño events (Hendon et al. 
1999; Zhang and Gottschalck 2002; Zhang 2005).

The MJO is seen by continuous propagation of 
200-hPa velocity potential anomalies around the 
globe. A time–longitude section of this parameter 

shows three distinct periods during 2008 with at least 
moderate MJO activity (Fig. 4.6). These include 1) a 
continuation during January to early March of strong 
activity that began in late 2007, 2) moderate-to-strong 
activity from May through July, and 3) moderate-to-
strong activity during September and October. 

The early and midyear activity was particularly in-
teresting due to its interplay with La Niña. For example, 
during late December 2007, February–March and early 
May, the MJO and La Niña–related convective anoma-
lies were in-phase, making it appear that La Niña 
and its associated downstream circulation anomalies 
were particularly strong. Conversely, during January, 
late May, and late June, the MJO and La Niña–related 
convective anomalies were out-of-phase, resulting in 
a masking of the underlying La Niña signals.

These varying climate conditions had several im-
pacts in the Pacific/North American sector. During 
late December 2007, enhanced convection across 
Indonesia (in response to both the MJO and La Niña) 
resulted in a strong upper-level ridge over the high 
latitudes of the central North Pacific and an amplified 
trough over the eastern North Pacific. This circula-
tion led to heavy precipitation across sections of cen-
tral and Southern California in early January 2008, 
regions that normally receive little or no wintertime 
precipitation during La Niña. 

Other periods when La Niña and the MJO were 
in-phase resulted in recurring jet stream patterns 
that favored exceptionally heavy precipitation events 
and eventual June flooding in the U.S. Midwest (see 
section 7b2). Also, consistent with the results of Mo 
(2000) and Maloney and Hartmann (2000), periods 
during 2008 with suppressed MJO-related convection 
near the date line were more La Niña–like and were 
associated with lower northeast Pacific and greater 
Atlantic hurricane activity. 

Other interactions between the MJO and La Niña 
were related to two equatorial oceanic Kelvin waves 
that were triggered by the MJO during January 
and May 2008. In both events, the MJO completely 
masked La Niña’s convective signal by producing 
suppressed convection over the Indian Ocean and 
Indonesia, and enhanced convection across the west-
ern Pacific and within the SPCZ. In each case, Kelvin 
waves were initiated by a dramatic weakening of the 
low-level easterly winds as the area of suppressed 
convection propagated into the western Pacific Ocean 
(dotted lines, Fig. 4.7).

The Kelvin wave triggered in January acted to 
lower the oceanic thermocline across the central and 
east-central equatorial Pacific, thereby substantially 
weakening the negative heat content anomalies as-
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Fig. 4.7. Time–longitude section of the upper ocean 
(0–300 m) heat content anomaly (5°N–5°S) for 2008. 
Blue (yellow/red) shading indicates below- (above) 
average heat content. The downwelling phases (solid 
lines) of oceanic Kelvin waves are indicated. Anoma-
lies are departures from the 1982–2004 base period 
pentad means.

°C

sociated with La Niña. A similar warming due to the 
Kelvin wave triggered in May led to positive heat con-
tent anomalies across much of the Pacific basin during 
June and July, and to the end of La Niña (Fig. 4.3c).

A third equatorial Kelvin wave was triggered by 
the MJO in late September, again in response to the 
propagation of suppressed convection from the Indian 
Ocean to the western Pacific. This wave counteracted 
the anomalous cooling that was becoming reestab-
lished across the central and east-central equatorial 
Pacific, and likely delayed the reemergence of La Niña 
until later in the year. The timing of La Niña’s reemer-
gence was also likely related to the opposite phase of 
the MJO in November, which featured significantly 
enhanced convection and stronger low-level easterlies 
over the western Pacific Ocean.

d.	 Tropical cyclones
1) Overview—H. J. Diamond
The global tallying of total storm numbers is 

always challenging and involves more than simply 
adding up basin totals, as there are a number of 
storms that cross basin boundaries. Averaged across 
all basins, the 2008 TC season (2007–08 in the South-

ern Hemisphere) saw a near-normal (1981–2000 base) 
number of tropical or NSs (≥ 34 kt) and a below-
average number of HTCs (≥ 64 kt) and major HTCs 
(≥ 96 kt) than average. Globally, 96 NSs developed 
during 2008 (1 below average), and 46 became HTCs 
(9 below average). Of these, 20 (compared with 26 in 
2006 and 18 in 2007) attained major/intense status 
(global average is 25.4). 

The 2008 season was significantly above average 
in two basins (North Atlantic and south Indian); 
near to slightly above average in the NIO, and near to 
below average in the remaining basins (eastern North 
Pacific, northwest Pacific, southwest Pacific, and 
Australian region). The North Atlantic season was 
also active in terms of landfalling storms. The island 
of Hispaniola was affected by several storms (two 
direct hits); Cuba experienced two landfalls by major 
hurricanes; the continental United States experienced 
a total of six landfalling storms (including three hur-
ricanes); and one hurricane made a very rare landfall 
in Nova Scotia, Canada. The NIO season was punctu-
ated by a severe Category-5 storm (Cyclone Nargis), 
which was responsible for over 145,000 deaths and 
$10 billion (USD) in damages in Myanmar; Nargis 
is also ranked as the seventh-strongest storm ever 
in that basin. TC activity in the western North Pa-
cific basin was also shifted farther westward and 
northward than normal and was unusually tranquil 
(see sidebar “Unusually Quiet West Pacific Typhoon 
Season Ends with a Dolphin Kick”).

2)	Atlantic basin—G. D. Bell, E. Blake, S. B. Goldenberg, 
T. Kimberlain, C. W. Landsea, R. Pasch, and J. Schemm 

(i) Seasonal activity
The 2008 Atlantic hurricane season produced 

16 NSs, of which 8 became Hs and 5 became MHs 
(J. Beven and D. Brown 2009, unpublished manus-
cipt). The 1950–2000 averages are 11 NSs, 6 Hs, and 
2 MHs. For 2008 the ACE (Bell et al. 2000) was 167% 
of the median (Fig. 4.8).This value is the 14th most 
active since 1950 and is well into the above-normal 
range (see www.cpc.noaa.gov/products/outlooks/
background_information.shtml), consistent with the 
ongoing active Atlantic hurricane era that began in 
1995 (Goldenberg et al. 2001). It is the only season on 
record in which an MH existed in every month from 
July through November.

Consistent with other active seasons, 11 NSs 
formed in the MDR (Goldenberg and Shapiro 1996) 
during 2008 (green box, Fig. 4.9a). These systems 
accounted for seven Hs, all five MHs, and 88% of 
the ACE value. The season was also active in terms 
of landfalling NSs. The nations in and surrounding 
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Fig. 4.8. ACE values expressed as percent of the 1950–2000 median 
value (87.5 × 104 kt2). ACE is a wind energy index that measures the 
combined strength and duration of the NSs. ACE is calculated by 
summing the squares of the 6-hourly maximum sustained surface 
wind speed in knots (Vmax2) for all periods while the storm has 
at least TS strength. Pink, yellow, and blue shades correspond to 
NOAA’s classifications for above-, near-, and below-normal sea-
sons, respectively. 

Fig. 4.9 (a) SST anomalies (°C) during Aug–Oct 2008. (b) Con-
secutive Aug–Oct area-averaged SST anomalies in the MDR. Red 
line shows the corresponding 5-yr running mean. Green box in (a) 
denotes the MDR. Anomalies are departures from the 1971–2000 
monthly means.

the Caribbean Sea were severely impacted by four 
TSs and four Hs. Cuba experienced three hurricane 
landfalls (including two MHs, Gustav and Ike), while 
Hispaniola was affected by several NSs including di-
rect strikes by TS Fay and H Hanna. The continental 
United States was struck by three TSs and three Hs, 
with all but one TS making landfall along the Gulf 
Coast. Elsewhere, H Kyle made landfall in Nova 
Scotia, Canada.

(ii) SSTs 
For the ASO climatologica l peak 

months of the season, SSTs were gener-
ally 0.5°–1.0°C above average in the MDR 
(Fig. 4.9a). The area-averaged SST anomaly 
in the MDR was 0.60°C, the fifth warmest 
since 1950 (Fig. 4.9b).

This warmth partly reflects the warm 
phase of the AMO (Enfield and Mestas-
Nuñez 1999), which accompanied the 1995 
transition to the active Atlantic phase of the 
tropical multidecadal signal (Goldenberg 
et al. 2001; Bell and Chelliah 2006). It 
also reflects reduced mixing and reduced 
evaporation from the ocean surface in re-
sponse to weaker northeasterly trade winds 
(anomalous southwesterly flow) across the 
southern half of the MDR (Fig. 4.10a).

(iii) Atmospheric circulation
An interrelated set of atmospheric 

anomalies typical of recent active hur-

ricane seasons (Landsea et al. 1998; Bell 
et al. 1999, 2000, 2004, 2006; Goldenberg 
et al. 2001; Bell and Chelliah 2006; Kossin 
and Vimont 2007) set the stage for the 
active 2008 hurricane season. These con-
ditions are also known to greatly increase 
the probability of hurricane landfalls, as 
was seen in 2008. 

During ASO 2008, weaker trade winds 
and high values of CAPE covered the 
southern half of the MDR (Fig. 4.10a), 
and sea level pressure was below average 
across the MDR (blue shading, Fig. 4.10b). 
These conditions were associated with a 
more northward position of the Atlantic 
ITCZ (section 4e2) and with an enhanced 
West African monsoon system.

The low-level westerly anomalies 
extended past 700 hPa, the approximate 
level of the African Easterly Jet, and were 
associated with a 5° northward shift of 

the AEJ core (black arrow) compared to climatol-
ogy. As a result, the bulk of the African easterly wave 
energy (Reed et al. 1977) was often centered within 
the MDR. The AEJ also featured increased cyclonic 
shear along its equatorward flank, which dynami-
cally favors stronger easterly waves and provides an 
inherent cyclonic rotation to their embedded convec-
tive cells. 
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Fig. 4.10. Aug–Oct 2008: (a) total CAPE (J kg−1) and anomalous vector 
winds (m s−1) at 10 m; (b) anomalous sea level pressure (shading, hPa) 
and vector winds at 10 m; (c) 700-hPa anomalous cyclonic relative vortic-
ity (shading) and vector winds, with thick arrow indicating the observed 
AEJ core; (d) 200-hPa anomalous heights and vector winds. Green boxes 
denote the MDR. Anomalies are departures from the 1971–2000 monthly 
means.

Fig. 4.11. Aug–Oct 2008: 200–850-hPa vertical wind 
shear magnitude (m s−1) and vectors (a) total and 
(b) anomalies. In (a), shading indicates values below 
8 m s−1. In (b), red (blue) shading indicates below- 
(above) average magnitude of the vertical shear. Green 
boxes denote the MDR. Anomalies are departures 
from the 1971–2000 monthly means.

At 200 hPa, the wind and height anomalies re-
flected an enhanced upper-level ridge and a stronger, 
more westward extension of the tropical easterly jet 
(Fig. 4.10d). The result was weak (less than 8 m s−1) 
vertical wind shear between 200 and 850 hPa across 
much of the MDR (shading, Fig. 4.11a), with the most 
anomalously weak shear spanning the central tropical 
Atlantic Ocean and Caribbean Sea (Fig. 4.11b).

This combination of conditions meant that many 
TSs developed from amplifying African easterly 
waves in an environment of below-average pressure 
and increased cyclonic shear. Those waves were also 
embedded within an extended region of weak verti-
cal wind shear, which enabled further intensification 
as they moved westward over progressively warmer 
SSTs. 

Two prominent climate phenomena can account 
for the interrelated set of anomalies associated with 
the 2008 Atlantic hurricane season. These are the 
ongoing active Atlantic phase of the tropical multi-
decadal signal and lingering La Niña signals.

(iv) �Conditions associated with the ongoing active 
Atlantic hurricane era 

2008 marks the 10th above-normal Atlantic hurri-
cane season since the current high-activity era began 
in 1995. During 1995–2008 only the strong El Niño 
year of 1997 had below-normal activity. The increased 
activity since 1995 contrasts with the preceding low-
activity era 1971–94, when half of the seasons were 

below normal and only three 
were above normal. 

The transition to the current 
active era was associated with 
a phase change in the tropical 
multidecadal signal, which 
ref lects the leading modes of 
tropical convective rainfall 
variability occurring on mul-
tidecadal time scales (Bell and 
Chelliah 2006; Bell et al. 2007). 
This signal highlights the con-
vectively driven nature of the 
atmospheric anomalies across 
the central and eastern MDR, 
and links them to an east–west 
oscillation in anomalous con-
vection between western Af-
rica (Landsea and Gray 1992; 
Goldenberg and Shapiro 1996) 
and the Amazon basin. As 
seen in 2008, the combination 
of an enhanced West African 

monsoon and suppressed convection in the Ama-
zon basin (Fig. 4.12a) is consistent with the ongoing 
high-activity era (Fig. 4.12b), as is the anomalous low-
level inflow into the West African monsoon region 
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Fig. 4.12. 200-hPa velocity potential (shading) and di-
vergent wind vectors (m s−1): (a) Aug–Oct 2008 anom-
alies and (b) high-activity (1995–2008) period means 
minus low-activity (1971–94) period means. Anomalies 
are departures from the 1971–2000 monthly means. 

Fig. 4.13. Time series showing consecutive Aug–Oct 
values of area-averaged (a) 200–850-hPa vertical 
shear of the zonal wind (m s−1), (b) 700-hPa zonal wind 
(m s−1), and (c) 700-Pa relative vorticity (× 10−6 s−1). 
Blue curves show unsmoothed values, and red curves 
show a 5-pt running mean of the time series. Averaging 
regions are shown in the insets. 

(Fig. 4.11a) and enhanced upper-level outflow from 
that region (Figs. 4.10d, 4.12a). 

Consistent with these conditions are dramatic 
differences in the vertical wind shear (Fig. 4.13a), 
700-hPa zonal winds (Fig. 4.13b), and 700-hPa rela-
tive vorticity (Fig. 4.13c), within the MDR between 
the high-activity and low-activity era.

An enhanced West African monsoon system has 
major impacts on the 200-hPa Northern Hemispheric 
circulation, as seen in 2008 by the pronounced inter-
hemispheric symmetry of streamfunction anomalies 
across the eastern subtropical Atlantic Ocean and 
Africa (Fig. 4.14a). This pattern reflects enhanced 
upper-level ridges in the subtropics of both hemi-
spheres and a stronger tropical easterly jet, both of 
which have prevailed throughout this high-activity 
era (Fig. 4.14b) (Bell and Chelliah 2006).

(v) La Niña
La Niña acts to reduce the vertical wind shear in 

the western MDR, thus favoring increased Atlantic 
hurricane activity (Gray 1984). During 2008, SSTs 
in the Niño-3.4 region returned to normal in June 
(Fig. 4.1). However, tropical convection remained 
suppressed near the date line throughout ASO 
(e.g., Fig. 4.4c), which favored cyclonic anomalies 
at 200 hPa over the western subtropical Pacific and 
anticyclonic anomalies over the eastern subtropical 
Pacific and Caribbean Sea (Fig. 4.14a). The associated 
anomalous easterly winds extended from the eastern 

Pacific to the tropical Atlantic, and contributed to 
reduced vertical wind shear in the western MDR. 
Historically, the presence of these conditions during 
a high-activity era greatly increases the probability of 
an above-normal Atlantic hurricane season.

During 2008, the window of opportunity for TC 
formation widened, as the above circulation anomalies 
(Figs. 4.12–4.14) were present before the peak of the 
season. For example, a large area of anomalous upper-
level divergence and enhanced convection (indicated 
by the core of negative velocity potential anomalies; 
Fig. 4.15a) was already present during April–June over 
the eastern tropical Atlantic Ocean and West Africa 
(Fig. 4.15a). Impacts from this anomalous convection 
can be seen in the pattern of 200-hPa streamfunction 
anomalies (Fig. 4.15b), which shows amplified ridges 
in the subtropics of both hemispheres flanking the 
region of enhanced convection. As shown by Bell et al. 
(2009), the associated upper-level easterly anomalies 
and reduced vertical wind shear contributed to the 
development of two TCs (including long-lived MH 
Bertha) within the MDR during July, a month when 
conditions are normally unfavorable for low-latitude 
TC formation (DeMaria et al. 2001).
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Fig. 4.14. 200-hPa streamfunction (shading) and vector wind 
(m s−1): (a) Aug–Oct 2008 anomalies and (b) high-activity 
(1995–2008) period means minus low-activity (1971–94) period 
means. In (a), anomalous ridges are indicated by positive values 
(red) in the NH and negative values (blue) in the SH. Anomalous 
troughs are indicated by negative values in the NH and positive 
values in the SH. Anomalies are departures from the 1971–2000 
monthly means.

Fig. 4.15. Apr–Jun 2008 anomalies at 200 hPa: (a) veloci-
ty potential (shading) and divergent wind vectors (m s−1) 
and (b) streamfunction and total wind vectors (m s−1). 
In (b), anomalous ridges are indicated by positive values 
(red) in the NH and negative values (blue) in the SH. 
Anomalous troughs are indicated by negative values in 
the NH and positive values in the SH. Anomalies are 
departures from the 1971–2000 monthly means.

106 m2 s–1

106 m2 s–1

106 m2 s–1

3) �E astern North Pacific basin—M. C. Kruk, 
D. H. Levinson, and J. Weyman
(i) Seasonal activity
The ENP basin includes two regions 

officially designated by NOAA’s NWS for 
issuing NS and H warnings and advisories. 
The ENP warning area extends from the 
West Coast of North America to 140°W 
and is the responsibility of NOAA’s NHC 
in Miami, Florida, while the central Pacific 
warning area between 140°W and 180° is 
the responsibility of the CPHC in Honolulu, 
Hawaii. The 2008 TC activity in both these 
warning areas is covered using combined 
statistics, along with information summariz-
ing activity and impacts in the central North 
Pacific region.

The ENP hurricane season officially 
lasts from 15 May to 30 November. The 
peak activity for the central (eastern) part 
of the region normally occurs in August 
(September). The 2008 ENP hurricane 
season produced 17 NSs, 7 Hs, and 2 MHs 
(Fig. 4.16a). These values are generally below 
the 1971–2005 averages of 16.2 NSs, 9.1 Hs, 
and 4.3 MHs. 

The 2008 season began on schedule with 
NS Alma (29–30 May), which was also the 
first NS to develop east of 90°W since 1970. 

For the season as a whole, the number of NSs that 
developed was above average, although few of these 
systems became hurricanes. As a result, the seasonal 
ACE (Bell et al. 2000; Bell and Chelliah 2006) was 
only 81.4 × 104 kt2, which was shy of the 1971–2005 
mean (126.3 × 104 kt2) but higher than occurred dur-
ing the 2007 season (Fig. 4.16b).

Only one system (Kika) was observed in the cen-
tral North Pacific region during 2008, which is well 
below the 1971–2005 average of 4–5 TCs.1 TS Kika 
entered the region from the east and stayed well south 
of the Hawaiian Islands before dissipating.

(ii) �Historical context of the 2008 ENP hurricane 
season

Since 1995, the number of NSs in the ENP basin 
has been near average, fluctuating around the long-
term mean (Fig. 4.16a). However, the numbers of Hs 
and MHs have been generally below normal, with 
above-normal H activity seen in only two seasons 

1	CPHC includes TDs in its climatological statistics for the 
central North Pacific region.
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Fig. 4.16. Seasonal TC statistics for the east North 
Pacific Ocean during 1970–2008: (a) number of NS, H, 
and MH and (b) ACE (× 104 kt2) with the seasonal total 
for 2008 highlighted in red. Both time series include 
the 1971–2005 base period means.

(2000 and 2006). NOAA has identified 9 of the 14 
ENP seasons during 1995–2008 as being below nor-
mal, with only the 1997 and 2006 El Niño–influenced 
seasons producing above-normal activity as measured 
by ACE. In contrast, higher activity seen during the 
preceding 1970–94 period had 6 of 25 (24%) below-
normal seasons and 9 of 25 (36%) above-normal 
seasons as measured by ACE. 

These active and inactive ENP eras are opposite 
to those observed over the North Atlantic. Such east–
west oscillations in activity ref lect the large-scale 
atmospheric circulation anomalies that extend across 
both basins (Bell and Chelliah 2006). The spatial scale 
of these atmospheric anomalies is far larger than the 
area of warmer Atlantic SSTs (Lander and Guard 1998; 
Landsea et al. 1998, 1999; Goldenberg et al. 2001), sug-
gesting this warmth alone is not a primary direct cause 
for the 1995 transition to generally below-normal 
(above normal) ENP (Atlantic) hurricane seasons.

(iii) Environmental influences on the 2008 season
Seasonal TC activity (both frequency and in-

tensity) in the ENP basin is inf luenced by several 

large-scale environmental factors, including SSTs, 
200–850-hPa vertical wind shear, the phase of the 
ENSO in the equatorial Pacific region (Whitney and 
Hobgood 1997), and possibly the phase of the equato-
rial QBO in the tropical lower stratosphere. ENSO is 
known to strongly modulate both the SSTs and verti-
cal wind shear on seasonal time scales (Whitney and 
Hobgood 1997). Multidecadal f luctuations in ENP 
activity are less well understood, but they show a 
strong relationship to the phase of the tropical multi
decadal signal (Bell and Chelliah 2006) and Atlantic 
hurricane activity. 

El Niño typically favors an above-normal ENP 
season, while La Niña favors a below-normal sea-
son (Irwin and Davis 1999; Frank and Young 2007; 
Camargo et al. 2008). These ENSO impacts are 
modulated by the multidecadal signal, with the com-
bination of La Niña during an inactive hurricane era 
greatly increasing the probability of a below-normal 
season. During 2008, the weakening state of La Niña 
to a more neutral phase during the climatological 
peak of the hurricane season (August–October) 
resulted in near-average SSTs (−0.5° to +0.5°C 
anomalies) in the MDR2 during most of the season 
(Figs. 4.2c,d). In the absence of a strong ENSO signal, 
neutral years tend to favor below-normal hurricane 
activity in the ENP. 

Another contributing factor to the below-normal 
season was above-average vertical wind shear be-
tween 200 and 850 hPa in the MDR during JJA 
(Fig. 4.17a). The largest shear anomalies (exceeding 
9–12 m s–1) were observed during JJA (Fig. 4.17a), 
followed by negative anomalies of 6–12 m s–1 dur-
ing SON (Fig. 4.17b). This stronger-than-normal 
shear early in the season likely prevented systems 
from intensifying very quickly, and as a result 2008 
had shorter-lasting and fewer-than-average Hs and 
MHs.

Previous studies have shown some statistically 
significant correlations between ENP hurricane ac-
tivity and the phase of the QBO (Gray 1984; Shapiro 
1989; Whitney and Hobgood 1997). In the ENP, 
TCs may attain a higher intensity when the QBO 
is in its westerly phase at 30 hPa, but there is also 
a corresponding decrease in the observed seasonal 
frequency (Whitney and Hobgood 1997). During 
May, the phase of the QBO was westerly, as indicated 
by westerly winds at 30 and 50 hPa. The winds were 
again westerly at both levels in June, and thereafter 

2	For the eastern North Pacific basin the MDR covers the area 
10°–20°N and 90°–130°W (green boxes, Fig. 4.17).
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Fig. 4.17. The 200–850-hPa vertical wind shear anomaly (m s−1) 
during (top) Jun–Aug and (bottom) Sep–Nov 2008. Anomalies 
are departures from the 1979–2004 period means. (Source: 
NOAA NOMADS NARR dataset.)

remained constant throughout the remainder of the 
hurricane season (not shown). Therefore, the westerly 
phase of the QBO may have aided in allowing more 
TCs to develop in the ENP basin in 2008. 

(iv) Tropical cyclone impacts in 2008
Three TSs made landfall along the Pacific coast of 

Mexico during 2008 [NS Julio, NS Lowell (as a tropical 
depression), and Category-2 H Norbert]. This is well 
above the 1951–2000 average of 1.34 landfalling TSs 
and near the average of 1.3 landfalling Hs (Jauregui 
2003). 

In Central America, NS Alma made landfall 
along the northwestern coast of Nicaragua on 29 
May with maximum sustained winds of 55 kt. The 
wind and rain from NS Alma forced the evacuation 
of 25,000 residents, and many homes were destroyed 
and flooded.

On 23 August, NS Julio made landfall on the coast 
of Mexico with maximum sustained winds of 40 kt 
and moved northwestward paralleling the coastline. 

Two persons were killed in the southern tip 
of Baja California by the heavy rains and 
f lash f looding. Roughly two weeks later, 
NS Lowell made landfall in Baja California 
on 11 September. No significant damage 
was caused by the excessive rains from 
Lowell, which had peak winds near 30 kt 
at landfall.

The strongest storm of the ENP 2008 
season was Category-4 MH Norbert, which 
made landfall in Baja California on 11 
October as a Category-2 H, and again as 
a Category-1 H in Sonora, Mexico. Maxi-
mum sustained winds during Norbert’s 
peak intensity were measured at 115 kt, 
becoming only the second MH of the ENP 
2008 season (after Category-3 MH Hernan, 
which remained over the open waters). MH 
Norbert was the first October hurricane to 
strike the western Baja California penin-
sula since H Pauline (1968). MH Norbert 
was responsible for five deaths as it made 
landfall in Mexico.

There was no direct landfall or strike 
associated with NS Kika (7–12 August) in 
the central North Pacific. Kika formed east 
of 150°W and moved westward before dis-
sipating near 165°W. Maximum sustained 
winds from NS Kika topped out at 35 kt 
as it stayed over open waters, well south of 
Hawaii.

4) W estern North Pacific basin—S. J. Camargo
The 2008 season featured 27 TCs, with 25 reach-

ing TS intensity (though 4 were not named), 12 
becoming TYs, and only 2 reaching STY intensity 
(see Fig. 4.18a). TC data are from the JTWC, and the 
climatology is defined as 1971–2000.

There were significant differences between the 
2008 warnings by JTWC and the RSMC in Tokyo. The 
RSMC did not name four TCs that the JTWC con-
sidered to have reached TS intensity (01W, 14W, 16W, 
and 22W). Halong was considered a TY by JTWC, but 
not by Tokyo. In contrast, Phanfone was considered a 
TS by RSMC, but not by JTWC (Chan 2009).

The 2008 season started in January with unnamed 
TS (01W). In April, TY Neoguri was the earliest TY 
to make landfall in China in the historical record.3 
There was a historical record number of TYs (three) 

3	China Meteorological Agency statement in the Chinese 
media.
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Fig. 4.18. (a) Number of TSs, TYs, and STYs per year in the WNP 1945–2008. 
(b) Cumulative number of TCs with TS intensity or higher (NS) per month in 
the WNP: 2008 (black line) and climatology (1971–2000) shown as box plots 
[interquartile range: box, median; red line, mean; blue asterisk, values in 
the top or bottom quartile; blue crosses, high (low) records in the 1945–2006 
period; red diamonds (circles)]. (c) Number of NSs per month in 2008 
(black curve); mean climatological number of NSs per month (blue curve); 
the blue plus signs denote the maximum and minimum monthly historical 
values (1945–2008); and green error bars show the interquartile range for 
each month. In the case of no error bars, the upper and/or lower percentiles 
coincide with the median. (d) Cumulative number of TYs per month in the 
western North Pacific: 2008 (black line) and climatology (1971–2000) shown 
as box plots. (e) Number of TYs per month in 2008 (black curve); mean 
climatological number of TY per month (blue curve); the blue plus signs 
denote the maximum and minimum monthly historical values (1945–2008); 
and green error bars show the interquartile range for each month. (Source: 
1945–2007 JTWC best-track dataset, 2008 JTWC preliminary operational 
track data.)

in May (Fig. 4.18e, climatological median 1), includ-
ing STY Jangmi. June, July, and August featured TSs 
and TYs in the bottom quartile of the distribution. 
The number of NSs in September was equal to the 
climatological median, but the number of TYs was in 
the bottom quartile of the distribution. October 2008 
was the first October in the historical record with 
no TYs (climatological median is 3). The previous 
record was October 1976, with one STY. In Novem-

ber, three TSs occurred. TY 
Dolphin, in December, closed 
the 2008 season (see sidebar 
“Unusually Quiet West Pa-
cific Typhoon Season Ends 
with a Dolphin Kick”).

The total number of TCs, 
TYs, and STYs were all in the 
bottom quartile of the clima-
tological distributions (me-
dian: 30.5 TCs, 16 TYs, and 
3 STYs). The number of TSs 
was below the median (27). 
The cumulative distribution 
of NSs (Figs. 4.18b,d) shows 
above-normal activity in 
the early season, and below-
normal activity for the rest of 
the season, especially for TYs. 
The number of TYs in 2008 is 
in the lowest 15th percentile. 
The number of NSs in the 
season was only slightly be-
low the median. The number 
of STYs in 2008 (two) was in 
the bottom quartile of the 
distribution (median is 3). 
The low activity in 2008 is 
therefore mainly due to lack 
of intensification of the TCs 
to TY intensity.

The 2008 ACE (Bell 2000) 
was below the bottom 15th 
percentile of the climatologi-
cal distribution (Fig. 4.19a). 
Reflecting the occurrence of 
TYs, the ACE for the early 
season (April–June) was in 
the top 10th percentile of 
the distribution (Fig. 4.19b), 
while the ACE for the peak 
season (July–October) was 
in the bottom 5th percentile. 
The ACE value in May was in 

the top quartile, mainly due to the occurrence of STY 
Rammasun (77% of the May ACE value). September 
was the only peak-season month with an ACE value 
near the climatological median. STY Jangmi (30% 
of September ACE) was the most intense TY in 2008 
with peak winds near 135 kt. 

There is a known relationship between ACE and 
ENSO, with low values of ACE usually occurring in 
La Niña years, when the TCs tend to be short lived 
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Fig. 4.19. (a) ACE values per year in the WNP for 
1945–2008. The solid green line indicates the median 
for 1971–2000 climatology, and the dashed green lines 
show the 25th and 75th percentiles. (b) ACE values per 
month in 2008 (red line) and the median in 1971–2000 
(blue line), where the green error bars indicate the 
25th and 75th percentiles. In the case of no error bars, 
the upper and/or lower percentiles coincide with the 
median. The blue plus signs denote the maximum 
and minimum values during the period 1945–2008. 
(Source: 1945–2007 JTWC best-track dataset, 2008 
JTWC preliminary operational track data.)

Fig. 4.20. (a) Zonal 850-hPa winds (m s−1) from JASO 
2008. The contour interval is 1 m s−1. (b) Genesis po-
tential index (Camargo et al. 2007b) anomalies for 
JASO 2008. (Source: atmospheric variables—NCEP 
reanalysis data; Kalnay et al. 1996; SST—Smith and 
Reynolds 2005.)

and less intense (Wang and Chan 2002; Camargo 
and Sobel 2005; Camargo et al. 2007a). According 
to the Niño-3.4 and Niño-3 indices, the 2007–08 La 
Niña ended during the boreal summer and reemerged 
toward the end of the year. However, in the Niño-4 
region, anomalously cool SSTs never warmed, despite 
the occurrence of warming SSTs in the eastern Pacific 
(not shown). The Southern Oscillation index was 
briefly neutral during the summer months but was 
positive after September. Key TC environmental con-
ditions in the western North Pacific were consistent 
with La Niña events. Most notably, the eastern por-
tion of the monsoon trough was confined to a small 
region west of the Philippines (Fig. 4.20a) (Camargo 
et al. 2007a), and the Pacific decadal oscillation was 
strongly negative throughout 2008.

During 2008, the median duration of NSs was 
only 4.75 days (bottom 15th percentile of the distri-
bution). The median lifetime of NSs during La Niña 
is 6.75 days. The duration of 14 TCs was in the bot-
tom quartile of the distribution, and only 2 TCs had 
lifetimes above the median (8 days). As a result, the 
number of days with TS was only 92.5 (median is 

144.25). There were only 75.5 TY days (median is 
120.4) and 9.25 STY days (median is 19.4 days), both 
in the bottom quartiles of the distributions.

Fourteen TCs made landfall during 2008, which is 
just below the 1951–2000 median of 15.4 Two systems 
made landfall as a TD (median is 3), six made landfall 
as a TS (median is 6), six struck as a TY (median is 4), 
and none as a STY (median is 0). 

The Philippines were affected by four TCs in 2008: 
TYs Neoguri and Fengshen, and TSs Halong and 
Higos. The largest impacts resulted from TY Fengsh-
eng, which brought more than 1,300 deaths. 

Taiwan was hit by four TYs in 2008: Kaelmaegi 
and Fung-wong in July, and Sinlaku and Jangmi in 
September. They brought heavy rainfall amounts to 
Taiwan, causing large losses to agriculture and infra-
structure. Both TYs Kaemaegi and Fung-wong also 
affected mainland China, after crossing Taiwan and 
becoming weaker. TYs Kammuri, Nuri, and Hagupit 
and TS Higos also made landfall in China. Vietnam 

4	Here we consider only one landfall per TC. If a TC makes 
more than one landfall, the landfall event with the highest 
wind speed is considered.



S88 august 2009|

Fig. 4.21. Annual TC statistics for the NIO over the pe-
riod 1970–2008: (a) number of TSs, CYCs, and MCYCs, 
and (b) the estimated annual ACE (× 104 kt2) for all 
TCs during which they were at least TS or greater in-
tensities (Bell et al. 2000). The 1981–2005 base period 
means are included in both (a) and (b). Note that the 
ACE values are estimated due to a lack of consistent 
6-h-sustained winds for every storm.

was also affected in this typhoon season, with three 
landfalls (TS Mekkhala, 22W, and Noul). 

The GPI (Emanuel and Nolan 2004) during 2008 
was above normal in the western portion of the WNP 
and below normal near the date line and in the South 
China Sea (Fig. 4.20b), which is also consistent with 
the presence of La Niña (Camargo et al. 2007b). The 
decreased GPI near the date line in La Niña events is 
mainly attributed to the low-level vorticity, while the 
increased GPI near the Asian continent is attributed 
to an increase in midlevel relative humidity (Camargo 
et al. 2007b).

5)	Indian Ocean basins—K. L. Gleason and M. C. Kruk
(i) NIO
The NIO TC season typically extends from April 

to December, with two peaks in activity during May–
June and November when the monsoon trough is 
positioned over tropical waters in the basin. TCs in 
the NIO basin normally develop over the Arabian 
Sea and Bay of Bengal between latitudes 8° and 15°N. 
These systems are usually short lived and relatively 
weak, and they often quickly move into the Indian 
subcontinent. However, strong and “severe cyclonic 
storms”5 can develop with winds exceeding 130 kt 
(Neumann et al. 1993). 

The 2008 TC season produced seven NSs, one 
CYC, and one MCYC (Fig. 4.21a). These values are 
near the 1981–2005 averages of 4.6 NSs, 1.4 CYCs, 
and 0.5 MCYCs. The season produced an ACE value 
of 19 × 104 kt2, which is slightly above the 1981–2005 
mean of 16 × 104 kt2 (Fig. 4.21b). 

The 2008 season was most noted for MCYC Nar-
gis, which made landfall on the Irrawaddy Delta of 
Myanmar on 2 May. Nargis began as a disturbance 
east of the Nicobar Islands on 24 April. As it migrated 
to the northwest, it entered a region of low vertical 
wind shear and began to intensify. By 28 April, Nargis 
was a Category-1 CYC and continued to intensify as it 
turned toward the Myanmar coast. The storm rapidly 
intensified over a period of 24 h (1–2 May), with peak 
maximum sustained winds reaching 115 kt. This 
storm caused catastrophic destruction and significant 
loss of life, with estimates of 146,000 fatalities and 
thousands missing. The massive storm surge inun-
dated the low-lying coastal region and was the reason 
for the majority of the fatalities. Extreme winds and 

5	The Bangladesh Supercyclone of 1970 produced perhaps 
the greatest human death toll (300,000 persons) on record, 
primarily from storm surge f looding of low-lying deltas 
(Holland 1993).

high storm surge were responsible for damage esti-
mates of over $10 billion (USD). MCYC Nargis was 
the most damaging cyclone recorded in this basin and 
the seventh-deadliest cyclone of all time.

(ii) Southern Indian Ocean
The SIO basin extends south of the equator from 

the African coastline to 105°E, with most CYCs de-
veloping south of 10°S. The SIO TC season extends 
from July to June encompassing equal portions of 
two calendar years (e.g., the 2008 season is composed 
of storms from July to December 2007, and Janu-
ary to June 2008). The peak activity occurs during 
December–April when the ITCZ is located in the 
Southern Hemisphere and is migrating equatorward. 
Historically, the vast majority of the landfalling 
CYCs in the SIO impact Madagascar, Mozambique, 
and the Mascarene Islands, including Mauritius and 
Réunion. 



S89august 2009STATE OF THE CLIMATE IN 2008 |

Fig. 4.22. Same as in Fig. 4.21, but for TCs in the SIO 
over the period 1980–2008.

Fig. 4.23. TC frequencies in the southwest Pacific, 
1976–2008.

The historical SIO TC data are probably the least 
reliable of all the TC basins (Atkinson 1971; Neumann 
et al. 1993), primarily due to a lack of historical record 
keeping by individual countries and no centralized 
monitoring agency; however, the historical dataset for 
the region has been updated (Kruk et al. 2009, manu-
script submitted to J. Atmos. Oceanic Technol.; Knapp 
et al. 2009). The historical data are noticeably deficient 
before reliable satellite data were operationally imple-
mented in the region beginning about 1983. 

The 2007–08 season produced 17 NSs and 
above-average numbers of CYCs (9) and MCYCs (4) 
(Fig. 4.22a). The 1981–2005 averages are 11.8 NSs, 6.4 
CYCs, and 3 MCYCs. However, the 2007–08 ACE (109 
× 104 kt2) was near the 1981–2005 average (Fig. 4.22b). 
Over the last 10 years, only the 2001–02 season had 
above-average ACE. Previous to that, the most recent 
period with above-average ACE occurred during the 
period from 1994 to 1997. 

The strongest storm during the 2007–08 season 
was MCYC Hondo, which reached peak strength of 
125 kt on 7 February. Hondo formed approximately 
560 nm southeast of Diego Garcia on 4 February 
and began rapid intensification early the next day. 
As it migrated south over the central Indian Ocean, 

it continued to organize into a Category-4 MCYC. 
Over the next couple of days, MCYC Hondo entered 
a region of higher wind shear and cooler ocean waters 
and began to weaken. 

The strongest landfalling storm of the season 
formed off the northeast coast of Madagascar on 
7 February. The disturbance quickly intensified into 
CYC Ivan before tracking to the southeast and again 
entered a region with unfavorable wind shear. After 
some weakening and meandering, Ivan regained its 
strength and began a southwestward track toward the 
east coast of Madagascar. At peak intensity, MCYC 
Ivan had sustained winds of 115 kt and made landfall 
north of Fanoarivo, Madagascar, on 17 February. 
Nearly 100 fatalities were reported and over 330,000 
residents were rendered homeless. Damages from Ivan 
were estimated at more than $30 million (USD).

6)	Southwest Pacific basin—M. J. Salinger 
The 2007–08 southwest Pacific TC season had 4 

TC occurrences (east of 150°E), 5 less than the median 
of 9 (1976–77 to 2006–07) for the region in the TC 
season (Fig. 4.23). The first TC of the season occurred 
on 3 December. The season finished unusually early 
with the last in late January/early February (the TC 
season typically runs into May).

The season’s NSs were clustered nearer the date 
line in the southwest Pacific region, with three 
tracking near Fiji (Fig. 4.24). Rather than the normal 
February–March peak, the season peaked early, with 
three of the four NSs forming in January and the re-
mainder of the season being unusually quiet. Three of 
the four TCs in the southwest Pacific region reached 
H strength, and two reached MH strength.

TC Daman was the first of the season, occurring 
5–9 December near Fiji, with maximum sustained 
winds of 105 kt. Daman produced heavy rainfall over 
northern Fiji, with destructive winds flattening vil-
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lages and causing widespread destruction to roads and 
property. TC Elisa formed on 10 January near the date 
line and moved southwest of Nukualofa, Tonga, pro-
ducing maximum sustained winds of 45 kt. TC Funa 
developed near Fiji, then moved southeast toward 
Tonga 16–19 January with maximum sustained winds 
of 105 kt, causing heavy rain and storm-force winds to 
Vanuatu, which disrupted communications. TC Gene 
was the last of the 2007/08 winter season, developing 
northeast of Fiji and tracking toward New Caledonia. 
Maximum sustained winds were near 100 kt. This 
storm caused seven deaths on Fiji, left many without 
power, and caused estimated damages of $25 million 
(USD).

7)	Australian basin—B. Trewin and A. B. Watkins
(i) Seasonal activity
The 2007–08 TC season was near normal in the 

broader Australian basin (areas south of the equator 
and between 90° and 160°E,6 which includes Austra-
lian, PNG, and Indonesian areas of responsibility). 
The season produced 10 TCs, equal to the long-term 
average. There were three TCs in the eastern sector7 
of the Australian region during 2007–08, and seven 
TCs in the western sector. The number of landfalls 
was relatively low, with only two landfalls during 
the season.

6	���������������������������������������������������������The Australian Bureau of Meteorology’s warning area over-
laps both the SIO and SWP. 

