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Abstract: Regional-scale spatial variation in the change in equilibrium-line altitude (ELA) trend surface in the
Queen Elizabeth Islands (QEI), Arctic Canada between the ‘Little Ice Age’ (LIA) and 1960 corresponds to
Empirical Orthogonal Functions (EOFs) representing specific patterns of summer climate variability found in
the modern record. Extreme warm (1953-1962) and cold (1965-1974) decades in the modern record were used
as modern analogues of climatic conditions during the early twentieth century and the LIA, respectively.
Because of the minimal influence of precipitation during both extreme decades, temperature is the variable
upon which the fluctuation of the ELA is dependent. Hence, the ELA A/ pattern describes the spatial pattern
of change in SAT across the QEI between the LIA and 1960. This pattern is consistent with the primary mode
of variability of mean summer surface air temperature (SAT) in the modern record (ie, EOF-1, 1949-2002), the
positive (negative) phase of which is strongly in place during the extreme warm (cold) decade. SAT anomalies
in the QEI during the warm (cold) decade are positively correlated with a weak (strong) QEI-distal (QEI-
proximal) polar vortex, higher (lower) than normal SSTs in the North Atlantic, and one of the lowest (highest)

A periods of sea-ice extent during the twentieth century. The climatic conditions during the cold decade are
HOLOCENE believed to describe conditions, which if sustained, would lead to a LIA-type cold episode capable of long-term
RESEARCH snowline lowering and perennial snow/ice expansion. The climatic conditions during the warm decade repre-

PAPER sent possible modern analogues for those that might have occurred during the early twentieth century in the
Canadian High Arctic, which led to a substantial reduction in perennial snow/ice.

Key words: Trimlines, ‘Little Ice Age’, snow extent, ice-cover change, glaciers, equilibrium-line altitude, cli-
mate variability, polar vortex, Arctic Canada, Queen Elizabeth Islands.

Introduction

aerosols. This uncertainty is accentuated in the Canadian High
Arctic because of the brevity of the instrumental record (~56 yr),

Climate change and the role of anthropogenic forcing have
become focal issues in the last few decades, and concerns
have escalated with regard to observed and predicted modifica-
tions to Polar Regions (Arctic Climate Impacts Assessment
(ACIA), 2004). The most recognized impacts pertain to Northern
Hemisphere sea ice reduction and thinning (Johannessen et al.,
1999; Vinikov et al., 1999) and the simultaneous reduction of gla-
ciers and ice caps that are contributing to global sea-level rise
(Dyurgerov and Meier, 1997; Intergovernmental Panel on Climate
Change (IPCC), 2001). Part of the problem with accurately assess-
ing modern climate change is the inability to differentiate between
changes resulting from natural climatic variability from those
occasioned by forcing from greenhouse gases and sulphate
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which precludes direct observations of climate change prior to the
mid-twentieth century. Consequently, one must rely on palaeocli-
mate proxies in high latitudes in order to better evaluate the record
of natural variability; such records can be used as a baseline to bet-
ter profile modern changes.

This study uses the change in the extent of perennial snow/ice
and the variation in the equilibrium-line altitude (ELA) trend sur-
face between the ‘Little Ice Age’ (LIA; ~ap 1250-1900, Grove,
2001) and 1960 in the Queen Elizabeth Islands (QEI; Figure 1).
This comparison of LIA and 1960 ELAs records the impact of
early twentieth-century warming in the Canadian High Arctic
(Wolken et al., 2008, this issue) and provides the basis for explor-
ing the complex feedbacks internal to the climate system that may
have contributed to these reported changes. The assumption is
made that all atmosphere/ocean boundary conditions occurring
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Figure 1 Map of the Queen Elizabeth Islands, Arctic Canada (Radarsat Orthomosaic, courtesy of the Canadian Centre for Remote Sensing)

during the LIA and early twentieth century can also occur in the
modern record. Thus, patterns of ELA A# (the trend surface of dif-
ference in ELA; Wolken et al., 2008, this issue) are referenced
against specific modes of variability associated with climatologi-
cal variables in the modern record (1949-2002) that serve as ana-
logues for those that might have occurred during the early
twentieth century in the Canadian High Arctic. Changes in the
ELA (Ah) from LIA to 1960 provide first-order estimates of cli-
mate change in the QEI and implicate possible patterns of atmos-
pheric circulation that may explain the observed changes in early
twentieth-century perennial snow/ice extent. The objective of the
climatic analyses is to provide a better understanding of the syn-
optic scale conditions that influence the extent of terrestrial ice
cover in Arctic Canada.