7	The western sector covers areas between 90° and 125°E. The 
eastern sector covers areas east of the eastern Australian 
coast to 160°E, as well as the eastern half of the Gulf of Car-
pentaria. The northern sector covers areas from 125° E east 
to the western half of the Gulf of Carpentaria.

(ii) Landfalling and other significant TCs
The most intense TC during the season was 

TC Pancho, which formed off the northwest coast  
on 25 March. It reached peak intensity (Category-4, 
95-kt sustained winds with 135-kt gusts, 934-hPa 
central pressure; see www.bom.gov.au/weather/
cyclone/faq/index.shtml for a definition of Australian 
TC categories) at 0000 UTC 27 March. It weakened 
below TC intensity before making landfall as a tropi-
cal low near Shark Bay on 29 March, bringing heavy 
rain to parts of southwestern Western Australia. An 
intense midlatitude low that absorbed the remnants of 
Pancho was responsible for widespread wind damage 
in Victoria and Tasmania on 2 April.

TC Nicholas was the sole landfalling TC in 
the western sector. It formed on 12 February and 
peaked as a Category-3 system (80-kt sustained 
winds with 115-kt gusts, central pressure 948 hPa) 
on 16–17 February. It eventually crossed the coast 
south of Coral Bay as a Category-1 system on 20 Feb-
ruary. No significant damage was reported on land, 
but widespread shutdowns of the offshore oil and 
gas industry resulted in economic losses of several 
hundred million USD.

The other landfalling system of the season was 
TC Helen, which formed off the west coast of the 
top end of the Northern Territory and made landfall 
on 4 January about 100 km southwest of Darwin as 
a Category-2 system (50-kt sustained winds with 
65-kt gusts, central pressure 975 hPa). There was 
some minor wind damage in the Darwin area. While 
Helen was short lived as a TC, long-lived remnants of 
the system moved into Queensland and contributed 
to major f looding in central Queensland in mid-
January. Helen’s track was also unusual, being the 
first landfall from the west on the top end coastline 
since Tracy in 1974–75.

TC Guba, which moved over waters east of 
Queensland from 14 to 20 November (2007) and 
peaked as a Category-3 system, was significant in 
that it approached the Queensland coast more closely 
than any other recorded November cyclone, although 
it did not ultimately make landfall. Guba’s antecedent 
low caused severe flooding, with numerous deaths, 
in PNG on 12–13 November.

e.	 Intertropical Convergence Zones
1) Pacific—A. B. Mullan 
There are two prominent convergence zones in 

the Pacific: the ITCZ in the Northern Hemisphere, 
which lies approximately parallel to the equator, with 
its position varying seasonally from around 5° to 7°N 
in February–May to 7° to 10°N in August–November 

Fig. 4.24. TC tracks in the Southwest Pacific, 2007–08.
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Fig. 4.25. Annual average rainfall rate from TRMM 0.25° analysis for (top) 
Jan 2008 and (bottom) May 2008. Note the uneven contour intervals (0.5, 
1, 2, 4, 6, 8, 10, 15, and 20 mm day−1). 

(Fig. 4.27); and the SPCZ, which extends diagonally 
from around Solomon Islands (10°S, 160°E) to near 
30°S, 140°W, and is most active in the November–
April half-year. 

Figure 4.25 shows the monthly rainfall in the 
tropical Pacific for two selected months in 2008, 
as derived from the 0.25° resolution NASA TRMM 
rainfall data (3B-43 product; Huffman et al. 2007). 
The year 2008 began with a continuation of strong 
to moderate La Niña conditions, and the January 
2008 rainfall shows a clear separation between the 
ITCZ and SPCZ around the date line, with 
a region of suppressed convection extend-
ing from western to eastern Kiribati, which 
resulted in low rainfall in the northern Cooks 
and the Marquesas of French Polynesia. The 
SPCZ was well south and west of its normal 
position and very active through the first 
quarter of 2008 (Fig. 4.26, left), resulting in 
much-above-average rainfall in Vanuatu, 
New Caledonia, Tonga, Niue, and southern 
Cooks.

In May (Fig. 4.25, bottom), the SPCZ 
was still active and south of its normal po-
sition. A very clear southern branch of the 

ITCZ is apparent between 
180° and 120°W, while 
the ITCZ in the North-
ern Hemisphere appears 
somewhat weaker than 
usual over the same longi-
tudes. To the north of this 
section of the ITCZ, there 
is suppressed convection 
to at least 20°N, which 
was typical of the second 
quarter of 2008, contrib-
uting to the drought con-
ditions that were declared 
in ma ny par ts  of  t he 
Hawaiian Islands by mid-
year. The May rainfall also 
highlights a more intense 
ITCZ around 90°W. This 
continued into October, 
coinciding with several 
months of above-normal 
SSTs in the far eastern 
equatorial Pacific. 

Unusually persistent 
trade winds dominated 
the weather across Mi-
cronesia and the equato-

rial South Pacific during the third quarter of 2008 
(Pacific ENSO Applications Center 2008; Island 
Climate Update 2008b,c), and the ITCZ lay on the 
equatorward edge of its climatological distribution 
(Fig. 4.26, right). The SPCZ was fairly inactive in the 
third quarter, but convective activity increased in 
October and the SPCZ ended the year as it began—
south of its normal position. The ITCZ spent much of 
the year, April through November (Figs. 4.26, right, 
4.27), equatorward of its normal position, especially 
over the central Pacific (180° to 120°W). 

Fig. 4.26. Latitudinal cross-sections of TRMM rainfall 
(mm day−1): Jan to Mar quarter averaged across the sector 
(left) 150°E–180°, and Jul to Sep quarter averaged across the 
sector (right) 180°–150°W. Profiles are given for 2008 (solid 
line) and the 1998–2007 average (dotted line). 
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2)	Atlantic—A. B. Pezza and C. A. S. Coelho
The Atlantic ITCZ is a well-organized convective 

band that oscillates approximately between 5° and 
12°N during July–November and 5°N and 5°S during 
January–May (Waliser and Gautier 1993; Nobre and 
Shukla 1996). As equatorial Kelvin waves can modu-
late the ITCZ’s interannual variability, ENSO is also 
known to influence it on a seasonal scale (Münnich 
and Neelin 2005). 

In the semiarid area of northeastern Brazil a sud-
den southward burst of the Atlantic ITCZ can pro-
duce heavy rains (monthly anomalies above 300 mm) 
as observed in March 2008 (Fig. 4.28). This pattern is 
facilitated during La Niña and when the South Atlan-
tic is predominantly warmer than the North Atlantic 
Ocean, as observed in the first half of 2008.

The Atlantic ITCZ reached its southernmost an-
nual position (5°S) during the second half of March in 
2008 (Fig. 4.29a). This positioning is within the clima-
tological range (Waliser and Gautier 1993). The ITCZ 
then migrated rapidly back to the North Atlantic from 
May (Fig. 4.29b), reaching its northernmost position 
(10°–15°N) during late August in association with 
intense convective activity near the African coast 
(Fig. 4.29c). The resulting convective band during the 
boreal summer was aligned from southwest–north-
east over the North Atlantic (Fig. 4.29c), different 
from the quasihorizontal alignment observed in May 
(Fig. 4.29b). This pattern was modulated by strong 
low-level wind anomalies demarcating the mass 
convergence between South America and Africa, and 
further reinforced by a semistationary upper-level 

vortex over the South Atlantic near northeastern 
Brazil in August. 

For the remainder of the year the Atlantic ITCZ 
was close to its climatological average, slowly return-
ing to the south and reaching 5°S in December. As 
a result, a large area of the tropical South Atlantic 
recorded above-average rainfall in 2008 compared to 
the 1998–2007 annual mean (Fig. 4.30), contrasting 
with the below-normal conditions observed in 2006 
and 2007. 

f.	 Indian Ocean Dipole—J. J. Luo
The IOD is a coupled ocean–atmosphere phenom-

enon in the tropical IO. Following a weak negative 
IOD in 2005, three consecutive positive IODs oc-
curred from 2006 to 2008 (Fig. 4.31a). The SSTs 
have warmed persistently (Fig. 4.31b) in the central 
equatorial IO. In contrast, SSTs along the west coast 
of Sumatra have not increased and are slightly cooler. 
This indicates the impact of frequent positive IOD on 
the long-term climatological SST state. The trends 
of warmer SST in the central and western IO and 
relatively colder SST west of Sumatra may favor the 
occurrence of positive IOD. 

Fig. 4.27. Monthly variation in latitude of peak ITCZ 
rainfall over three longitude sectors: 180°–150°W 
(blue), 150°–120°W (black) and 120°–90°W (red). An-
nual cycle variations given for 2008 (solid lines) and the 
1998–2007 climatology (dotted).

Fig. 4.28. Northeastern Brazil Mar 2008 precipitation 
anomalies (mm) with respect to 1961–90 climatology 
based on high-resolution station data. 
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The strong IOD in 2006 coincided with a weak-
to-intermediate El Niño, and its evolution is con-
sistent with large-scale IOD dynamics (Luo et al. 
2007, 2008). The cold SST anomaly west of Sumatra 
causes anomalous easterlies in the central Indian 
Ocean (Fig. 4.31a) in association with the unstable 
Bjerknes feedback. In contrast, the 2007 weak and 
short-lived IOD occurred alongside a La Niña (Luo 
et al. 2008; Luo and Bell 2008). The strong easterlies 
in the central IO during May–June 2007 played a key 
role in driving this weak IOD, and in 2008 IOD un-
derwent a unique evolution. During December 2007 
to February 2008, anomalous westerlies blew over the 
IO basin (Fig. 4.32a), particularly between 10°S and 
the equator, in response to the strong La Niña. Weak 
cold SST anomalies appeared in the western IO ac-

companied by weak warming in the east following the 
demise of the 2007 positive IOD. Correspondingly, 
more rainfall appeared in the east with drought in the 
western IO (East Africa). During March–May 2008 
(Fig. 4.32b), basin-wide cooling was well developed 
under the influence of the La Niña. The strong cold 

Fig. 4.29. Average rainfall rate (mm h−1) from high-
resolution (0.25° lat × 0.25° lon) TRMM analysis for (a) 
Mar, (b) May, and (c) Aug 2008. 

Fig. 4.30. Percentage of the 1998–2007 mean annual 
rainfall during 2008. Data are TRMM estimates cal-
culated from a 0.25° lat/lon grid.

Fig. 4.31. (a) Monthly anomalies of SST (°C) in the 
eastern pole of IOD (IODE, 90°–110°E, 10°S–0°) 
and surface zonal wind (m s−1) in the central Indian 
Ocean (Ueq, 70°–90°E, 5°S–5°N). (b) SST and surface 
wind differences between the period 1995–2008 and 
1982–95. The anomalies were calculated relative to 
the climatology over the period 1982–2007. These are 
based on NCEP optimum interpolation SST (Reynolds 
et al. 2002) and NCEP atmospheric reanalysis data. 
Here, we used the IODE SST anomaly for IOD defini-
tion. Unstable growth of strong surface cooling in this 
region was found to be closely related to the Bjerknes 
feedback associated with strong coastal upwelling west 
of Sumatra, which plays a key role in initiating the posi-
tive IOD evolution.



S94 august 2009|

Fig. 4.33. 20°C isotherm depth (D20, m) anomalies in (a) the 
equatorial Indian Ocean (2°S–2°N) and (b) off-equatorial south 
Indian Ocean (10°–5°S). The data are derived from the NCEP 
ocean assimilation system.

SST anomalies in the southwestern IO at 15°–10°S, 
which caused local drought and anomalous easter-
lies near the equator, gradually expanded eastward. 
During May 2008, associated with the arrival of the 

strong cold SST anomalies and severe drought in the 
eastern IO at ~10°S, strong equatorial easterly anoma-
lies appeared across the whole basin. This drove an 
eastward-propagating equatorial upwelling Kelvin 
wave (Fig. 4.33a) and favored the onset of IOD in the 
following season. 

The positive IOD was well developed during June–
August 2008. Strong SST cooling appeared along the 
west coast of Sumatra with weak warming located 
in the central IO (Fig. 4.32c). Stronger alongshore 
southeasterlies enhanced the coastal upwelling and 
hence favored the development of cold SST and 
easterly anomalies toward the central Indian Ocean. 
Such an SST anomaly dipole pattern caused flood-
ing (drought) in the western (eastern) IO. Rainfall 
over the Indonesia Sea, however, was above normal 
in association with the La Niña. Due to the IOD 
influence, Australia again suffered from sustained 
drought in 2008 despite the prospect of rains result-
ing from La Niña conditions. During September, 
the IOD collapsed, in contrast to the usual peak in 
boreal fall terminating in early winter. Initial westerly 
wind anomalies appeared in the central equatorial 
IO during August and intensified in September. This 
forced a downwelling equatorial Kelvin wave during 
August–September (Fig. 4.33a) and ended this IOD. 
During November, the situation in the IO became 
similar to that during a La Niña year: drought in the 
west and flooding over the eastern IO, Indonesia, and 
large parts of Australia.

The concurrence of the positive IOD and La Niña 
in 2007 and 2008 clearly suggests that potential 
predictability of IOD may reside in the IO itself. 
Underlying mechanisms for the 2008 IOD ap-
pear to be different from those for the 2006–07 

events. Following the demise of the 2007 
IOD, a warm subsurface signal persisted in 
the equatorial eastern IO until May 2008 
(Fig. 4.33a). The MJO-related strong cross-
basin equatorial easterly anomalies in May 
appear to have played an important triggering 
mechanism similar to 2007. Apart from the 
MJO impact, a clear westward-propagating 
cold oceanic Rossby wave at 10°–5°S can 
be seen from November 2007 to May 2008 
(Fig. 4.33b). The cold Rossby wave reflected 
as an eastward-propagating equatorial up-
welling Kelvin wave and favored the positive 
IOD development. Therefore, both the large-
scale oceanic process and MJO inf luences 
appeared to play important roles in the 2008 
IOD development. 

Fig. 4.32. SST (°C) and surface wind anomalies during (a) 
Dec–Feb 2007–08, (b) Mar–May 2008, (c) Jun–Aug 2008, 
and (d) Sep–Nov 2008.
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In the WNP basin, climatic effects 
typical of La Niña were noted for much 
of 2008. These included well-known La 
Niña–related anomalies such as below-
normal TC activity across most of 
Micronesia, TC activity shifting well to 
the west and north of normal, a weak 
(or absent) monsoon, higher-than-
normal sea level, and abnormally strong 
and widespread TW in the lower 
latitudes (Fig. 4.34). 

The 2008 TY season came to an ap-
parent end after STY Jangmi recurved 
east of Japan in September. There were 
no TYs in the WNP basin in October 
for only the second time since JTWC 
records began in 1959. After the 
demise of TS Noul in mid-November, 
TWs of unprecedented persistence 
and wide coverage seemed to preclude 
the formation of any more TCs for the 
remainder of the year. This would have 
contributed to several statistical ex-
tremes of low TC activity in a year, but 
nature had one more peculiar scenario 
to play out. 

In early December, a midlatitude 

Unusually Quiet West Pacific Typhoon Season Ends  
with a Dolphin Kick—M. A. Lander, B. Ward, and H. J. Diamond

cyclone east of Japan intensified, 
matured, and evolved into a warm 
seclusion. This isolated vortex was 
then steered southward by a surge of 
northerly gales. Starting near 30ºN, 
it plunged southward into the deep 
tropics (12ºN), turned west, and 
became the seed for the season’s final 
TY, Dolphin. Including the early phases 
of its subtropical existence, Dolphin’s 
track was very unusual (Fig. 4.35). 

As Dolphin’s seed vortex was 
driven southward, it was accompanied 
by an unusual pattern of northerly gale- 
to-TY-force winds located in the sub-
tropics of the WNP near the date line. 
These winds generated oceanic swells 
that traveled southward and caused 
phenomenal surf at Wake Island, many 
of the islands and atolls of Micronesia, 
and the Marshall Islands—and then 
south to Kiribati, the Solomon Islands, 
and the northern coast of Papua New 
Guinea. Breaking surf heights at more 
than 20 ft were reported on some 
atolls. Substantial inundation from wave 
run up was experienced in many loca-

tions, with damage to infrastructures, 
personal property, and crops. Inunda-
tion was exacerbated by a combination 
of extreme wave height, high tides, and 
high sea levels related to La Niña.

News reports implicated the de-
veloping TY Dolphin in the generation 
of this very high and destructive surf. 
Dolphin played only a small role in the 
wave event, but the struggling incipi-
ent vortex that became Dolphin defied 
expectations and intensified to a TS, 
and then to a TY. As Dolphin intensi-
fied, it passed south of Guam, requiring 
the issuance of the only TC watches 
and warnings for all of 2008 within the 
Guam Weather Forecast Office’s area 
of responsibility (equator to 25ºN and 
130ºE to 180º). After passing Guam, it 
became a TY. It later recurved toward 
Iwo Jima, Japan, completing an anoma-
lous giant elliptical path (Fig. 4.35) that 
ended on 19 December near where 
it had begun on 4 December. After 
passing Iwo Jima, Dolphin decayed, 
thus ending this most unusual WNP TY 
season.

Fig. 4.35. The highly unusual track of TY Dolphin. Filled 
circles show 24-hr positions, with some circles left out 
so as not to cover the image of the typhoon. Dolphin is 
a typhoon in this MTSAT visible imagery of 0300 UTC 
15 Dec 2008. Imagery obtained from the geostation-
ary archive of the University of Dundee, U.K. (www.
sat.dundee.ac.uk/).

Fig. 4.34. Wind anomaly at 850 hPa for the 6-month 
period Jun through Nov 2008. This vast easterly wind 
anomaly in the deep tropics of the western North 
Pacific was of sufficient magnitude to eliminate the 
normal monsoon trough of the region and to stifle the 
normal development of tropical cyclones eastward of 
the longitude of Guam (purple star). (Figure adapted 
and used with permission of J–C.L. Chan, City Univer-
sity of Hong Kong.)
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5.	The Arctic—J. Richter-Menge
a.	 Overview

In 2008 there continued to be broad evidence of 
the impact of a general, Arctic-wide warming trend 
in surface air temperatures over land, apparent since 
the mid-1960s. Record-setting summer (JJA) air 
temperatures were observed throughout Greenland. 
The northern region of Greenland and adjacent areas 
of Arctic Canada experienced a particularly intense 
melt season, even though there was an abnormally 
cold winter across Greenland’s southern half. On 
land there was a continued Arctic-wide trend toward 
a shorter snow season, highlighted by the shortest 
snow cover duration on record (beginning in 1966) in 
the North American Arctic. There has been a general 
increase in land-surface temperatures and in perma-
frost temperatures during the last several decades 
throughout the Arctic region. New permafrost data 
from Russia show striking similarity to observations 
made in Alaska, with permafrost temperature typi-
cally having increased by 1° to 2°C in the last 30 to 35 
years. One of the most dramatic signals of the general 
warming trend was the continued significant reduc-
tion in the extent of the summer sea-ice cover and, 
importantly, the decrease in the amount of relatively 
older, thicker ice. The extent of the 2008 summer 
sea-ice cover was the second-lowest value of the sat-
ellite record (beginning in 1979) and 36% below the 
1979–2000 average. Summer temperature anomalies 
in the ocean surface layer remained relatively high, 
reaching above +3°C in the Beaufort Sea. Significant 

losses in the mass of ice sheets and the area of ice 
shelves continued, with several fjords on the northern 
coast of Ellesmere Island being ice free for the first 
time in 3,000–5,500 years. 

Documented signs of connectivity between the 
various elements of the Arctic system are beginning 
to emerge. For instance, a comparison of ocean sur-
face temperatures during the summer of 2007 and 
2008 provides clear evidence that the timing in the 
loss of the summer sea-ice cover plays a significant 
role in determining the magnitude and distribution 
of ocean surface temperatures. It is apparent that the 
heating of the ocean in areas of extreme summer sea-
ice loss is directly impacting surface air temperatures 
over the Arctic Ocean, where surface air temperature 
anomalies reached an unprecedented +5°C during 
October through December 2008. Direct observa-
tions confirm model predictions that the effects of 
the retreating sea ice influence the temperature and 
vegetation of adjacent lands. Temporal analyses gen-
erally show that within a specific region, periods of 
lower sea-ice concentration are correlated with higher 
land-surface temperatures and an increase in the 
amount of live green vegetation in the summer.

b.	 Atmosphere—J. Overland, M. Wang, and J. Walsh
The annual mean Arctic temperature for 2008 was 

the fourth-warmest year for land areas since 1990 
(Fig. 5.1). This continued the twenty-first century 
positive Arctic-wide SAT anomalies of greater than 
1.0°C, relative to the 1961–90 reference period. The 
mean annual temperature for 2008 was cooler than 
2007, coinciding with cooler global and Pacific tem-
peratures (Hansen et al. 2009). 

Similar to the previous years of the twenty-first 
century, in 2008 the spatial extent of positive SAT 
anomalies in winter and spring of greater than +1°C 
was nearly Arctic-wide (Fig. 5.2a), in contrast with 
more regional patterns in the twentieth century 
(Chapman and Walsh 2007). The exception was the 
Bering Sea/southwestern Alaska, which experienced 
a fourth-consecutive cold or average winter associ-
ated with a strong negative PDO as 2008 came to a 
close.

The summer of 2008 ended with nearly the 
same extreme minimum sea-ice extent as in 2007, 
characterized by extensive areas of open water (see 
section 5d). This condition allows extra heat to be 
absorbed by the ocean from longwave and solar 
radiation throughout the summer season, which is 
then released back to the atmosphere the following 
autumn (Serreze et al. 2009). As a result, during 
October through December 2008 SAT anomalies 

Fig. 5.1. Arctic-wide annual averaged surface air tem-
perature anomalies (60°–90°N) based on land stations 
north of 60°N relative to the 1961–90 mean. From the 
CRUTEM 3v dataset (available online at www.cru.uea.
ac.uk/cru/data/temperature/). Note: this curve does 
not include marine observations.
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remained above an unprecedented +5°C across the 
central Arctic (Fig. 5.2b). 

The climate of the Arctic is influenced by repeat-
ing patterns of SLP that can either dominate during 
individual months or represent the overall atmo-
spheric circulation flow for an entire season. 2008 
continued twenty-first-century conditions where 
both the types of patterns and their frequency have 
shifted in comparison to the twentieth century. The 
main pattern of primarily zonal winds is known as 
the Arctic Oscillation. A second more meridional 

wind pattern that is more prevalent in the twenty-first 
century is known as the Arctic Warm pattern (Wu 
et al. 2006; Overland et al. 2008). The AW pattern has 
anomalous high SLP pressure on the North American 
side of the Arctic and low SLP on the Eurasian side, 
and it implies increased transport of heat into the 
central Arctic Ocean (e.g., Fig. 5.3). 2007 exhibited 
an unusually persistent positive AO pattern in the 
winter and AW pattern in all summer months, which 
helped to support the major 2007 summer reduction 
in sea-ice extent (Overland et al. 2008). 2008 was more 
typical of past patterns, characterized by month-to-
month variability in the presence of these climate 
patterns, with no single pattern showing seasonal 
dominance. 

There is evidence that by creating a new major 
surface heat source, the recent extreme loss of sum-
mer sea-ice extent is having a direct feedback effect 
on the general atmospheric circulation into the win-
ter season (Francis et al. 2009). Fall air temperature 
anomalies of greater than +1.0°C were observed well 
up into the troposphere (Fig. 5.4a), when averaged 
over 2003–08 relative to a 1968–96 base period. The 

Fig. 5.2. Near-surface air temperature anomalies 
for (a) Jan–May 2008 and (b) Oct through Dec 2008. 
Anomalies are relative to 1968–96 mean. Data are 
from the NCEP–NCAR reanalysis through the NOAA/
Earth Systems Research Laboratory, generated online 
at www.cdc.noaa.gov.

Fig. 5.3. An example of a positive AW pattern of SLP 
anomalies from Mar 2008. Purple/blue regions have 
relative low SLP and orange regions have high SLP. 
Anomalous winds tend to blow parallel to the contour 
lines, creating a flow from north of eastern Siberia 
across the North Pole. The orientation of the pressure 
dipole can shift; other examples have the anomalous 
geostrophic wind flow coming from north of the Ber-
ing Strait or Alaska. Data are from the NCEP–NCAR 
reanalysis available online at www.cdc.noaa.gov.
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higher temperatures in the lower 
troposphere increase the atmo-
spheric geopotential thickness and 
raise upper-air geopotential heights 
above the Arctic Ocean (Fig. 5.4b). 
Increased geopotential heights north 
of 75°N weaken the normal north–
south pressure gradient driving the 
polar vortex that creates west–east 
airflow aloft. In this sense, the effect 
of higher air temperatures in the 
lower troposphere is contributing to 
changes in the atmospheric circula-
tion in the subarctic by reducing the 
potential impacts from the positive 
phase of the AO pattern, and per-
haps contributing to the increased 
occurrence of the AW pattern.

c.	 Ocean—A. Proshutinsky, R. Krishfield, M. Steele, I. Polyakov, 
I. Ashik, M. McPhee, J. Morison, M.-L. Timmermans, J. Toole1, 
V. Sokolov, I. Frolov, E. Carmack, F. McLaughlin, K. Shimada, 
R. Woodgate, and T. Weingartner
1)	Circulation 
In 2008, the ocean surface circulation regime 

in the central Arctic was anticyclonic (clockwise) 
in winter and summer (Fig. 5.5). The intensity 
of motion was weaker than observed in 2007, 
consistent with changes in the observed sea level 
atmospheric pressure patterns (see section 5b). 
In winter the major f low stream removed sea 
ice from the Kara and Laptev Seas, while in 
the summer sea ice from the Canada Basin was 
transported toward the Fram Strait. Data from 
satellites and drifting buoys (Proshutinsky 
et al. 2009) indicate that the entire period of 
1997–2008 has been characterized by a relatively 
stable anticyclonic ocean surface circulation re-
gime. This circulation pattern was the result of 
a higher sea level atmospheric pressure over the 
Arctic Ocean, relative to the 1948–2008 mean, 
and the prevalence of anticyclonic winds. These 
conditions have significantly influenced the sea-
ice cover, oceanic currents, and ocean freshwater 
and heat content.

2)	Water temperature and salinity 
Upper-ocean temperatures in summer 2008 

were not quite as high as in the record-breaking 
summer of 2007. Although the position of the 
September ice edge did not change significantly 
in 2008 relative to 2007, the timing of ice retreat 
was different. Early ice retreat from the Beaufort 

Fig. 5.4. Vertical cross section from 60° to 90°N along 180° 
longitude averaged for Oct–Dec 2003 through 2008 (years 
for which summertime sea-ice extent fell to extremely low 
values) for (a) air temperature and (b) geopotential height. 
Data are from the NCEP–NCAR reanalysis available online 
at www.cdc.noaa.gov.

Fig. 5.5. Simulated circulation patterns of the upper-ocean wind-driven 
circulation in (left) winter and (right) summer in 2008. Both patterns are 
identified as anticyclonic (clockwise). The intensity of anticyclonic cir-
culation in summer 2008 has reduced relative to 2007 (see Proshutinsky 
and Johnson 1997 for details).
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Sea in 2008 led to anomalously high sea surface tem-
peratures that exceeded even those in 2007 in this 
region (Fig. 5.6). However, ice retreat in the Chukchi 
and east Siberian Seas occurred rela-
tively late in the summer, leading to 
near-normal or only slightly above-
normal ocean warming (Fig. 5.6). 
This difference illustrates that the 
warming of the upper ocean is de-
pendent not only on the position of 
the September ice edge but also on 
the time history of the ice cover over 
the summer. More specifically, ocean 
surface warming depends on the time 
history of atmospheric heat input to 
the sea surface, which depends both 
on atmospheric conditions (winds, 
clouds) and on the presence of the 
ice cover that acts to block this heat 
input (Steele et al. 2009, manuscript 
submitted to J. Geophys. Res.).

Changes in the AWCT varied 
regionally in 2008, reflecting tempo-
ral pulses in the Atlantic water flow 
volume, temperature, and salinity in 
the Fram Strait. The Atlantic water 
propagates cyclonically (counter-
clockwise) along the Arctic Ocean 
continental slope, entering the Arctic 
Ocean via the Fram Strait west of 
Spitsbergen and leaving the Arctic 
via the Fram Strait east of Greenland. 
Observations at a NABOS (http://na-
bos.iarc.uaf.edu/) mooring in the vi-
cinity of Spitsbergen (Fig. 5.7) along 

the entry point of the AWCT showed that the 
monthly mean AWCT at 260 m reached a 
maximum of ~3.8°C in November–December 
2006. Subsequently, the temperature at this 
location has declined or cooled, reaching 
~2.8°C in 2008. Observations at sections 
crossing the continental slope in the vicinity 
of Severnaya Zemlya also revealed cooling of 
AWCT by approximately 0.5°C (Fig. 5.7). This 
cooling signal has not reached central parts of 
the Arctic Ocean and the Beaufort Gyre of the 
Canada Basin (Proshutinsky et al. 2009). In the 
Beaufort Gyre region, the AWCT in 2008 was 
0.80°–0.90°C, which is 0.10°C above AWCT 
observed in 2007 and 0.50°C above AWCT 
from pre-1990s climatology. In spring of 2008, 
data collected at the NPEO (http://psc.apl.
washington.edu/northpole/index.html) indi-

cate that the AWCT increased to nearly 1.4°C, which 
is about 0.1°C higher than observed in a 2007 survey 
and about 0.7°C higher than pre-1990s climatology. 

Fig. 5.6. Satellite-derived summer (JAS) SST anomalies 
(Reynolds et al. 2002) in (left) 2007 and (right) 2008, relative 
to the summer mean over 1982–2006. Also shown is the Sep 
mean ice edge (thick blue line).

Fig. 5.7. Temporal (°C) and spatial variability of the AWCT. Locations 
of sections are depicted by yellow thick lines. Mooring location north 
of Spitsbergen is shown by a red star. There is a decline of Atlantic 
water temperature at 260 m at mooring locations with a rate of 0.5°C 
per year starting at the end of 2006. Some cooling in 2008 is also ob-
served at the sections crossing the continental slope in the vicinity of 
Severnaya Zemlya and in the east Siberian Sea (Polyakov et al. 2009, 
manuscript submitted to Geophys. Res. Lett.).
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Summer 2008 ship-based hydrographic surveys 
(Ashik, Sokolov, Frolov, and Polyakov 2008, personal 
communications) in different regions of the Arctic 
Ocean showed a continued freshening of the upper 
20-m ocean layer, similar to 2007. In the 25–75-m 
layer, some salinification was observed in the central 
regions of Amundsen and Makarov Basins, while 
along the continental slope the water salinity re-
mained unchanged relative to salinities observed in 
2007. There was also some freshening of the deeper 
water layers in the Beaufort Gyre in 2008, as the sur-
face freshening in this region was accompanied by 
Ekman pumping (Proshutinsky et al. 2009).

Data collected as part of the BGOS (www.whoi.
edu/beaufortgyre/index.html) show that in 2000–08 
the total freshwater summer content in the Beaufort 
Gyre has significantly increased relative to climatol-
ogy of the 1970s (Arctic Climatology Project 1997, 
1998; Fig. 5.8). In 2008, the center of the freshwater 
maximum remained shifted toward Canada as in 
2007 but significantly intensified relative to 2007 
(Fig. 5.8). As a result, the northwest part of the re-
gion is much saltier and the southeast region of the 
Beaufort Gyre is much fresher than in 2006–07 and, 
also, compared to 30 years ago. At some stations in 
the southeast of the Canada Basin the FWC reached 
the maximum observed value, increasing by as much 
as 11 m, which is 60% above climatology values. The 
freshening extends northward through the Canada 
and Makarov Basins to the Lomonosov Ridge (not 
shown). On the Eurasian side of the Lomonosov 

Ridge, the FWC anomaly is negative (water salinity 
was increased relative to climatology) with minimum 
FWC values of about −4 m (McPhee et al. 2009). 
The Beaufort Gyre heat content is significantly 
elevated relative to 1970s climatology (Arctic Clima-
tology Project 1997, 1998; Fig. 5.8), but no significant 
changes relative to 2007 heat content were registered 
by the BGOS in 2008.

The Bering Strait is an important gateway to 
the Arctic Ocean. Preliminary observations from a 
mooring site, established and maintained since 1990 
(Woodgate et al. 2006), suggest the 2007 annual mean 
transport through the Bering Strait is around 1 Sv 
(1 Sv = 106 m3 s−1), greater than 2006 but comparable 
with previous high years, such as 2004. The same is 
true of the freshwater f lux through the strait. The 
heat flux, being largely determined by the total vol-
ume flux, is also high, but in this case it appears to 
be somewhat higher than the 2004 values.	

3)	Sea Level 
Figure 5.9 shows SL time series from nine coastal 

stations in the Siberian Seas, having representative 
records for the period of 1954–2008 (Arctic and Ant-
arctic Research Institute data archives). For the nine 
stations, the rate for 1954–89, after the GIA, was 1.94 
± 0.47 mm yr−1. This compares to an estimated rate of 
1.85 ± 0.43 mm yr−1 along the Arctic coastlines over 
the same period, based on 40 arctic coastal stations 
(Proshutinsky et al. 2004). Addition of 1990–2008 
data increases the estimated rate of SL rise for the 

Fig. 5.8. (left) Summer heat (1 × 1010 J m−2) and (right) freshwater (m) content. Panels 1 and 3 show heat and 
freshwater content in the Arctic Ocean based on 1970s climatology (Arctic Climatology Project 1997, 1998). 
Panels 2 and 4 show heat and freshwater content in the Beaufort Gyre in 2008 based on hydrographic survey 
(black dots depict locations of hydrographic stations). For reference, this region is outlined in black in panels 1 
and 3. The heat content is calculated relatively to water temperature freezing point in the upper 1000-m ocean 
layer. The freshwater content is calculated relative to a reference salinity of 34.8.

1. 2. 3. 4.
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nine stations in the Siberian seas, beginning in 1954, 
to 2.68 ± 0.45 mm yr−1 (after correction for GIA). 

Until 1996, SL correlates relative-
ly well with the times series of the 
AO Index and sea level atmospheric 
pressure at the North Pole (Fig. 5.9). 
In contrast, from 1997 to 2008 the 
SL has generally increased, despite 
the more or less stable behavior 
of AO and SLP. Possible reasons 
for the rapidly rising sea level are 
ocean expansion, due to heating and 
freshening of the Arctic Ocean, and 
increased rates of the Greenland ice 
sheet melt (see section 5f).

d.	 Sea-ice cover—D. K. Perovich, W. Meier, 
and S. V. Nghiem
1)	Sea-ice extent

Sea-ice extent has become the 
primary parameter for summarizing 
the state of the Arctic sea-ice cover. 
Microwave satellites have routinely 
and accurately monitored the extent 
since 1979. There are two periods 
that define the annual cycle and are 
thus of particular interest: March, 

at the end of winter when the ice is at its maximum 
extent, and September, when it reaches its annual min-
imum. Maps of ice coverage in March 2008 and Sep-
tember 2008 are presented in Fig. 5.10. The magenta 
line in the maps denotes the median ice extent for the 
period 1979–2000. The total area coverage in March 
was 15.2 million km2, only 4% less that the 1979–2000 
average of 15.8 million km2. The area of reduced win-
ter ice extent was located largely in the Barents Sea 
and the Sea of Ohkotsh. The 2008 September summer 
minimum ice extent was 4.5 million km2 and was not 
a record minimum. However, it was the second-lowest 
ice extent on record, only 0.3 million km2 greater 
than 2007 and 36% below the 1979–2000 average. The 
largest retreats in September 2008 were found in the 
Beaufort and east Siberian Seas.

The time series of the anomalies in sea-ice extent 
in March and September for the period 1979–2008, 
computed with respect to the average from 1979 to 
2000, are plotted in Fig. 5.11. The large interannual 
variability in September ice extent is evident. Both 
winter and summer ice extent exhibit a negative (de-
creasing) trend, with values of −2.8% per decade for 
March and −11.1% per decade for September.

2)	Sea-ice age and thickness

The age of the ice is another key descriptor of the 
state of the sea-ice cover, since older ice tends to be 

Fig. 5.9. The 5-yr running mean time series: annual 
mean sea level at nine tide gauge stations located along 
the Kara, Laptev, east Siberian, and Chukchi Seas’ 
coastlines (black line). The red line is the anomalies of 
the annual mean AO Index multiplied by 3. The dark 
blue line is the sea surface atmospheric pressure at 
the North Pole (from NCAR–NCEP reanalysis data) 
multiplied by −1. Light blue line depicts annual sea 
level variability.

Fig. 5.10. Sea-ice extent in (left) Mar 2008 and (right) Sep 2008, illustrat-
ing the respective winter maximum and summer minimum extents. The 
magenta line indicates the median maximum and minimum extent of 
the ice cover, for the period 1979–2000. A—east Siberian Sea, B—Sea 
of Ohkotsh, C—Bering Sea, D—Beaufort Sea, and E—Barent’s Sea. 
(Figures from the NSIDC Index: nsidc.org/data/seaice_index.)
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thicker and more resilient than younger ice. A simple 
two-stage approach classifies sea ice as seasonal or 
perennial. Seasonal ice freezes in the winter and 
melts in the summer, while perennial ice can last for 
several years. Satellite-derived maps of ice age for 
March and September in 2007 and 2008 are presented 
in Fig. 5.12.

QuikSCAT data show the Arctic perennial sea-ice 
extent on 1 March 2008. A combination of the satel-
lite and surface drift data records (Rigor and Wallace 
2004) confirmed that the 2008 winter perennial ice 
extent was a minimum compared to data over the 
last half-century. The extent of perennial sea ice on 1 
March 2008 was reduced by 1 million km2 compared 
to that at the same time last year (Fig. 5.12, top). This 
decrease of perennial ice continues a decade-long 
sharp decline, caused in part by enhanced wind-
driven transport of perennial ice out of the Arctic 
Basin via the Fram and Nares Straits (Nghiem et al. 
2006, 2007). 

A noteworthy, albeit explicable, aspect of the 2008 
summer melt season was the higher-than-average re-
tention of first-year sea ice, with much more first-year 
ice surviving in 2008 than in 2007 (Fig. 5.12, bottom). 
This observation is counterintuitive because relatively 
thin first-year ice is typically prone to complete melt-
ing. One cause of the large first-year ice survival rate 
was that early summer 2008 was cooler than in 2007 
and the lower air temperatures slowed the melt rate 
in the early part of the season (NSIDC, http://nsidc.
org/news/press/20081002_seaice_pressrelease.html). 

Conditions in August favored rapid ice loss, but this 
did not make up for the modest early season melt. 
Furthermore, much of this year’s first-year ice was 
located at higher latitudes than in 2007, covering even 
the geographic North Pole. These far north regions 
receive less solar energy and have less melting. 

The total volume of sea ice depends on the ice area 
and the ice thickness. Unfortunately, ice thickness is 
difficult to monitor. Surface-based measurements are 
few in number and submarine observations are at ir-
regular temporal spacing. Satellite-based techniques 
(Laxon et al. 2003; Kwok et al. 2004, 2007) offer the 
promise of complete spatial and temporal coverage 
but are not yet fully operational. Thickness data 
from these various sources indicate a net thinning 
of the Arctic sea-ice cover. Submarine-based obser-
vations indicate that over the period 1975 to 2000, 
the annual mean thickness of the ice cover declined 

Fig. 5.11. Time series of the percent difference in ice 
extent in Mar (the month of ice-extent maximum) 
and Sep (the month of ice-extent minimum) from 
the mean values for the period 1979–2000. Based on 
a least-squares linear regression, the rate of decrease 
for the Mar and Sep ice extents was −2.8% and −11.1% 
per decade, respectively.

Fig. 5.12. Maps of age of Arctic sea ice for (left) 2007 
and (right) 2008 in (top) Mar and (bottom) Sep. (top) 
Derived from QuikSCAT data (Nghiem et al. 2007). 
(bottom) Courtesy of C. Fowler, J. Maslanik, and 
S. Drobot, NSIDC, and are derived from a combination 
of AVHRR and SSM/I satellite observations and results 
from drifting ice buoys.
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from 3.71 m in 1980 to 2.46 m in 2000, a decrease of 
1.25 m (Rothrock et al. 2008). Maslanik et al. (2007) 
generated a proxy ice-thickness record for 1982–2007 
by combining satellite estimates of sea-ice age and 
thickness, and the record indicates significant thin-
ning between 1982 and 2007. A reduction of modal 
and mean sea ice thicknesses in the region of the 
North Pole of up to 53% and 44%, between 2001 and 
2007, has been observed by Haas et al. (2008) using 
helicopter-borne electromagnetic ice-thickness pro-
filers. Using satellite radar altimetry data, covering 
the Arctic Ocean up to 81.5°N, Giles et al. (2008) 
observed that after the melt season of 2007, the aver-
age sea-ice thickness was 0.26 m below the 2002/03 
to 2007/08 average. In contrast to the central Arctic, 
measurements of the seasonal and coastal ice cover 
do not indicate any statistically significant change 
in thickness in recent decades (Melling et al. 2005; 
Haas 2004; Polyakov et al. 2003), indicating that the 
thinning of the ice cover is primarily the result of 
changes in perennial ice thickness.

e.	 Land—D. A. Walker, U. S. Bhatt, M. K. Raynolds, J. E. Comiso, 
H. E. Epstein, and G. J. Jia
1)	Vegetation

Models have predicted that the retreating sea ice 
(see section 5d) should affect the temperature and eco-
systems of adjacent lands (e.g., Lawrence et al. 2008). 
Time series of sea-ice area and land temperatures, as 
well as an index of greening, were investigated for 
trends and variability during the period 1982–2007 
along the coastlines of 14 Arctic seas (Fig. 5.13). 
Temporal analyses of these regional time series (not 
shown) consistently indicate that higher land-surface 
temperatures and higher NDVI values correspond to 
below-average sea-ice concentration (Bhatt et al. 2008, 
2009, manuscript submitted to Earth Interactions). 

The trend analysis shows that coastal sea ice de-
clined in all regions, with a decrease of 25% for the 
Northern Hemisphere as a whole (Fig. 5.13, top blue 
bar). The largest declines were along the northern Ber-
ingia region, including the west Chukchi, east Chukchi, 
and east Siberia Seas. This portion of the Arctic saw 
large areas of summer ice retreat in 2005 and 2007.

Land temperatures as measured by the summer 
warmth index (sum of the monthly mean tempera-
tures that are above freezing) increased 24% for the 
Northern Hemisphere as a whole (Fig. 5.13, top 
red bar). However, the coastal areas of the North 
America Arctic have experienced a 27% increase in 
land temperatures, while Eurasia experienced only a 
16% increase. The largest increases occurred in the 
Beringia region (east Siberia, west Chukchi, west 

Bering, and east Chukchi) and in the Greenland and 
Baffin Island regions (Greenland Sea, Baffin Bay, and 
Davis Strait). The smallest increases were seen along 

Fig. 5.13. (top, blue bars) Percentage change in sea-
ice area in late spring (when the long-term mean 50% 
concentration is reached) during 1982–2007 along the 
50-km-seaward coastal margin in each of the major 
seas of the Arctic using 25-km-resolution SSMI pas-
sive microwave Bootstrap sea-ice concentration data 
(Comiso and Nishio 2008). (top, red bars) Percentage 
change in the summer land-surface temperature along 
the 50-km-landward coastal margin as measured by 
the SWI [sum of the monthly mean temperatures 
above freezing (°C mo)] based on AVHRR surface-
temperature data (Comiso 2003). (bottom, green 
bars) Percentage change in greenness for the full tun-
dra area south of 72°N as measured by the TI-NDVI 
based on biweekly GIMMS NDVI (Tucker et al. 2001). 
Asterisks denote significant trends at p < 0.05. Based 
on Bhatt et al. (2008).
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the northern coast of Russia (Laptev Sea, east Kara 
Sea, and west Kara Sea). 

Greenness was determined using the TI-NDVI 
derived from the GIMMS data. TI-NDVI is an index 
of the productivity of the vegetation each summer 
that is derived from Earth’s reflectance in the visible 
and near-infrared portions of the spectrum. The TI-
NDVI analysis was limited to the area south of 72°N 
(covers primarily the low Arctic) because of a discon-
tinuity in the GIMMS data at this latitude. TI-NDVI 
increased 8% for the Arctic as a whole (Fig. 5.13, top 
green bar) but was variable. The largest increase was 
along the Beaufort Sea coast (20%). Other large in-
creases occurred adjacent to the Davis Strait and the 
east Chukchi and west Bering Seas. Smaller increases 
occurred in much of northern Russia (Barents, Kara, 
east Siberian, and west Chukchi Seas), generally 
where summer temperature increases were lower. A 
few nonsignificant negative trends occurred in the 

east Bering Sea, Baffin Bay, and Greenland Sea. The 
NDVI changes noted here are in general agreement 
with other analyses of NDVI trends in the Arctic (Jia 
et al. 2003; Goetz et al. 2005; Verbyla 2008; Raynolds 
et al. 2008) and ground observations (Tape et al. 2006; 
Walker et al. 2008; Epstein et al. 2008).

2)	Permafrost—V. Romanovsky, N. Oberman, D. Drozdov, 
G. Malkova, A. Kholodov, and S. Marchenko

Observations show a general increase in perma-
frost temperatures during the last several decades in 
Alaska (Romanovsky et al. 2002, 2007; Osterkamp 
2008), northwest Canada (Couture et al. 2003; Smith 
et al. 2005), Siberia (Oberman and Mazhitova 2001; 
Oberman 2008; Drozdov et al. 2008; Romanovsky 
et al. 2008), and northern Europe (Isaksen et al. 2000; 
Harris and Haeberli 2003). 

Most of the permafrost observatories in Alaska 
show a substantial warming during the last 20 years. 

Fig. 5.14. (top left) Location of the long-term MIREKO and the Earth Cryosphere Institute permafrost obser-
vatories in northern Russia. (bottom left) Changes in permafrost temperatures at 15-m depth during the last 
20 to 25 years at selected stations in the Vorkuta region (updated from Oberman 2008). (top right) Changes in 
permafrost temperatures at 10-m depth during the last 35 yr at selected stations in the Urengoy and Nadym 
(bottom right) regions (updated from Romanovsky et al. 2008).
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The detailed characteristic of the warming varies 
between locations, but it is typically from 0.5° to 2°C 
at the depth of zero seasonal temperature variations 
in permafrost (Osterkamp 2008). It is worth noting 
that permafrost temperature has been relatively stable 
on the North Slope of Alaska during 2000–08. 

Permafrost temperature has increased by 1° to 
2°C in northern Russia during the last 30 to 35 years 
(Fig. 5.14). This increase is very similar in magnitude 
and timing to what has been observed in Alaska. 
Also, a common feature for Alaskan and Russian 
sites is more significant warming in relatively cold 
permafrost than in warm permafrost. An especially 
noticeable permafrost temperature increase in the 
Russian Arctic was observed during the last two 
years. The mean annual permafrost temperature at a 
15-m depth increased by more than 0.3°C in the Tiksi 
area and by 0.25°C at a 10-m depth in the European 
north of Russia.

The last 30 years of generally increasing perma-
frost temperatures have resulted in thawing of perma-
frost in areas of discontinuous permafrost in Russia 
(Oberman 2008). At one of the locations, the upper 
boundary of permafrost lowered to 8.6 m in 30 years. 
It lowered even more, to almost 16 m, in an area where 
a newly developed talik (a volume or layer of all-year-
round unfrozen soil above or within the permafrost) 
coalesced with an already existing lateral talik. The 
average increase in depth of the permafrost table in 
the Vorkuta and Nadym regions in Russia ranged 
from 0.6 to 6.7 m, depending on the geographical 
location, ice content, lithological characteristics of 
sediments, hydrological, hydrogeological, and other 
factors.

3)	River discharge—A. Shiklomanov
A general increase of river discharge to the Arctic 

Ocean from Eurasia was observed over the period 
1936–2007, with a rate of annual change (defined 
from the linear trend) of 2.7 ± 0.5 km3 yr−1 (Fig. 5.15). 
The most pronounced positive (increasing) trend for 
the six largest Eurasian rivers is observed during the 
last 21 years (1987–2007), at a rate of 11.8 km3 yr−1. 
The rate of discharge has continued to increase in the 
twenty-first century. The mean 2000–07 discharge 
was 171 km3 higher (10%) than the long-term average 
over the period 1936–99. A new historical maximum 
for Eurasian river discharge to the Arctic Ocean was 
observed in 2007, reaching 2250 km3 yr−1 or 30% 
higher than the long-term mean discharge from 
1936–99, reported in Peterson et al. (2002). 

The mean annual discharge to the ocean over 
2000–07 from the five large North American Arctic 

rivers, based on data from the Environment Canada 
and USGS, was about 6% (31 km3) greater than the 
long-term mean from 1973 to 1999. The river dis-
charge during 2007 was higher than the long-term 
mean and, taking into account that this year had 
extremely high freshwater discharge from Green-
land (Mernild et al. 2009), we can estimate that 2007 
showed record-high total freshwater input to the 
Arctic Ocean from the terrestrial land surface. 

Provisional estimates, made using techniques 
developed by Shiklomanov et al. (2006), indicate that 
the 2008 annual river discharge to the Arctic Ocean 
from the Russian rivers was significantly greater than 
the long-term mean but lower than the historical 
maximum observed in 2007 (Fig. 5.15).

4)	Terrestrial snow—C. Derksen, R. Brown, and L. Wang
The 2007/08 Arctic snow season was character-

ized by close-to-normal snow cover onset over North 
America and Eurasia, with above-normal seasonal ac-
cumulation over Siberia and much of North America. 
The Arctic spring melt was characterized by close-
to-normal conditions over Eurasia, but the earliest 
snow cover disappearance in the period of record 
(1966–present) over North America.

Various satellite and conventional measurements 
provide a comprehensive perspective on terrestrial 
snow including SCD, SD, and melt timing/duration 
(Brasnett 1999; Brown et al. 2007; Helfrich et al. 2007; 

Fig. 5.15. Total annual river discharge to the Arctic 
Ocean from the six largest rivers in the Eurasian Arctic 
for the observational period 1936–2007 (updated from 
Peterson et al. 2002) (red line) and from the five large 
North American pan-Arctic rivers over 1973–2006 
(blue line). The least-squares linear trend lines are 
shown as dashed lines. Provisional estimates of annual 
discharge for the six major Eurasian Arctic rivers, 
based on near-real-time data from http://RIMS.unh.
edu, are shown as red diamonds.
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Wang et al. 2008a). SCD anomalies for the 2007/08 
snow season, derived from NOAA weekly snow charts 
(available online at climate.rutgers.edu/snowcover/), 
illustrate a reduced snow cover season over the eastern 
Canadian Arctic, most of Europe, and eastern Siberia, 
compared to a longer-than-normal snow season in 
central China and the midlatitudes of North America 
(Fig. 5.16a). The period 1988–2007 is selected as the 
historical reference period for this assessment to place 
anomalies in the context of more recent snow cover 
conditions following a rapid reduction 
in hemispheric snow cover during the 
1980s. Time series of SCD anomalies 
across the North American and Eurasian 
sectors of the Arctic (north of 60°N) are 
illustrated in Fig. 5.16b. SCD anomalies 
are generally in-phase for both sectors, 
with the 2007/08 snow cover season close 
to the 1988–2007 normal for snow cover 
onset (fall SCD). For snowmelt (spring 
SCD) the Eurasian average was close 
to normal, while the North American 
Arctic had the earliest disappearance 
of snow in the NOAA record (since 
1966). This is a continuation of shorter 
snow seasons observed since the rapid 
reductions in the 1980s. Unlike summer 
sea-ice concentration, however, there is 
no linear decrease in Arctic spring SCD 
over the past decade.

Annual maximum SD anomalies for 
2007/08 (1998–2008 reference period), 
determined from the CMC analysis 
(Brasnett 1999), are shown in Fig. 5.16c. 
Over Siberia, positive SD anomalies 
coincide with below-normal SCD, indi-
cating above-average snowfall but early 
spring melt—a continuation of recent 
trends reported in Kitaev et al. (2005). 

The main melt onset date for 2008 
across the pan-Arctic land mass was 
derived from Ku-band scatterometer 
measurements available from Quik-
SCAT using the algorithm of Wang et al. 
(2008a). The melt onset anomaly relative 
to the 9-yr QuikSCAT record (2000 to 
2008) confirms regional early melt onset 
over the North American Arctic that 
agrees with early dates of snow disap-
pearance identified from the NOAA 
record (Fig. 5.16d). In the Eurasian 
region there was a pattern of generally 
late melt onset between approximately 

60°–65°N, anomalously early melt across 65°–70°N, 
and then a transition to late melt onset again across 
the northern portion of Eurasia.

5)	Glaciers outside Greenland—M. Sharp and G. Wolken 
(with acknowledge data contributions from D. Burgess, G. Cogley, 
P. Glowacki, J. Jania, S. O’Neel, D. Puczko, A. Arendt, and 
S. Luthcke)
Glacier shrinkage is a major contributor to global 

sea level change (Meier et al. 2007). Surface mass 

Fig. 5.16. (a) SCD anomalies (with respect to 1988–2007) for the 
2007/08 snow year and (b) Arctic seasonal SCD anomaly time 
series (with respect to 1988–2007) from the NOAA record for the 
first (fall) and second (spring) halves of the snow season. Solid lines 
denote 5-yr moving average. (c) Maximum seasonal snow depth 
anomaly for 2007/08 (with respect to 1998/99–2007/08) from the 
CMC snow depth analysis. (d) Terrestrial snowmelt onset anoma-
lies (with respect to 2000–08) from QuikSCAT data derived using 
the algorithm of Wang et al. (2008a). The standardized anomaly 
scales the date of onset of snowmelt based on the average and the 
magnitude of the interannual variability in the date at each loca-
tion. A negative anomaly (shown in red-yellow) indicates earlier 
onset of snowmelt in the spring.
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balance (annual net balance and its summer/winter 
components) measures how climate affects the health 
of Arctic glaciers. As most 2007–08 measurements are 
not yet available, we report results for the 2006–07 
balance year (Svalbard: 4 glaciers, Iceland: 6, Alaska: 
3, Arctic Canada: 4). Annual surface balances were 
negative for 14 glaciers, positive for 2 (1 each in 
Iceland and Alaska), and zero for 1 (in Svalbard) 
(WGMS 2009). 

Summer (JJA 2008) 700-hPa air temperature 
and winter (September 2007–May 2008) precipita-
tion data from the NCEP–NCAR reanalysis serve 
as climatic indices for regions centered over each 
of the Arctic’s major glaciated regions (excluding 
Greenland) (Table 5.1). Sixteen discrete regions form 
four groups (Alaska, Arctic Canada, Iceland, and the 
Eurasian Arctic) based on correlations between 1948 
and 2008 NCEP summer temperature series. These 
indices suggest that the 2008 annual mass balance 
was likely extremely negative in Arctic Canada, 
due to unusually high summer air temperatures, 
and positive in Alaska due to strong positive win-
ter precipitation anomalies (confirmed by GRACE 
satellite gravimetry; S. Luthcke 2009, personal com-
munication). Annual balance was likely near zero 
or slightly positive in the Eurasian Arctic (relatively 
cool summers and generally high winter precipita-
tion) and negative in Iceland (higher-than-average 
summer temperatures and below-average winter 
precipitation). 

Melt onset and freeze-up dates and 2008 melt 
season duration were determined from temporal 
backscatter variations measured by QuikSCAT’s 
SeaWinds (Table 5.1). In Arctic Canada, melt duration 
anomalies (relative to 2000–04 climatol-
ogy) on the North Ellesmere, Agassiz, and 
Axel Heiberg ice caps ranged from +17.6 
to +22.5 days, largely due to late freeze-up. 
Here, summer 2008 was the longest melt 
season in the 2000–08 record. Melt dura-
tion anomalies were also strongly positive 
on northern Prince of Wales Icefield and 
Severnaya Zemlya, and positive in central 
and southern Arctic Canada, Franz Josef 
Land, and Iceland. The melt season in 
southwest Alaska was the shortest in the 
9-yr record, with strongly negative melt 
duration anomalies, mostly due to early 
freeze-up. 

The total ice shelf area in Arctic Canada 
decreased by 23% in summer 2008 (Mueller 
et al. 2008). The Markham ice shelf disap-
peared completely and the Serson ice shelf 

lost 60% of its area. In the past century, 90% of the 
Arctic ice shelf area has been lost. Several fjords on the 
north coast of Ellesmere Island are now ice free for the 
first time in 3,000–5,500 years (England et al. 2008).

f.	 Greenland—J. E. Box, L.-S. Bai1, R. Benson, I. Bhattacharya, 
D. H. Bromwich, J. Cappelen, D. Decker, N. DiGirolamo, X. Fettweis, 
D. Hall, E. Hanna, T. Mote, M. Tedesco, R. van de Wal, and M. van 
den Broeke
1)	Summary

An abnormally cold winter across the southern 
half of Greenland led to substantially higher west 
coast sea ice thickness and concentration. Even so, 
record-setting summer temperatures around Green-
land, combined with an intense melt season (par-
ticularly across the northern ice sheet), led the 2008 
Greenland climate to be marked by continued ice 
sheet mass deficit and floating ice disintegration. 

2)	Regional surface temperatures

Temperature anomalies were mixed and exhib-
ited seasonal variability (Fig. 5.17). Annual mean 
temperatures for the whole ice sheet were +0.9°C, 
but were not abnormal, given a rank of 23 of 51 years 
over the 1958–2008 period (Box et al. 2006). Persistent 
warm anomalies were evident over the northern ice 
sheet in all seasons. Temperatures were abnormally 
cold over the southern ice sheet in winter. Coastal 
meteorological stations around Greenland with a 
consistent 51-yr period (1958–2008) (Cappelen 2009) 
indicate a record-setting warm summer in 2008. 
The Upernavik (Nuuk) summer temperature was 
the warmest (second warmest) on record since 1873, 
respectively.

Fig. 5.17. 2008 (a) winter and (b) summer near-surface (2 m) 
air temperature anomalies with respect to the 1971–2000 base 
period, simulated by Polar MM5 after Box et al. (2006).
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Region Sub
region

Latitude 
(°N)

Longitude 
(°E)

JJA
700-hPa T
Anomaly

2008 
Rank

Sep–May
Ppt

Anomaly

2008
Rank

Inferred
Surface
Balance

Melt
Onset

Anomaly

Freeze-up
Anomaly

Melt
Duration
Anomaly

(°C) (N = 
60) (mm) (N = 

60) days days days

Arctic
Canda

North 
Ellesmere 

Island
80.6–83.1 267.7–294.1 2 4 12.3 10 −− −1.8 9.8 19.3

Axel 
Heiberg 
Island

78.4–80.6 265.5–271.5 1.67 5 0 30 −− −2.9 11.4 17.6

Agassiz Ice 
Cap 79.2–81.1 278.9–290.4 2.11 3 −9.2 44 −− 5.4 24.0 22.5

Prince 
of Wales 
Icefield

77.3–79.1 278–284.9 1.77 7 −11.4 42 −− 2.1 7.8 10.2

Sydkap 76.5–77.1 20.7–275.8 1.53 6 −58.5 59 −− 3.0 3.8 1.4

Manson 
Icefield 76.2–77.2 278.7–282.1 1.71 7 −62.5 56 −− 6.4 5.7 0.0

Devon Ice 
Cap 74.5–75.8 273.4–280.3 1.47 6 −8 33 −− 0.8 −0.8 5.8

North 
Baffin 68–74 278–295 1.97 2 12.4 17 −− −26.9 −14.4 4.9

South 
Baffin 65–68 290–300 2.39 1 5.9 25 −− −2.8 −1.6 −1.1

Eurasian 
Arctic

Severnaya 
Zemlya 76.25–81.25 88.75–111.25 −0.36 41 38.9 17 + −0.2 13.4 10.6

Novaya 
Zemlya 68.75–78.75 48.75–71.25 0.29 24 78 6 + 21.5 −5.3 −4.2

Franz Josef 
Land 80–83 45–65 −0.77 46 110 3 ++ 8.4 −2.4 6.1

Svalbard 76.25–81.25 8.75–31.25 0.13 31 58.5 7 + −6.6 −2.8 −0.8

Iceland 63–66 338–346 0.13 27 −29.3 46 − −4.2 −14.4 6.5

Alaska SW Alaska 60–65 210–220 −0.33 40 117.4 14 + 3.5 −15.6 −17.7

SE Alaska 55–60 220–230 −0.91 50 237 5 ++ * * *

Table 5.1. 2008 Summer 700-hPa temperature and winter precipitation anomalies (relative to 1948–2008 
NCEP reanalysis means) for glaciated regions of the Arctic (excluding Greenland). Inferred sign of surface 
mass balance is based on comparison of historical mass balance records for each region with NCEP reanaly-
sis temperature and precipitation anomalies. Anomalies in melt duration and the timing of melt onset and 
freeze-up (relative to 2000–04 climatology) derived from QuikSCAT data. For timing, negative anomalies 
indicate an earlier-than-normal date.

3)	Upper-air temperatures

Upper-air sounding data available from the In-
tegrated Global Radiosonde Archive (Durre et al. 

2006) indicate a continued pattern of lower tropo-
spheric warming and lower stratospheric cooling 
1964-onward (Box and Cohen 2006). Lower tropo-
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spheric warm anomalies in all seasons, particularly in 
spring along western Greenland, were accompanied 
by relatively small midtropospheric cool anomalies. 
Winter tropopause temperatures (200 hPa) were 
above normal. Lower stratospheric (above 100 hPa) 
temperatures were lower than normal.

4)	Surface melt extent and duration

Passive (SMMR and SSM/I, 1979–2008) and active 
(QuikSCAT, 2000–08) microwave remote sensing 
(Bhattacharya et al. 2009, submitted to Geophys. Res. 
Lett.; Liu et al. 2005) indicate abnormally high melt 
duration over the north and northeast ice sheet and 
along the east and west coasts above Greenland’s 
most productive three outlet glaciers in terms of ice 
discharge into the sea: Kangerlussuaq; Helheim; and 
Jakobshavn (Fig. 5.18). Lower-than-normal melt dura-
tion is evident over much of the upper elevations of 
the ice sheet. New records of the number of melting 
days were observed over the northern ice sheet, where 
melting lasted up to 18 days longer than previous 
maximum values. Anomalies near the west coast are 
characterized by melting up to 5–10 days longer than 
the average (Tedesco et al. 2008).

The average daily melt extent, after Mote and 
Anderson (1995) and Mote (2007), for 2008 was 
424,000 km2, about 2.4% greater than the 1989–2008 
average of 414,000 km2, representing the lowest aver-
age melt extent since 2001. Significantly more melt 
occurred in 2008 in the northeast (45.6% greater than 
the 1989–2008 average) and northwest (29.7%), but 
less occurred in the two east-central regions (−16.8% 
and −25.4%) and in the southeast (−21.1%). Melt extent 
in 2008 was also above the 1979–2007 average. The 
trend in the total area of melt during 1979–2008 is 
approximately +15,900 km2 yr−1 and is significant at 
the 95% confidence interval (p < 0.01).

5)	Precipitation anomalies

Annual PT anomalies in 2008, determined using 
Polar MM5 data assimilation modeling (Bromwich 
et al. 2001; Cassano et al. 2001; Box et al. 2006), were 
positive (negative) up to 750 mm (−250 mm) over the 
eastern (western) ice sheet, respectively. More PT than 
normal occurred in isolated areas in extreme southeast, 
east, north, and northwestern Greenland. The overall 
anomaly indicated approximately 41 Gt more PT than 
normal for the 1971–2000 standard normal period.

Fig. 5.18. 2008 Greenland ice sheet surface melt duration anomalies relative to the 1989–2008 base period 
based on (a) SSM/I and (b) QuikSCAT (2000–08 base period), after Bhattacharya et al. (2009, submitted to 
Geophys. Res. Lett.).
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6)	Surface albedo

Melt season (day 92–274) surface albedo anoma-
lies, derived using the Liang et al. (2005) algorithm 
applied to daily cloud-free MODIS imagery, indicate 
a lower surface albedo around the ablation zone 
(except the east ice sheet) (Fig. 5.19) resulting from 
the combined effect of the positive summer surface 
melt intensity anomaly and, in most areas, less winter 
snow coverage. A positive albedo anomaly is evident 
for the ice sheet accumulation zone and is consistent 
with above-average solid precipitation and/or less-
than-normal melting/snow grain metamorphism. 

7)	Surface mass balance

Polar MM5 climate data assimilation model runs 
spanning 51 years (1958–2008), calibrated by inde-
pendent in situ ice-core observations (Bales et al. 
2001; Mosley-Thompson et al. 2001; Hanna et al. 
2006) and ablation stakes (van de Wal et al. 2006), 
indicate that 2008 total precipitation and net snow 
accumulation was slightly (6%–8%) above normal 
(Table 5.2). In accordance with a +0.9°C 2008 annual 
mean surface temperature anomaly, the fraction of 
precipitation that fell as rain instead of snow, surface 
meltwater production, and meltwater runoff were 

Box Hanna

Mean
(1971–2000)

% of
normal

2008
Anomaly

(Gt)

Mean
(1971–2000)

% of
normal

2008
Anomaly

(Gt)

Total Precipitation 710.7 105% 38.5 624.16 108% 52

Liquid Precipitation 16.8 142% 7.1 27.01 147% 13

Surface Water Vapor
Flux 66.7 100% −0.2 40.59 74% −11

Blowing Snow
Sumblimation 39.6 99% −0.3

Snow Accumulation 604.5 106% 39.0 556.56 109% 50

Meltwater Volume 330.1 159% 194.1 333.95 133% 110

Meltwater Runoff 214.9 186% 184.3 277.91 142% 116

Surface Mass Balance 389.6 63% −145.3 305.66 83% −53

Mean T −19.0 0.9 −21.4 1.1

AAR 0.920 0.905% −0.087 0.859 0.933% −0.007

Table 5.2. Greenland ice sheet surface mass balance parameters: 2008 departures from 1971–
2000 average (adapted from Box et al. 2006). Estimates by Hanna et al. (2008) are included 
for comparison.

142%–186% of the 1971–2000 mean. Consequently, 
and despite 6%–9% (39–50 Gt) more snow accumula-
tion than normal, the surface net mass balance was 
substantially (145 Gt) below normal. 2008 surface 
mass balance ranked ninth-least positive out of 51 
years (1958–2008).

Surface mass balance anomalies indicate a pattern 
of increased marginal melting with noteworthy de-
partures in excess of 1-m water equivalence per year 
from normal across the northern ice sheet (Fig. 5.20). 
The pattern of steepening mass balance profile is 
consistent with observations from satellite altimetry 
(Zwally et al. 2005) and airborne altimetry (Krabill 
et al. 2000); satellite gravity retrievals (e.g., Luthcke 
et al. 2006); and climate projections (Solomon et al. 
2007).

8)	Floating glacier ice changes

Daily surveys of Greenland ice sheet marine 
terminating outlet glaciers from cloud-free MODIS 
imagery (http://bprc.osu.edu/MODIS/) indicate that 
the 32 widest glaciers collectively lost 184.1 km2 of 
mostly floating ice between the end of summer 2007 
and the end of summer 2008. The 2008 area loss was 
3 times that of the previous summer (2006–07 area 
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change was −60.8 km2) and 1.7 times greater than 
the 8-yr trend, beginning in 2000 when MODIS 
data became available. In 2008, 18 of the 32 glaciers 
retreated relative to their end-of-summer 2007 posi-
tion. The total net effective length change of these 
glaciers was −9.1 km. These losses marked a con-
tinuation of a deglaciation trend of −106.4 km2 yr−1 

area change (R = −0.98) since 2000. In other words, 
between 2007 and 2008, glaciers around Greenland 
lost an area more than 2 times the size of Manhattan 
Island, New York. The cumulative area change from 
end-of-summer 2000 to 2008 is −920.5 km2, an area 
loss equivalent to 10 times the area of Manhattan 
Island. 

Fig. 5.20. 2008 surface mass balance anomalies with 
respect to the 1971–2000 base period, simulated by 
Polar MM5 after Box et al. (2006).

Fig. 5.19. Surface albedo anomaly Jun–Jul 2008 relative 
to a Jun–Jul 2000–08 base period.

(w.eq.)
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6.	Antarctica
a.	 Overview—R. L. Fogt and T. A. Scambos

In comparison to other regions of the globe, de-
tailing Antarctic climate variability is not an easy 
task, mainly due to the quantity and quality of avail-
able data. Atmospheric reanalysis datasets, which 
fill in large spatial data voids across Antarctica, are 
strongly dependent on satellite data (Bromwich et al. 
2007), thereby effectively limiting large-scale climate 
analysis in the high southern latitudes to post-1979. 
In light of this comparatively short record, several 
interesting Antarctic climate anomalies during 2008 
are described in this section. 

Overall, the year was dominated by a positive 
phase of the Southern Hemisphere Annular Mode. 
There was strong warming along the Antarctic Pen-
insula and West Antarctica in 2008, most marked in 
September and December, and also pockets of warm-
ing along coastal East Antarctica. Moderate La Niña 
events occurred during the austral summers of 
2007–08 and 2008–09, and the simultaneous occur-
rence of these events with positive SAM phases ampli-
fied the regional response in West Antarctica and the 
Antarctic Peninsula region (e.g., Fogt and Bromwich 
2006). This is particularly noted in changes in sea-ice 
concentration in the Amundsen/Bellingshausen Seas, 
which continued to show decline in 2008, in concert 
with and possibly contributing to the warming of 
the region. Precipitation anomalies were also above 
normal along portions of the Antarctic Peninsula 
in austral spring due to the 
SAM/La Niña inf luence. 
The positive phase of the 
SAM led to record-high total 
Antarctic sea-ice extent for 
much of early 2008 through 
enhanced equatorward Ek-
man transport. With colder 
continental temperatures 
at this time, the 2007–08 
austral summer snowmelt 
season was dramatical ly 
weakened, making it the 
second-shortest melt season 
since 1978 when the record 
began. The lower strato-
sphere was anomalously cold 
throughout the polar night, 
with the 2008 ozone hole be-
ing the sixth worst on record 
and unusually persistent. 

Another significant event 
during 2008 was the disin-

tegration and retreat of the Wilkins Ice Shelf in the 
southwest peninsula area (Fig. 6.1). Three breakup 
events took place: one near the end of the summer 
melt season (29 February to 6 March, Fig. 6.1a) and 
two more in the 2008 autumn and winter (27–31 May, 
Fig. 6.1b; 28 June to mid-July, Fig. 6.1c). The shelf lost 
431 km2 in the first event and 160 km2 in the second, 
and it saw calving and rifting of nearly 6,000 km2 in 
the winter event (out of a total area of 13,680 km2 just 
prior to the breakups; Fig. 6.1). Analysis of the break-
ups and the evolution of the Wilkins Ice Shelf leading 
up to these events suggested either that melt- and 
brine-layer-driven enhancement of fracturing led to 
the retreats or that basal melting from warmer near-
surface and sub-shelf ocean layers caused weakening 
of the ice plate (Scambos et al. 2009; Padman et al. 
2009; Braun et al. 2008). A further suspected con-
tributing factor is ocean wave action. The extended 
period of ice-free conditions near the Wilkins Ice 
Shelf for much of the first half of the year exposed 
the shelf front directly to the open ocean swell. All of 
these models and hypotheses point to the glaciologi-
cal consequences of the continuing climate warming 
and sea-ice decline in the peninsula region.

There were also recent advances in Antarctic cli-
mate science during 2008, most notably in prominent 
papers in Nature Geoscience by Gillett et al. (2008) and 
in Nature by Steig et al. (2009). Gillett et al. (2008) 
analyze fully coupled climate model simulations and 
demonstrate that human activity has contributed 

Fig. 6.1. Wilkins Ice Shelf breakup events of 2008. (a) MODIS band 1 image 
10 days after the end of the first event; (b) Envisat ASAR image during the 
second event; (c) Envisat ASAR image during the third event. (Envisat ASAR 
images © European Space Agency.)
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to the warming not only in the Arctic but also in 
the Antarctic. Steig et al. (2009) demonstrate that 
significant warming since the IGY (1957–58)—previ-
ously thought confined to the Antarctic Peninsula—is 
much broader in spatial extent, expanding to include 
West Antarctica. Additionally, a synthesis report 
(Mayewski et al. 2009) of the relevant mechanisms 
and long-term changes in the full Antarctic climate 
system also appeared recently. Such manuscripts help 
to place contemporaneous Antarctic climate varia-
tions described herein in the context of global climate 
change. However, the large interannual variability in 
the southern high latitudes complicates this matter by 
making trend detection difficult. Therefore, the re-
cord seasonal highs in Antarctic sea-ice extent in early 
and late 2008, for example, are not evidence against 
global change, because conclusions about long-term 
trends in Southern Hemisphere sea-ice extent cannot 
be drawn from monthly seasonal observations taken 
out of spatial and temporal contexts.

b.	 Atmospheric circulation—R. L. Fogt and S. Barreira
The large-scale Antarctic circulation anomalies 

during 2008 based on NCEP–NCAR reanalyses are 
highlighted through a zonal mean perspective, cover-
ing both the troposphere and stratosphere (Fig. 6.2), 
and spatially at the Antarctic surface (Fig. 6.3). 
During the beginning of the year (January–March), 
low geopotential height anomalies over high latitudes 
and strong zonal wind anomalies at midlatitudes 
throughout the troposphere and stratosphere were 
observed, indicative of the positive SAM phase. The 
lower-than-average surface pressures in the Antarctic 
circumpolar trough in this period (Fig. 6.3a) resulted 
from an increase in individual cyclonic activity, 
while the strengthened circumpolar westerly wind 
anomalies (Fig. 6.2c) aided in isolating the Antarctic 
continent from the warmer midlatitudes, generating 
the colder temperatures over most of coastal Antarc-
tica (Fig. 6.3b). In many places, these temperature 
anomalies were more than two standard deviations 
below the January–March mean. During April–May, 
high pressure anomalies over Antarctica as well as 
throughout much of the Pacific Ocean, in conjunction 
with predominantly negative anomalies in the mid-
latitudes of the Eastern Hemisphere, generated only 
a weakly negative SAM index (Fig. 6.3c). The overall 
weaker circumpolar westerly winds (Fig. 6.2c) at this 
time allowed for more intrusions of warmer air from 
the north, leading to low-level warm temperature 
anomalies across much of the Antarctic continent, 
especially over East Antarctica (Figs. 6.2b, 6.3d). The 
pressure anomaly in the Amundesn/Bellingshausen 

Seas in Fig. 6.3c indicates that many low-pressure 
systems formed in this region; however, due to the 
presence of a strong high-pressure anomaly in the 
Pacific, they were impeded from traveling north 
toward South America. 

A strong positive SAM anomaly occurred in 
June [3.00 on the Marshall (2003) index, the second-
highest Jun positive SAM anomaly since 1957; www.
antarctica.ac.uk/met/gjma/sam.html], with cor-
responding strong circumpolar winds (Fig. 6.2c). 
Throughout the remaining winter season, however, 

Fig. 6.2. Zonally averaged climate parameter anoma-
lies for the southern polar region in 2008 relative to the 
1979–2007 period. (a) Polar cap averaged geopoten-
tial height anomalies (m); (b) averaged temperature 
anomalies (K); (c) averaged wind anomalies (m s−1). 
Absolute anomaly values are contoured, and the panels 
are shaded according to how many std devs the anoma-
lies are from the 1979–2007 mean (color bar at bottom 
for scale). Red vertical bars indicate the four separate 
periods shown as spatial climate anomalies for 2007 in 
Fig. 6.3. Primary contour interval is 50 m in (a), 1 K 
in (b), and 2 m s−1 in (c), with additional contours at 
±25m, ±0.5K, ±1 m s−1 in (a), (b), and (c), respectively. 
Values for the SAM index (www.antarctica.ac.uk/met/
gjma/sam.html) are shown along the bottom in black 
and red. Data are from the NCEP–NCAR reanalysis.
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the tropospheric circulation anomalies were relatively 
weak, although the pressure anomalies continued to 
indicate the positive phase of the SAM (Fig. 6.3e). At 
the end of the year (September–December), the posi-
tive SAM began to increase at the same time a La Niña 

began to develop in the tropics, peaking in December 
2008. The simultaneous occurrence of positive SAM 
and La Niña was characterized by anomalously low 
geopotential height throughout the atmosphere and 
strong circumpolar zonal flow (Fig. 6.2), similar to 
the anomalies in December of 2007. At the surface, 
the low pressure anomalies (>2 std devs from the 
mean) were most marked in the Amundsen/Bellings
hausen Seas, the region strongly influenced by both 
SAM and ENSO (Fig. 6.3g). The altered circulation 
brought stronger northwesterly flow to the Antarctic 
Peninsula and portions of West Antarctica, leading to 
the marked warming there (Fig. 6.3h), also more than 
two standard deviations above the late-year mean. In 
addition, the strong negative pressure anomalies in 
the South Pacific enhanced the off-continent flow in 
the eastern Ross Sea, leading to much cooler-than-
normal conditions farther over the South Pacific 
Ocean. The strong ridge in the subtropical Atlantic 
deterred the low-pressure systems forming in the 
Amundesn/Bellingshausen Seas away from southern 
South America, leading to very dry conditions there 
at the end of 2008. 

The Antarctic upper stratosphere (above 50 hPa) 
remained anomalously cold during the polar night, 
from March to September (Fig. 6.2), which allowed 
for high levels of polar stratospheric cloud formation 
(especially during the autumn). During the early and 
late portions of 2008, there is strong evidence that 
the stratosphere and troposphere were dynamically 
coupled during the positive phase of the SAM, as both 
low geopotential height and positive circumpolar 
wind anomalies extend up to 10 hPa. 

c.	 Surface station observations—S. Colwell and J. Turner
Figure 6.4 highlights the temperature, MSLP, and 

wind speed anomalies at six representative Antarc-
tic stations in 2008. Rothera (67.5°S, 68.1°W) and 
Marambio Base (64°S, 56°W) are situated along the 
west and east sides of the Antarctic Peninsula, re-
spectively; Halley V Station (75°S, 26°W) lies in the 
Weddell Sea region of West Antarctica; Davis (68.6°S, 
78.0°E) and Dumont d’Urville (66.7°S, 140.0°E) are in 
coastal East Antarctica; and McMurdo Station (77°S, 
166°E) lies more inland near the junction of the Ross 
Ice Shelf/Ross Sea. All-time record anomalies are 
highlighted with plus signs in Fig. 6.4, while asterisks 
mark the second-highest anomaly. Station records 
extend back until at least the 1970s, although most 
extend to 1956–57 (see caption for details).

In January, record cold was observed at Halley, 
and at McMurdo the MSLP was the second lowest. At 
Dumont d’Urville a mean monthly minimum tem-

Fig. 6.3. (left) Surface pressure anomalies and (right) 
surface temperature anomaly contours relative to 
1979–2007 climatology for four distinct periods. The 
shaded regions correspond to the number of std devs 
the anomalies are from the 1979–2007 mean, as in 
Fig. 6.2. Data are from the NCEP–NCAR reanalysis. 
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perature of −6.7°C was recorded in February, 0.8°C 
colder than any previous February value. Although 
winds were anomalously weak at Halley in March and 
at McMurdo from March through May, the only other 
notable anomaly in March–May across all stations 
was the second-highest pressure at Dumont d’Urville 
in May. During the June SAM maxima, MSLP was 
at a record low at McMurdo, confirmed in the more 
complete Scott Base record (which is within a few ki-
lometers). At the same time, temperatures there were 
at a record high, opposite of the pronounced cooling 
expected in interior Antarctica during positive SAM 
phases (Marshall 2007). However, Rothera observed 
the second-warmest June, consistent with the impact 
of the positive SAM.

There were many record anomalies from August 
through October. In September the temperature 

at Rothera was 1.8°C above the previous highest 
September value and more than 6°C above normal 
(Fig. 6.4a). At Marambio the mean temperature was 
2.3°C above the previous highest September mean 
and 9°C above normal (Fig. 6.4b); anomalously 
warm conditions were also observed at McMurdo 
in September (Fig. 6.4f). At Davis in East Antarc-
tica the temperatures were colder than average (but 
not a record) in August, September, and October 
(Fig. 6.4d). 

There is also some reflection of the positive SAM 
in December. Rothera observed the second-lowest 
pressure anomaly in December since the record began 
in 1976. At Marambio, the December temperature 
was the warmest on record, while December tempera-
tures were the second coldest at Halley and pressures 
were the record lowest.

Fig. 6.4. 2008 Antarctic station anomalies. Monthly mean anomalies for temperature (K), MSLP (hPa), and 
wind speed (m s−1) are shown for six representative stations. Plus signs denote all-time record anomalies, 
while asterisks denote the second-highest record anomaly for each station. Climatological station data starts 
in 1976 for Rothera; 1970 for Marambio (1983 for Marambio wind speeds); and 1956–57 for the other stations. 
The base period for calculating the anomalies was 1979–2007 for all but Rothera, where the base period was 
1976–2007. 
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d.	 Surface mass balance—D. H. Bromwich, S.-H. Wang, and 
A. J. Monaghan
Precipitation-minus-evaporation (P−E) closely 

approximates the surface mass balance over most of 
Antarctica, with precipitation being the dominant 
term at regional and larger scales, especially near the 
coast (e.g., Bromwich et al. 2004; van den Broeke et al. 
2006). Precipitation and evaporation fields from the 
JRA (Onogi et al. 2005) and NCEP–DOE Reanalysis 
II (NCEP2; Kanamitsu et al. 2002) were examined 
to assess Antarctic snow accumulation for 2008. The 
evaporation in JRA was calculated from the surface 
latent heat flux. Both JRA and NCEP2 (not shown) 
give similar findings. The mass balance is summa-
rized by the annual mean and spring (SON) P−E 
anomalies (Fig. 6.5; anomalies are calculated from 
the 1980–2007 average), as the spring season domi-
nates the annual mean, especially over the Antarctic 
Peninsula.