Study area climatology

The climate of the Canadian Arctic is strongly influenced by com-
plex interactions between the atmosphere, ocean, sea ice and land
(Serreze and Barry, 2005). Although topographically diverse,
most of the land surface of the QEI has been classified as polar
desert, which is indicative of the aridity of this region. However,
Maxwell (1981) partitions the Canadian High Arctic into climatic
subregions, indicating high precipitation and greater warmth
around Baffin Bay compared with colder areas in the more
continental central and northwest QEI (Edlund and Alt, 1989).
Systematic meteorological observations in the QEI began in the
late 1940s, with the establishment of five coastal weather stations
(Alert, Eureka, Mould Bay, Isachsen and Resolute Bay).
Observations have been at times intermittent, and Mould Bay and

Isachsen have been closed in recent years. Efforts have been made
to characterize the synoptic climatology of the region (Bradley,
1973, 1975; Bradley and England, 1978b, 1979; Alt, 1987), which
revealed substantial variability in synoptic types and their influ-
ence on regional glaciers and ice caps.

Data sources

NCEP/NCAR reanalysis

The NCEP/NCAR reanalysis (NNR, following Bromwich ef al.,
2002) uses data from 1948 to the present for data assimilation
conducted four times per day (every six hours starting at 0Z),
with a T-62 coordinate system (horizontal resolution of ~208
km) at 28 levels vertically (Kalnay ef al., 1996; Kistler et al.,
2001). As per standard procedure, these four times daily values
are averaged, and the daily means are compiled to monthly
means, which are then output to a global grid with a spatial
resolution of 2.5° latitude by 2.5° longitude. The monthly
mean data (1949-2002) for this study were obtained from
the NCEP/ NCAR Reanalysis Project (http://www.cdc.
noaa.gov/cdc/reanalysis/reanalysis.shtml) and include: 2
m temperature (hereafter referred to as surface air temper-
ature, SAT); surface precipitation rate (SPR); sea-level
pressure (SLP); and 850, 500 and 200 hPa geopotential
heights. Gridded NNR variables are ranked according to
the relative influence of observational data versus model out-
put, where a rank of 4 indicates that the variable selected is most
reliable, based strongly on observational data, whereas rank B
indicates less reliability owing to diminished observational
influence on the variable and a greater dependence on the model.
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Rank C indicates a variable that is fully model dependent, ie,
direct observational data associated with the variable are
unavailable (Kalnay et al., 1996). For the variables used in this
study, NNR ranks geopotential height and SLP as 4, SAT as B
and SPR as C.

Gridded reanalysis allows a more comprehensive assessment of
climate in remote regions than does individual station analysis and
is generally preferred in climate studies of the Arctic (Bromwich
et al., 2002). Some high-latitude studies, however, have revealed
inaccuracies in certain NNR variables. For example, topographic
smoothing related to the low resolution of gridded NNR oversim-
plifies mountainous terrain, which leads to inaccuracies in the
derived modelled temperatures (Bromwich et al., 2002). In the
QEI, the potential for this error is greatest in its eastern sector,
where topographic complexity is greatest. Compounding this prob-
lem is the paucity and variable quality of observational climate data
from this region, which cause inhomogeneities in the assimilation
data, especially in the early part of the record (pre-1958) when only
limited radiosonde coverage occurred (Serreze and Barry, 2005:
257). Furthermore, only two long-term weather stations exist in the
mountainous eastern sector of the QEI (Alert and Eureka), both of
which are located in coastal lowlands, thereby limiting their
climatic representation of this area (Maxwell, 1981).

Additional inaccuracies are associated with NNR modelled pre-
cipitation in the Arctic. Over land areas, NNR tends to overestimate
summer precipitation, an effect resulting from excessive (modelled)
convective precipitation (Serreze and Hurst, 2000). For the period
of interest in this study (1949-2002), however; summer precipita-
tion rate over the QEI is very low and any overestimation inherent
to this variable is believed to have little impact on subsequent analy-
ses (discussed below). NNR generated spatial patterns of precipita-
tion rate has also been shown to be too simplistic, especially in its
inability to produce observed interannual variability in snow cover
(Serreze and Maslanik, 1997; Cullather ef al., 2000). Serreze et al.
(2003) report consistent NNR underestimation of precipitation vari-
ability in Arctic regions, and similar accounts of underestimated
precipitation variability are also noted by Bromwich e al. (2002) in
their work over Baffin Island. Nevertheless, they noted that the nor-
malized, long-term record still captures the relative variability in
SPR, which is also true over the QEI.

ERSST data

Climate variability is strongly linked to variations in oceanic bound-
ary conditions (Hansen and Bezdek, 1996). Thus, the influence of
Sea Surface Temperatures (SSTs) on variations in atmospheric cir-
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culation is considered for high latitude regions. The Extended
Reconstructed Sea Surface Temperature (ERSST v.2) data set
(Smith and Reynolds, 2004) was obtained from the National Oceanic
and Atmospheric Administration’s Cooperative Institute for
Research in Environmental Sciences (NOAA-CIRES), Climate
Diagnostic Center (CDC) (http://www.cdc.noaa.gov/cdc/data.
noaa.ersst.html). The ERSST v.2 was developed using the SST data
and enhanced statistical techniques provided by the International
Comprehensive Ocean—Atmosphere Data Set (ICOADS). The
ERSST v.2 has a 2° latitude by 2° longitude grid, and was designed
to manage more effectively regions with weak-variance while improv-
ing high-latitude SST analyses by using sea-ice concentration data
(Smith and Reynolds, 2004).