In general, the annual anomalies (Fig. 6.5a) 
over the high interior of the continent are small 
and negative. However, most coastal regions have 
positive anomalies, especially the Antarctic Penin-
sula (~400 mm) and near Casey (~700 mm) at 110° 
E. The annual P−E anomalies are consistent with 
the mean atmospheric circulation dominated by the 
SON MSLP anomalies (Fig. 6.3g): two strong nega-
tive pressure anomaly centers (~105° W and ~120° E) 
produced higher-than-normal precipitation in these 
regions. Negative P−E anomalies are observed over 
the Amundsen Sea and the Antarctic coast between 
140° E and 180°. Both are linked to the secondary 
negative anomaly of MSLP near 180° longitude.

Over the Antarctic Peninsula the SON anomalies 
(~175 mm) contribute nearly 50% of annual P−E 
anomalies. The strong negative MSLP anomaly pat-
tern over the Amundsen Sea (Fig. 6.3g, <2.5 std devs 
from the mean) indicates greater-than-normal storm 
activity during the 2008 SON season that results in 
the large P−E anomaly. As noted in section 6b, the 
enhanced SON storm activity is consistent with 
strong positive anomalies of both the SAM and La 
Niña during austral spring 2008. 

e.	 Seasonal melt extent and duration—L. Wang and 
H. Liu
The extent, onset date, end date, and duration of 

snowmelt on the Antarctic ice sheet during 2007–08 
summer was derived using a wavelet-transform-based 
edge detection method (Liu et al. 2005). The 19-GHz 
horizontal polarization channel of SSM/I data are uti-
lized for the melt information extraction. Figure 6.6 
shows the melt extent and duration during the austral 

Fig. 6.5. JRA 2008 anomalies of P−E (in mm) from the 
1980–2007 average: (a) annual and (b) spring (SON). 

summer 2007–08. The total melt extent, including 
all areas with at least one day of surface melting, is 
800,000 km2, covering only 5.8% of the continent 
(Figs. 6.6a–c). The melt index (sum of total melt extent 
for each day in the melt season) during 2007–08 is 
24,353,750 day km2. The melt extent during 2007–08 
is significantly smaller than the average melt extent 
(1.277 million km2) of the past 25 years, or 9.34% of 
the continent’s area (Liu et al. 2006). This places the 
austral summer of 2007–08 as the second lowest since 
1978 in terms of both melt extent and melt index, be-
hind only the 1999–2000 melt season. Also, it should 
be noted that a decreasing trend in melt extent and 
melt index is apparent for the past six years.

Surface melt during 2007–08 primarily occurred 
on the Antarctic Peninsula, Abbot Ice Shelf, West Ice 
Shelf, and Shackleton Ice Shelf (see Fig. 6.6 for loca-
tions). Surface melt events primarily took place in 
December and January (Figs. 6.6a,b,d), and the maxi-
mum one-day melt extent occurred on 21 December. 
All the regions in Antarctica have a considerably 
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lower melt extent than the average of the past 25 
years, which is consistent with weak surface cold 
temperature anomalies in December 2007 (Fig. 6.2) 
and January 2008 (Fig. 6.4). The Amery Ice Shelf, 
Queen Maud Land, Wilkes Land, and Ross Ice Shelf 
have an extremely low melt extent and melt intensity, 
which is likely associated with the strong positive 
sea-ice extent anomalies in these regions and the 
influence of the strong positive SAM and 2007–08 
La Niña event.

f.	 Sea-ice extent and concentration—R. A. Massom, P. Reid, 
S. Stammerjohn, and S. Barreira
2008 was a year of exceptional seasonal vari-

ability in Antarctic sea-ice coverage, characterized 
by three distinct phases of overall sea-ice extent 
anomalies: i) well above average (January–April in-
clusive and December), ii) moderately above average 
(May–June), and iii) average to slightly below aver-
age (July–November), but with substantial regional 
variability that ref lects patterns of atmospheric 
circulation. 

The analysis is based on monthly mean Nimbus-7 
SMMR (1979–87) and DMSP SSM/I (1987–present) 
sea-ice concentration data from the NSIDC Sea Ice 

Index project (Fetterer et 
al. 2008). Note that 2008 
data are processed from a 
combination of NSIDC’s 
preliminary (Meier et al. 
2006) and NRTSI data that 
have lower quality control, 
but they must be used be-
cause the quality-controlled 
data are unavailable at the 
time of writing. Accord-
ing to Fetterer et al. (2008), 
however, this effect is likely 
to be of the order of less than 
10,000 km2. 

Monthly ice extent and 
concentration anomalies for 
2008 display a distinct zonal 
asymmetry (Figs. 6.7a–d), 
largely in response to the 
location and intensity of 
climatological low and high 
pressure centers described in 
the atmospheric circulation 
section. The January–April 
period was characterized by 
the persistence of anoma-
lously high sea-ice concen-

trations in the Weddell Sea and almost the entire zone 
from the Indian Ocean through the western Pacific 
Ocean and western Ross Sea sectors (from ~40°E 
eastward to ~160°W; Figs. 6.7a,b), resulting in record 
and near-record zonally averaged monthly ice extents 
during January–April. With an ice extent anomaly of 
3.4 std devs (+33% or 1.7 × 106 km2) above the long-
term (1979–2000) mean of 5.1 × 106 km2, January 2008 
continued from December 2007 as being a record 
high for that month (Fig. 6.7e), that is, ~11% greater 
than the previous record high for January (in 1996). 
Major positive anomalies of +28% occurred in both 
February and March (3.31 and 3.16 std devs above the 
mean, respectively) and +18% in April (2.27 std devs 
above the mean). Record monthly high values were 
also recorded in March and April: the March 2008 
anomaly exceeded the previous record (in 2001) by 
about 10%, and April was about 5% greater than the 
previous highs in 1979 and 1982 (Fig. 6.7f). February 
2008 saw the second-highest monthly sea-ice extent 
on record. The persistence of unusually compact sea 
ice in many regions into the summer melt period led 
to difficulties in ship navigation during the critical 
shipping (base resupply) and tourist season of early 
2008 (especially in accessing the Ross Sea). More 

Fig. 6.6. Surface snow (a) onset date, (b) end date, (c) duration in days, and 
(d) melt area, for the austral 2007–08 melt season. 
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extensive sea ice also occurred in the May–June pe-
riod (late autumn to early winter), but at lower levels 
compared to the previous four months. 

Fig. 6.7. Antarctic sea-ice extent and concentration anomalies for (a) Jan, 
(b) Apr, (c) Sep, and (d) Dec, and coincident trends in (e–h) sea-ice extent, 
all for 2008. The bold black line represents the long-term monthly mean sea 
ice extent (1979–2000) for that particular month, while the dashed black line 
is the monthly mean for the month in 2008 (both equivalent to the 15% ice 
concentration isoline). The ice concentration anomaly is computed from the 
monthly mean ice concentration relative to the long-term mean (1979–2000) 
for that particular month. The ice concentration anomaly is only calculated 
for the area covered by sea ice for the month (in 2008) in question. BI is 
Balleny Islands. 

In contrast, sea-ice ex-
tent was generally close to 
(i.e., within ±2%) the long-
term mean for July through 
November, although it was 
aga i n cha rac ter i z ed by 
marked regional variability. 
Negative anomalies in the 
Amundsen/Bellingshausen 
and northwest Weddell Seas, 
the Indian, and west Pacific 
Ocean sectors were compen-
sated for by positive anoma-
lies in the northeast Weddell 
and Ross Sea sectors. The 
sea-ice extent during Decem-
ber, 12.2 × 106 km2, was well 
above the long-term average 
of 11.1 × 106 km2. 

A major feature through-
out the year is anomalously 
low sea-ice extent for every 
month in the Bellingshausen/
Amundsen Seas (west Ant-
arctic Peninsula) sector. This 
represents a continuation in 
the long-term trend in this 
region (Stammerjohn et al. 
2008). The juxtaposition of 
this major sea-ice “indenta-
tion” to strong positive (ice 
growth) anomalies in the 
adjacent Ross Sea sector is 
largely due to the dominant 
impact of surface winds asso-
ciated with a persistent deep 
low pressure system centered 
on approximately 240°E, 
68°S (the “Amundsen Sea 
Low”; Fig. 6.3g). This leads to 
sustained west-northwesterly 
airflow across the west Ant-
arctic Peninsula sector to 
hold back autumnal ice-edge 
advance and accelerate the 
spring retreat, causing dy-
namic sea-ice compaction 
against the coast and islands 
(Massom et al. 2008). It is 
most strongly seen in 2008 

during October and November. By the same token, 
the more southerly outflow of cold air from continen-
tal Antarctica along the western flank of this system 
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creates a strong ice-edge advance, and in 2008 led to a 
positive ice concentration and extent anomaly across 
the Ross Sea sector from April through December. 
The increased occurrence of an intensified Amund-
sen Sea Low is contemporaneous with an increase 
and poleward shift of the westerly circulation in the 
high-latitude South Pacific, which happened in 2008 
in response to La Niña and/or positive SAM condi-
tions, as well as a wave-3 atmospheric circulation 
pattern. Finally, the 2008 continuation of decreased 
sea ice in the Amundsen/Bellingshausen Seas is par-
ticularly noteworthy given the recent association of 
the decreasing regional trend with amplified surface 
warming of the West Antarctic ice sheet during the 
last 30 years (Steig et al. 2009).

g.	 Ozone depletion—P. A. Newman 
Analysis of the 2008 ozone concentrations is based 

on data from the NASA Aura satellites, in particular, 
the KNMI OMI and the JPL MLS. PSC information 
was obtained from the NASA LaRC CALIPSO instru-
ment. NOAA/NCEP provided analyses of satellite 
and balloon stratospheric temperature observa-
tions. NOAA/ESRL regularly launches ozone- and 
temperature-measuring balloon instruments from 
the South Pole. Figure 6.8a displays the average area of 
the Antarctic ozone hole from 1979 to 2008, estimated 
by first summing the area of the daily total column 
ozone values less than 220 DU from the Aura OMI 
observations, and then averaging these estimates 
from 21–30 September. Based on these measurements, 
the Antarctic ozone hole was the sixth worst on record 
for 2008, fifth worst when using SBUV total ozone 
from the NOAA polar orbiter satellites. The area of 
the hole was approximately 25 million km2 (9.65 mil-
lion mi2), somewhat smaller than the 2006 record of 
27.7 million km2 (10.7 million mi2). The very large 
ozone hole area is consistent with severe depletion 
caused by the high levels of chlorine and bromine 
in the Antarctic stratosphere. At present, ODSs are 
estimated to have only decreased by about 4% from 
the peak levels in the 2000–02 period. 

The total ozone values over Antarctica steadily 
decreased from July to early October 2008. Aura OMI 
observations showed ozone values of about 230 DU 
near the edge of Antarctica (inside the stratospheric 
polar vortex in early July) and a low value of 100 DU 
on 4 October 2008. Balloon-borne ozonesonde ob-
servations from NOAA/ESRL at the South Pole also 
showed similar behavior. On 22 August total ozone 
estimated from these sondes was 260 DU, with a de-
crease to 107 DU on 28 September. The ozonesonde 
profile information showed that the large losses oc-
curred in the lower stratosphere by late September, 
with a near complete loss of ozone in the 14–20-km 
layer on 8 October.

Figure 6.8b shows the temperature average (based 
on the NCEP–NCAR reanalysis) for September at 
50 hPa averaged from 60°–75°S (edge of the polar 
vortex). The September 2008 period was nearly the 
coldest on record, but comparable to 1980, 1987, 1989, 
1998, and 2006. The cold temperatures result in an in-
creased frequency of PSCs, where chlorine molecules 
are converted from their nonreactive forms into their 
reactive forms; the latter leads to rapid ozone destruc-
tion. In terms of season-integrated totals, CALIPSOs 
indicate that the 2008 season PSC volume started 
on par with the record 2006 season but dropped off 
significantly in August. The overall PSC volume in 

Fig. 6.8. (a) Ozone hole area, 1979–2008. The area is 
calculated by first calculating the area enclosed by 
the 220 DU value over the Southern Hemisphere for 
each day from 21 to 30 Sep, and then averaging these 
10 days. The area of the North American continent 
is indicated by the horizontal bar (24.71 million km2). 
(b) Temperature at 50 hPa from 60° to 75°S during 
Sep 1979–2008. The vertical bars represent the range 
of values from the individual days of Sep. The Sep 
average over the 1979–2008 period is indicated by the 
horizontal line. 
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2008 ended about 16% lower than in 2006 (Pitts et al. 
2009). The cold stratospheric temperatures in winter 
and spring (Fig. 6.2b), particularly in September 2008 
(Fig. 6.8b), were due to weaker-than-normal (5% 
below the average for the August–September period) 
wave activity.

The 2008 ozone hole was unusually persistent, with 
low ozone values extending into the late-December 
period. The Antarctic ozone hole causes the spring-
like conditions to persist because the ozone-depleted 
air cannot absorb shortwave radiation. Hence, tem-
peratures in the Antarctic spring and early summer 

are colder, and the vortex transitions to summer 
conditions at a later date. In addition, lack of wave 
forcing to dynamically warm the stratosphere can 
lead to colder spring conditions. In November 2008, 
ozone depletion combined with a lack of wave driv-
ing to produce a cold and stable vortex that persisted 
well into the December period (Fig. 6.2b). In fact, 
the polar vortex in 2008 persisted beyond any previ-
ous year dating to 1979. Consequently, the area of 
depleted ozone below 220 DU also persisted to the 
latest date.
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7.	 Regional Climates
a.	 Overview—A. B. Watkins and L. A. Vincent

This chapter provides the local perspective of the 
global climate in 2008. Analyses have been made for a 
number of individual nations, most broad geographic 
regions, and all continents. In the vast majority of 
cases, information for a specific region has been 
compiled by local scientists, and hence the source of 
the data used is typically the agency affiliated with the 
lead author, unless otherwise noted. While acknow-
ledging that the recommended World Meteorological 
Organization’s standard reference period is 1961–90, 
a number of other reference periods are also used 
in this chapter for the computation of local climate 
normals. This is largely due to insufficient data being 
available in some regions to cover one selected refer-
ence period, while in some cases local reference per-
iods are more suitable for domestic purposes. Please 
also note that while this chapter covers the climate of 
2008, information may include data from the previous 
year to accurately cover appropriate climate events. 
For example, in southern Africa, the rainy season is 
from October until the following April, and hence 
information is provided for the entire period and not 
just the months from 2008. Likewise, descriptions of 
the austral summer and boreal winter seasons include 
data from December 2007. 

Annual mean temperatures were generally well 
above average in Canada, South America, northern and 
southern Africa, Iceland, Europe, Russia, South Asia, 
and Australia. Winter 2008 (December 2007 to Febru-
ary 2008) was remarkably mild in most northern Euro-
pean regions. In contrast, an exceptional cold outbreak 
occurred during January across Eurasia, over southern 
European Russia, and southern western Siberia. 

The year 2008 was also characterized by heavy 
precipitation in a number of regions including South 
America, Africa, and South Asia. In contrast, a pro-
longed and intense drought occurred during most of 
2008 in northern Argentina, Paraguay, Uruguay, and 
southern Brazil, causing severe impacts to agriculture 
and affecting many communities. 

Where not explicitly described in the following 
text, the background atmospheric state for this local 
perspective is provided in chapter 2.

b.	 North America
1)	Canada—R. Whitewood and D. Phillips
The year 2008 was another warm year (relative 

to the 1951–80 reference period). It was wet across 
Canada, especially in southern regions of Ontario 
and Quebec where some locations set records for both 
the wettest winter and summer. It was another year 
of significant ice loss in the Arctic. For several grow-
ers from British Columbia to Ontario, hail storms 
took a significant toll on grain and fruit crops and 
properties.

(i) Temperature
Canada experienced its 16th-warmest year in 

2008, 0.7°C above normal (Fig. 7.1). The warmest year 
remains 1998 at 2.5°C above normal, since reliable 
nationwide records began in 1948. Although not as 
warm as recent years, most of the warming occurred 
in the arctic region (Fig. 7.2a) where temperatures 
were more than 1°C above normal north of 60°N. 
Most of the populated south was within half a degree 
of normal.

Temperatures have shown a pronounced warming 
since records began. Figure 7.1 shows that tempera-

tures have been above the 1951–80 normal 
period for 12 consecutive years, with 5 of 
the warmest 10 years occurring in the last 
decade. The dashed line indicates a trend of 
1.3°C for the 1948–2008 period.

Seasonally, anomalies for summer and 
fall were higher than for the cold seasons. 
Summer temperatures were 1.0°C above 
normal, ranking it the third warmest since 
records began in 1948. Fall ranked sixth 
warmest with temperatures 1.4°C above 
normal. For both seasons, most of the 
above-normal temperatures occurred in the 
north. Nunavut averaged about 2°C above 
normal. Nationally, winter and spring were 
closer to normal, within about half a degree 
above normal.Fig. 7.1. Annual mean temperature anomalies for Canada, 

1948–2008. (Source: Environment Canada.) 
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(ii) Precipitation
Nationwide, Canada experienced its 13th-wettest 

year in 2008, 4.6% above average. The wettest regions 
(>20% wetter than normal) included the Arctic, 
and from southern Ontario through the Maritimes 
(Fig. 7.2b). In the west, British Columbia through 
Saskatchewan, it was at least 20% drier than normal. 
Of note, southern Ontario and southern Quebec 
experienced their wettest year, 20.4% above nor-
mal. Conversely, the region covering the interior 
mountains of British Columbia was 18.5% below 
normal, ranking as the fifth-driest year on record 
(1948–2008).

Since the 1970s, precipitation across Canada has 
tended to be less than the 1951–80 average. The last 
drier-than-normal year was 2001. The wettest year on 
record occurred in 2005 (13.4% above normal), and 
the driest was 1956 (7.3% below normal).

Seasonally, the summer was exceptionally wet na-
tionally, 13.3% above normal, ranking this season the 
third-wettest on record. Autumn, on the other hand, 
was on the dry side, 1.0% below normal, ranking as 
the 22nd driest on record. Both winter and spring 
were close to normal (0.5% above normal, and 0.5% 
below normal, respectively). 

(iii) Notable events
The loss of sea ice in the Arctic meant that 2008 

was the first time in the satellite era that both the 
Northwest and the Northeast Passages were open 
simultaneously, with Arctic sea ice melting to the 
second-lowest coverage (4.13 million km2) since 
records began in 1979 (see chapter 5). 

Although not a single event, the total amount of 
snow that fell during the winter of 2007/08 eclipsed 
many records across eastern Canada. Snow totals for 
several locations were in excess of 500 cm, including 
Quebec City, Quebec (558 cm), Muskoka, Ontario 
(558 cm), and Gander, Newfoundland (534 cm). The 
excessive amount of snow led to large snow removal 
costs, the collapse of several buildings leading to four 
deaths, and near-record floods.

Costly hail storms damaged crops across Canada 
during the spring–summer of 2008, despite the lack 
of hot, humid weather normally associated with such 
events. Crop damage across the prairies amounted 
to $341 million (Canadian), the most ever reported. 
A July storm damaged the fruit-growing region of 
British Columbia, with some orchards experiencing 
losses of up to 40% of their tender fruit. Southern 
Ontario had a series of hail storms that bruised and 
battered fruit and crops, amounting to 4 times the 
previous 5-yr average for both number of reports and 
acreage damaged.

2)	United States—S. E. Stephens, R. R. Heim, Jr., K. L. Gleason, 
C. Fenimore, G. D. Bell, M. Shulski, and R. A. Ballard

Reliable monthly, seasonal, and annual weather 
records for the United States exist from 1895 to the 
present, enabling the climate of 2008 to be placed in 
a 114-yr context for the contiguous United States. 
Based on preliminary data, the year 2008 was near 
the twentieth-century mean, with a nationally aver-
aged temperature of 11.7°C. This ended a string of 
10 consecutive much-warmer-than-average years. 
Spatial distribution of annual temperature anomalies 
included above-average temperatures in the northeast 
and southwest, with below-average temperatures in 
the central states and Pacific Northwest.

The year was characterized by dry conditions 
in the West, portions of Texas, and the Southeast, 

Fig. 7.2. (a) 2008 annual mean temperature anoma-
lies and (b) 2008 annual total precipitation anomalies 
(percent of 1951–80 average) for Canada. (Source: 
Environment Canada.)
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with unusually wet conditions from the plains 
into the Northeast. New Hampshire and Missouri 
experienced their wettest year on record, punctu-
ated by historic f looding in June in the Midwest. 
Exceptional drought, as defined by the U.S. Drought 
Monitor (Svoboda et al. 2002), was ameliorated in the 
Southeast by late in the year, while areas affected by 
drought expanded in parts of south-central Texas. 
Above-average snowpack in the West provided relief 
to some areas experiencing multiyear drought.

(i) Temperature
For the contiguous United States, 2008 was the 

coolest year since 1997 with an annual temperature 
that was 0.1°C above the twentieth-century (1901–
2000) mean (Fig. 7.3).

The contiguous United States had the 53rd-
warmest winter season (December 2007–February 
2008), 45th-coolest spring (March–May), 30th-
warmest summer (June–August), and 32nd-warmest 
fall (September–November) in 2008. A persistent 
trough brought below-normal temperatures to the 
West Coast into the central plains, with warmer-
than-average temperatures from the Deep South 
into the Northeast. Below-average spring tempera-
tures occurred across the plains and westward, with 
only Texas, New Jersey, Delaware, Connecticut, and 
Rhode Island warmer than normal. Indicative of a 
weakening La Niña, temperature anomalies during 
the summer season were much above average in the 
West, where California experienced its sixth-warmest 
summer on record. New Jersey and Rhode Island 
experienced their eighth- and sixth-warmest sum-
mers, respectively. The western United States had a 
warmer-than-normal fall, while the eastern United 

States was cooler than average. California experi-
enced its third-warmest fall on record, while Georgia 
observed the eighth coolest. 

California and the Southwest experienced above-
normal annual temperatures, while New Jersey and 
Delaware had their 10th- and 11th-warmest annual 
period, respectively. Temperatures across the Midwest 
were below average for 2008, with Iowa recording its 
11th-coolest year (Fig. 7.4a).

The annual temperature for Alaska in 2008 was 
0.4°C below average, representing a return to cool 
anomalies after above-normal conditions for eight 
consecutive years. The strongest negative tempera-

Fig. 7.3. Annual mean temperature for the contiguous 
United States, 1895–2008. (Source: NOAA/NCDC.)

Fig. 7.4. Statewide ranks of (a) annual 2008 tempera-
tures and (b) annual 2008 precipitation. A rank of 
114 represents the warmest/wettest year since 1895. 
Much-above-normal temperature/precipitation is 
defined as occurring in the top 10% of recorded years, 
which corresponds to a rank of 104–113. Above-normal 
temperature/precipitation is defined as occurring in 
the warmest/wettest third of recorded years (ranks 
77–103). Much-below-normal temperature/precipita-
tion is likewise the bottom 10% of coolest/driest years 
since 1895, and below normal is defined as the remain-
ing coolest/driest third of the distribution. (Source: 
NOAA/NCDC.)
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ture anomalies were in the southwest portion of the 
state, with a notable warmer-than-normal exception 
along the central Arctic coast. Alaskan tempera-
tures in winter (December–February) were near the 
1971–2000 average. Spring temperatures were above 
average, while summer and fall both averaged below 
the 1971–2000 mean.

(ii) Precipitation and snowpack
Record amounts of rainfall in the Northeast 

and historic f looding in the Mississippi and Ohio 
River valley regions occurred during 2008 (Fig. 7.4b). 
Nationally, four months were wetter than average, 
contributing to the 27th-wettest year on record. 
Persistent precipitation events throughout the year 
resulted in record precipitation for the Northeast. 
Connecticut, Massachusetts, Rhode Island, and 
Vermont each had the wettest February, while New 
York experienced its wettest winter. New Hampshire 
ranked wettest for the summer and annual periods.

During June, significant f looding affected the 
states of Illinois, Indiana, Michigan, Minnesota, 
Missouri, and Wisconsin. Record-high f lows were 
recorded in major rivers, including the Des Moines, 
Cedar, and Wisconsin Rivers, with peak levels in 
some locations exceeding the 500-yr return interval. 
The Cedar River crested at over 9.8 m, flooding 1,300 
city blocks of Cedar Rapids, Iowa. Local flash floods 
also occurred as rainfall totals at times exceeded 
127 mm day−1, with more than 1,100 daily rainfall re-
cords broken during the month. Factors contributing 
to the floods included well-above-average precipita-
tion during January–May, followed by significant 
rainfall for nearly two weeks in June as a persistent 
area of low pressure and well-defined cold and warm 
fronts affected the central plains. Preconditioning 
heavy rainfall events earlier in 2008, culminating with 
the heavy June rainfall, occurred while the convection 
patterns associated with the MJO and La Niña were 
in-phase (Bell 2008). Additionally, excess soil mois-
ture and elevated river levels preceded the floods. The 
atmospheric circulation during the main flood event 
was typical of other major floods, including the great 
Midwest floods of 1993 (Bell and Janowiak 1995).

During winter 2007/08, snowpack levels were 
above average in much of the Rockies, Cascades, and 
Sierra Nevada. Some areas in Oregon, Washington, 
Arizona, New Mexico, Nevada, and southern Colo-
rado had levels above 180% of normal. Conversely, 
parts of Wyoming, Montana, and Nevada had levels 
below normal, as did much of eastern Alaska and 
southern New Mexico. Mountain snowpack remained 
substantial with most of the intermountain region 

and Pacific Northwest reporting above-normal 
snowpack at the end of the winter season. February 
brought a series of large winter storms across much of 
the northern two-thirds of the nation. Madison, Wis-
consin, set a new record for seasonal snowfall with 
257.6 cm. Snowfall at Caribou, Maine, was 502.4 cm, 
a new seasonal record. 

The beginning of the 2008/09 snow season was 
below normal in the Sierra Nevada and many Cali-
fornia reservoirs were at their lowest levels in over 
30 years. Snow conditions in the rest of the West 
were near normal. In October, a major snowstorm 
over the western United States dumped as much as 
124 cm of snow in Cole Creek, Montana, and 76 cm 
of snow in Lander, Wyoming. In Alaska, Barrow 
reported the heaviest October snowfall on record 
with 58.9 cm. During the month of December, more 
than 2,200 daily and monthly snowfall records were 
broken across the United States, with the most notable 
events in the upper Midwest, southern Nevada, and 
southwest Louisiana.

(iii) Drought and wildfires
The year was characterized by persistently dry 

conditions across much of the West, Southeast, north-
western Great Lakes, southern plains, and Hawaii. 
For California, which had its driest spring (March–
May) and March–August periods on record, October 
2007–September 2008 was the second consecutive 
dry hydrological year. Nevada had its driest March–
September period on record.

Three-quarters of the Southeast was in moderate-
to-exceptional drought when the year began, with 
low stream f lows and water restrictions affecting 
many communities. Beneficial precipitation in the 
waning months of the year contracted the drought 
area to about 15% of the region. Drought plagued 
the southern plains for most of 2008, depleting soil 

Fig. 7.5. South-central Texas Dec–Jun precipitation 
(1896–2008, blue curves) and proxy precipitation from 
tree rings (1652–1995, red curves). Annual values are 
shown as thin curve; 5-yr smoothed values are shown 
as thick curves. (Source: NOAA/NCDC/Paleoclima-
tology Branch.)
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 Factors Causing the 2008 U.S. Coolness—NOAA CSI Team

The near-normal 2008 U.S. annual 
temperature was a departure from 
the unusual warmth of the previous 10 
years (Fig. 7.6). However, the decline 
relative to 2007 was only 
about one standard devia-
tion of the historical inter-
annual variability. Two sets 
of climate models—CMIP 
model data and atmospher-
ic general circulation mod-
els forced with the monthly 
evolution of observed SSTs 
(AMIP experiments)—were 
used to assess the influ-
ence of external climate 
forcings (greenhouse gas 
concentrations and other 
forcings) and SSTs on U.S. 
temperatures. 

Figure 7.6 (middle) 
shows the time series of 
the CMIP ensemble mean 
annual U.S. tempera-
tures for 1895–2008 and 
the 2008 projection of 
+0.73°C, which is consid-
erably warmer than the 
observed anomaly. Further, 
the observed coolness 
appears to have been a 
low-probability outcome: 
only 5% of the model runs 
(7 of 144) are as cold as 
observed for 2008, despite 
the considerable spread 
among ensemble members.

The 2008 ocean condi-
tions were persistently 
cool in the tropical Pacific, 
which was not predicted 
due to external forcing 
(CMIP runs). Global SSTs 
as a whole have cooled in 
recent years, possibly due 
to strong natural internal 
coupled variability. The 
time series of AMIP en

semble mean annual U.S. temperatures 
for 1895–2008 is shown in Fig. 7.6 
(bottom). The observed anomaly 
was also colder than the expected 

SST-forced signal (+0.45°C), though 
the probability of exceedence of such 
coolness in the AMIP realizations was 
15% (23 of 150), threefold greater than 

implied by the CMIP runs. 
This preliminary as-

sessment has not taken 
other potentially important 
factors into account (e.g., 
land surface conditions, 
uncertainties in external 
climate forcings in the 
CMIP runs, observed 
values of solar forcing for 
2008). Nonetheless, a key 
outcome of the model 
diagnosis is that the average 
spread among individual 
simulations for both CMIP 
and AMIP runs is roughly 
0.50°C, a value close to 
the observed historical 
interannual variability. As 
such, the observed cool-
ness over the United States 
appears consistent with 
a scenario of moderate-
intensity atmospheric 
internal variability masking 
the warming influences 
of boundary forcings. In 
other words, although the 
United States was colder 
than many recent years, 
temperatures in 2008 were 
well within the range of 
variability associated within 
natural internal climate 
fluctuations. Indeed, the 
model simulations suggest 
that even stronger cooling 
could have resulted—one 
AMIP run using observed 
SSTs for 2008 generated 
colder U.S. temperatures 
than any prior observed 
year since 1895. 

moisture, lowering river and lake levels, and ravaging 
crops. Southern Texas had the driest October–June in its 
114-yr record. December 2007–June 2008 ranked as the 
fourth-driest December–June in the 114-yr precipitation 

record for south-central Texas. A precipitation index 
for this region based on tree-ring data covers the period 
1652–1995. In the approximately 250 years prior to 1896, 
the tree-ring record shows about a dozen individual years 

Fig. 7.6. Time series of annual land temperature de-
partures (°C) for the contiguous United States during 
1895–2008 based on (top) NCDC climate division ob-
servational analyses, (middle) the ensemble of CMIP 
simulations forced with observed greenhouse gas, 
aerosol, solar, and volcanic aerosol variability, and 
(bottom) the ensemble of AMIP simulations forced 
with observed global sea surface temperature variabil-
ity. Bars plot the annual departure, computed relative 
to a 1971–2000 reference period, and the black curve is 
a 9-point Gaussian filter applied to the annual values. 
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that likely had very low December–June precipitation 
similar to the lowest values in the past century, such 
as 2008 (Fig. 7.5). The 1950s drought is the drought of 
record for the twentieth century, with seven consecu-
tive years (1950–56: orange bar) having below-normal 
December–June precipitation. The 1950s drought 
appears to have been matched and possibly exceeded 
by one that occurred in the early 1700s (red bar), in 
which the ring-width index was below average for 
seven years in a row (1711–17) and the cumulative 
ring-width anomaly for those seven years was slightly 
lower than that for 1950–56. 

Although there were heavy rains and serious 
flooding over Hawaii in February and again in mid-
December, these episodes were separated by a long, 
severe dry spell that produced significant drought 
conditions by late summer. Although beneficial rains 
did fall by year’s end, some areas in Hawaii continued 
to suffer from lingering drought conditions.

The United States had a relatively mild wildfire 
season in 2008 when compared to 2007 and 2006. 
However, some areas of the nation—primarily in the 
western and southeastern regions—experienced sig-
nificant and costly fire activity in 2008. The majority 
of fire activity occurred during the months of July 
and August. For the year as a whole, nearly 80,000 
wildland fires burned more than 2 million hectares, 
according to preliminary year-end statistics from 
the NIFC. These values rank 2008 near average in 
terms of the number of fires and above average for 
area burned.

(iv) Tornadoes
Across the United States, 2008 was a very active 

year for tornadoes. As of January 2009, confirmed 
tornado reports and estimates for the end of 2008 in-
dicated that there were 1,630 tornadoes from January–
December 2008, which is above the 10-yr average of 
1,270 and the second-highest total in the 1953–2008 
record. In 2004, 1,817 tornadoes were confirmed 
across the contiguous United States. The number 
of strong-to-violent tornadoes (rated EF3–EF5)1 
reported in 2008 was 36, which is equivalent to the 
average number reported over the period 1950–2008. 
(See: www.spc.noaa.gov/faq/tornado/ef-ttu.pdf for 

1	Prior to 2007, statistics were compiled using the original Fu-
jita scale, which classified tornadoes based on wind strength, 
estimated by associated damage. The Enhanced F-scale is 
also a set of wind estimates based on damage. It uses 3-second 
gusts estimated at the point of damage based on a judgment 
of 8 levels of damage to 28 specified indicators. 

additional details.) The total number of tornado-
related fatalities for 2008 was 125, the 10th highest 
in the 1953–2008 record. Nearly all of these fatalities 
occurred during the first five months of the year. 

The beginning of 2008 was an active severe 
weather period. There were 54 confirmed reports of 
tornadoes and five deaths across the Midwest on 7–8 
January 2008, making it the second-largest January 
tornado outbreak on record. On 5 February, 87 torna-
does were confirmed. This deadly event, nicknamed 
the “Super Tuesday Outbreak,” was responsible for 57 
deaths in the southeastern United States. The number 
of tornado-related fatalities reported in February 
across the United States was the second highest on 
record for the month.

May was also an active month with 460 confirmed 
tornadoes, making it the third-most-active May on 
record. For the period January–May, a total of 112 
tornado fatalities were reported, which ties 2008 and 
1968 for the eighth-deadliest January through May 
period since reliable records began in 1953. Severe 
weather continued into June when two outbreaks 
spawned 289 confirmed tornadoes. The severe 
weather season began to slow down over the summer 
months and into the fall with over 300 tornadoes con-
firmed from July–October and only five additional 
fatalities reported during the remainder of the year.

3)	Mexico—V. Davydova-Belitskaya and F. Romero-Cruz
For Mexico, 2008 was slightly warmer than nor-

mal, with an annual mean temperature of 21.4°C, 
0.7°C above the long-term climate average. Annual 
total precipitation was the 17th wettest since records 
began in 1941, with 900.7 mm, compared with the 
long-term (1941–2000) average of 771 mm. Extreme 
weather took a toll with several deaths and monetary 
losses in the millions (USD) across the agricultural 
sector. Hardest hit were areas near Coahuila, north of 
Chihuahua and Tamaulipas, Durango, Nayarit, south 
of Sinaloa, and west of Jalisco, which started the year 
with severe drought conditions and continued with 
extended wildfires through the spring. In contrast, 
Aguascalientes, Zacatecas, San Luis Potosi, Durango, 
south of Tamaulipas, Chihuahua, and Veracruz 
registered heavy rain and flooding during July and 
August, with dam levels in these zones more than 
100% of capacity at year’s end. 

(i) Temperature
The annual mean temperature anomaly over much 

of Mexico was near 0°C, however across the north-
western region temperatures were 1° to 3°C above 
normal (Fig. 7.7a). During the spring and the begin-
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ning of summer, anomalies from +1° to +4°C were 
observed in the northwestern, northern, northeast-
ern, and the southern Pacific Coast regions. Monsoon 
conditions starting in the north and moving eastward 
brought heavy rain from July to September. This was 
accompanied by temperatures 2° to 4°C below normal 
in the northern, central, southern, and southeastern 
regions of Mexico. The northwestern and western 
regions of the country experienced temperatures 1° 
to 3°C above normal during the rainy season (June–
September). During the fall, in the southeast and the 

Yucatán Peninsula, unusually low temperatures were 
reported (11°C and 13°C in Campeche and Yucatán, 
respectively), resulting in low mean temperatures for 
these regions during October and November.

(ii) Precipitation
The year started drier than normal during the win-

ter and spring, but significant precipitation occurred 
during the rainy season. Normal precipitation started 
in July, particularly in the north and northeast of 
Mexico and the central part of the country. The rainy 

U.S. River Discharge for 2008—A. Macdonald, L. Bowling,  
B. Fekete, R. Lammers, and R. Lawford

For the 2008 water year (1 October 
2007 through 30 September 2008), 
streamflow across the contiguous 
United States was slightly above the 
long-term annual median (1930–2008), 
with pronounced regional differences 
(Jian et al. 2009). Annual streamflow 
was much above normal throughout 
the upper Midwest and central Plains, 
due primarily to wet winter and early 
spring conditions. Wet winter and 
summer conditions led to above-nor-
mal annual streamflow in New England. 

Basin
receiving

water

U.S. land 
area

(km2)a
Gauged land
area (km2)

Observed
2008

discharge
volume
(km3)

Percentile
(1964–2008)

Extrapolated
2008

discharge
volume
(km3)b

Atlantic
Oceanc 795,256 277,847 102 36th 292

Pacific
Oceand 1,022,605 749,933 215 32nd 293

Gulf of
Mexicoe 4,053,225 3,251,813 588 84th 733

Table 7.1. Estimates of observed and extrapolated discharge volume.

a	Estimated using the published areas of the 21 USGS water resources regions (Seaber et al. 1987)
b	Calculated from observed annual runoff (observed discharge/gauged land area) times the total land area draining to each water 

body.
c	Excludes Great Lakes drainage through the St. Lawrence River.
d	Includes the Canadian portion of the Columbia River basin.
e	Excludes the Rio Grande.

Much-below-average annual flows 
existed in the Southeast, due to low 
flows in the fall and winter that slowly 
recovered in the spring and summer 
(Jian et al. 2009). Streamflow in Alaska 
was low in all seasons, with record-
low values in the spring, summer, and 
annual totals.

Transporting nutrients, pollutants, 
heat, and low salinities, river discharge 
is important to the ocean on both 
regional and basin scales. Milliman et al. 
(1995) identified 61 rivers in the con-

tiguous United States that discharge 
directly into ocean basins. Of these, 40 
are active USGS stations with record 
lengths sufficient to compute 2008 
streamflow as a percentile of normal 
flow (1964–2008). As illustrated (Table 
7.1), total discharge into the Gulf of 
Mexico was higher than normal in 2008 
(84th percentile) due to summer flood-
ing in the U.S. Midwest, while discharge 
into the Pacific and Atlantic Oceans 
was lower than normal (32nd and 36th 
percentiles, respectively). 
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season ended abruptly at the beginning of October, 
and the end of the year was exceptionally dry.

Annual total precipitation for Mexico was 116.8% 
of the 1941–2000 mean. The largest anomalies were 
registered in Aguascalientes and Coahuila (49% 
above normal), Nayarit (48%), San Luis Potosi (47%), 
Baja California (44%), Nuevo Leon (43%), Campeche 
(40%), Chihuahua (35%), Tamaulipas (34%), Durango 
(33%), and Guanajuato and Chiapas (25%). Four of 
the 32 states of Mexico reported some rainfall deficit: 
Mexico City (23% below normal), Yucatán (14%), 
Tlaxcala (3%), and Sinaloa (2%). The rainy season in 
Mexico was mostly wet. Only the northern regions 
of the country and the Yucatán Peninsula reported 
precipitation slightly below normal (Fig. 7.7b).

(iii) Wildfires 
According to the CONAFOR reports, less than 

10,000 wildfires were detected during 2008. Most of 
them were registered during the period from Febru-
ary through June. May had the most wildfires, almost 
26% of the total, while April and March accounted 
for 24% and 21% of the annual total, respectively. 

Wildfires occurred mainly in the western, northern, 
southeastern, and northeastern parts of the country, 
as well as along the Gulf of Mexico and the Yucatán 
Peninsula. In the north, northwest, and west regions 
of the country, the North American monsoon helped 
extinguish these fires during the 2008 rainy season.

c.	 Central America and the Caribbean
1)	Central America—J. A. Amador, E. J. Alfaro, E. R. 

Rivera, and B. Calderon
(i) Temperature
To illustrate the behavior of the 2008 climate across 

Central America in the context of its long-term mean, 
four stations were analyzed for the Pacific region, 
namely San José (Guatemala), Choluteca (Honduras), 
Liberia (Costa Rica), and David (Panamá), and three 
along the Caribbean Sea; Philip Goldson (Belize), 
Puerto Lempira (Honduras), and Puerto Limón 
(Costa Rica). All four Pacific stations recorded below-
normal annual mean temperature with respect to their 
climatological values (1971–2000 average). Of all the 
stations, the largest anomaly was for Liberia, whose 
annual mean temperature was about 2°C below nor-
mal. In contrast, two stations on the Caribbean side 
(Philip Goldson and Puerto Limón) reported above-
normal mean temperatures, while Puerto Lempira 
was near normal. Puerto Limón recorded an annual 
mean temperature of about 1°C above normal. 

(ii) Precipitation
All stations reported below-normal annual total 

precipitation for 2008, though it is worth noting 
that most stations had some missing data. In most 
regions, daily precipitation was generally less than 
20 mm, with very few events recording totals above 
40 to 50 mm. The start and end dates of the Caribbean 
rainy season were near normal; however, a slightly late 
start was observed for Choluteca and David.

(iii) Notable events
2008 was very active for tropical storms. From 16 

named storms observed in the Atlantic, 10 entered 
the Caribbean basin, four of which were very strong. 
Despite the fact that Pacific hurricanes rarely affect 
Central America, the first hurricane of the season, 
Alma, reached land in Leon (Nicaragua), producing 
significant economic and social damage. 

2)	Cuba—C. Fonseca, R. Pérez, B. Lapinel, V. Cutié, I. Gonzáles, 
D. Boudet, and M. Hernandez.

(i) Temperature
The annual mean temperature for Cuba was 

0.3°C above its long-term average, with 2008 being 

Fig. 7.7. (a) Annual mean temperature anomalies 
for Mexico (°C, based on 1971–2000); (b) seasonal 
total precipitation anomalies (May–Oct) (percent of 
1971–2000). (Source: National Meteorological Service 
of Mexico.) 
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its ninth-warmest year since records began in 1951. 
February was much warmer than normal, with an 
anomaly of +1.8°C; the second warmest on record 
(Fig. 7.8a). The summer season was also very warm. 
November was the only month below average, with 
temperatures of 0.9°C below normal. Several weather 
stations reported new record-low nighttime during 
that month.

(ii) Precipitation 
Annual total precipitation for 2008 was either 

above or near normal for most provinces across the 
country, with only a few small regions recording 
below-normal precipitation (Fig. 7.8b). During the 
first seven months of the year, rainfall deficits were 
recorded across the country, contributing to a sig-
nificant drought event over eastern Cuba; however, 
rainfall associated with hurricanes during August, 
September, and November ended this drought.

(iii) Notable events 
Cuba was affected by four tropical cyclones, which 

included one tropical storm (Fay) and three hur-
ricanes (Gustav, Ike, and Paloma). Ike was the sixth 
major hurricane (Category 3 or above) to impact 
Cuba since 2001, a record for any 8-yr period. The 
three hurricanes caused extensive damage, estimated 
at about $10 million (USD), and while seven deaths 
were reported, actions taken to mitigate the impact of 
hurricanes on Cuba prevented many more.

3)	Jamaica—T. S. Stephenson, M. A. Taylor, and J. M. Spence
(i) Temperature
Positive surface air temperature anomalies were 

recorded at coastal stations during most of 2008, con-
sistent with the warmer-than-average ocean tempera
tures. Some inland stations, however, experienced 
below-normal temperatures over the same period.

(ii) Precipitation 
The annual total rainfall for 2008 was slightly 

above average. This was the cumulative effect of 
negative anomalies for half of the year, near-normal 
precipitation for four months, and well-above-normal 
precipitation for two months (August and November) 
(Fig. 7.9). August rainfall was the highest August total 
(357 mm) since 1971. It was primarily attributed to 
the passage of TS Gustav, and to a lesser extent to 
tropical waves and surface troughs. Other notable 
rainfall features included February being the fourth 
driest since 1971 and the delay of the characteristic 
May peak in rainfall to June. December rains were 
below the 1971–2000 mean, but this may be related to 
a reduction in station density across the island.

(iii) Notable events 
The main event in 2008 was the passage of TS 

Gustav in late August, which produced considerable 
rainfall over the island. The Mavis Bank station in 
rural St. Andrew recorded 419 mm of rain on 28 
August (495% of the 1951–80 climatological monthly 
mean) and a 3-day total of 534.6 mm between 27 and 
29 August. The rainfall rate at this station peaked 
at 80 mm h−1. Jamaica also experienced the effects 
of Hurricane Fay (August) and TSs Ike and Paloma 
(September and November, respectively).

Fig. 7.8. (a) Feb mean temperature anomalies for Cuba 
(°C; based on 1971–2000); (b) annual total rainfall ex-
pressed as deciles (based on 1971–2000; preliminary 
analysis). (Source: Institute of Meteorology of Cuba.)

Fig. 7.9. Monthly Jamaican rainfall for 2008 (bars), 
climatology (black), and one std dev from climatology 
(dashed). The reference period is 1971–2000. (Source: 
Meteorological Service of Jamaica.) 
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4)	Puerto Rico and the U.S. Virgin Islands—S. Rossi 
and J. P. Cupo

(i) Temperature
Annual mean temperatures in San Juan (Puerto 

Rico) during 2008 were 0.2°C below the 1971–2000 
mean. The average maximum temperature of 29.8°C 
was the coolest recorded since 1996. The highest daily 
maximum temperature occurred in Juana Diaz, on 
the south coast, where the temperature reached 37.2°C 
on 18 July. The lowest daily minimum temperature 
occurred in Aibonito, over the central interior, where 
the temperature fell to 6.1°C on 30 January. The tem-
peratures in San Juan were fairly consistent with those 
observed across the U.S. Virgin Islands, with both 
the Cyril E. King Airport on Saint Thomas and the 
Henry E. Rohlsen Airport on Saint Croix reporting 
their coolest average maximum temperatures of the 
decade (29.6°C and 29.8°C, respectively). Minimum 
temperatures were also below their 30-yr means 
across the U.S. Virgin Islands, resulting in an annual 
mean temperature anomaly of −0.7°C.

(ii) Precipitation 
The annual total precipitation across Puerto Rico 

(average of 30 sites) was near normal during 2008, 
with 98% of the expected yearly rainfall for the island 
(100% was recorded for the U.S. Virgin Islands). San 
Juan recorded 1,389 mm of rain, nearly identical to 
the accumulated rainfall of the previous year, and 
marking its sixth consecutive year of above-normal 
precipitation. This recent string of wet years in 
San Juan has resulted in a total rainfall surplus of 
1,554 mm recorded so far this decade, exceeding one 
year’s worth of precipitation; the 30-yr annual average 
rainfall in San Juan is about 1,289 mm. 

Of the six geographical sectors that make 
up Puerto Rico, the driest sector was the 
eastern interior, which received only 81% of 
its average precipitation in 2008. The wettest 
sector was the south coast, which received 
132% of its average precipitation in 2008 
(Fig. 7.10). There were several spikes in the 
averaged weekly rainfall across Puerto Rico 
in 2008, with each of these spikes represent-
ing a significant weather event that affected 
the island.

(iii) Notable events 
The first significant weather event of the 

year was associated with a pair of fragmented 
cold fronts during the month of January that 
brought widespread rainfall to much of the 
northern half of the island. The remnants 

of two additional fragmented frontal boundaries, 
combined with a weakening of the persistent upper-
level ridge across the region, led to an additional pair 
of significant rainfall events in the spring. However, 
these rainfall events were not enough to prevent large 
sections of the southern and eastern regions from 
entering into dry-to-moderate drought conditions by 
late March, which persisted until mid-September. 

Relief from heavy rainfall associated with three 
strong tropical waves during the second half of Au-
gust (which eventually developed into Tropical Storm 
Fay, Hurricane Gustav, and Hurricane Hanna), helped 
to relieve the drought conditions across the region. 
However, short-term drought conditions did not end 
until the passage of a strong tropical disturbance, 
which meandered around Puerto Rico for several 
days during September, dropping torrential rainfall 
across much of the southern and eastern sections of 
the island. Specifically, an unprecedented 560 mm 
fell in Patillas, 559 mm in Guayama, 406 mm in Cabo 
Rojo, and 377 mm in Yabucoa, all within a 24-hr 
period ending at 1200 UTC 22 September.

The only named tropical system that directly im-
pacted Puerto Rico and the U.S. Virgin Islands came 
in mid-October when Hurricane Omar moved across 
the Caribbean, eventually tracking northeast through 
the Anegada Passage. While a spike in rainfall as-
sociated with this storm can be seen across Puerto 
Rico in Fig. 7.10, Puerto Rico was largely spared the 
brunt of Hurricane Omar. Across the U.S. Virgin 
Islands, however, damage from the hurricane-force 
winds, heavy rainfall, and large surf was reported on 
the island of Saint Croix, with less damage reported 
across Saint Thomas and Saint John. 

Fig. 7.10. Weekly precipitation expressed as percentage of 
normal rainfall (left-hand side) for six distinct sectors of Puerto 
Rico. The average for the island is in bold and the weekly aver-
age totals are given on the bottom.
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d.	 South America
1)	Northern South America and Tropical Andes 

—R. Martínez, D. Pabón, G. León, E. Jaimes, A. Quintero, and 
A. Mascarenhas

(i) Temperature
2008 was characterized by mean temperatures 

below the 1971–2000 normal for the coast of Suri-
name, Guyana, Columbia, Ecuador, and Peru, while 
elsewhere temperatures were near normal (Fig. 7.11a). 
Temperatures were generally above normal from 
January to May in most countries, while from July 
to September temperatures were above normal in the 
coastal regions. From October to December, the tem-
peratures along the coastal zone were below normal, 
while they were above normal in the highlands and 
Amazonia. Temperatures in Peru were near normal 
with highly localized cold anomalies. In the Galapa-
gos Islands, temperatures were predominantly above 
normal, except in March when monthly anomalies of 
−0.5°C were observed.

(ii) Precipitation
Annual total rainfalls were mainly above normal 

along the coast of Suriname, Guyana, Columbia, and 
Ecuador, while they were below normal in the north 
of Venezuela, northeast Columbia, and south of Peru 
(Fig. 7.11b).

In Venezuela, most of the country experienced 
below normal precipitation during 2008; however, 
locally intense rainfall occurred during February, 
April, and May, while above-normal precipitation 
occurred over most of the country in October and 
November. Despite some positive precipitation 
anomalies in May, the start of the rainy season 
was delayed. Positive precipitation anomalies in 
October were mainly associated to the passage of 
Tropical Storm Omar. This event produced floods 
and landslides in different parts of the country, with 
emergency actions taking place in several states and 
in the Capital District. In November, heavy rainfall 
caused eight deaths and damaged houses and other 
infrastructures in Ocumare in Aragua state.

For Colombia, 2008 showed above-normal pre
cipitation. From January to March, most areas 
experienced positive anomalies, with the wetter 
conditions contributing to fewer bushfires than 
expected at that time of year. During the remaining 
months, generally above-normal precipitation pre-
dominated, with the exception of April, September, 
and December. In the north, central, and west, May, 
August, October, and November saw many extreme 
events such as sudden storms, floods, and landslides. 
The landslides and floods in October and November 

had considerable human and economic impacts. 
According to the institution of the National System 
for Disaster Prevention, 165 people were killed, 
213 were wounded, and nearly 1.8 million people 

Fig. 7.11. (a) Annual mean temperature anomalies for 
South America for 2008 (°C); (b) annual total precipi-
tation anomalies (% normal). The reference period is 
1971–2000. [Sources: National Meteorological Services 
of Argentina, Brazil, Bolivia, Chile, Columbia, Ecuador, 
Guyana, Paraguay, Peru, Uruguay, Venezuela, and 
CPTEC (Brazil). Data compilation and processing by 
CIIFEN 2008.]
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(approximately 360,000 families) experienced dam-
age to their houses. Losses were estimated at over 
$26 million (USD).

In Ecuador, the annual total precipitation anoma-
lies were about 20% above normal during 2008. With 
the La Niña event peaking during December 2007, 
the rainy season over Ecuador experienced its earli-
est start in the last seven years. During January and 
February 2008, while La Niña was diminishing, heavy 
rainfall was registered over most of the country with 
the coastal regions affected by floods and the central 
and northern highlands affected by landslides, lead-
ing to a state of emergency being declared across the 
country. During March and April, rainfall remained 
above normal along the coast and the Andean region, 
but it was below normal in Amazonia. In May and 
June, conditions in the coastal region switched to a 
rainfall deficit, while in the southern and northern 
highlands heavy rainfall was reported. The second 
half of the year was characterized by normal condi-
tions in the coastal zone. During the last trimester 
of 2008, rainfall was above normal in the central 
highlands and southeastern Ecuador. In the Gala-
pagos Islands, precipitation was significantly below 
normal in January and February, mostly associated 
with negative sea surface temperature anomalies; 
however, precipitation was twice the monthly normal 
in March and 27% above normal in April. The rest 
of the year was characterized by normal to slightly 
below-normal precipitation.

In Peru, significant rainfall was observed in Janu-
ary. Heavy rainfall occurred in the coastal area of 
Ica (17 mm in 5 days; 4 mm is usually observed for 
the month) and in the highlands of Arequipa, where 
more than 80 mm of rain was observed in the first 
20 days of the month. In February and March, there 
was significant rainfall along the northern coast 
of Peru, resulting in an emergency declared in the 
flooded areas. In April, cold and dry air moved into 
the tropical latitudes inducing rainfall and thunder-
storms over the southern jungle of Peru, Bolivia, and 
Amazonia. This also resulted in a significant drop 
in air temperature over the tropics. In the remaining 
months, the precipitation was slightly below normal. 
During 2008, the precipitation over Peru showed a 
deficit of about 20% compared to the long-term aver-
age (1971–2000).

(iii) Notable events
Of 16 tropical cyclones, only Omar passed near 

the Caribbean coast of Venezuela on 13 and 14 Oc-
tober, intensifying precipitation over much of the 
country.

2)	Tropical South America East of the Andes—J. A. 
Marengo, J. Baez, and J. Ronchail 

(i) Temperature
Most of tropical South America east of the Andes 

and south of 23°S experienced a warm 2008, with 
annual mean temperatures 2° to 3°C warmer than 
normal. Likewise, warm conditions (1° to 2°C above 
normal) were observed in northern Venezuela, inte-
rior Brazil between Amazonia and Northeast Brazil, 
and in eastern Peru (Fig. 7.11a). Cooler-than-normal 
conditions (anomalies of −0.5 to −1°C) were observed 
in southeast Brazil. From January to April, warm 
temperature anomalies were detected in eastern 
Amazonia, Northeast Brazil, southern Paraguay, 
and northern Argentina. In the interior of North-
east Brazil, mean temperatures reached 32° to 34°C, 
exceeding the mean by more than 4°C. Negative 
daily maximum temperature anomalies of 2° to 3°C 
were reported in Uruguay, southern Brazil, and the 
Brazilian highlands, associated with the penetration 
of a cold air mass. 

In May, negative air temperature anomalies (−1° 
to −2°C) were observed in the Peruvian Andes and 
western Bolivia. A cold outbreak, due to an early 
northward penetration of a polar air mass, occurred 
in May in southern South America. Very cold tem-
peratures were registered over the Peruvian–Bolivian 
Altiplano from March to May 2008. Mean minimum 
temperatures fell considerably to 2.7°, −0.2°, and 
3.9°C in La Paz in March, April, and May, respective-
ly. Early frosts and hail resulted in poor harvests in 
Andean crops (30%–40% below normal) and affected 
high-altitude hay making, leaving breeders with no 
alternative food for their herds. Mean maximum 
temperatures dropped by 3° to 4°C in those regions 
while minimum temperatures dropped by 1° to 2°C. 
The sharp falls in temperature were related to two 
episodes of cold-air penetration, which occurred at 
the beginning and end of May, with lower tempera-
tures in the highlands of southern Brazil. 

In June, colder temperatures (1° to 2°C below 
normal) were reported over a large area between 
Paraguay, northern Argentina, and northern Brazil. 
In July, positive temperature anomalies were detected 
across almost all tropical South America, east of 
the Andes. Temperatures 4°C warmer than normal 
were recorded in eastern Bolivia, Paraguay, north-
ern Argentina, and southern Brazil, making it the 
warmest July in the last 50 years for many locations. 
In July, maximum and minimum air temperature 
anomalies reached 4°C above normal over most of 
central and southeastern South America, �������includ-
ing Brazil. Clearer-than-normal skies also favored 
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intense overnight heat losses, which in turn lowered 
minimum air temperatures, especially in west-central 
and southeastern Brazil. In Campos de Jordão, in 
the highlands of São Paulo, the temperature fell to 
−0.2°C on 14 July, and in southern Brazil, some cities 
experienced three consecutive days with minimums 
near 0°C from 17 to 19 July. 

From August to October almost all of tropical 
South America was about 1°C warmer than normal, 
while in September and October, negative maximum 
and minimum temperature anomalies (1° to 3°C 
below normal) were detected in southern Brazil and 
eastern South America. High daily maximum tem-
peratures were detected on 26 August in west-central 
Brazil (38.4°C at Cacoal; 39.3°C at Diamantino; and 
39.6°C at Cáceres). In other regions, minimum tem-
peratures were near normal due to the cloudiness 
associated with a cold front. However, in November 
warm temperatures were detected in regions of south-
ern Bolivia, Paraguay, southern Brazil, and northern 
Argentina, with temperatures 3°C warmer than 
normal. In November, maximum mean temperature 
anomalies reached +2° to +3°C over large parts of 
tropical South America while mean minimum tem-
peratures were 3°C warmer than normal.

(ii) Precipitation 
In the tropical region east of the Andes, rainfall 

was 40% to 60% above normal in the Amazon region 
and central-southeastern Brazil (Fig. 7.11b), a situa-
tion fairly typical of La Niña years. The opposite was 
observed in central and southern Paraguay, with 
rainfall 20% to 80% below normal. In Bolivia, heavy 
rainfall, which began in November 2007, continued 
into January, causing f loods that affected around 
25,000 people and resulted in 30 fatalities. More than 
10,000 hectares of crops were damaged by the floods, 
causing an estimated $30 million (USD) in losses. 
Mudslides destroyed many homes in the capital city 
of La Paz. In Rio de Janeiro, torrential rain produced 
floods that affected around 50,000 people and caused 
four deaths.

As for January, most of the summer and autumn 
months were characterized by episodes of intense 
rainfall and floods in large cities such as São Paulo 
and Rio de Janeiro. In the Peruvian upper Amazon, 
excessive rains in February produced f loods and 
landslides in various states. The heights of the Ucayali 
and Madre de Dios Rivers, as well as the Beni and 
Mamoré Rivers in the lowlands of Bolivia, were all 
above normal. On the Altiplano, severe flooding and 
high river levels were detected in the Desaguadero 
and Pilcomayo Rivers. In tropical Brazil, wetter con-

ditions in the austral summer of 2007/08 resulted in 
above-normal river levels for the Amazon, Tocantins, 
and São Francisco Rivers. In northern Paraguay, rain-
fall was almost twice the normal amount in February 
2008; however, for the rest of summer and fall rainfall 
was deficient. 

In Northeast Brazil, the pre–rainy season between 
January and February was wetter than normal, while 
the peak of the rainy season from March to May was 
also normal to above normal. Both March and April 
were between 20% and 40% wetter than normal. As 
a consequence, widespread floods killed 15 people, 
displaced more than 30,000 from their homes, and 
destroyed corn and bean crops in the Piaui state of 
Northeast Brazil. In June and July, wetter conditions 
were observed in northern Brazil and French Guiana, 
while drier conditions persisted in eastern Colombia 
and western Venezuela. In August, hailstorms were 
observed in southern Brazil due to the penetration 
of a cold front.

Rainfall in the Andean region of Colombia was 
about 40%–60% above normal between January 
and September 2008, and, as a consequence of the 
intense rainfall, about 56% of the country suffered 
the impacts of the rainfall excesses. Landslides ac-
counted for 70% of deaths and 46% of injuries. In May, 
dangerous floods caused by torrential rains affected 
more than 100,000 people, damaged thousands of 
homes, and were responsible for nine fatalities. In 
December, rainfall was 20% to 60% above normal 
over the entire region, and the subsequent overflow-
ing of the Magdalena River broke the retaining wall 
in the town of Plato (580 km north of Bogotá) and 
affected about 20,000 people. Power systems and 
drinking water were restricted in several areas of the 
municipality. 

In areas east of the Andes, a large part of northern 
Argentina, Paraguay, Uruguay, and southern Brazil 
experienced a prolonged and intense drought during 
most of 2008, causing severe impacts to agriculture. 
From April to August 2008 (including September for 
Paraguay), Bolivia, Paraguay, and most of northern 
Argentina were affected by severe rainfall deficits, in 
some cases 60% to 80% below normal. The presence 
of a dry air mass that covered most of central and 
northern South America inhibited the formation of 
rain and produced above-normal maximum tempera-
tures and, in some areas, a reduction in minimum 
(overnight) temperatures. 

In August 2008, two cold fronts produced intense 
rainfall in southern and southeastern Brazil. In Para-
guay, the states of Alto Paraguay, Boquerón, and Presi-
dente Hayes were affected by a severe drought (rainfall 



S136 august 2009|

80%–100% below normal), and by September 2008 
the government had declared a regional emergency 
(Paraguayan Chaco), with thousands of families, as 
well as cattle and agriculture, strongly affected. 

3)	Southern South America—P. Aceituno, M. Bidegain, 
J. Quintana, M. Skansi, and M. Rusticucci 

(i) Temperature 
Temperatures above the 1971–2000 average were 

observed over most of southern South America dur-
ing 2008, with mean anomalies of between +0.5 and 
+1°C (Fig. 7.11a). Mean temperatures in July were 
more than 3°C above average over large parts of 
northern Argentina, Paraguay, northern Uruguay, 
and southern Brazil, making this month the warmest 
of the last 50 years for many locations. Mean tempera-
ture anomalies larger than 3°C were also reported 

during November, when the average daily maximum 
temperature in central Argentina and southwestern 
Uruguay was more than 4°C above the climatological 
mean. For many cities in southeastern South Ameri-
ca, including Montevideo and Buenos Aires, this was 
the warmest November in the last 50 years.

The annual mean temperature for 2008 was also 
above average along the extratropical west coast of the 
continent southward from 30°S, with annual mean 
anomalies of 1.0°C in the region from 35° to 41°S. 
Above-average daily maximum temperatures were 
prevalent during the early (January to March) and 
late (September to December) parts of the year. Most 
were associated with rainfall deficits and clear sky 
conditions. In the region from 39° to 46°S, monthly 
mean maximum temperature anomalies were above 
+2.0°C during January and March and above 4.0°C 

Intense rainfall and floods claim at least 120 lives  
in Southern Brazil—J. A. Marengo

In southern Brazil, 22 to 24 No-
vember saw heavy rainfall over Santa 
Catarina state, which caused severe 
floods and deadly mudslides. Around 
1.5 million people (a quarter of Santa 
Catarina’s total population) were di-
rectly impacted, with 69,000 people left 
homeless, 120 fatalities reported, and a 

Fig. 7.12. Accumulated precipitation (mm) in southern Brazil during 20–25 
Nov 2008. (Source: CPTEC/INPE.) 

state of emergency declared. Mudslides 
and flooding caused by the storms 
blocked almost all highways in the 
region and cut off water and electricity 
to many thousands of homes. Most of 
the fatalities were caused by mudslides 
that swept away homes and businesses. 
The storms broke a stretch of pipeline 

that carries Bolivian natural gas to 
southern Brazil and forced the suspen-
sion of the fuel supply to part of Santa 
Catarina and to the entire neighboring 
Rio Grande do Sul state. Some cities 
reported looting of supermarkets and 
pharmacies by hungry and desperate 
flood victims. This event has been de-
scribed as the region’s worst hydrome-
teorological disaster since at least 1862.

The meteorological causes were as-
sociated with an atmospheric blocking 
over the South Atlantic that formed 
in the preceding week. High rainfall 
was linked to the intensification of 
the subtropical Atlantic high, which 
produced a steep pressure gradient 
along the coast that favored strong 
moisture transport from the ocean to 
the continent. Over land, a cyclonic 
vortex at the middle levels of the at-
mosphere between eastern Paraná and 
Santa Catarina favored the ascent of 
the moist air along the Sierra do Mar 
mountains. This unusual combination 
of phenomena favored the intensifica-
tion of rainfall along the coastal region 
of Santa Catarina (Fig. 7.12). Unofficial 
estimates of the losses due to this 
extreme rainfall event and subsequent 
floods and landslides are of the order 
of $350 million (USD). 
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in February. However, the most extreme conditions 
occurred during January when maximum tempera-
tures on some days exceeded 35°C in southern Chile 
for some days. In particular, 37.3°C was registered at 
Temuco (38.8°S) on 28 January, which was the highest 
daytime temperature in 37 years. The beginning of 
the 2008/09 austral summer was anomalously warm 
in the southern region of Chile, with daily maximum 
temperature anomalies greater than +3.0°C reported 
during December (4.7°C above the 1971–2000 aver-
age at Coyhaique, 46°S). As a result of strong positive 
anomalies in daily minimum temperature for central 
Chile during winter, a relatively low incidence of 
freezing days was reported for this rich agricultural 
region during 2008.

(ii) Precipitation
Large and persistent rainfall anomalies in south-

ern South America are typically associated with the 
occurrence of La Niña or El Niño episodes. During 
the first quarter of 2008, the regional climate was 
strongly affected by La Niña conditions. 

Southeastern South America, including a large 
part of Argentina, Uruguay, Paraguay, and southern 
Brazil, experienced a prolonged and intense drought 
during most of 2008 (Fig. 7.11b). This caused severe 
impacts to agriculture and hydropower generation. 
Dry conditions in Uruguay reinforced a drought 
that started in November 2007, with the western 
province of Soriano experiencing its driest annual 
total in 65 years. These conditions exacerbated water 
shortages for agriculture in this main crop-growing 
area of the country, with the annual rainfall deficit 
reaching 57% below average in Mercedes, Soriano 
(Fig. 7.13). In the rest of the country the rainfall 
ranged from 20% to 40% below the 1971–2000 mean. 
Further exceptionally dry conditions occurred in 
March and November when mean rainfall deficits 
of 71% and 86%, respectively, were reported for the 
whole country. All months during 2008 were drier 
than average in Uruguay, resulting in the driest year 
in the past 65 years.

In Argentina, annual total precipitation was 40% 
to 60% below average in the eastern region of the 
country, including the province of Entre Rios and part 
of the provinces of Corrientes, Santa Fe, and Buenos 
Aires. In some areas, the precipitation during 2008 
was the lowest recorded in the last 50 years.

Along the western margin of the continent, dry 
conditions that had prevailed in Chile during 2007 
continued during the 2007/08 summer, with rainfall 
deficits around 50% occurring from 37° to 46°S. 
Early uncertainty about the evolution of a La Niña 

event raised concerns about drought and hence 
about a severe shortage of energy in Chile, where 
hydroelectrical power plants have a large share in the 
industry of energy production. However, the relatively 
abrupt weakening of La Niña during the autumn saw 
intense storms in central Chile during May, produc-
ing considerable damage due to extensive flooding, 
and an autumn surplus of rainfall at most stations. 
The 127.6 mm of rainfall measured at Concepción 
(36.9°S) on 18 May was the largest daily value for this 
month since 1971. The rainfall regime during winter 
was characterized by a large intraseasonal variability 
with a marked contrast between anomalously dry 
conditions during June and July and above the 1971–
2000 average rainfall in August, mainly as the result 
of an intense storm that affected the central portion 
of the country around the middle of the month. The 
103.4 mm of rainfall registered at Valparaiso (33°S) 
on 15 August was the highest daily value since 1971. 
Winter ended with near-average rainfall, except at 
the southernmost station of Punta Arenas (53.3°S), 
where a surplus of 39% was recorded.

As for other regions in the southern portion of the 
continent, very dry conditions prevailed over Chile 
during the spring, with rainfall ranging from 40% to 
90% below average. As the drought was intensified 
by a very warm austral fall and winter, considerable 
impacts on agriculture and a large number of forest 
fires were reported for central and southern portions 
of the country. 

Fig. 7.13. Annual total rainfall deficit in central-east 
Argentina and Uruguay during 2008. The reference 
period is 1961 to 1990. (Source: CIIFEN 2008.)
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e.	 Africa
1)	Northern Africa—K. Kabidi, A. Sayouri, R. Sebbari, 

S. Attaher, A. Khalil, and M. Medany
The year 2008 was characterized by several ex-

treme weather events, including periods of heavy 
rainfall, heat waves, cold outbreaks, and strong winds. 
Several records were broken and the annual mean 
temperature for northern Africa continued to rise.

(i) Temperature
In northwest Africa (mainly Morocco, Algeria, 

Tunisia, and Libya), the annual mean temperature was 
1° to 2°C above the 1968–96 normal in many regions. 
Winter was exceptionally cold with temperatures gen-
erally 0.5° to 3°C below normal and daily minimum 
temperature records broken at many locations. In 
contrast, spring was more than 2°C above the long-
term average over most parts of Morocco. During the 
summer, exceptional heat waves occurred across the 

region, with above-average maximum temperatures 
in several locations. Tanger (Morocco) experienced 
summer temperatures 3.3°C above normal.

In Egypt, the annual mean temperature was 1.9°C 
above the 1961–90 reference period (Fig. 7.15). All 
weather stations across Egypt indicated an annual 
mean minimum temperature of 1.3° to 5.7°C above 
normal. Stations on the northern coast recorded an-
nual mean temperature anomalies of −0.5° to −1.2°C, 
whereas all other stations indicated annual mean tem-
peratures that were 1.2° to 5.6°C above normal. Annual 
mean maximum temperatures were below normal for 
northern Egypt with anomalies ranging from −0.2° to 
−3.9°C. In the central region, the annual mean maxi-
mum temperature was 1.3° to 5.5°C above normal.

(ii) Precipitation
In northwest Africa, spring and summer 2008 were 

characterized by low rainfall totals, with March expe-

Severe drought in Central Argentina and Uruguay—M. Bidegain

Precipitation was below the 
1971–2000 mean during the period 
November 2007 to December 2008 
over a large region in central-east 
Argentina and Uruguay. This severe 
drought, which is considered the 
worst in the last 65 years, affected 
key agricultural areas in Argentina and 
Uruguay, producing a sharp decline in 
grain and meat output. The drought 
especially hit the 600,000 km2 of grass-
land in the Pampas region. The Rural 
Association estimated that Argentinean 
grain production would drop by 39% 
and 1.5 million livestock would be lost, 
with poor meat and dairy production 
from the surviving animals. Drought 
assistance measures adopted by the 
governments of Argentina and Uruguay 
included delivery of livestock fodder.

The severe rainfall deficit in this 
region was illustrated by the record 
of daily and accumulated precipitation 
at Salto, located near the border with 
Argentina in northern Uruguay, where 
2008 ended with an annual rainfall total 
that was 47% below the 1971–2000 
mean (Fig. 7.14).

In Uruguay, the hydroelectric sec-
tor was also severely affected, with 
precipitation more than 60% below 

Fig. 7.14. Accumulated rainfall at Salto (Uruguay) during 2008 (brown) 
an accumulated normal (green). (Source: CIIFEN 2008.) 

the long-term mean over the Uruguay 
(reference period 1979–2005) and 
Negro (reference period 1950–2000) 
river basins. During 2008, the level 
of the reservoirs, which normally are 
responsible for 80% of the country’s 
energy production along these basins, 
reached values lower than 20% of 

their long-term mean. During the 2007 
winter, hydroelectric plants satisfied all 
domestic demand; however, in 2008 
the continuing drought forced oil-fired 
plants into full operation, burning 
expensive imported oil to feed the 
power grid. 
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riencing a deficit of more than 90%. However, autumn 
and winter 2007/08 were characterized by significant 
rainfall, especially across the northern regions. For 
October, many weather stations in Morocco, Algeria, 
and Tunisia reported 24-hr rainfall totals exceeding 
200 mm. In Algeria, September, October, and Novem-
ber saw many locations registering monthly rainfalls 
4 to 7 times their monthly average. Similarly in Mo-
rocco, October and November brought rainfall that 
was more than 300% of the monthly means. However, 
in Egypt both the number of the rainy days and the 
total precipitation for 2008 were near normal.

(iii) Notable events
Several high daytime temperature records were 

set over the region in 2008. New records were set for 
Kenitra (Morocco) with a temperature of 49.8°C on 1 
July (Fig. 7.16), Tanger Aero with 37°C on 27 June, and 
24.4°C on 3 April for Tanger Port. A number 
of low nighttime records were also broken. 
For example, Tanger Port recorded 9.7°C on 
13 April, and Housaima and Taourirte had a 
minimum temperature of 7.6°C and 6.8°C, 
respectively, in October. Heavy precipita-
tion occurred in October, with 24-hr rainfall 
records set in Larache and Chefchaouen at 
108 and 117 mm, respectively, on 31 October, 
while 200 mm was observed at Tanger Port 
on 23 October.

In Egypt, strong winds (known as “The 
Khamaseen”) and sandstorms typically occur 
during February to April. In 2008, there was a 
large number of these events, with an average 

wind speed of 8 m s–1 and an average 
horizontal visibility of 4 to 6 km. On 
8 June, a sandstorm hit Cairo at noon 
with wind speeds reaching 11 m s–1 and 
maximum temperatures around 4°C 
above normal. 

2)	Western Africa—L. N. Njau, M. A. 
Bell, and W. M. Thiaw

Western Africa extends from the 
Guinea coast to Chad and the Central 
African Republic. 2008 was character-
ized by above-average rainfall in the 
west, while below-average rainfall was 
observed in the southeast.

(i) Temperature
Overall, the annual mean temper-

ature for most of the western Africa 
countries was near average in 2008. In 

August 2008, mean temperature anomalies above 
1.5°C were observed in northeast Niger, northwest 
Chad, and western Nigeria and across into Benin, 
while mean temperature anomalies below −1.5°C  
were observed in south Mauritania across into Mali.

(ii) Precipitation
Precipitation totals during the May–October 2008 

rainy season were mostly near or above the 1971–2000 
average in the western sections of the region, except 
for southeastern Côte d’Ivoire and central Guinea. 
However, they were below average in several areas 
farther east, including southeastern Nigeria, Cam-
eroon, eastern Chad, and the central region of the 
Central African Republic (Fig. 7.17). 

The evolution of the rainy season in western Af-
rica was extremely variable. Areas with precipitation 
deficits during one month would often receive above-

Fig. 7.15. Daily mean temperature for 2008 and the long-term aver-
age for Egypt. (Source: Weather Service in Egypt.)

Fig. 7.16. Daily maximum temperature anomalies on 1 Jul 
2008 for northern Africa (°C, 1968–96 reference period). 
(Source: CDC, NOAA.)



S140 august 2009|

average rainfall during the following month. In April, 
at the start of the rainy season, monthly precipitation 
values were as much as 50 mm below the 1971–2000 
normal in southern Benin and neighboring areas of 
Nigeria and Togo. In May, there was a general increase 
in precipitation totals in the western regions of the 
Guinea coast (with the exception of southeastern 
Liberia), with mixed anomalies observed farther east. 
With the exception of southern Benin and surround-
ing areas, where precipitation was as much as 150 mm 
above average at some stations, precipitation along the 
Guinea coast was below average in June. In contrast, 
rainfall in the western Sahel, and particularly in 
Senegal, was well above average, with some stations 
receiving two and one-half times their mean June 
total. July also brought significant rainfall to much 
of western Africa, with notably large accumulations, 

and some flooding in southern Chad, the 
western sections of the Central African 
Republic, and Senegal. Dry conditions 
continued to develop in July in south-
eastern Nigeria and much of Cameroon. 
In August, above-average precipitation 
was observed across the region but was 
followed by mixed conditions in Septem-
ber, including another round of heavy 
precipitation in southern Chad and a 
general reinforcement of dry conditions 
in eastern Nigeria and much of Camer-
oon that persisted into October.

3)	Eastern Africa—B. Osman-Elasha ,  
C. Oludhe, and L. Ogallo

Eastern Africa can be divided into 
three main sectors: southern, equatorial, 
and northern. The southern sector, which 

comprises central and southern Tanzania, normally 
experiences a unimodal type of rainfall regime, with 
rainfall occurring between December and April. 
The equatorial sector, made up of northern Tanza-
nia, Kenya, southern Ethiopia, southern Sudan, and 
southern Somalia, generally exhibits a bimodal rain-
fall regime, with the “Long Rains” season occurring 
from March to May and the “Short Rains” occurring 
between October and December. In the northern sec-
tor, comprising central and northern Sudan, northern 
Ethiopia, Eritrea, and Djibouti, the major rainy season 
occurs during the months of June to September. 

(i) Temperature
In Sudan, the mean temperature was near to 

below normal from January to April. For the rest of 

Fig. 7.17. May to Oct 2008 accumulated precipitation anomalies 
(mm) for western African (1971–2000 reference period). (Source: 
GPCC, Version 2 Monitoring Product.)

Heavy rainfall across western Africa 
brought flooding to the region, threaten-
ing the homes and livelihoods of more 
than 50,000 people in seven western Af-
rican countries during the period from 
15 July to 4 August. Six fatalities were 
reported in Mali, while the rising waters 
of the Senegal River displaced about 
4,600 people in southern Mauritania. In 
Togo, 10,000 people were displaced by 
the swollen Hao and Zio Rivers. At least 
nine deaths were reported as floods 
submerged several villages in Togo.

Heavy rains and floods in Western Africa—L. N. Njau

In early July, the Red Cross estimated 
7,000 people in Benin were affected 
by floods. Storms during the last week 
of July affected 9 out of 13 districts in 
Benin with entire neighborhoods under 
water. From 30 July to 3 September, the 
World Health Organization reported 
192 cases of cholera in three districts of 
Cotonou with more than 10,000 people 
displaced by floods. 

On 18 July, at least seven deaths 
were reported and 2,000 displaced 
after heavy rains in the Zinder region 

in Niger, while on 8 August, 30 people 
died in Burkina Faso after a landslide. 
In Chad, during the period 20 July to 
25 August, over 10,000 people were 
displaced by floods around the southern 
town of Sahr.

On 20 July, intense rainfall over the 
Liberian capital Monrovia resulted in 
one of the worst floods on record, with 
nearly 1,000 people forced out of their 
houses.
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the year, mean temperatures were near to above the 
1971–2000 average. The highest temperature for the 
year (48.0°C) was recorded in July at Dongola, located 
in the northern region, and at Port Sudan on the Red 
Sea coast. The lowest temperature was 4.0°C reported 
in February at Dongola.

(ii) Precipitation
In Sudan, the rainy season usually extends from 

June to September. ����������������������������������Rainfall started early in some re-
gions and late in others. From mid-July to mid-August, 
delayed below-average rains were recorded in the west-
ern regions of Kordofan, Gezira, and Kassala states. 
This resulted in negative impacts to agricultural crops, 
particularly those planted after the onset of the rains. 
Timely rainfall with good distribution was experienced 
in many areas of eastern Sudan, including the Blue 
Nile, Sennar, and Gadaref states. From mid-August 
onward, most areas received normal-to-above-normal 
rainfall, largely compensating for the low rainfall in 
July and enabling a late planting of crops and hence 
a general improvement in food security. Normal-to-
above-normal rainfall continued until mid-September 
but shifted to drier-than-average conditions toward the 
end of the season (Fig. 7.18). Overall, the June to Sep-
tember total rainfall was above the 1971–2000 average 
in the south, while it was below average in the north of 
Sudan. In Djibouti, only 3.5 mm of rain was received 
for the year until 29 October, after which 136 mm fell 
in the next six days, including 110 mm in the two days 
3–4 November, exceeding the annual average.

The GHA consists of southern Sudan, Ethiopia, 
Uganda, Kenya, Somalia, and Tanzania. In January, 
much of the southern region (including Uganda, 
Kenya, and Tanzania) received from 10 mm to over 
100 mm of rainfall. March marked the beginning of 
the “Long Rains” season over the equatorial sector, 
while most rainfall for the northern GHA occurred 
in the period from June to August. This season was 
marked by wet conditions over the central areas of 
the northern GHA, namely western Ethiopia and 
southwestern Sudan, where more than 100 mm was 
recorded during the month of August. 

The accumulated totals for selected stations in-
dicate near-average rainfall for the northern sector 
(Fig. 7.19a), below-average rainfall for the equatorial 
sector (Fig. 7.19b), and above-average rainfall for the 
southern sector (Fig. 7.19c). These cumulative rain-
falls are used to evaluate water stress over various 
parts of the GHA regions. 

In September, rainfall conditions were associated 
with poor pastures and water stress for livestock in the 
eastern and northern regions, improved agricultural 

Fig. 7.18. Jun to Sep 2008 Sudan total rainfall expressed 
in percentage of normal (1971–2000 reference period). 
(Source: National Weather Service of Sudan.)

Fig. 7.19. Cumulative rainfall over (a) the northern 
sector (Nekmite, Ethiopia), (b) the equatorial sector 
(Moyale, Kenya), and (c) the southern sector (Kigoma, 
Tanzania). (Source: ICPAC 2008.)
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productivity over the western and northern regions, 
f loods in most parts of the northern and western 
equatorial regions, and increasing cases of malaria in 
the western equatorial sector and parts of the north-
ern regions due to an increase in moisture availability 
and breeding places for mosquitoes.

4)	Southern Africa—A. Mhanda, W. Zhakata, C. Mutasa, 
M. S. Gamedze, A. Kruger, W. M. Thiaw, and C. McBride

(i) Temperature
In Zimbabwe, monthly mean temperatures were 

close to their long-term (1971–2000) average with no 
records broken in 2008. However, in Swaziland, the 
temperatures were warmer than average over most 
parts of the country. In Lesotho, the year was gener-
ally warm, with the annual mean temperature 
about 0.3°C above normal.

For South Africa, 2008 was approximately 
the 13th-warmest year since nationwide aver-
ages began in 1961 (Fig. 7.20). Monthly mean 
temperatures were near the 1971–2000 aver-
age in most regions. In March, the maximum 
temperature anomalies were mostly negative 
over the greater part of the country. Extremely 
cold conditions over the western and north-
ern interior resulted in numerous new lowest 
maximum and minimum temperature re-
cords for the month. In contrast, May brought 
mostly positive temperature anomalies over 
the country. In September, temperatures fol-
lowed the rainfall pattern with mostly below-
average temperatures in the wetter western 
regions, and above-normal temperatures 
over the remainder of the country where it 
was dry. With the exception of the southern 

and eastern coastal regions, the country experienced 
above-average temperatures during December.

(ii) Precipitation
In Zimbabwe, the rainy season extends from Oc-

tober to the following April. The Zimbabwe national 
average rainfall for October 2007 to April 2008 of 
795.8 mm was well above the 1971 to 2000 average of 
650.7 mm (Fig. 7.21). Although most of the country 
received normal-to-above-normal rainfall, the tem-
poral distribution was skewed, with the bulk of the 
rain falling in the first part of the season (October to 
December 2007), with the second part of the season 
(February to April) recording below-average totals.

In Swaziland, the rainy season is typically from 
October until April. The 2007/08 rainy season started 
late, with drier-than-average conditions during the 

Fig. 7.20. Annual mean temperature anomalies for 
South Africa, 1961–2008 (1961–90 reference period). 
The dark line represents a 5-yr running mean. (Source: 
South African Weather Service.)

Fig. 7.21. Annual total rainfall anomalies for Zimba-
bwe, 1900–2008 (mm; 1971–2000 reference period). 
(Source: Meteorological Service Department of 
Zimbabwe.)

Fig. 7.22. Annual total rainfall anomalies for South Africa (ex-
pressed as percentage of the 1961–90 average) for Jul 2007 to 
Jun 2008. (Source: South African Weather Service.)
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months of December 2007 and January 2008. As this 
dry spell coincided with the warmest months of the 
season, a major crop failure occurred in the eastern 
half of the country. In Lesotho, rainfall amounts were 
near normal. 

In South Africa, the rainy season is October to 
March over much of the country, but May to Septem-

ber in the southwest. The rainy season from July 2007 
to June 2008 was near average for most of the coun-
try, with the noteworthy exception of the southwest, 
which received 150%–200% of its average rainfall. In 
contrast, locations in the east received less than 75% 
of their rainy season totals (Fig. 7.22). 

The southern Africa summer features two basic 
climate zones. The climatologically wet zone (shown 
as a box in Fig. 7.23) registered rainfall amounts 
between 300 and 1,200 mm. Rainfall in the cli-
matologically dry zone, the area that encompasses 
western South Africa, much of Namibia, and western 
Botswana, received 100 to 300 mm. Overall, the No-
vember to April rainfall season for southern Africa 
did not exhibit a significant departure from climatol-
ogy during the 2007–08 season (Fig. 7.23). However, 
the southern areas of Mozambique and Zimbabwe, 
southern Zambia, Malawi, and southern Tanzania 
recorded rainfall totals 50 to 200 mm below normal, 
while areas of central Mozambique received amounts 
about 200 mm above average.

f.	 Europe
1)	Overview—A. Obregón, P. Bissolli, J. J. Kennedy, and D. E. 

Parker
Europe commenced the year under a strong zonal 

(positive) North Atlantic Oscillation (NAO) pattern, 
which continued until March, when a blocking pat-
tern developed over Russia resulting in a strong me-
ridional pattern during April. May saw high pressures 
dominate northern and central Europe, followed by 
cyclonic conditions during summer across central Eu-
rope with frequent thunderstorms. A negative phase 
of the Arctic Oscillation brought cold Arctic air into 

Fig. 7.23. Total rainfall anomalies over southern Africa 
for Nov 2007 to Apr 2008 (mm). The black box denotes 
areas that are climatologically wet during summer. 
(Source: NOAA.)

A number of significant weather 
events took place in South Africa dur-
ing 2008 with associated humanitarian 
and economic consequences. Strong 
winds with associated wildfires oc-
curred in the Western Cape in January 
and February. Heavy rains with flood-
ing occurred in the eastern interior in 
January and cases of heavy rainfall and 
gale-force winds occurred in February, 
causing loss of life and building col-
lapses. February also saw one person 
killed and more than 500 left homeless 
when a suspected tornado struck in 
the Eastern Cape, while freak waves 

Extreme weather in South Africa—A. Kruger and C. McBride 

on the east coast at Durban drowned 
one person with 18 others rescued. 
Incidents of heavy rainfall and flooding 
in the east continued in March, while in 
Cape Town a gale-force southeasterly 
wind fanned wildfires, leaving more 
than 100 people homeless. In June, 
floods in the Western Cape displaced 
a number of residents, while in the 
eastern province of KwaZulu-Natal, 
rivers burst their banks and media 
reported that four people perished. 
Incidents of heavy rainfall and flood-
ing in the Western Cape continued 
throughout July.

In August, incidents of wildfires 
increased over the dry central and 
eastern regions. In October, unseason-
able hailstorms caused widespread 
destruction in the east in the Mpuma-
langa province, with significant impacts 
on the fruit export industry. Several 
devastating storms, including reports of 
a tornado, hit the Free State province 
during November. Eight people died, 
homes were destroyed, and roads dam-
aged. In December at least 10 wildfires 
raged over the Cape peninsula, causing 
extensive damage. 
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northeastern, and at times central and southern, Eu-
rope from April to September. Conversely, southwest-
erly flow during summer across southeastern Europe 
resulted in several heat waves. In October, a blocking 
pattern established over Russia and remained for 
much of the year, producing mild conditions over 
eastern Europe and colder air masses over western 
Europe. In November, a deep trough extended from 
Scandinavia to Iberia. The year ended with very cold 
air flowing from the high latitudes to southeastern 
Europe and the Middle East on the eastern flank of 
a central European high pressure system. 

Overall, warmer-than-average conditions in 
2008 extended across most of Europe.2 The mean 
land surface temperature for the European region 
(35°–75°N, 10°W–30°E), derived from the CRUTEM3 
dataset (Brohan et al. 2006), was 1.16° ± 0.17°C above 
the 1961–90 mean. This made 2008 (with 2006) the 
fourth-warmest year for Europe since 1850. The 
highest temperature anomalies occurred in Svalbard, 
the Baltic countries, eastern Europe, and parts of 
southern Fennoscandia, where anomalies exceeded 
+2°C (Fig. 7.24). Lithuania reported its warmest 
year, while Latvia and Denmark experienced their 
second-warmest year since records began. Only a 
few places in southwestern Europe reported a cooler-
than-average temperature in 2008.

Rainfall for Europe during 2008 was unevenly dis-
tributed both spatially and temporally (Figs. 7.25a–d), 
and the year was characterized by several notable 
storm events with some extremely intense and heavy 
precipitation. Annual precipitation (Fig. 7.26) was 
mainly above the long-term (1951–2000) average in 

2	The standard reference period used for European averages 
is 1961–90 for temperature, and 1951–2000 for precipitation, 
unless otherwise expressly identified.

northern and western parts of Europe and below 
average in southern Europe. Less than 80% of 
normal precipitation was observed in Bulgaria, 
Greece, and the Middle East. Some areas of Fin-
land, Sweden, the United Kingdom, and Ireland 
received over 125% of normal precipitation.

Winter featured a dipole structure, with 
warmer-than-normal conditions and above-
average rainfall in northern parts of Europe 
and closer-to-average temperatures and very 
dry conditions in southern Europe (Figs 7.27a, 
7.25a). Iberia in particular was affected by severe 
drought conditions during February. Southwest-
erly winds were predominant during the winter 
and coincided with anomalously high sea surface 

temperatures in the North Atlantic. This led to an ex-
ceptionally warm winter in most of northern Europe 
with many temperature records broken. In contrast, 
unusually cold and dry conditions prevailed during 
winter across the Middle East (see section 7g). 

During spring, temperatures were mostly above av-
erage across Europe with the highest positive anoma-
lies over eastern Europe (Fig. 7.27b). Temperatures 
during May were well above average in central and 
western Europe (Fig. 7.28). Eastern Europe, France, 
and Iberia received above-normal rainfall during 
the spring, while precipitation in central Europe and 

Fig. 7.25. Seasonal anomalies (1961–90 reference pe-
riod) of sea level pressure (contour, hPa) using data 
from the NCAR–NCEP reanalysis. The colored shading 
represents percentage of accumulated seasonal precip-
itation compared with the 1951–2000 climatology using 
the seasonal GPCC precipitation data set: (a) winter 
(Dec 2007–Feb 2008), (b) spring (Mar–May 2008), (c) 
summer (Jun–Aug 2008), and (d) autumn (Sep–Nov 
2008). Some intense precipitation anomalies in the 
southern Mediterranean during seasons when it usually 
rains very small amounts are filtered out. 

Fig. 7.24. Annual mean temperature anomalies in Europe 
and over the North Atlantic, 2008 (°C, 1961–90 base pe-
riod) based on CLIMAT and ship observations. [Source: 
DWD.] 
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parts of northern Europe was close to or below the 
long-term average. Precipitation was particularly low 
in central Europe during May (Fig. 7.29). 

During summer 2008, eastern Europe and north-
ern parts of the Balkan Peninsula experienced well-
above-average temperatures, with August being a par-
ticularly hot month. Conversely, August was colder 
than normal over northeastern Europe, particularly 
in Finland and northern Russia (Fig. 7.30). Summer 
was dry for the southern parts of Europe, particularly 
over western Iberia and Turkey [see section 7g4(iii)], 
while northern European regions received mainly 
above-average rainfall.

During autumn, the highest temperature anoma-
lies occurred over the Arctic and the eastern and 
southeastern parts of Europe, while western Europe 
was average to colder than average. Iberia in particu-
lar had an extremely cold November.

The year ended with colder-than-average condi-
tions over virtually all of western Europe and the 
Middle East. Anomalous warmth was widespread 
over northern, eastern, and southeastern Europe. 
December was drier than normal in most parts of 
Europe, but very wet south of the Alps and over the 
central Mediterranean. 

2)	Central and Western Europe—A. Obregón, 
P. Bissolli, J. J. Kennedy, and D. E. Parker

(i) Temperature
Warmer-than-average temperatures affected 

central Europe during 2008. At stations in Slovakia, 
2008 was the warmest year since records began in 
1871. In most parts of Austria, 2008 ranked among 
the five warmest years. Due to frequent southerly 
foehn events, valleys in the northern Alpine region 
experienced temperature anomalies above +1.3°C. In 
Germany, Austria, Switzerland, and the Czech Re-
public, September was the only month that recorded 
below-average temperatures.

Over western Europe, annual temperature anoma-
lies were generally lower than in central regions. For 
the United Kingdom and Ireland, despite tempera-
tures 0.6°C above normal, 2008 was one of the coldest 
years in the last decade. France experienced mean 
temperature anomalies of around +0.4°C, while the 
Netherlands recorded +0.8°C.

In Germany, the mean winter anomaly of +2.7°C 
was the sixth warmest on record. Belgium reported its 

fourth-warmest winter (+2.1°C anomaly), while 
the winter temperature anomaly for the United 
Kingdom was +1.6°C, which, although high, was 
cooler than in 2006/07. January was particularly 
mild throughout western and central Europe.

Much of Europe was also warmer than aver-
age during May (Fig. 7.28). It was the warmest 
May on record in the United Kingdom, at 
most stations in Ireland, Uccle (Belgium), and 
Luxembourg. May was also exceptionally warm 
across Switzerland and the Netherlands—it was 
the warmest May in De Bilt for more than a 
century—and it was the fourth-warmest May 
on record for France. On 28 May, a heat wave 
in Graz (Austria) saw a new May record tem-
perature of 34.9°C. 

In contrast, summer was one of the coldest 
since the turn of the century, particularly over 

Fig. 7.26. European precipitation totals (percentages 
of normal, 1951–2000 base period) for the whole year 
2008. (Source: GPCC; Rudolf et al. 2005.)

Fig. 7.27. European surface air temperature anomalies (°C, 
1961–90 base period) from HadCRUT3 for (a) Dec 2007–Feb 
2008, (b) Mar–May 2008, (c) Jun–Aug 2008, and (d) Sep–Nov 
2008.
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western Europe. Despite such relatively cold condi-
tions, temperatures were still above the 1961–90 aver-
age throughout most of central and western Europe, 
with anomalies generally around +1°C. 

In September, most countries were approximately 
1°C cooler than average. In western Europe, the cold 
conditions continued into October. It was the coldest 
autumn at many stations in Ireland for 10 years and in 
the United Kingdom for 15 years. During the last week 
of October, some stations in the United Kingdom set 
new October records for low maximum temperatures. 
In contrast, Switzerland was warmer than average, 
with temperatures up to 20°C on the plains and 15°C 
at elevations of 1500 m. November ended with a cold 
spell across western and central Europe. On 29 No-
vember, the average Northern Ireland maximum tem-
perature (1.9°C) was the lowest November maximum 
temperature since such records began in 1960. 

December 2008 was colder than normal over west-
ern Europe (−2°C and below in western France) and 
up to +3°C warmer than normal in the east. It was the 
coldest December since 1996 for Northern Ireland. 
It was also a sunny month especially in northern 
parts of central Europe. In the Netherlands (station 
De Bilt) it was the sunniest December since records 
began in 1901. 

(ii) Precipitation
In 2008, above-average precipitation was recorded 

over most of western Europe and northern parts of 
central Europe. The United Kingdom experienced 
its third-wettest year in a national rainfall series that 
begins in 1914, with 118% of the 1961–90 annual 
mean rainfall. Rainfall totals in Ireland were well 
above average. Shannon Airport recorded its highest 

precipitation total since observations began 
in 1945. In central Europe, precipitation was 
close to or slightly below average, with the 
exceptions being eastern Austria (>110%) and 
the southern Alpine region (120%–140%).

Due to mild temperatures during the win-
ter, no snowfall was measured during all three 
winter months at most locations in central 
and western lowland parts of Switzerland. 
Basel and Geneva registered their first snow-
fall of the year at the end of March, the latest 
arrival of snow since measurements began in 
1931. Austria, too, received little snow, just 
10%–30% of the winter average. 

During January, precipitation exceeded 
250% of average in parts of northern England 
and southern Scotland. It was the wettest Jan
uary in eastern Scotland and the second wet-

test in Northern Ireland since 1914. Poland was also 
exceptionally wet during January. In contrast, Febru-
ary was dry over Austria, especially in the southeast 
(<25% of the 1961–90 mean) and in parts of Switzer-
land and southern France (around 50% or less). 

England experienced its wettest March since 1981, 
Scotland since 1994. Luxembourg reported 185% of 
normal rainfall in March, the Czech Republic 153%, 
northeastern Poland and parts of upper Austria more 
than 200%, while March brought more snow to Aus-
tria than the preceding winter months. In contrast, 
May was exceptionally dry in Ireland, most of the 
United Kingdom except the south, and most of central 
Europe. It was the third-driest May in Germany since 
1901 and the driest since 1919. 

Fig. 7.28. May 2008 mean temperature anomalies in Europe, 
(°C, 1961–90 base period), based on CRUTEM3 dataset 
(Source: Brohan et al. 2006).

Fig. 7.29. European precipitation anomalies (percent-
ages of normal, 1951–2000 base period) in May 2008. 
(Source: GPCC; Rudolf et al. 2005.)



S147august 2009STATE OF THE CLIMATE IN 2008 |

Summer precipitation was more than 167% of nor-
mal in eastern Ireland. Dublin Airport experienced 
its wettest summer in 50 years. In June, 300% of the 
1961–90 normal precipitation fell south of Vienna 
and parts of eastern Austria registered their wettest 
summer on record. Poland was very dry in June. In 
Lugano, Switzerland, it was the second-wettest July 
since 1864 (359 mm). The Netherlands reported 
111 mm of rainfall in July (70 mm average) and 
100 mm in August (82 mm average). August was very 
wet across northern and central France, much of the 
United Kingdom (154%), and Ireland. In Northern 
Ireland, it was the wettest August since records began 
in 1914 (anomaly 213%). 

In September, some stations in England recorded 
around 300% of their monthly normal (1961–90) 
rainfall. Scotland experienced its fourth-wettest 
October on record and the wettest since 1954. Luxem-
bourg Airport reported 162% of average (1971–2000) 
precipitation in September and set new records for 
hourly and daily rainfall amounts. During a cold 
spell at the end of October, snow was registered in 
many places. London received snow in October for the 
first time since 1934. New record fresh snow depths 
for this month were also measured on 30 October 
in many places in Switzerland; October snow events 
are extremely rare in the lowlands of Switzerland. A 
fresh snow depth of 20 cm in Zurich beat the previ-
ous October record of 14 cm set in 1931. Between 
31 October and 2 November, France was affected by 
flooding after up to 500 mm of precipitation fell in 
the region west of the Rhône River in the southeast 
of the country.

December brought a record snow depth for that 
month of 38 cm in Switzerland’s capital Bern. In 
Austria, a new record snow depth for December of 
125 cm was reported from eastern Tyrol’s capital 
Lienz. December precipitation was also well above 
average in southeast France and was up to 400% of 
normal over southern Austria, largely due to per-
sistent low pressure in the Gulf of Genoa. Southern 
Alpine regions experienced heavy snowfalls until the 
middle of the month.

(iii) Notable events
Heavy storms occurred over central Europe 

between 26 and 28 January. Gusts of up to 46 m s−1 
were measured in Austria, where the storm Paula 
caused massive forestry losses. On 1 March, another 
storm, Emma, brought strong winds to western and 
central areas, reaching hurricane strength over the 
mountains and bringing heavy precipitation with 
local flooding. Infrastructure disruptions and at least 

14 fatalities were reported. Strong winds also affected 
the United Kingdom, France, and Germany on 10–12 
March and a pressure of 953.6 hPa was recorded in 
Northern Ireland, the lowest since 1995. 

Snow fell over much of the region during a cold 
spell on 20–26 March. In some places over cen-
tral Europe, it was the coldest Easter on record. 
Temperatures remained below 0°C at many stations 
in Germany and Switzerland on Easter Sunday. 

Tennis-ball-size hail was reported in western 
Germany on 30 May. On 22 June, thundery showers 
with strong gusts and hailstones of approximately 
5-cm diameter caused much damage in the eastern 
Netherlands. Unusually heavy thunderstorms with 
hailstorms occurred in Austria in all three summer 
months, causing f looding and large agricultural 
losses. During August, several tornadoes occurred 
in northern Germany and France, Belgium, and the 
Netherlands.

3)	The Nordic and Baltic countries—C. Achberger, 
A. Walther, D. Chen, A. Obregón, P. Bissolli, J. J. Kennedy, and 
D. E. Parker

(i) Temperature
Similar to recent years, annual temperatures over 

the Nordic region (Denmark, Finland, Iceland, Nor-
way, and Sweden, including the European Arctic) and 
the Baltic countries were characterized by positive 
anomalies. They ranged between 0° and +1°C for 
Iceland and the Faroe Islands, +1° and +2°C in most 
of Fennoscandia and Denmark, and +2° and +3°C for 
Svalbard, southeastern Norway, southern Finland, 
and most of the Baltic States (Fig. 7.24). This was 
mainly due to exceptionally high temperatures dur-
ing the winter of 2007/08 (Fig. 7.27). 

Widespread anomalous warmth was present over 
the European Arctic in 2008. The island Hopen, in 
the Svalbard archipelago, experienced a temperature 
anomaly of +2.8°C. The island of Jan Mayen (north-
east of Iceland) had an annual average temperature 
of 0.7°C, 2.1°C above normal.

For Iceland, 2008 was the 13th consecutive 
warmer-than-average year. The Icelandic capital 
Reykjavik reported an annual temperature anomaly 
of +1.0°C. Temperatures during May to September 
were unusually high in the south and west. Reykjavik 
reported a new all-time record of daily maximum 
temperature at 25.7°C on 30 July. In September, 
Reykjavik was more than 3°C warmer than normal. 
October was the only colder-than-average month on 
Iceland. 

In Norway, Sweden, and Denmark, annual mean 
temperatures were well above normal (Norway: 
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+1.4°C; Sweden: +1° to +2.5°C). It was the second-
warmest year in Denmark (along with 2006), with 
an annual mean temperature of 9.4°C, +1.7°C above 
normal. The last three years were the warmest ever 
recorded in Denmark. 

For Finland, 2008 was among the six warmest 
years since measurements started in 1850. South-
western and most of southern Finland experienced 
the warmest year in those areas since 1961, while the 
capital, Helsinki, set a new mean temperature record 
(7.6°C). For the first time since temperature measure-
ments started in Helsinki in 1829, all monthly mean 
temperatures were above 0°C. 

It was the warmest year in Lithuania, where 
the annual mean air temperature of 8.2°C was 2°C 
higher than the 1961–90 average. Latvia reported its 
second-warmest year over the last 85 years (+1.8°C 
anomaly).

(ii) Precipitation 
Precipitation during 2008 was mostly above the 

long-term average. The highest anomalies occurred 
in southeastern and southwestern Finland, where 
precipitation was 150%–200% of the 1961–90 normal. 
In Kemiö, 1,064 mm of precipitation was recorded, 
the second-highest total recorded in Finland in the 
last hundred years. However, due to mild tempera-
tures, only 20–30 snow days (where a snow day is a 
day with at least 1 cm of snow lying on the ground) 
were recorded in southern and southwestern Finland 
during winter, well below the normal of more than 
70 days. Latvia had an annual precipitation total of 
757 mm (115% of normal). In Sweden, precipitation 
totals locally reached 175% of normal partly due to 
a wet winter. Denmark received 110% of normal 
precipitation; a very dry May partly compensated for 

wet conditions during January, March, and August. 
Annual precipitation was close to normal in Norway, 
although some southern parts received 50% more 
than normal. Parts of the European Arctic experi-
enced well-above-average precipitation. Ny-Ålesund 
on Svalbard reported 128% of average precipitation. 
On Iceland, precipitation was close to normal in the 
north and east, but for the southwest of the island, 
2008 was a wet year (Reykjavik 117%). Tórshavn on 
the Faroe Islands had 115% of the 1961–90 normal 
rainfall.

Winter 2007/08 proved to be much wetter than 
normal across the Nordic countries. Norway expe-
rienced over 145% of normal, parts of eastern and 
northern Norway over 200%; Denmark received 
125% of normal. Lithuania recorded more than 
150% of the normal (1961–90) monthly total in both 
January and February. April was dry in Iceland, with 
Stykkishólmur experiencing its driest April since 
1951. May was a significantly dry month in most of 
the Nordic region, especially Denmark, southern 
Finland, and the Baltic States (Fig. 7.29). Denmark 
had its fourth-driest May on record with only 13 mm 
of precipitation averaged over the country (normal 
48 mm).

Summer was wetter than average in Finland, most 
of Sweden, and Denmark, mainly due to an excep-
tionally wet August (218% anomaly from 1961–90 in 
Denmark, the wettest August in 40 years). June was 
exceptionally dry in Reykjavik (30% of normal).

Large parts of Sweden received less than 25 mm 
of precipitation in September, which is less than 40% 
of normal. Lithuania saw less than half its normal 
(1961–90) precipitation in September. In contrast, 
September was a very wet month for Reykjavik 
(>250% of the normal), and Stykkishólmur on the 
west coast recorded its wettest September since 
1856. 

The year ended with a drier-than-normal Decem-
ber, especially on the west coasts of Norway, Sweden, 
and Denmark. 

(iii) Notable events
Norway’s capital Oslo was affected by some heavy 

storms in 2008. On 1 February, a snowstorm forced 
Oslo’s airport to close for several hours. On 5 July, the 
city was again affected by an intense thunderstorm 
causing heavy rainfall and f looding. Gusts up to 
27 m s−1 were reported. Gothenburg, Sweden, was hit 
by a heavy storm with hurricane-strength winds on 
22 February, disrupting power for many hours. The 
severe storm also reached the coast of Lithuania with 
local wind speeds of 28–30 m s−1. 

Fig. 7.30. Aug 2008 mean temperature anomalies in 
Europe (°C, 1961–90 base period), based on CRUTEM3 
dataset (Source: Brohan et al. 2006).
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4)	Iberia—R. M. Trigo, D. Barriopedro, C. C. Gouveia, A. Obregón, 
P. Bissolli, J. J. Kennedy, and D. E. Parker

(i) Temperature 
Although annual temperatures in Spain were 

slightly above average, it was the coldest year since 
1996. Portugal was about 0.2°C cooler than the 
1971–2000 average. 

However, these annual anomalies conceal impor-
tant spatial and seasonal differences. Winter 2007/08, 
for instance, was much warmer than average, with 
Seville experiencing its warmest winter since 1951. 
January was a particularly warm month throughout 
Iberia. For Portugal, the January anomaly of +1.5°C 
was the second warmest since 1931 (Instituto de 
Meteorologia 2009). Averaged over continental Spain, 
January mean temperatures were 1.7°C above the 
1971–2000 average. The month of February was ex-
tremely mild for the southern Spanish cities of Seville, 
Cordoba, and Cadiz as well as for the northwestern 
(Galicia) stations of Santiago and La Coruña, which 
registered new monthly records in time series longer 
than 60 years.

In contrast, autumn brought significant negative 
anomalies with minimum temperatures in Portugal 
being the third coolest since 1931 (Instituto de Meteo-
rologia 2009), largely dominated by an extremely cold 
November, particularly in the later days of the month. 
Monthly mean temperature anomalies in Portugal 
generally ranged between −1.5° and −2.5°C, while 
Spain experienced its coldest autumn since 1993.

Spring was relatively warm (+0.44°C) over Iberia 
and was followed by a slightly warmer-than-average 
summer (+0.22°C). In Portugal, it was the 15th con-
secutive spring with temperature anomalies above the 
1971–2000 average. June was exceptionally warm over 
the Atlantic Spanish archipelago of Canary Islands. 
Monthly records were broken, including in the ap-
proximately 90-yr series of Santa Cruz de Tenerife.

(ii) Precipitation 
The Iberian Peninsula generally experienced 

below-average rainfall in 2008, with the largest 
anomalies more than 20% below the long-term mean 
over the northern half of Portugal. In the northeast-

Winter (December 2007–February 
2008) was remarkably mild in the 
northern European region, mainly due 
to a dominant southwesterly flow, in 
conjunction with anomalously high sea 
surface temperatures in the North 
Atlantic. This was consistent with an 
ongoing positive phase of the winter 
North Atlantic Oscillation, which was 
+1.37 for December 2007–March 2008 
(Jones et al. 1997; Fig. 7.31). 

Mean temperature anomalies 
ranged between +3° and +4°C in 
southern Scandinavia and exceeded 
+4°C in eastern Sweden and most 
parts of Finland and the Baltic 
countries (Fig. 7.27a; please note the 
inclusion of SST anomalies in this map 
is likely to have diluted the coastal 
land air temperature anomalies in 
cases of sharp local anomaly contrasts, 
e.g., Norway). Finland experienced 
temperatures 4° to 6.5°C above the 
1971–2000 average, some 1°C higher 
than the previous record set in 1925. 
The number of winter days (daily 

Mild winter in northern Europe—C. Achberger, A. Walther, D. Chen,  
A. Obregón, P. Bissolli, J. J. Kennedy, and D. E. Parker

Fig. 7.31. Time series of winter NAO (after Jones et al. 1997, Dec to Mar 
average). Image from www.cru.uea.ac.uk/~timo/projpages/nao_update.htm, 
updated 27 Jan 2009. 

mean temperature below 0°C) was 
significantly lower than normal through 
central and southern Finland. There 
was hardly any ice cover in the Baltic 
Sea and no permanent snow cover 
in most of southern Finland. Average 
temperatures in Latvia were 5°C above 
the long-term mean. Svalbard Airport 
reported temperature anomalies of 
+7.8° and +7.3°C in January and Febru-
ary, respectively.

In most parts of Finland, Sweden, 
and the Baltic States, winter 2007/08 
was the warmest in recorded history. 
In Norway, it was the third-warmest 
winter on record for the country as a 
whole; Denmark experienced its fourth-
warmest winter and had only 18 frost 
days on an areal average (normal is 53). 
In the vicinity of Stockholm, winter was 
the warmest in some local series going 
back to the eighteenth century.



S150 august 2009|

ern regions of Spain, annual precipitation was slightly 
above average. The 2008 accumulated precipitation 
over the Iberian Peninsula was slightly less (around 
5%) than the 1961–90 average. The year was gener-
ally characterized by periods of drought interspersed 
with local heavy rainfalls. From April to June and 
September to November, a new record daily precipita-
tion for the respective month was set for at least one 
Spanish station.

Iberia experienced drier-than-average conditions 
during winter 2007/08, with large areas receiving 
less than 60% of the average (Fig. 7.25). These condi-
tions were related to positive mean sea level pressure 
anomalies over western Europe and northern Africa, 
which, combined with 500-hPa geopotential height 
anomalies, suggested the northern European block-
ing pattern was shifted slightly southward, a feature 
that limits the natural progression of Atlantic low 
pressure systems bound for southern Europe (Trigo 
et al. 2004). Portugal suffered its most severe winter 
drought since 1917. Drought conditions in Spain 
prevailed until mid-April, making it Spain’s worst 
drought for over half a century.

The following seasons revealed a very different 
pattern, with most of Iberia recording above-average 
spring rainfall (Fig. 7.25b), while there were below- 
(above) normal values over western (eastern) Iberia in 
summer and autumn. Most of the rainfall in spring 
occurred in the latter part of the season, although 
northeastern Spain was wet during March. Spring 
rainfall exceeded 125% of normal over most parts of 
Iberia, with several new records of monthly precipi-
tation. Records set in March were largely confined 
to the Basque country stations of Bilbao (215 mm) 
and San Sebastián (238 mm); however, during the 
following months several new all-time records of ac-
cumulated monthly precipitation were observed over 
a wider area of southern (April) and coastal Medi-
terranean (May) provinces, including stations with 
more than 100 years of data (e.g., Tortosa). May was 
the wettest since 1971 in Spain. Heavy precipitation 
caused flooding in the northeast of the country. 

Summer in the southwestern half of Iberia was 
markedly dry. Southern Portugal received less than 
10 mm of precipitation, less than 20% of average. In 
contrast, parts of eastern Iberia were characterized 
by above-average summer precipitation totals, al-
though it must be remembered that Iberia is typically 
extremely dry in summer. 

During autumn, Portugal experienced locally very 
heavy rainfalls. Faro on the southern Atlantic coast 
set a new record of 80.4 mm within 24 hr from 28 to 
29 September, while its monthly total of 147.3 mm 

was also its highest rainfall for September since 
records began in 1965. At the end of September, the 
heaviest rainfall for 30 years in eastern Spain caused 
local flooding. Valencia received an hourly rainfall 
amount of 144 mm, and 390 mm over 24 hr. The Gi-
braltar Strait also registered an extremely wet period 
during autumn. New daily records were set for the 
Spanish enclave city of Melilla (60-yr time series), 
with 92.7 mm on 26 September far surpassing the 
previous maximum of 29.4 mm. New monthly record 
values were also set in September (Melilla and Cadiz) 
and October (Melilla; see also section 7e for details 
on Morocco).

Despite locally heavy rainfall in Portugal, it was 
generally very dry between October and December. 
From 28 November to 3 December, there was snow 
during a cold spell in areas above 600 m in Portugal. 
The southernmost coast of Iberia was (relative to 
normal) much drier than the rest of Iberia in spring 
and much wetter in autumn.

5)	Mediterranean, Italian, and Balkan Peninsulas 
and Eastern Europe—A. Obregón, P. Bissolli, J. J. Ken-
nedy, and D. E. Parker

(i) Temperature
2008 was 1° to 2°C warmer than normal over 

most of eastern and southeastern Europe. In Belarus, 
anomalies exceeded +2°C, while anomalies in south-
ern Greece, Sicily, and parts of the Italian peninsula 
were below +1°C. On the Balkan Peninsula, the high-
est departures from the normal were observed in Bos-
nia and Herzegovina and northern parts of Croatia. 
Across most of Croatia, temperatures exceeded the 
98th percentile of the 1961–90 distribution. In Zagreb, 
2008 was the third-warmest year after 2000 and 2007, 
and in Split, it was the fifth. New records of absolute 
maxima were recorded in Serbia in February, May, 
and September for several locations throughout the 
country. 

In winter, anomalies exceeded +2°C in northern 
parts of Ukraine and +3°C in Belarus and northern 
Russia (Fig. 7.27a). Temperatures across Italy and the 
Balkan Peninsula were closer to the long-term mean. 
However, an exceptionally low number of freezing 
days was recorded during January in Serbia, while 
January was also the mildest in Moscow for 130 years 
(see section 7g).

Over the rest of the year, the highest temperature 
anomalies generally occurred over eastern Europe 
and northern parts of the Balkan Peninsula, while 
anomalies farther to the south were less pronounced. 
March was a particularly warm month in parts of 
the Balkan Peninsula and eastern Europe. In most 
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parts of eastern Europe, monthly mean temperature 
anomalies exceeded +3°C. Out of all months in 
Athens, the highest positive anomaly was observed 
in March (>3°C). In Italy, the cities of Verona (27.2°C) 
and Ferrara (27.6°C) reported new record high March 
temperatures. Spring temperatures in Montenegro 
were in the upper decile of the 1961–90 distribution in 
coastal areas and northeastern parts. Farther south, 
a maximum temperature of 37.4°C was recorded on 
Crete on 22 April, one of the highest April tempera-
tures ever measured there. At the end of May, warm 
Saharan air led to high temperatures in southeastern 
Europe. Chirpan, Bulgaria, experienced 36.2°C, and 
Palermo, Sicily, 38.9°C.

The summer was very warm in parts of the north-
ern Balkan Peninsula, although heat waves were less 
severe than in 2007. Serbia recorded heat waves from 
26 May to 3 June and from 20–27 June, while in Au-
gust, its number of tropical days (>20ºC) was twice 
the long-term average. Mean temperature anomalies 
in Serbia, Bosnia, and Herzegovina as well as in 
Montenegro ranged around +2°C and exceeded the 
98th percentile in most parts. Summer temperatures 
were also well above average in Athens, with highest 
deviations in August, which was also particularly hot 
in Ukraine, Romania, and Bulgaria (Fig. 7.30). 

For many areas, September was the only cooler-
than-average month of 2008. However, Serbia expe-
rienced a heat wave at the beginning of the month 
with widespread new record maximum September 
temperatures of more than 37°C, although cooler 
conditions prevailed in the second half of the month. 
October was unusually warm across eastern Europe. 
Unusually high temperatures of around 30°C oc-
curred in southern Greece on 2 November. In Decem-
ber, monthly mean temperature anomalies of more 
than +2°C were observed across most of the Balkan 
Peninsula, locally reaching more than +3°C. 

(ii) Precipitation 
In 2008, rainfall deficits were observed across the 

Italian and Balkan Peninsulas, while precipitation 
was above average in Belarus and parts of Russia and 
Romania. Corsica in the western Mediterranean was 
wet in 2008; annual rainfall totals were the highest 
in more than 40 years. The annual total rainfall in 
Athens was 87% of the 1961–90 average. Croatia, too, 
had a deficit in annual rainfall, especially in northern 
parts and southern coastal areas. Precipitation in 
Dubrovnik was below the 10th percentile (1961–90 
base period). It was also dry in most parts of Serbia, 
where the annual total, as well as the number of rain 
and snow days, was low.

Winter was characterized by significantly below-
normal rainfall across most of the region (Fig. 7.25a). 
At some locations in Montenegro and Croatia, 
seasonal rainfall was 40% of average. February was 
exceptionally dry in Romania and parts of Bulgaria, 
Greece, Serbia, and Croatia, where less than 20% of 
normal precipitation fell in many places. Much of 
Romania received less than 10%, while Sofia received 
only 1 mm during the whole month. Monthly precipi-
tation in Athens was about 25% of normal.

April was exceptionally wet across the Ukraine 
and large parts of Bulgaria and Greece. Precipitation 
across Bulgaria was mainly above 150% of normal, 
while Athens received double the normal amount of 
rainfall. Northern Italy experienced two very intense 
rain periods in May and June. It was the fifth-wettest 
May in Bologna since 1937. Summer was very dry in 
the south of the region, particularly in Bulgaria and 
Greece (Fig. 7.25c). September was exceptionally wet 
in the Ukraine (>200% of the 1961–90 normal over 
most of the country), Bulgaria, and parts of Greece. 
Athens received 300% of the September normal. Pre-
cipitation from October onward was generally closer 
to average, except for anomalously high totals in Italy 
and Croatia during December.

(iii) Notable events
Southeastern Europe was hit by an intense storm 

with heavy snowfall on 3 January, with the Black Sea 
harbors and the main airports of Romania closed. On 
17 February, more than 25 villages in Greece were cut 
off by heavy snowfall, and Athens was covered by sev-
eral centimeters of snow. During 22–29 July, torrential 
rainfall affected parts of Ukraine and Romania. Farm-
land was destroyed and 50,000 houses were affected 
by flooding. Thirty-four fatalities were reported, while 
350 mm of precipitation fell over northern Italy close 
to Bologna between 28 October and 1 November. 

Between 10 and 12 December, a storm system 
brought heavy rainfall and strong winds to Italy caus-
ing flooding in several places. Rainfall around Rome 
was particularly high. Cumulative rainfall totals over 
three days exceeded the monthly average.

6)	Middle East—A. Obregón, P. Bissolli, J. J. Kennedy, and 
D. E. Parker

Detailed summaries for Turkey, Iran, and Iraq 
may be found in part 4 (Southwest Asia) of section g 
(Asia) of this chapter.

(i) Temperature
Annual temperatures across the Middle East were 

generally 0° to 1°C above normal, although anoma-
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lies in Cyprus, southern Turkey, and parts of Syria, 
Lebanon, and Israel exceeded +1°C. 

In contrast to most of continental Europe, the 
Middle East region experienced well-below-average 
temperatures during winter (Fig. 7.27a). Mean tem-
perature anomalies were generally between −2° and 
−1°C in Georgia and Armenia, with local values in 
some areas below −2°C. In parts of Syria, Israel, and 
Jordan, mean temperatures were between 0° and 1°C 
below the long-term average. During the first weeks of 
the year, extreme low temperatures prevailed across 
much of the Middle East region. In January, parts of 
Georgia experienced one of the coldest nights for 10 
years, with temperatures dropping to −10°C in the 
capital Tbilisi and to −25°C in mountainous areas. 
Severe frost was also reported in southern Israel and 
Jordan. In Syria’s capital Damascus (608 m above 
sea level) nighttime temperatures fell to −11°C in 
mid-January, 11.5°C below the average minimum 
temperature for January and the lowest January 
temperature since 1982. Mean temperatures across 
Cyprus were around 1°C below normal in January, 
with widespread ground frost during the first half of 
the month causing damage to crops.

Spring temperature anomalies were generally 
positive across the region and exceeded +2°C in the 
eastern Caucasus, Syria, and Jordan. March tem-
peratures were around 4°C above normal in Cyprus, 
where temperatures reached 33°C at the end of the 
month. In April, several heat waves occurred across 
the Middle East, while temperatures exceeding 40°C 
affected Cyprus in the second half of July and during 
the last week of August. The remainder of the year 
was generally warmer than average across the region, 
though anomalies tended to be smaller than at other 
times of the year. 

(ii) Precipitation
Drier-than-average conditions affected most of the 

Middle East region in 2008 (Fig. 7.26). Precipitation 
anomalies ranged between 40% and 60% of normal in 
Cyprus and in parts of Jordan and Syria. For Cyprus, it 
was its second-driest year since 1901, with the country 
now suffering three consecutive years of drought and, 
as a result, severe water shortages. Long dry spells 
in Cyprus during winter caused a decrease in crop 
production, while snow fell in areas above 100 m eleva-
tion several times in January and February. Annual 
rainfall was 60%–80% of average in Lebanon, Israel, 
and parts of Turkey. In other areas of Turkey and in 
the Caucasus region, annual precipitation was gener-
ally close to the long-term mean, while December was 
particularly dry across much of the Middle East. 

(iii) Notable events
During a storm on 30 January, Jerusalem was 

covered by snow, with a recorded depth of 20 cm. 
Likewise, Jordan’s capital Amman received 30 cm of 
snow, while Lebanon, Syria, and even Cyprus were 
affected by severe cold conditions. 

On 17 February, heavy snowfall across much of 
Turkey led to thousands of villages becoming isolated, 
while on 18 February the storm reached Israel, bring-
ing snow, hail, rain, and strong winds. Five centimeters 
of snow was reported in Jerusalem. Thunderstorms 
with hail affected southern Lebanon.

On 8 May and again in October, severe hailstorms 
with heavy rainfall affected Cyprus, causing floods.

g.	 Asia
1) Russia—O. N. Bulygina, N. N. Korshunova, and V. N. 

Razuvaev.
2008 was very warm over Russia, with a mean air 

temperature anomaly (relative to 1961–90) of 1.9°C; 
the second warmest since observations began in 1891 
(Fig. 7.32). Anomalies of mean air temperatures were 
positive for all seasons: winter, +2.4°C; spring, +2.0°C; 
summer, +0.9°C; and autumn, +2.1°C (second only 
to 2005). 

January air temperature anomalies were in the 
range from −9° to +12°C (Fig. 7.33). Conditions were 
very warm in the north of the country, including most 
of the Yakutia-Sakha Republic, the Amur region, 
and the southern Khabarovsk Territory. Maximum 
temperature anomalies in excess of 1������������2°C��������� were re-
corded on the Arctic coast, where records were set 
at a number of stations. These large anomalies are 
associated with significant deviations from the nor-
mal surface pressure field. The Icelandic low, which 
slightly shifted northeastward, was considerably 
deeper than normal, as was the trough going from 

Fig. 7.32. Anomalies of mean annual air tempera-
tures averaged over the Russian Territory, 1939–2008 
(against 1961–90 normals).
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the Iceland depression along the northern coast of 
Eurasia. Throughout January, the Atlantic cyclones 
passed over the northern seas around Eurasia, con-
tributing to the formation of warm and wet air masses 
in the coastal regions. 

In contrast, over southern European Russia and 
southern western Siberia it was very cold. Such cold 
weather was due to the Siberian anticyclone being 
southwest of its climatological position, being more 
intense, covering a larger area than normal, and form-
ing a common high with the Azores anticyclone. In 
the first 10 days of January, abnormally cold weather 
with mean daily air temperatures 7°–15°C below 
normal was recorded in central Chernozem regions. 
In the Volgograd region, the Stavropol Territory, and 
the Chechen Republic, minimum air temperatures 
were as low as −25° to −28°C. In the south of western 
Siberia, severe frosts (−35° to −42°C) were recorded in 
the second 10-day period of January. On the coldest 
days, the mean daily air temperature was 7°–16°C 
below normal. In some areas of the Krasnoyarsk Ter-
ritory, the Irkutsk region, and Transbaikalia, the air 
temperature reached −46° to −50°C. 

In European Russia, with the exception of the 
Black Sea coast, and over most of Siberia, mean Feb-
ruary temperatures were above normal. Maximum 
anomalies (in excess of 10°С) were recorded in south-
western Yakutia. The warmest weather in European 

Russia was recorded in the west, where mean monthly 
air temperatures were 6°–7°С above normal. In east-
ern Siberia, mean monthly temperature anomalies 
around Evenkia were +8 to +9°С. Precipitation was 
also twice the monthly mean over the northwestern 
region, the southwestern Arkhangelsk region, and 
the southern Urals. At the beginning of the second 
10-day period, the Sverdlovsk �������������������r������������������egion and Bashkor-
tostan experienced severe snow storms, with wind 
speed attaining 24 m s−1 and visibility being as poor 
as 300–500 m. In the southern Far East, the Maritime 
Territory and the Amur region recorded no precipita-
tion for two months. 

Mean monthly air temperatures in March were 
1°–2°C below normal in northern European Russia 
and northern western Siberia. In the rest of the Rus-
sian Territory, March was very warm. In the east of 
the country, mean monthly temperatures were up to 
10°C above normal over the eastern Yakutia-Sakha 
Republic, while in the southern Khabarovsk Terri-
tory, mean monthly air temperature anomalies were 
7°–8°C. High temperatures in these regions were 
accompanied by a large amount of precipitation. In 
the vicinity of Yakutsk and Khabarovsk, precipitation 
was 3 times as high as the monthly average.

In April, the largest temperature anomalies were 
recorded over European Russia, where mean monthly 
air temperatures were generally above normal. 

Fig. 7.33. Air temperature anomalies in Jan 2008. Insets show mean monthly and mean daily air temperatures 
in Jan 2008 at meteorological stations Marresalya, Anadyr’, and Ust’-Koksa. 



S154 august 2009|

Significant precipitation deficits were recorded in 
the southern Far East (western Amur region, eastern 
Maritime Territory, and southern Sakhalin) against 
the background of positive temperature anomalies 
(3°–4°C).

In May, the division between negative and positive 
anomalies in the temperature field coincided with 
the border between the two continents. In European 
Russia, mean monthly temperatures were below nor-
mal, with some regions recording record low daily 
minima. In contrast, nearly the whole of the territory 
east of the Urals experienced warmer weather than 
the long-term average, with many regions of Siberia 
and the Far East setting new daily maximum air tem-
perature records. In late May, air temperatures rose to 
+25°C in Yakutia and to +35°C in southern Siberia.

In June, negative temperature anomalies persisted 
in European Russia. In the first 10-day period, ground 
and air frosts were recorded in most locations. June 
was very warm in Eastern Siberia and southern 
Yakutia. Very hot weather, predominantly without 
precipitation, also prevailed in the Amur region and 

the southern Khabarovsk Territory. These weather 
conditions caused railway accidents and numerous 
forest fires. The city of Khabarovsk was wrapped with 
dense smog from forest fires that gave rise to poor 
visibility. In the republics of Northern Caucasia, the 
Krasnodar, and Stavropol Territories precipitation of 
75–96 mm occurred in one to three hours. 

In July, no significant broadscale temperature 
anomalies were recorded; however, precipitation in 
some regions exceeded long-term records (Fig. 7.34). 
Heavy rains were reported in the central region of 
European Russia and in the northwestern Rostov 
region (200%–300% of monthly average). In contrast, 
August was warm over most of the Russian Territory. 
Hot winds were observed in the Altai Territory by 
the end of the first 10-day period, while very hot and 
dry weather occurred in the second half of August 
in southern European Russia. In some regions maxi-
mum air temperatures were above 30°C for 24–25 
days, peaking at 36°–40°C. Drought conditions, 
defined as a period with precipitation of less than 
5 mm, persisted for 31 days.

Fig. 7.34. Precipitation total in Jul 2008 against normal. Insets show monthly precipitation total series in Jul and 
daily precipitation in 2008 at meteorological stations Moscow, Chertkovo, Kislokan, and Srednekolymsk. 
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September 2008 in European Russia will be 
remembered for both abnormal heat and cold. For 
example, on 11 September, Voronezh city reached 
a record-high temperature, 30.7°C, and in the 
neighboring city of Tambov, on 27 September, air 
temperature dropped to a record-breaking low value 
of −2.6°C. In the Magadan region, Chukotka, and 
Kamchatka, the weather was considerably warmer 
throughout the month, as compared with normal 
values. 

October 2008 was the warmest October on record 
for Russia, with a mean air temperature anomaly 
of 2.9��������������������������������������������°C������������������������������������������. This record was achieved despite few in-
dividual stations reaching record levels (maximum 
anomalies were no higher than 6°С), but rather by the 
fact that virtually the entire country was consistently 
warm. Over most of European Russia, warm weather 
in October was generally accompanied by below-
normal precipitation. Conversely, Transbaikalia 
received above-average precipitation, with monthly 
averages exceeded by 2 to 3 times, and heavy snow-
falls producing a snow cover as deep as 30–35 cm. 
Heavy snowstorms also took place on Taimyr and 
in Khakassia. 

November also proved warm for Russia, with 
abnormally warm weather prevailing over European 
Russia, particularly in the Urals, with mean monthly 
air temperature anomalies reaching 6–7°C. Western 
Siberia experienced anomalies of more than 8°C. 
Central regions of Sakhalin received precipitation 
that was twice the monthly mean. 

In December, northern regions of European 
Russia and western Siberia and continental regions 
of the Magadan and Chukotka all recorded excep-
tional warm anomalies—up to 10°C in places. For 
example, at Omolon, whose normal value is −35.8°С, 
mean monthly air temperatures rose to −25.6°C. 
Conversely, over western Yakutia (Fig. 7.35), daily 
air temperatures were below normal for most of the 
month, with anomalies reaching −15° to −20°C.

2)	East Asia—Y. Guo, Y. Sakai, S. Zhao, X. Wang, and 
H. Lee

(i) Overview
Over most of East Asia, the annual mean surface 

air temperature during 2008 was near or above 
normal (Fig. 7.37). Temperatures were significantly 
below normal for most of East Asia during winter 

Fig. 7.35. Air temperature anomalies in Dec 2008. Insets show mean monthly and mean daily air temperatures 
in Dec 2008 at meteorological stations Marresalya, Omolon, and Olekminsk. 
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(December 2007–February 2008) and were above 
normal in the spring (March–May 2008) and autumn 
(September–November 2008). In China, the mean 
temperature in spring was the warmest since na-
tional average records commenced in 1951. In Japan, 
2008 was the 11th-warmest year since 1898. Annual 
precipitation totals were above normal in eastern 
northwest China, the Tibetan Plateau, and the regions 
from southern China to the northeastern Indochina 
peninsula, while it was below normal in the regions 
from western northwest China to western Mongolia 
and the northeast part of East Asia (Fig. 7.38). Two 

extreme floods occurred in southern China in late 
May to June, and again during late October to early 
November. Widespread droughts expanded across 
most of northern China from January to March 2008. 
Parts of Japan were affected by localized torrential 
rainfall during summer. 

(ii) Temperature
The average temperature over China for 2008 was 

9.5°C, 0.7°C above the 1971–2000 normal and the sev-
enth highest since 1952, and the 12th above-average 
year since 1997. Annual mean temperatures for 2008 

The Eurasian cold event of January 2008—M. Rogers, S. Sensoy, O. Bulygina,  
F. Rahimzadeh, Y. Guo, S. Attaher, and A. B. Watkins

During January 2008, an exceptional 
cold outbreak occurred across Eurasia 
(Fig. 7.36)�����������������������. Mean monthly tempera-
tures were as low as −8.0°C in Turkey, 
with nearly 50 extreme 
weather events recorded. 
Cold stretched south into 
Israel, Jordan, and Egypt, 
where temperatures 5° 
to 8°C below normal had 
a severe impact on many 
vegetable and fruit crops. 
Jerusalem was covered by 
20 cm of snow, Amman 
received 30 cm of snow, 
while Lebanon, Syria, and 
even Cyprus were affected 
by severe cold conditions. 
Iraq experienced record 
cold, with snow being 
reported on at least six 
days at Mosul in northern 
Iraq and temperatures 
near record lows in many 
areas. On 11 January, snow 
fell in Baghdad for the first 
time in living memory. The 
lowest recorded tempera-
ture was −10°C at Al Qaim 
in the western desert. 
Over northern Iran, mean 
January temperatures 
were generally 5° to 10°C 
below normal. Some areas 
that had not observed 
minimum temperatures 
below freezing since 
records began in 1951, 

Fig. 7.36. Snow covers the region of southwest Asia, from 
Turkey in the west to Iran in the east, on 15 Jan 2008. 
NASA image courtesy Jeff Schmaltz, MODIS Rapid Re-
sponse Team at NASA GSFC (http://earthobservatory.
nasa.gov/NaturalHazards/view.php?id=19555).

experienced subzero temperatures on 
multiple days. In the south of western 
Siberia, severe frosts (−35° to −42°C) 
were recorded in mid-January, with 

temperatures generally 7° to 16°C 
below normal. In some areas of the 
Krasnoyarsk Territory, the Irkutsk 
region, and Transbaikalia, tempera-

tures dropped to between 
−46° and −50°C. Western 
regions of Afghanistan 
experienced their coldest 
winter in nearly 30 years. 
Nearly two-thirds of China 
was affected by the event, 
with southern China 
experiencing a once-in-a-
hundred-year cold snap. 
Maximum temperatures 
were 2° to 6°C below 
average. Averaged across 
southern China, 19 suc-
cessive days occurred with 
a daily mean temperature 
of below 1°C. This, and an 
accumulated mean snowfall 
of 42.4 mm, were both 
records since observa-
tions began in 1952. Snow 
cover for Eurasia was at 
all-time record levels for 
the month of January. 
Snow coverage exceeded 
32 million km2, just over 
3 million km2 above the 
long-term average; further 
details in chapter 2. Sadly, 
many hundreds died from 
the extremely cold condi-
tions across Eurasia in 
early 2008. 
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were near normal over most of China, and 1°–2°C 
above normal in northeastern and northwestern 
China. The average temperature in China for winter 
2007/08 was −4.4°C, which was 0.2°C below normal 
and the coolest winter since 1986/87. Extreme low 
temperatures, freezing rain, and snow persisted over 
most of southern China from 10 January to 2 Febru-
ary, resulting in the worst severe weather event in five 
decades, the loss of 107 people, and over $15 billion 
(USD) in damage (Gao 2009; Wang et al. 2008b). For 
spring, the average temperature was 11.4°C, 1.8°C 
above normal and the warmest spring since 1951. The 
seasonal mean temperatures for summer and autumn 
were 0.5°C and 1.0°C above normal, respectively. 

The average temperature over Japan (averaged 
over 17 observatories confirmed as being relatively 
unaffected by urbanization) in 2008 was 0.46°C above 
normal (based on the 1971–2000 aver-
age), making it the 11th warmest year 
since 1898. Area-averaged annual 
mean temperature anomalies were 
+0.6°C in northern and eastern Japan, 
+0.5°C in western Japan, and +0.4°C 
in Okinawa/Amami.

(iii) Precipitation
Total precipitation for 2008 in Chi-

na was 651.3 mm, which was 38.4 mm 
above normal and the highest since 
1999. The spatial and seasonal pre-
cipitation distributions were uneven 
across the country. Summer rainfall 
was the third highest since 1955. 
Annual precipitation was 20%–50% 
above normal in western Inner Mon-

golia, southwestern, and southern 
China, while def icits of 20%–50% 
were recorded in parts of northwest-
ern China. From 26 May to 19 June, 
heavy rainfall persisted over southern 
China, causing severe flooding. From 
21 October to 8 November, heavy rains 
occurred frequently in southern China, 
resulting in an average precipitation of 
94.9 mm, 160% above normal and the 
highest value since regional records 
began in 1951. In contrast, from 1 Janu-
ary to 18 March, widespread droughts 
expanded across much of northwest 
and North China, with precipitation 
30% to 80% below normal. 

Annual precipitation amounts over 
Japan were near normal nationwide, 

except for northern Japan and over parts of eastern 
Japan, where totals were significantly below normal. 
Some mainland areas experienced localized torrential 
rainfall in summer.

(iv) Atmospheric circulation
In winter, both the polar front jet and the sub

tropical jet were stronger than normal over Eurasia. 
Blocking highs were prevalent around western 
Siberia, and the Siberian high developed in January 
and February, when cold spells affected East Asia, 
and particularly China. Extremely low temperature 
anomalies were observed in the lower troposphere 
over China.

During spring and summer, positive 500-hPa 
height anomalies occurred over the Arctic Ocean and 
the midlatitudes of Asia, while negative anomalies 

Fig. 7.37. Annual mean temperature anomalies (°C; 1971–2000 base 
period) over East Asia in 2008. (Source: JMA.)

Fig. 7.38. Annual precipitation ratio as percentage of normal (1971–
2000 base period) over East Asia in 2008. (Source: JMA.)



S158 august 2009|

occurred from Europe to central Siberia. A stationary 
ridge over eastern Siberia was also observed. These 
features were consistent with the southward-shifted 
polar front jet and the weaker-than-normal or slightly 
northward–shifted subtropical jet, corresponding 
to most parts of East Asia experiencing a warm 
spring and a hot summer. Though the Okhotsk high 
appeared over the Sea of Okhotsk several times, it 
brought a cool wind to northern Japan only in late 
August. The Pacific high was weaker than normal 
over the northwestern Pacific during August.

In September and November, positive 500-hPa 
height anomalies prevailed over East Asia. Southerly 
winds were dominant in the lower troposphere, ���re-
sulting in a warm autumn for most parts of East Asia. 
In November and December, westerly jets meandered 
and the trough stayed over the East China Sea. Wet 
weather was observed at the south and east side of 
the trough, while dry conditions were observed to 
the north and west.

(v) Monsoon
The onset of the SCS summer monsoon was in 

the first pentad of May and earlier than normal. 
Subsequently, southwesterlies moved northward to 
regions south of the Yangtze River. During mid-June, 
southwesterlies extended northward to the Jianghuai 
area, and warm and humid air was prevalent south of 
the Huanghuai area. Southwesterlies moved north-
ward to North China during mid-July. After mid-
August, warm and moist air swiftly withdrew south-
ward and moved back to the middle to lower reaches 
of the Yangtze River, withdrawing further to South 
China by mid-September and remaining until early 
October. The summer monsoon withdrew from the 
SCS during the second pentad3 of October 2008, two 
pentads later than normal. Overall, the SCS summer 
monsoon index during 2008 was −1.37 and weaker 
than normal. Pentad intensities of the SCS summer 
monsoon were stronger than normal during May 
and the period from the third pentad of September 
to the first pentad of October, but they were weaker 
than normal during most of the period June–August 
(Fig. 7.39). Over eastern China, precipitation totals for 
summer (June–August) were more than 30% above 
normal in the Jianghan area, the eastern Huanghuai 
area, and South China.

Onsets of the Bai-u (the rainy season over Japan 
during the late spring and summer) were earlier than 

3	Pentad refers to blocks of five days, starting on the first day 
of the month.

normal in western and eastern Japan. In western 
Japan, the Bai-u withdrew on 6 July, one to two weeks 
earlier than normal. This was followed by sunny and 
hot days until mid-August. Over western Japan, July 
received only 29% of its normal rainfall, which was 
the least recorded since 1946. Meanwhile, isolated 
heavy rains caused by developed cumulonimbus were 
sporadically observed in eastern and western Japan 
from the end of July to the beginning of September. 
Total precipitation amounts exceeded 400 mm in the 
Tokai region resulting in floods and land slides. 

(vi) Aeolian dust
In spring 2008, China was affected by nine dust 

and sand events, far fewer than in 2007 (15). The 
average number of dust days in northern China was 
1.7 days (3.8 days less than normal). During 26–28 
May, the worst event of 2008 saw a 3-day dust storm 
blanketed northern China.

The Republic of Korea was affected by six dust 
events in spring (March, April, May) 2008, with the 
strongest peaking on ������������������������������2����������������������������� March, affecting most of Ko-
rea over a 2-day period. The average number of dust 
days over the 28 recording stations was 4 days, which 
was near normal (3.6 days). The number of dust days 
in April was 0.3 days, which was significantly below 
normal (2 days) and is likely to be due to anomalous 
easterlies and southwesterlies. The last dust event was 
observed on 29������������������������������������–�����������������������������������31 May, which was the latest ������occur-
rence observed since 1979.

In Japan, the number of days when yellow sand, 
or aeolian dust, was observed was 10 from January to 
May 2008, which was the lowest number since 1987. 
The total number of days that meteorological stations 
recorded aeolian dust during 2008 was 125, which 
was also the lowest number since 1997. Of special 
interest is that the total number of days when yellow 
sand was observed during April (one) was far below 
the normal value of 7.9.

Fig. 7.39. Variation of pentad zonal wind index over 
monitoring region(10º–20ºN, 110º~120ºE), red open bars 
stand for climatology (Unit: m s−1) (Source: CMA.)
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3)	South Asia—M. Rajeevan and J. Revadekar 
(i) Overview
During 2008, South Asia experienced many ex-

treme precipitation and temperature events. During 
the last week of January, parts of northern India 
experienced severe cold-wave conditions. Delhi, the 
capital city of India, recorded a minimum of 2.5°C 
on 28 January, its lowest temperature in five years. 
During the premonsoon season (March to May), a 
severe heat wave affected many parts of northern 
India and Pakistan. During March, unprecedented 
heavy rainfall occurred over southern parts of India 
and Sri Lanka associated with the passage of easterly 
waves in the lower troposphere. The area-weighted 
average rainfall over the southern peninsular India 
was 915% of its long period average value, an all-time 
record. Record-high rainfall was reported at more 
than 20 stations over southern India. In Sri Lanka, 
flash floods associated with heavy rains affected more 
than 50,000 families. 

A cyclonic storm (Nargis) developed over the Bay 
of Bengal during the last week of April, which intensi-
fied into a very severe cyclonic storm (Category 4) on 
29 April. Along with its intensification, it recurved 
and moved toward Myanmar. On 2 May, it crossed 
the southwest coast of Myanmar, resulting in the 
worst disaster ever for that country. Nargis was the 
most devastating cyclonic storm to strike South Asia 
since 1991. According to reports, the storm left nearly 
78,000 people dead and almost 56,000 missing. 

(ii) South Asian summer monsoon (June to September)
The summer monsoon season (June to September) 

typically contributes 60%–90% of the annual mean 
rainfall over major portions of South Asia. The onset 

phase of the monsoon in 2008 was characterized by a 
normal onset over southern peninsular India. Further 
progress of the monsoon over the country was satis-
factory, except for a brief hiatus during the third week 
of June. The monsoon covered the whole country by 
10 July, about five days ahead of normal. 

The all-India summer monsoon rainfall (June to 
September) was 2% below its long-term (1901–2000) 
mean of 890 mm. However, rainfall was unevenly 
distributed over both space and time (Fig. 7.40). Sea-
sonal rainfall was above normal over the far northern 
parts of India and its north peninsula, while totals 
were deficient over most of central and extreme 
southern parts of India. The 2008 summer mon-
soon was also characterized by strong intraseasonal 
variability as seen in Fig. 7.41. During the month 
of June, area-weighted rainfall over the country as 
a whole was 24% above average. However, rainfall 
activity was confined to the extreme northern parts 
of India, in association with the interaction between 
the midlatitude westerly system and the monsoon 

Fig. 7.40. Monsoonal (Jun–Sep) rainfall (mm) and anomalies (percentage departure from normal) over India 
in 2008. 

Fig. 7.41. Daily standardized rainfall time series aver-
aged over the monsoon zone over India (1 Jun to 30 
Sep 2008).
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circulation. Conversely, during the second and third 
weeks of July, the monsoon circulation was weak, 
most likely due to enhanced convection over the 
equatorial eastern Indian Ocean and midlatitude 
circulation anomalies. 

During the summer monsoon season, 2 of the 36 
meteorological subdivisions in India recorded excess 
rainfall, 31 subdivisions received normal rainfall, 
and the remaining 3 subdivisions received deficient 
rainfall. Out of 516 meteorological districts for which 
rainfall data were available, 76% of the meteorologi-
cal districts received excess/normal rainfall, and the 
remaining 24% of districts received deficient rainfall 
(rainfall deficiency more than 19%). During the sea-
son, 65 districts (13%) experienced moderate drought 
conditions (rainfall 26% to 50% below normal) and 17 
districts (3%) experienced severe drought conditions 
(rainfall deficiency 51% or more). 

A notable feature during the monsoon season 
was less-frequent occurrence of cyclonic distur-
bances such as monsoon depressions, although this 
suppressed activity is consistent with the observed 
decreasing trend in the frequency of monsoon depres-
sions over the Indian region during recent decades. 
Only four monsoon depressions formed during the 
season, against the long-term average of around 
seven. Depressions that did occur were short lived 
with an average life period of only 2.2 days. 

The area-weighted seasonal (July to September) 
rainfall over Pakistan was slightly below normal. 
Rainfall in July was deficient, while it was in excess 
during August. Seasonal rainfall was above normal 
over northwest Frontier Province and Punjab. Over 
the Sindh region, seasonal monsoon rainfall was 
largely deficient. Monsoon rainfall over western Ne-
pal was consistently above normal until August. 

During the monsoon season, heavy rainfall and 
f lash f loods affected many parts of India, Bangla-
desh, Nepal, and Pakistan, impacting hundreds of 
thousands of people and causing more than 2,000 
deaths. Record rainfall was reported in many cities 
and towns in India. On 2 July, the city of Varanasi 
recorded 330 mm of rainfall in just 24 hr, an all-time 
record for the city. In neighboring Nepal, heavy rain-
fall in August caused the Kosi River to spill over its 
banks, flooding villages and leaving several people 
missing. During September, in eastern Orissa, heavy 
monsoon rains triggered widespread floods that af-
fected nearly 2.4 million people and damaged crops 
and property. 

Another notable feature was the strong zonal 
dipole structure of precipitation observed over the 
tropical Indian Ocean, with positive anomalies over 

the west and negative anomalies over the east. This 
pattern was consistent with the strong and persistent 
dipole structure in the SST pattern observed during 
the same period. This favorable SST pattern may 
be responsible for the observed excess of monsoon 
rainfall along the west coast of India and the northern 
peninsula, at least during August.

(iii) Northeast monsoon
The NEM sets in over southern peninsular India 

in October and in Sri Lanka in late November. The 
NEM contributes 30%–50% of the annual average 
rainfall over southern peninsular India and Sri Lanka 
as a whole, and up to 70% of the annual rainfall in the 
dry northern and eastern regions of Sri Lanka. 

During the season, the storm activity over the 
North Indian Ocean was above normal with three 
cyclonic storms and one deep depression. In No-
vember, Tropical Storm Nisha caused disaster in Sri 
Lanka and India and resulted in fatalities of at least 
200 people. The storm caused heavy rain and flood-
ing that displaced more than 50,000 people in Vanni 
and Jaffna districts in Sri Lanka. Associated with this 
storm, Jaffna recorded 520.1 mm of rainfall, which 
is an all-time record. Orathanadu, a small town in 
Tamil Nadu received more than 990 mm of rainfall 
in just 48 hr. On 28 November, Chennai airport 
recorded 280 mm of rainfall in just 24 hr. The NEM 
seasonal rainfall was, however, above normal only 
over the eastern parts of the south peninsula, while it 
was deficient over the western parts of the region. 

4)	Southwest Asia

(i) Iraq—M. Rogers
(a) Overview

The main features of the climate of Iraq in 2008 
were the cold January, the very dry winter and spring, 
and the relatively wet autumn. The dry spring, and 
overall dry year, has extended one of the worst 
droughts in the past 10 years and has had a massive 
effect on the wheat and barley production within 
the country.

(b) Seasonal Review

The winter period, Iraq’s wet season, was drier 
than normal with most locations receiving less than 
50% of their normal winter rainfall (see Fig. 7.42). 
December and February were drier than average 
with generally near-normal temperatures. January, 
however, had near-normal rainfall in many central 
and southern areas, locally above-normal in the 
west, but mean temperatures were between 2° and 
3°C below normal. Basra Airport was 3.3°C colder 
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than average during January and 1.8°C colder for the 
winter as a whole.

Temperatures recovered during the spring, with 
most areas experiencing mean temperatures between 
2° and 4°C above the 1961–90 normal, with many 
places reaching record-breaking temperatures during 
March (e.g., 39.4°C at Basra Airport). The high tem-
peratures, brought about by generally settled weather 
conditions across the country, led to an extension of 
the very dry conditions experienced during winter. 
Most areas received less than 40% of their normal 
rainfall with some places having less than 10% (e.g., 
around 6% at Baghdad). With the drier-than-normal 
ground and the lack of crops in the fields due to their 
failure through lack of irrigation, there was a higher 
occurrence of dense lifted dust.

Summer in Iraq was fairly typical with fine, dry, 
and dusty conditions across most areas, although 
temperatures were generally above normal. The 
northwesterly Shamal winds dominated conditions, 
bringing occasional dense lifted dust.

An unsettled period of weather 
during October and November led 
to above-average rainfall in many 
places, especially in central and 
eastern areas (see Fig. 7.43), with 
Baghdad receiving nearly 180% of the 
normal rainfall during the September 
to November period. Temperatures 
were generally between 1° and 2°C 
above normal. A drier-than-average 
December with near-normal tem-
peratures ended the year.

(c) Annual Review

Overall, 2008 in Iraq was drier and warmer than 
average. On the whole temperatures were between 1° 
and 2°C above normal with rainfall less than 65% of 
the expected levels (Table 7.2).

(ii) Iran—M. Khoshkam and F. Rahimzadeh
Temperature anomalies during 2008 in Iran were 

mixed (Table 7.3). Cooler-than-average conditions 
prevailed during winter, when Iran experienced 
temperatures generally 0°–4°C below the long-term 
mean, with areas in the northeast of the country 
recording temperatures up to 6°C below average 
(Fig. 7.44). During spring, temperatures were gener-
ally up to 4°C above long-term average over most 
parts of Iran, though some regions experienced 
maximums up to 6.3°C above the mean. During 
summer, below-average temperatures were observed 
in the south, southeast, and northwest. In autumn, 
cooler-than-average temperatures persisted across 
the northwest, southern, and central parts of the 

Fig. 7.42. Percentage of normal precipitation (base 
period 1951–2000) for seasons Dec–Feb. (Source: 
GPCC.)

Fig. 7.43. Percentage of normal precipitation (base 
period 1951–2000) for seasons Sep–Nov. (Source: 
GPCC.) 

Table 7.2. Precipitation anomaly (percentage of 1951–2000 
normal). (Source: USAF, 14th Weather Squadron.)

Mar–May Sep–Nov Annual

Mosul 32.0 188.9 62.4

Baghdad   5.9 179.9 58.5

Basra 32.9 118.6 53.8



S162 august 2009|

country, while warmer-than-average conditions were 
limited to the east and some parts of the northwest 
and central regions. 

Iran experienced drier-than-normal conditions in 
all four seasons of 2008 (Table 7.3), with the country 
receiving only 58%, 24%, 85%, and 86% of its long-
term winter, spring, summer, and autumn rainfall, re-
spectively. Winter, spring, and summer also received 
less rainfall in 2008 than that received in the previ-
ous year, the only exception (autumn) being due to 
exceptionally low rainfall in 2007. Areas with above-
average winter rainfall were confined to the southeast 
and small parts over the northwest, while the rest of 
the country received precipitation amounts that were 
at most 75% of the long-term mean. Total rainfall for 
winter 2008 across the Caspian Sea and through the 
western parts of the country was generally more than 
200 mm. The largest total of 578 mm was observed in 

Bandar Anzali (northern Iran). Through the middle 
of the country, and through isolated regions in other 
parts, rainfall was less than 35 mm. Averaged pre-
cipitation over the country was below the long-term 
mean during the spring of 2008 (Fig. 7.45). 

During the summer, most parts of the eastern half 
of the country received below-normal precipitation, 
while areas in the south received no rainfall at all. 
During autumn, northwest, northeast, south, and 
southeast parts of the country received 60% of their 
long-term mean rainfall. 

During winter, spring, and summer, significant 
dust storms spread out over large parts of the south-
ern half of Iran. While this is fairly typical for the 
southeastern regions, it is only in the past few years 
that these conditions have spread into the southwest 
of the country, although it is worth noting that the 
source region differs for the two areas. 

Fig. 7.44. Winter mean temperature anomaly (°C) for 
Iran. (Source: IRIMO.)

Fig. 7.45. Spring precipitation anomaly (percentage of 
normal) for Iran. (Source: IRIMO.)

Parameter                              Season Winter Spring Summer Autumn

Precipitation
Average (mm) 69 14 9.5 56.2

Respect to

(%)

Long term −42% −76% −15% −14%

Previous

year
−27% −84% −37% 49%

Range from–to (mm) 6 to 578 0 to 180 0 to 227 0 to 954

Temperature
Respect to long term (°C) −6 to 0 2 to +4 0 to 1 −2 to −1

Range from–to (°C) −10 to 25 10 to 35 15 to 45 3 to 28

Table 7.3. Seasonal amount of precipitation and temperature over Iran.
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(iii) Turkey—S. Sensoy
The annual surface temperature anomaly averaged 

over Turkey in 2008 was 0.8°C above the 1961–90 
average (13.6°C). Coastal areas and the western part 
of the country recorded temperatures above the 
mean, while areas around Sivas, Erzurum, and Kars 
experienced below-average temperatures. Positive 
temperature anomalies for Turkey have now oc-
curred over all years (with the exception of 1997) 
since 1994. This increase is observed not only in the 
mean temperature but also in maximum and mini-
mum temperatures. Middle East and Turkish climate 
indices studies show that the number of summer days 
(Tmax ≥ 25°C) and tropical nights (Tmin ≥ 20°C) 
has been increasing over Turkey, while cool nights 
(Tmin < 10th percentile) and cool days 
(Tmax < 10th percentile) have been 
decreasing (Sensoy et al. 2008; Zhang 
et al. 2005). 

In 2008, January and February 
mean temperatures were below the 
1971–2000 mean, while March, April, 
June, July, August, and November  
were above it. All other months saw 
mean temperatures that were near 
normal (Fig. 7.46). January 2008 mean 
temperatures were significantly below 
the 1971–2000 mean, reaching −8.0°C 
in areas around Sivas, Erzurum, and 
Kars (Fig. 7.47). Forty-nine extreme 
events, including heavy snowfall, 
storms, and frosts, were reported in 
January and February 2008. This ex-
ceptional cold was thought to be due to 
the Siberian high-pressure system that affected Tur-
key, combined with prevailing La Niña conditions. 

Total precipitation was below the mean in Antalya, 
Muğla, Mardin, and Bitlis, which all broke records in 
2008. In contrast, slightly above-average precipita-
tion occurred in the central Black Sea region, Sivas, 
Bayburt, and Kars. Overall, total precipitation for the 
country was 128 mm below the 1961–90 mean, and 
hence large areas suffered drought conditions dur-
ing all seasons of 2008 except autumn. Despite the 
drought conditions, 42 extreme rainfall and f lood 
events occurred during 2008. 

h.  Oceania
1)  Australia—B. C. Trewin and A. B. Watkins
(i) Overview
Australia in 2008 was generally warmer than nor-

mal, with near-normal rainfall, despite the presence 
of a strong La Niña early in the year (see chapter 4 for 

a description of the ENSO state, and chapter 3 gives a 
broader view of oceans), something that historically 
brings above-normal rainfall to northern and eastern 
Australia. Rainfall averaged over Australia for 2008 
was 466 mm (44th highest of 109 years, 1% below 
normal),4 and, while much of the north and east 
was wet, dry conditions in the southeast reinforced 
long-term drought over much of that region. This 
exacerbated severe water shortages in the agricultur-
ally important Murray-Darling basin.

4	Anomalies are calculated with respect to the 1961 to 1990 
average. High-quality annual Australia-wide temperature 
anomalies have been calculated for all years since 1910 
(Della-Marta et al. 2004), while high-quality monthly 
anomalies are available from 1950. This report’s rankings 
use the monthly values. High-quality nationwide rainfall 
measurements commenced in 1900 (Lavery et al. 1997).

Fig. 7.46. Monthly mean temperatures (°C) for Turkey 
in 2008. 

Fig. 7.47. Jan 2008 temperature anomalies (°C; base period 1971–
2000) for Turkey. 
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Mean temperatures for the year were 0.41°C 
above normal, making 2008 the 14th-warmest year 
on record, despite being the coolest year since 2001. 
Australian temperatures are generally below average 
in years in which a La Niña event finishes. Unusual 
for a La Niña year, the Australian mean diurnal tem-
perature range was larger than normal.

(ii) Temperature
Temperatures were above normal for much of 

Australia during 2008, but to a lesser extent than 
they have been in some recent years, with the largest 
anomalies in the central and western interior.

Only the south-central Northern Territory and 
the eastern interior of western Australia experienced 
maximum temperature anomalies of more than +1°C 
through the year (Fig. 7.48), while only a few areas had 
below-normal maxima. Averaged over Australia, the 
mean maximum temperature was 0.52°C above nor-
mal (13th highest on record), with positive anomalies 
in all states. However, only the Northern Territory 
(10th) ranked in the top 10. 

Minima were closer to normal, with the national 
average anomaly of +0.29°C ranking 19th highest. 
Only a few areas had annual anomalies with a mag-
nitude of more than 1°C. The most consistent signals 
were in northern parts of the Northern Territory and 
western Australia, where annual anomalies were be-
tween −0.5° and −1.0°C, and in the northern half of 
New South Wales, which was similarly cool. 

While the annual temperatures were mostly un-
exceptional, there were some notable monthly and 
seasonal anomalies. January was Australia’s warmest 
on record and was particularly hot in the central and 

western interior, which missed out on wet season 
rains. Maximum temperatures in March were ex-
ceptionally warm over much of southern Australia, 
largely due to a prolonged heat wave [see section 
7h1(iv)]. However the early end to the wet season and 
persistent southerly flow saw low autumn minimum 
temperatures over much of northern Australia. 

Winter temperatures were generally close to nor-
mal, with a cold August offsetting a mild June. Parts 
of the southeast had their lowest winter mean maxi-
mum temperatures since 1998, although anomalies 
were still near zero. Mount Hotham set an Australian 
record when the temperature failed to rise above 0°C 
for 53 consecutive days between 7 July and 28 August, 
and Eyre set a western Australian state record with 
−7.2°C on 17 August.

September and October were generally warm, 
continuing the pattern of recent years (September 
maximum temperature anomalies have been +0.8°C 
or above in 13 of the last 15 years, and positive in 
all 15), with Victoria and South Australia setting 
October records for mean maxima and minima, 
respectively. The year had a reasonably cool finish, 
especially in the west, although December was hot 
in much of Queensland.

(iii) Precipitation
Australian precipitation was generally close to 

normal during 2008. While some areas affected by 
long-term drought had their best rains for several 
years, others saw a continued deterioration of condi-
tions during the year. 

The tropical wet season in the first part of 2008 
was one of contrasts. In the northern tropics, much 
of the eastern half of Queensland, and NSW, it was 
wet with f looding at times, although only limited 
areas had January–March totals in the highest decile. 
Conversely, with no significant incursions of tropical 
moisture into the interior, rainfall was well below nor-
mal in the Northern Territory south of 18°S, the far 
west of Queensland, and all of South Australia. The 
wet conditions around the NSW/Queensland border, 
following heavy rains at the end of 2007, provided the 
northern Murray-Darling basin with its best inflows 
since 2000/01, although little of this water reached 
lower parts of the basin. 

The tropical wet season came to an early end and 
dry conditions dominated over most of the country 
from March to October, with 87% of the country ex-
periencing below-median rainfall. Autumn was espe-
cially dry, with the national average the eighth lowest 
on record, May was the driest on record, and all states 
and territories were below normal in all three months. 

Fig. 7.48. Australian mean annual maximum tempera-
ture anomalies (°C; 1961–80 base period) for 2008. 
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The winter rainfall areas of southeastern Australia 
experienced near-normal totals in July and August 
but were otherwise dry, especially in September and 
October, which were the driest on record over large 
parts of Victoria and South Australia. 

There was a marked shift in the rainfall regime 
in November, with above-normal rains extending 
through most of the continent. The contrast was 
especially marked in South Australia and the south-
ern half of the Northern Territory, much of which 
experienced its driest January–October on record, 
with many stations below 50 mm for the period (and 
a few below 20 mm). South Australia followed its 
second-driest January–October on record, with its 
wettest November–December.

For the year as a whole (Fig. 7.49), rainfall was 
above normal in northern New South Wales and east-
ern Queensland, the Top End of the Northern Terri-
tory and the Kimberley region of western Australia, 
and most of the western half of western Australia. 
The most consistent below-normal values were in 
the central Northern Territory and adjoining western 
Queensland, as well as in the southeast, covering Vic-
toria, Tasmania, and southern South Australia. In the 
latter region, the low rainfall exacerbated long-term 
rainfall deficits. The last 12 years have now been the 
driest such period on record in much of southern 
Victoria, while record 3-yr rainfall deficits have also 
developed in many areas, particularly on the north-
west slopes of the Australian Alps, which are critical 
for inflows into the Murray-Darling basin.

(iv) Notable events
The most significant feature of the early weeks of 

2008 in Australia was flooding in the north and east. 
While several regions were affected, the two most 
severe events affected the Emerald area in eastern 

Queensland in mid-January and Mackay in mid-
February. The Emerald floods resulted from several 
days of heavy rain associated with the remnants of 
Tropical Cyclone Helen. The Mackay event, in con-
trast, was mostly flash flooding, which resulted from 
extremely heavy rain in a low-level convergence zone. 
East Mackay received 625 mm on 15 February, most 
of it in five hours. A full description of Australian 
and southwest Pacific basin cyclones is given in 
chapter 4.

Perhaps the most notable event of 2008 was 
the exceptional prolonged heat wave that affected 
southern Australia during March (National Climate 
Centre 2008). Adelaide experienced 15 consecutive 
days above 35°C from 3 to 17 March (including a run 
of 13 consecutive days above 37.8°C/100°F), nearly 
double the previous record of 8 days. The heat wave 
was more exceptional for its duration than any indi-
vidual extreme days, but a Tasmanian state record for 
March was still set when Campania reached 38.0°C 
on 14 March.

There were several severe thunderstorm outbreaks 
in southeastern Queensland in the second half of 
November. The most damaging occurred on 16 No-
vember, when storms crossed metropolitan Brisbane 
and a suspected microburst caused major damage in 
the northwestern suburbs. 

Tropical cyclone activity in the Australian region 
in the 2007/08 season was close to normal with a total 
of 10 systems (including those of late 2007).

2)	New Zealand—M. J. Salinger
New Zealand’s climate for 2008 was sunny and 

warm with many extremes. Most significantly, 
drought from January to March in the west of the 
North Island was estimated to have cost at least 
$1 billion (NZ), while floods in central North Island 
areas caused loss of life.

Overall, mean sea level pressures were near av-
erage over New Zealand, with more anticyclones 
than average to the east of the country, resulting 
in frequent winds from the north and northeast. 
Warmer-than-normal sea surface temperatures pre-
vailed around New Zealand from January to May, 
becoming cooler during late spring before warming 
up again by early summer. 

The national average temperature in 2008 was 
12.9°C, 0.3°C above the 1971–2000 normal (Fig. 7.50). 
Temperatures were generally between 0.5° and 1.0°C 
above average in the west of the North Island and 
Nelson. The warmest location was Leigh (northeast 
North Island), with a mean temperature for the year 
of 16.5°C, 0.3°C above normal. Fig. 7.49. Australian annual rainfall deciles for 2008.
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Rainfall was close to normal in many areas of 
New Zealand. Annual rainfall was more than 135% 
of normal at the northern tip of New Zealand and 
in central New Zealand (Wellington and in central 
Marlborough), and more than 120% of normal in 
the far northern areas of the country, central New 
Zealand, and parts of the east of South Island. Annual 
rainfall was less than 90% of normal in the southwest 
of South Island, and the east of North Island, with 
parts of Fiordland, eastern Otago, and southern 
Hawke’s Bay recording less than 80% of normal.

It was a sunny year everywhere, with nowhere in 
New Zealand recording below-normal sunshine to-
tals. Sunshine hours were more than 115% of normal 
in central areas of North Island, the east of North 
Island, and in the east and south of South Island, 
with Turangi, Dannevirke, Waipawa, and Invercargill 
experiencing their sunniest years on record. 

From January–March it was very extremely dry, 
with monthly totals of less than 10 mm in many areas. 
In Waikato it was the driest January in over 100 years 
of records. The dryness continued through Febru-
ary and March, and as a result, severe soil moisture 
deficits persisted in Waikato, parts of Bay of Plenty, 
South Taranaki, and northern Manawatu, Hawke’s 
Bay, Wairarapa, and Marlborough, as well as parts 
of south Canterbury, Otago, and Southland. January 
also saw heat wave conditions occur across inland ar-
eas of South Island, sometimes reaching the coast.

April was a month of extremes, with f loods in 
northern New Zealand, while it remained dry in the 
south. Heavy rainfalls alleviated the significant soil 
moisture deficits for most of North Island. It was the 
coldest May since 1992, with the national average 
temperature of 9.6°C being 1.1°C below average. 

May to August were stormy months. Late June 
saw thunderstorms, hail, lightning, and high winds 
affecting much of North Island. In the last week of 
July, New Zealand was hit by two intense storms 
that caused f looding and the loss of f ive lives. 
Winter rainfall was over twice as high as normal 
in the northeast of South Island, with several high 
rainfall/f lood-producing events. On 26 July heavy 
rainfall in Northland and Coromandel (166 mm 
was recorded in Paeroa, the highest 1-day total for 
July since records commenced in 1914) caused severe 
f looding. On 29 July, heavy rainfall caused more 
flooding, slips, and damage in Thames/Coromandel, 
Auckland, Nelson, and Marlborough. More severe 
f looding occurred on 26 August, when 126 mm 
of rain fell at Kaikoura, the second-highest 1-day 
August rainfall for this location since 1898, result-
ing in several landslides, damage, and the death of 
many livestock. Rainfall totals were greater than 
150% of normal for much of North Island in August. 
Mt. Ruapehu in the central North Island recorded a 
snowpack of 3.5 m, the deepest since records began 
in 1992. 

September brought a shift back to much more 
settled weather conditions for the country. Tempera-
tures were above average, while rainfall was less than 
50% of normal for many areas. 

The period October to December was dry, with 
the southeast of South Island recording its highest 
October sunshine values on record. November and 
December were sunny months over much of the 
country, and rainfall was once again less than 50% of 
normal in eastern areas and between 50% and 80% of 
normal for much of North Island. Soil moisture levels 
in eastern areas and in Waikato were between 30 and 
50 mm lower than normal at the end of December. 
Double the normal rainfall for November fell in the 
northwest of South Island and for December in inland 
Canterbury and Banks peninsula. 

The highest New Zealand temperature of the 
year (34.8°C) occurred in the east of South Island at 
Timaru Airport on 12 January and 19 March and at 
Waione (eastern North Island) on 22 January, while 
the lowest temperature was −9.5°C recorded at Mt. 
Cook on 20 August. The highest-recorded wind gust 
was 183 km h−1 at Mokohinau Island on 11 May and 
at Hicks Bay on 18 June. The driest location was Alex
andra in Central Otago with 376 mm of rain for the 
year, while, of the regularly reporting gauges, Cropp 
River in the Hokitika River catchment in the west 
of South Island recorded the highest rainfall with 
10,940 mm. Of the major cities, Wellington was by far 
the wettest with 1,662 mm; in contrast, Christchurch 

Fig. 7.50. Mean annual temperature anomalies (ºC) 
over New Zealand, from 1853 to 2008 inclusive, based 
on between 2 (from 1853) and 7 (from 1908) long-term 
station records. The blue and red bars show annual dif-
ferences from the 1971–2000 average; the solid black 
line is a smoothed time series.
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and Dunedin were the driest of the five main centers 
with a mere 704 and 705 mm, respectively. Auckland 
received 1,226 mm and Hamilton 1,220 mm.

3)	Southwest Pacific—S. McGree
The year began with La Niña conditions firmly 

established in the equatorial Pacific (see chapter 4), 
the event reaching maturity in February, with the 
first signs of weakening apparent in March. Neutral 
conditions existed in May and continued for the rest 
of 2008, although some indices were more typical of 
a weak La Niña in November and December. The sur-
face equatorial (trade) winds were generally enhanced 
from January to April, and again later in the year 
between September and December. Sea surface tem-
perature anomalies along the equator in January were 
the coolest since 2000. Broadscale anomalies were as 
low as −2°C, with small areas of −3°C, and extended 
along the equator from the South American coast to 
west of the date line central; eastern equatorial SSTs 
increased from March to August. In September, slight 
cooling took place with further cooling from October 
to December, especially in the eastern Pacific.

From early January, the SPCZ was southwest of 
its normal position, typical of a cool ENSO phase. In 
March to May the SPCZ was well south, over Vanuatu 
and occasionally south of Fiji (Fig. 7.51). In June it 
extended from PNG over northern Fiji to Niue and 
across to the southern Cook and Austral Islands. Over 
the next five months, the SPCZ was generally north 

of Fiji, but it was usually weak and inactive; however, 
there were instances when troughs of low pressure 
would merge with the SPCZ, resulting in enhanced 
activity. In late December, the SPCZ was again south 
of its climatological position, particularly in the areas 
near Samoa and the Cook Islands. From January to 
May a large region of suppressed convection existed 
near the equator, including western and eastern Kiri-
bati, Nauru, Tokelau, Tuvalu, and northern Cook and 
Marquesas Islands. Over the next three months the 
area of suppressed convection contracted but still 
included Kiribati and the region immediately to the 
south of these islands. Suppressed convection cover-
ing an area similar to that from January to May also 
existed from October to December. 

Positive sea surface temperature anomalies existed 
around Vanuatu, New Caledonia, west of Fiji, eastern 
French Polynesia, and Pitcairn Island in January. 
These positive SST anomalies expanded in February 
to cover the band from PNG to Vanuatu, south of Fiji, 
to a large region south of the Cook and Austral Is-
lands. Anomalies above +2.0°C existed at the center of 
this large region. The area of positive SST anomalies 
increased in March to include the Solomon Islands, 
Fiji, Tonga, and the southern Cook Islands. Cooling 
occurred from April to June. Warming resumed in 
July, and by November positive SST anomalies existed 
from northern PNG to French Polynesia. Positive 
SST anomalies extended as far north as Tuvalu and 
Samoa in December and were greater than +2.0°C 

from southern Vanuatu to south 
of Fiji and in a large region south 
of the Cook Islands. This pattern 
is typical of positive (cool) ENSO 
conditions caused by a strengthen-
ing of the South Pacific high and 
the southwest displacement of the 
SPCZ. 

Annual rainfall was greater 
than 120% of normal across most 
of the Solomon Islands, central 
Vanuatu, most of Fiji, and Tonga. 
Near-normal rainfall was received 
elsewhere in these countries and 
the southern parts of Tuvalu, Niue, 
American Samoa, and the southern 
Cook Islands. Below-normal rain-
fall was recorded at Nanumea in 
northern Tuvalu (36% of normal, 
lowest in 68 years), the whole of 
Kiribati (44%–59%), and Penrhyn 
in the northern Cook Islands (56%). 
This pattern of drier conditions in 

Fig. 7.51. Outgoing longwave radiation anomalies (W m−2) in the south-
west Pacific for Apr 2008. Solid line indicates the location of the SPCZ. 
Dashed line indicates the normal location of the SPCZ in Apr.
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the north and east, and wetter conditions in the south 
and west, is broadly consistent with the neutral-to-
cool ENSO conditions that were experienced through 
2008.

Maximum and minimum air temperatures in 
American Samoa were above normal year-round. In 
Fiji, maximum and minimum temperatures were nor-
mal or above normal, except in January and May—
and March in the case of minimum temperatures.

Three tropical cyclones formed in the southwest 
Pacific in 2008 (for full details see chapter 4). TC Funa 
developed near northern Vanuatu on 16 January, 
resulting in maximum winds to 195 km h−1, causing 
damage to agricultural crops, villages, and tourist re-
sorts in the provinces of Torba, Sanma, and Penama. 
TC Gene developed over Fiji on 28 January with 
winds to 185 km h−1, resulting in significant damage 
to agricultural crops and the loss of seven lives. The 
financial cost of the damage in Fiji exceeded $22 mil-
lion (USD). More than 50% of agricultural crops were 
damaged by high winds as the cyclone passed close 
to the island of Futuna in Vanuatu. 

Satellite observations show generally positive 
sea level in the western South Pacific throughout 
the year. In March, the region of +20-cm anomalies 
had expanded east as far as Tuvalu, with all-time 
monthly mean sea level records set in the PNG and 
the Solomon Islands region. Reasonably large tidal 
ranges were observed early in May and June due to 
the astronomical positions of the moon and the sun. 
Record-high sea level was observed by the Vanuatu 
Tide Gauge in November, with the monthly mean 
exceeding the October 2008 record by 5 cm. Large 
waves generated by weather systems in the far North 
Pacific caused flooding along coastlines of a number 
of Pacific Island countries in December. By the end 
of the month, positive sea level anomalies existed 
across much of the region, from 160°E–160°W and 
5°–22°S, with the highest +20-cm anomalies off the 
PNG coastline.

Other notable meteorological events included hail 
on three separate days and a small 15-min tornado 
during November in Fiji. Incidences of hail and 
tornados are very rare in the southwest Pacific and 
are usually associated with afternoon thunderstorm 
activity. 

4)	Northwest Pacific, Micronesia—C. Guard and M. A. 
Lander 

(i) Overview 
This assessment covers the area from the date 

line west to 130°E, between the equator and 20°N. It 
includes the U.S.-affiliated islands of Micronesia but 

excludes the western islands of Kiribati. The weather 
throughout Micronesia was generally tranquil, with 
no destructive wind events and few extremes of rain-
fall. This is generally typical of the weather experi-
enced during La Niña, although the prevailing state 
of the climate was ENSO neutral. As in 2007, trade 
winds and low-latitude easterly winds were stronger 
than normal, while the monsoon trough spent most 
of the boreal summer and fall west of Micronesia, 
rarely pushing eastward beyond Palau and Yap. This 
caused a shift of tropical cyclone activity in the basin, 
with most tropical cyclones developing west of Guam 
and north of Yap, and not significantly intensifying 
until they were nearer to the Philippines, Taiwan, or 
East Asia. In addition, sea levels were significantly 
higher than normal across all of Micronesia. In fact, 
the most dramatic climate extreme of the year oc-
curred during the week of 8–15 December 2008, 
when an unusual pattern of gale-force winds located 
in the subtropics of the western North Pacific near 
the date line generated an oceanic swell that traveled 
to the south and caused phenomenal surf throughout 
eastern Micronesia and the northern coast of Papua 
New Guinea.

(ii) Temperature
Except for the Mariana Islands (e.g., Guam and 

Saipan), average monthly maximum temperatures 
across most of Micronesia were lower than normal. 
At the Guam International Airport, monthly aver-
age maximum temperature anomalies were +0.40°C 
from January through June and +0.19°C for the entire 
year. For Palau, at the western end of the area, the 
average monthly maximum temperature anomalies 
were −0.35°C for the first six months and −0.27°C 
for the entire year. Values at Yap were −0.34°C for 
the first six months and −0.42°C for the entire year. 
In central Micronesia, south of 10°N, Chuuk had 
average monthly maximum temperature anomalies 
of −0.22°C for the first 6 months and 12-month 
anomalies of −0.28°C. Farther east, Pohnpei expe-
rienced January through June anomalies of −0.15°C 
and for the year they were −0.16°C. Still farther east, 
maximum temperature anomalies at Kosrae were 
larger, with 6-month and 12-month values being 
−0.74°C and −0.65°C, respectively. 

The cause of the persistently below-normal maxi-
mum temperatures across most of Micronesia may 
have been related to the persistent tongue of colder-
than-normal SSTs that extended from California to 
south of Hawaii, and then to Micronesia, for much of 
the year. In addition, trade winds were much stron-
ger than normal over Micronesia, likely increasing 
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cooling via evaporation. Temperature anomalies for 
the first six months and for all of 2008 for selected 
Micronesian locations are summarized in Table 7.4. 

(iii) Precipitation
Precipitation at the major island stations during 

the first half of 2008 was fairly typical of La Niña 
conditions. The stronger-than-normal and converg-
ing northeast and southeast trade winds allowed the 
trade wind trough to become well developed, keeping 
the western North Pacific islands between 4° and 
8°N wet during the first half of the year. The trough 
axis typically passes very close to Kosrae, which had 
3101.1 mm or 112% of normal rainfall during the 
first half of 2008. In general, rainfall for the first six 
months of 2008 in Micronesia fell between 75% and 
125% of average throughout most of the area. With 
the exception of the Marshall Islands, locations north 
of 8°N were drier than normal, while those south 
of 8°N were generally wetter than normal. In the 
Marshall Islands, locations north of 6°N were drier 
than normal and those south of 6°N were wetter. 
During the third quarter (July–September), almost all 

locations in Micronesia were considerably drier than 
normal. This was the result of monsoon and tropical 
cyclone activity being displaced well to the north 
and west, and high pressure generally dominating 
Micronesia. The annual rainfall for the major islands 
in Micronesia ranged from a high of 5,661.7 mm or 
108% of normal at Kosrae to a low of 1,697.2 mm or 
88% of normal at Saipan in the Commonwealth of 
the Northern Mariana Islands. Palau at the western 
edge of the area had 4,038.3 mm or 107% of normal, 
while Majuro at the eastern edge of the area had 
2,933.7 mm, 88% of normal for the year. Generally, 
islands north of 8°–9°N and east of 165°E were drier 
than normal, while those to the south and west were 
wetter than normal. The six-month and annual rain-
fall for selected locations are summarized in Table 
7.4. Figure 7.52 shows the annual rainfall amount 
and percent of normal for American Samoa and the 
major Micronesian islands.

(iv) Tropical cyclone activity
Tropical cyclone activity in 2008 in the western 

North Pacific and across Micronesia was below nor-

Max Temp    Rainfall

Jan–

Jun

Jan–

Dec
Jan–Jun Jan–Dec

Station Location   °C   °C N mm
2008

mm

2008

%
N mm

2008

mm

2008

%

Guam 13°N, 145°E +0.40 +0.19 612.1 618.2 99 2167.6 1838.2 81

Yap 9°N, 138°E −0.34 −0.42 1168.9 950.7 81 2987.5 2710.4 89

Palau 7°N, 134°E −0.35 −0.27 1724.7 1841.8 107 3768.6 4038.3 107

Chuuk 7°N, 152°E −0.22 −0.28 1538.0 1801.4 117 3402.8 3262.1 97

Pohnpei 7°N, 158°E −0.15 −0.16 2277.6 2794.8 123 4689.1 4767.1 100

Kosrae 5°N, 163°E −0.74 −0.65 2765.3 3101.1 112 5236.7 5661.7 108

Kwajalein 9°N, 168°E −0.69 −0.63 959.6 822.5 86 2550.2 2164.6 83

Majuro 7°N, 171°E +0.62 +0.25 1455.4 1289.6 89 3344.2 2933.7 88

Table 7.4. Maximum (max) temperature (temp) anomalies and rainfall anomalies for selected 
Micronesian locations for Jan–Jun and Jan–Dec 2008. “N” is the normal rainfall taken from the 
NCDC 1971–2000 base period. Locations (lat and lon) are approximate.
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mal (see chapter 4d4), and was even more meager 
than in 2007. For nearly the entire year, low-level 
easterly wind anomalies dominated low latitudes of 
the western North Pacific. The monsoon trough was 
weak and displaced to the west, and as a result, tropi-
cal cyclone genesis was affected in two fundamental 
ways: a reduction of the number of tropical cyclones 
that developed in the deep tropics and a major shift 
to the west and north of the tropical cyclone genesis 
area. It was not until the first week of December that 
a midlatitude cyclone east of Japan intensified and 

developed a warm-cored vortex and became the seed 
for Typhoon Dolphin. Prior to Dolphin, every 2008 
storm that began to develop in Micronesia never in-
tensified beyond tropical depression intensity until 
it passed west of Palau, Yap, Guam, or the Common-
wealth of the Northern Mariana Islands.

(v) Sea level
The high sea levels of 2007 that occurred across 

Micronesia continued through all of 2008. The persis-
tent La Niña–like conditions kept trade winds strong, 
and hence the wind stress caused water to mound up 
in the west of the basin. In addition, clearer-than-
normal skies allowed the ocean to absorb abundant 
incoming solar radiation, which added heat content, 
and hence thermal expansion, to the upper 300 m of 
the western North Pacific Ocean. As a result, coastal 
f looding and inundation affected many of the low 
islands from the Marshall Islands in the east to Palau 
in the west. Sea levels were highest from January 
through April and in November and December. From 
January 2008 through the end of the year, sea levels 
averaged 15 to 25 cm above their normal monthly 
averages, but during full and new moon phases, the 
high tide levels were sometimes as high as 80–110 cm 
above expected high tide levels. The high astronomi-
cal tides coupled with the affect of La Niña caused 
considerable coastal inundation in the Chuuk and 
Pohnpei states, contaminating drinking water and 
destroying food crops.

Fig. 7.52. Annual rainfall (mm) for American Samoa 
and selected Micronesian islands for Jan through Dec 
2008. Numbers above the bars indicate the annual 
rainfall as a percent of normal as determined from the 
NCDC 1971–2000 base period. 
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8. SEASONAL SUMMARIES—M. Halpert

F
ig

. 8
.1

 .D
ec

 2
0

07
–F

eb
 2

0
08

 (
to

p
) 

su
rf

ac
e 

te
m

p
er

at
u

re
 a

n
o

m
al

ie
s 

(°
C

) 
an

d
 

(b
o

tt
o

m
) 

p
re

ci
p

it
at

io
n 

p
er

ce
n

ti
le

s 
b

as
ed

 o
n 

a 
ga

m
m

a 
d

is
tr

ib
u

ti
o

n 
fi

t 
to

 t
h

e 
19

79
–2

0
0

0 
b

as
e 

p
er

io
d

. T
em

p
er

at
u

re
 a

n
o

m
al

ie
s 

(1
97

1–
20

0
0 

b
as

e 
p

er
io

d
) 

ar
e 

b
as

ed
 o

n
 s

ta
ti

o
n

 d
at

a 
o

ve
r 

la
n

d
 a

n
d

 S
S

T
 d

at
a 

o
ve

r 
w

at
er

. P
re

ci
p

it
at

io
n

 
d

at
a 

w
er

e 
o

b
ta

in
ed

 f
ro

m
 t

h
e 

C
A

M
S

-O
P

I 
d

at
as

et
 t

h
at

 is
 a

 c
o

m
b

in
at

io
n

 o
f 

ra
in

-g
au

ge
 o

b
se

rv
at

io
n

s 
an

d 
sa

te
lli

te
-d

er
iv

ed
 e

st
im

at
es

 (
Ja

n
o

w
ia

k 
an

d 
X

ie
 

19
99

).
 A

n
al

ys
is

 w
as

 o
m

it
te

d
 in

 d
at

a-
sp

ar
se

 r
eg

io
n

s 
(w

h
it

e 
ar

ea
s)

.

F
ig

. 
8

.2
. 

D
ec

 2
0

07
–F

eb
 2

0
0

8 
(t

o
p

) 
N

o
rt

h
er

n
 H

em
is

p
h

er
e 

an
d

 (
b

o
tt

o
m

) 
S

o
u

th
e

rn
 H

e
m

is
p

h
e

re
 5

0
0

-h
P

a 
ge

o
p

o
te

n
ti

a
l 

h
e

ig
h

ts
 (

9
-d

am
 c

o
n

to
u

r 
in

te
rv

al
) 

an
d

 a
n

o
m

al
ie

s 
(s

h
ad

in
g)

 d
et

er
m

in
ed

 f
ro

m
 t

h
e 

19
79

–2
0

0
0 

b
as

e 
p

er
io

d
 m

ea
n

s.



S172 august 2009|

F
ig

. 
8

.3
. 

M
ar

–M
ay

 2
0

0
8 

(t
o

p
) 

su
rf

ac
e 

te
m

p
er

at
u

re
 a

n
o

m
al

ie
s 

(°
C

) 
an

d
 

(b
o

tt
o

m
) 

p
re

ci
p

it
at

io
n 

p
er

ce
n

ti
le

s 
b

as
ed

 o
n 

a 
ga

m
m

a 
d

is
tr

ib
u

ti
o

n 
fi

t 
to

 t
h

e 
19

79
–2

0
0

0 
b

as
e 

p
er

io
d

. T
em

p
er

at
u

re
 a

n
o

m
al

ie
s 

(1
97

1–
20

0
0 

b
as

e 
p

er
io

d
) 

ar
e 

b
as

ed
 o

n
 s

ta
ti

o
n

 d
at

a 
o

ve
r 

la
n

d
 a

n
d

 S
S

T
 d

at
a 

o
ve

r 
w

at
er

. P
re

ci
p

it
at

io
n

 
d

at
a 

w
er

e 
o

b
ta

in
ed

 f
ro

m
 t

h
e 

C
A

M
S

-O
P

I 
d

at
as

et
 t

h
at

 is
 a

 c
o

m
b

in
at

io
n

 o
f 

ra
in

-g
au

ge
 o

b
se

rv
at

io
n

s 
an

d 
sa

te
lli

te
-d

er
iv

ed
 e

st
im

at
es

 (
Ja

n
o

w
ia

k 
an

d 
X

ie
 

19
99

).
 A

n
al

ys
is

 w
as

 o
m

it
te

d
 in

 d
at

a-
sp

ar
se

 r
eg

io
n

s 
(w

h
it

e 
ar

ea
s)

.

F
ig

. 8
.4

. M
ar

–M
ay

 2
00

8 
(t

o
p

) N
o

rt
h

er
n 

H
em

is
p

h
er

e 
an

d 
(b

o
tt

o
m

) S
o

u
th

er
n

 
H

em
is

p
h

er
e 

50
0

-h
P

a 
ge

o
p

o
te

n
ti

al
 h

ei
gh

ts
 (

9
-d

am
 c

o
n

to
u

r 
in

te
rv

al
) 

an
d

 
an

o
m

al
ie

s 
(s

h
ad

in
g)

 d
et

er
m

in
ed

 f
ro

m
 t

h
e 

19
79

–2
0

0
0 

b
as

e 
p

er
io

d
 m

ea
n

s.



S173august 2009STATE OF THE CLIMATE IN 2008 |

F
ig

. 8
.5

. J
u

n
–A

u
g 

20
08

 (
to

p
) 

su
rf

ac
e 

te
m

p
er

at
u

re
 a

n
o

m
al

ie
s 

(°
C

) 
an

d 
(b

o
t-

to
m

) 
p

re
ci

p
it

at
io

n
 p

er
ce

n
ti

le
s 

b
as

ed
 o

n
 a

 g
am

m
a 

d
is

tr
ib

u
ti

o
n

 f
it

 t
o

 t
h

e 
19

79
–2

0
0

0 
b

as
e 

p
er

io
d

. T
em

p
er

at
u

re
 a

n
o

m
al

ie
s 

(1
97

1–
20

0
0 

b
as

e 
p

er
io

d
) 

ar
e 

b
as

ed
 o

n
 s

ta
ti

o
n

 d
at

a 
o

ve
r 

la
n

d
 a

n
d

 S
S

T
 d

at
a 

o
ve

r 
w

at
er

. P
re

ci
p

it
at

io
n

 
d

at
a 

w
er

e 
o

b
ta

in
ed

 f
ro

m
 t

h
e 

C
A

M
S

-O
P

I 
d

at
as

et
 t

h
at

 is
 a

 c
o

m
b

in
at

io
n

 o
f 

ra
in

-g
au

ge
 o

b
se

rv
at

io
n

s 
an

d 
sa

te
lli

te
-d

er
iv

ed
 e

st
im

at
es

 (
Ja

n
o

w
ia

k 
an

d 
X

ie
 

19
99

).
 A

n
al

ys
is

 w
as

 o
m

it
te

d
 in

 d
at

a-
sp

ar
se

 r
eg

io
n

s 
(w

h
it

e 
ar

ea
s)

.

F
ig

. 8
.6

. J
u

n
–A

ug
 2

00
8 

(t
o

p
) 

N
o

rt
h

er
n 

H
em

is
p

h
er

e 
an

d 
(b

o
tt

o
m

) 
S

o
u

th
er

n
 

H
em

is
p

h
er

e 
50

0
-h

P
a 

ge
o

p
o

te
n

ti
al

 h
ei

gh
ts

 (
9

-d
am

 c
o

n
to

u
r 

in
te

rv
al

) 
an

d
 

an
o

m
al

ie
s 

(s
h

ad
in

g)
 d

et
er

m
in

ed
 f

ro
m

 t
h

e 
19

79
–2

0
0

0 
b

as
e 

p
er

io
d

 m
ea

n
s.



S174 august 2009|

F
ig

. 8
.7

. S
ep

–N
o

v 
20

08
 (

to
p

) 
su

rf
ac

e 
te

m
p

er
at

u
re

 a
n

o
m

al
ie

s 
(°

C
) 

an
d 

(b
o

t-
to

m
) 

p
re

ci
p

it
at

io
n

 p
er

ce
n

ti
le

s 
b

as
ed

 o
n

 a
 g

am
m

a 
d

is
tr

ib
u

ti
o

n
 f

it
 t

o
 t

h
e 

19
79

–2
0

0
0 

b
as

e 
p

er
io

d
. T

em
p

er
at

u
re

 a
n

o
m

al
ie

s 
(1

97
1–

20
0

0 
b

as
e 

p
er

io
d

) 
ar

e 
b

as
ed

 o
n

 s
ta

ti
o

n
 d

at
a 

o
ve

r 
la

n
d

 a
n

d
 S

S
T

 d
at

a 
o

ve
r 

w
at

er
. P

re
ci

p
it

at
io

n
 

d
at

a 
w

er
e 

o
b

ta
in

ed
 f

ro
m

 t
h

e 
C

A
M

S
-O

P
I 

d
at

as
et

 t
h

at
 is

 a
 c

o
m

b
in

at
io

n
 o

f 
ra

in
-g

au
ge

 o
b

se
rv

at
io

n
s 

an
d 

sa
te

lli
te

-d
er

iv
ed

 e
st

im
at

es
 (

Ja
n

o
w

ia
k 

an
d 

X
ie

 
19

99
).

 A
n

al
ys

is
 w

as
 o

m
it

te
d

 in
 d

at
a-

sp
ar

se
 r

eg
io

n
s 

(w
h

it
e 

ar
ea

s)
.

F
ig

. 8
.8

. S
ep

–N
ov

 2
00

8 
(t

o
p

) N
o

rt
h

er
n 

H
em

is
p

h
er

e 
an

d 
(b

o
tt

o
m

) S
o

u
th

er
n

 
H

em
is

p
h

er
e 

50
0

-h
P

a 
ge

o
p

o
te

n
ti

al
 h

ei
gh

ts
 (

9
-d

am
 c

o
n

to
u

r 
in

te
rv

al
) 

an
d

 
an

o
m

al
ie

s 
(s

h
ad

in
g)

 d
et

er
m

in
ed

 f
ro

m
 t

h
e 

19
79

–2
0

0
0 

b
as

e 
p

er
io

d
 m

ea
n

s.



S175august 2009STATE OF THE CLIMATE IN 2008 |

Acknowledgments. We would like to acknowl-
edge our sincere appreciation for the many anonymous 
reviewers who worked under tight deadlines and whose 
insights made this and future issues of the State of the 
Climate better.

Appendix: Acronyms
A	 Anticyclonic days
AAO	 Atlantic Oscillation
ACC	 Antarctic Circumpolar Current
ACE	 NOAA’s Accumulated Cyclone 

Energy Index
AEJ	 African Easterly Jet
AGCM	 Atmospheric general circulation 

model
AGGI	 NOAA’s Annual Greenhouse Gas 

Index
AMIP	 Atmospheric Model 

Intercomparison Project
AMJ	 April–May–June
AMO	 Atlantic Multidecadal Oscillation
AMSR-E	 Advanced Microwave Scanning 

Radiometer for Earth Observing 
System

AMSU	 Advanced Microwave Sounding 
Unit

ANEEL	 Agência Nacional de Energia 
Eléctrica

AO	 Arctic Oscillation
AOD	 Aerosol optical depth
AOML	 Atlantic Oceanographic and 

Meteorological Laboratory 
AR4	 Fourth Assessment Report
ASAR	 Advanced Synthetic Aperture 

Radar
ASO	 August–September–October
ASTER	 Advanced Spaceborne Thermal 

Emission and Reflection 
Radiometer 

ATLAS	 Autonomous Temperature Line 
Acquisition System

AVHRR	 Advanced Very High Resolution 
Radiometer

AVISO	 Archiving, Validating, and 
Interpretation of Satellite 
Oceanographic data

AW	 Arctic Warm 
BC	 British Columbia
BGOS	 Beaufort Gyre Observing System
BI	 Balleny Islands 
Br	 Bromine
C	 Cyclonic days 

CALIPSO	 Cloud-Aerosol Lidar and Infrared 
Pathfinder Satellite Observation 

CAMS	 Climate Anomaly Monitoring 
System

CAPE	 Convective Available Potential 
Energy

CERES	 Clouds and the Earth’s Radiant 
Energy System

CFC	 Chlorofluorocarbon
CFC-11	 Trichlorofluoromethane
CFC-12	 Dichlorodifluoromethane
CH4	 Methane
Chlsat	 Surface-layer chlorophyll 

concentration
CIIFEN	 International Research Center on 

El Niño
Cl	 Chlorine
CLIVAR	 Climate Variability and 

Predictability
CMA	 China Meteorology Administration 
CMAP	 Climate Prediction Center (CPC) 

Merged Analysis of Precipitation
CMC	 Canadian Meteorological Centre
CMIP	 Coupled Model Intercomparison 

Project
CNES	 Centre National d’Etudes Spatiales
CO	 Carbon monoxide
CO2	 Carbon dioxide
CONAFOR 	 National Forestry Commission, 

Mexico
CPC	 Climate Prediction Center
CPHC	 NOAA’s Central Pacific Hurricane 

Center
CPTEC	 Center for Weather Forecasting 

and Climate Studies
CRU	 Climate Research Unit
CSI	 NOAA Climate Scene Investigation
CTD	 Conductivity, Temperature, Depth
CYC	 Cyclone
DIC	 Dissolved inorganic carbon
DISC	 Data and Information Services 

Center
DJF	 December–January–February
DMSP	 Defense Meteorological Satellite 

Program
DOE	 Department of Energy
DU	 Dobson units
DWBC	 Deep western boundary current
DWD	 Deutscher Wetterdienst 
EBAF	 Energy Balanced and Filled
ECl	 Equivalent chlorine
ECMWF	 European Centre for Medium-

Range Weather Forecasts 
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ECV	 Essential Climate Variables
EECl	 Effective equivalent chlorine
EESC	 Effective equivalent stratospheric 

chlorine
EKE	 Eddy kinetic energy
ENP	 Eastern North Pacific (basin)
ENSO	 El Niño–Southern Oscillation
EOF	 Empirical orthogonal function
EOS	 Earth Observatory System
ERB	 Earth Radiation Budget
ERBE	 Earth Radiation Budget 

Experiment
ERSST, v3b	 Extended Reconstructed Sea 

Surface Temperature, version 3b
ESA	 European Space Agency
ESRL	 Earth System Research Laboratory
EU	 European Union 
FAO	 Food and Agriculture Organization
FAPAR	 Fraction of Absorbed 

Photosynthetically Active 
Radiation

FLASHflux	 Fast Longwave and Shortwave 
Radiative Fluxes

FWC	 freshwater content
GCM	 General circulation model
GCOS	 Global Climate Observing System
GEOSECS	 Geochemical Ocean Section Study
GHA	 Greater Horn of Africa
GHCN	 Global Historical Climatology 

Network
GIA	 Glacial isostatic adjustment
GIMMS	 Global Inventory Modeling and 

Mapping Strides
GISS	 NASA’s Goddard Institute of Space 

Studies
GMD	 Global Monitoring Division
GMSL	 global mean sea level
GOME	 Global Ozone Monitoring 

Experiment
GPCC	 Global Precipitation Climatology 

Centre
GPCP	 Global Precipitation Climatology 

Project
GPI	 Genesis potential index 
GRACE	 Gravity Recovery and Climate 

Experiment
GRDC	 Global Runoff Data Centre
Gt	 gigaton
GTSPP	 Global Temperature and Salinity 

Profile Project
H	 Hurricane
HadAT	 Hadley Centre’s radiosonde 

temperature product 

HadCRUT3	 Hadley Centre/CRU gridded 
monthly temperatures dataset

HadGEM1	 Hadley Centre global model
HCFC	 Hydrochlorofluorocarbon
HFC	 Hydrofluorocarbon
HIRS-W	 High Resolution Infrared Sounder
hPa	 Hectopascal (1 mb)
IGY	 International Geophysical Year
INPE	 National Institute for Space 

Research, Brazil
INSTAAR	 Institute of Arctic and Alpine 

Research
IO	 Indian Ocean 
IOD	 Indian Ocean dipole
IODE	 eastern pole of the Indian Ocean 

Dipole
IPCC	 Intergovernmental Panel on 

Climate Change
IPCC AR4	 IPCC Fourth Assessment report 

(published in 2007)
IR	 Infrared
IRIMO	 Islamic Republic of Iran 

Meteorological Organization
ISCCP	 International Satellite Cloud 

Climatology Project 
ITCZ	 Intertropical convergence zone
IUK	 iterative universal Kriging
JAS	 July–August–September 
JASO	 July–August–September–October
JFM	 January–February–March
JGOFS	 Joint Global Ocean Flux Study
JJA	 June–July–August
JMA	 Japanese Meteorological Agency
JPL	 Jet Propulsion Laboratory 
JRA	 Japanese Reanalysis
JTWC	 U.S. Navy’s Joint Typhoon Warning 

Center
KNMI	 Royal Netherlands Meteorological 

Institute 
LaRC	 Langley Research Center 
LHF	 Latent heat flux
MAM	 March–April–May
MBT	 mechanical bathythermograph
MCYC	 Major cyclone 
MDR	 Main Development Region
MEI	 Multivariate ENSO Index
MERIS	 Medium Resolution Imaging 

Spectrometer
MH	 Major hurricane
MISR	 Multiangle Imaging 

SpectroRadiometer
MJO	 Madden–Julian oscillation
MLO	 Mauna Loa Observatory
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MLS	 Microwave Limb Sounder
MM5	 Fifth-generation Pennsylvania State 

University–National Center for 
Atmospheric Research Mesoscale 
Model 

MOC	 Meridional overturning current
MOCHA	 Meridional Overturning 

Circulation Heat Transport Array 
MODIS	 Moderate Resolution Imaging 

Specroradiometer
MOPITT	 Measurements of Poluution in the 

Troposphere
MSLP	 mean sea level pressure
MSU	 Microwave Sounding Unit
MTSAT	 Multifunctional Transport 

Satellites
N2O	 Nitrous oxide
NAM	 Northern annular mode
NAMOS	 Nansen and Amundsen Basin 

Observational System
NAO	 North Atlantic Oscillation
NARR	 North American Regional 

Reanalysis
NASA	 National Aeronautics and Space 

Administration
NCAR	 National Center for Atmospheric 

Research
NCDC	 National Climatic Data Center
NCEP	 National Center for Environmental 

Prediction
NDVI	 Normalized difference vegetation 

index
NEM	 Northeast monsoon
NERC	 National Environmental Research 

Council
NH	 Northern Hemisphere
NHC	 National Hurricane Center
NIFC	 National Interagency Fire Center
NIO	 Northern Indian Ocean
NOAA	 National Oceanic and Atmospheric 	

Administration
NOMADS	 National Operational Model 

Archive and Distribution System
NPEO	 North Pole Environmental 

Observatory
NPP	 Net primary production 
NRTSI	 Near Real-Time SSM/I Plar 

Gridded Sea Ice Concentrations
NS	 Named storm
NSIDC	 National Snow and Ice Data Center
NSW	 New South Wales, Australia
NWS	 National Weather Service
O3	 Ozone

OAFlux	 Objectively Analyzed Air–Sea 
Fluxes

ODGI	 Ozone Depleting Gas Index
OH	 Hydroxide anion
OHCA	 Ocean Heat Content Anomaly
OI	 Optimal interpolation
OISST, v2	 Optimal Interpolation SST, version 2
OLR	 Outgoing longwave radiation
OMI	 Ozone Monitoring Instrument
ONI	 Oceanic Niño Index 
OPI	 OLR precipitation index
OSCAR	 Ocean Surface Current Analysis–

Real Time
PATMOS (-x)	 Pathfinder Atmospheres (Extended 

Product)
pCO2	 Carbon dioxide partial pressure
PDO	 Pacific decadal oscillation
Pg	 Petagram (1015 g)
PIRATA	 Pilot Research Array in the 

Tropical Atlantic
PMEL	 Pacific Marine Environmental 

Laboratory
PNG	 Papau New Guinea
PO.DAAC	 Physical Oceanography Distributed 

Active Archive Center
ppb	 Parts per billion
ppbv	 Parts per billion by volume
ppm	 Parts per million
ppt	 Parts per trillion
PSC	 Polar stratospheric cloud
PSS	 Practical salinity scale
PT	 total precipitation
QBO	 Quasi-biennial oscillation
QuikSCAT	 Quick Scatterometer
RAMA	 Research Moored Array for 

African-Asian-Australian 
Monsoon Analysis Prediction

RAOBCORE	 Radiosonde Observation Correction
RATPAC	 Radiosonde Atmospheric 

Temperature Products for 
Assessing Climate

RICH	 Radiosonde Innovation Composite 
Homogenization

RSMC	 Regional Specialized 
Meteorological Centre Tokyo 

RSS	 Remote Sensing Systems
SAM	 Southern annular mode
SAT	 surface air temperature 
SBUV	 Solar Backscatter Ultraviolet
SCD	 snow cover duration
SCE	 Snow cover extent
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SCIAMACHY	 SCanning Imaging Absorption 
Spectrometer for Atmospheric 
Chartography

SCS	 South China Sea
SD	 snow depth
SeaWiFS	 Sea-viewing Wide Field of View
ΣChl	 Photic zone chlorophyll 
SF6	 Sulfur hexafluoride
SH	 Southern Hemisphere
SHF	 Sensible heat flux
SIO	 Southern Indian Ocean
SL	 Sea level
SLP	 Sea level pressure
SMMR	 Scanning Multichannel Microwave 

Radiometer 
SOBS	 surface weather observations
SOI	 Southern Oscillation index 
SON	 September–October–November
SPCZ	 South Pacific convergence zone
SPOT	 VGT satellite
SRES	 Special Report on Emissions 

Scenarios
SSALTO/DUACS	 Segment Sol Multimission 

Altimetry and Orbitography/ 
Developing Use of Altimetry for 
Climate Studies

SSM/I	 Special Sensor Microwave Imager
SSS	 Sea surface salinity
SST	 Sea surface temperature
SSTA	 Sea surface temperature anomaly
SSU	 Stratosphere Sounding Units
STAR	 Center for Satellite Applications 

and Research
STY	 Supertyphoon
Sv	 Sverdrups (1 Sv ≡ 106 m3 s–1)
SWI	 Summer warmth index
SWP	 Southwest Pacific
TAO	 Tropical Atmosphere Ocean
TATL	 Tropical Atlantic
TC	 Tropical cyclone
TCHP	 Tropical cyclone heat potential 
TCWV	 Total Column Water Vapor
TD	 Tropical depression
TI-NDVI	 time-integrated NDVI
TLT	 temperature of the lower 

troposphere
TMI	 Tropical Rainfall Measuring 

Mission Microwave Imager 
TOA	 top of atmosphere
TOMS	 Total Ozone Mapping Spectrometer
TRMM	 Tropical Rainfall Measuring 

Mission
TS	 Tropical storm

TSP	 Thermal state of permafrost
TMI	 Tropical Rainfall Measuring 

Mission Microwave Imager 
TW	 trade winds
TY 	 Typhoon
UAH	 University of Alabama Huntsville
USD	 U.S. Dollars
USGS	 U.S. Geological Survey
VasClimO	 Variability Analysis of Surface 

Climate Observations
VOCALS	 VAMOS (Variability of the 

American Monsoon Systems) 
Ocean–Cloud–Atmosphere–Land 
Study

WBC	 Western boundary current
WGMS	 World Glacier Monitering Service
WHOI	 Woods Hole Oceanographic 

Institute
WMO	 World Meteorological 

Organization
WNP	 western North Pacific (basin) 
WOA	 World Ocean Atlas 
WOCE	 World Ocean Circulation 

Experiment
WPO	 west Pacific Ocean
XBT	 Expendable bathythermograph
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