Analysis and discussion

This section presents a three-part analysis and discussion of the
spatial changes in perennial snow and ice extent and ELA AX
between the LIA and 1960 in the QEI, as reported in Wolken e? al.
(2008, this issue). The first section analyses NCEP/NCAR
reanalysis and identifies extreme cold and warm decades, and
specific modes of variability associated with climatological vari-
ables in the modern record (1949-2002). These cold and warm
decades serve as possible analogues for those that might have
occurred between the LIA and the early twentieth century in the
QEL In the second section, important atmosphere—ocean interac-
tions related to the assumed modern analogues of LIA and the
carly twentieth-century climates (cold and warm decades) are fur-
ther identified and discussed. The third section identifies impor-
tant connections between the pattern of ELA Ak and the primary
modes of variability of climatological variables found in the mod-
ern record, and provides a spatial reconstruction of post-LIA to
1960 temperature change in the QEI.

Climate variability: 1949-2002

In the QEI, variability in net mass balance is dominated by climate
conditions during the summer (ie, temperature and precipitation).
This is largely because winter accumulation is low and relatively
consistent, allowing interannual variability in ablation to predomi-
nantly control variations in the height of the equilibrium-line
(Dowdeswell et al., 1997). It is, therefore, assumed that the reduc-
tion of perennial snow/ice extent since the LIA has also been dom-
inated by changes in summer climate; if so, this reduction provides
a proxy record of summer climate change. Hence, the variability in

o JJASPR «— JJA SAT
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Year

Figure 2 Standardized anomaly time series of summer 2 m temperature (SAT; red) and winter surface precipitation rate (SPR; blue) for the period
1949-2002. Extreme years are those with standardized anomaly values exceeding one standard deviation
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summer temperature and precipitation in the QEI between the end
of the LIA and 1960 is of primary interest for this study. However,
because the instrumental record in the QEI (~56 yr) extends only a
decade into the record of ELA change (LIA to 1960), the contem-
porary record was searched for potential modern analogues of cli-
matic conditions that would have favoured, and hence help to
explain, the high summer ablation and the large spatial differences
in A/ in the QEI during the early twentieth century (noted above).
All NNR variables were spatially averaged across the QEI
based on a 2.5° resolution grid. All climate variables used in this
study (NNR and ERSST) span the interval 1949-2002 and

e T T T

annual, summer (JJA) and winter (SONDJFMAM) averages
were obtained for each year. Long-term seasonal means
(1949-2002) and standard deviations were calculated, and used
to compute standardized anomalies from the long-term mean by,

Xy = (= X,)IS,, )

where X; is the mean of a meteorological variable (annual or sea-
sonal) for a particular year, X, is the long-term mean (annual or
seasonal), and S, is the long-term standard deviation (annual or
seasonal) for a meteorological variable.

1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Year

Figure 3 The first Empirical Orthogonal Function (EOF-1) of SAT (top), centred over the QEI, and corresponding principal component (PC-1)

time series (bottom) for the period 1949-2002
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The NNR time series (1949-2002) of QEI standardized mean
summer SAT and SPR anomalies are shown in Figure 2. Both
temperature and precipitation records show substantial interannual
variability, and only a slight correlation (» = 0.01) is found
between the two variables. Summer SAT anomalies in the time
series range from —2.5 to 2.3 standard deviations, equivalent to
—1.0 to 0.9°C. The highest (warmest) anomalies in the period
occurred during the late 1950s to early 1960s, before a step-like
change to the lowest (coldest) anomalies from the mid-1960s to
mid-1970s. The period from the late 1970s to the present is char-
acterized by less interannual variability with more positive tem-
perature anomalies resulting in a gradual increase in mean summer

temperature. The time series contains nine extreme cold years
(those exceeding one standard deviation: 1964, 1965, 1967, 1969,
1970, 1972, 1974, 1992 and 1996) and five extreme warm years
(1954, 1957, 1960, 1981 and 1998). Seven of the cold years
occurred during the mid-1960s to mid-1970s, with the coldest
mean summer temperature (1972) falling 0.9°C below the
1949-2002 mean (—0.8°C). Three of the five warm years occurred
during the warmer than normal part of the record, from the late
1950s to early 1960s; the warmest mean summer SAT for the
entire record (0.1°C; 1954) reached 0.9°C above the 1949-2002
mean. QEI averaged winter SPR anomalies in the time series
(1949-2002) range from —1.7 to 2.4 standard deviations, and

0.8

-3 1 . .

1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Year

Figure 4 EOF-1 of SPR (top), centred over the QEI, and corresponding PC-1 time series (bottom) for the period 1949-2002
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Figure 5 Five-year running mean time series of the first principal components of SAT and 500 and 200 hPa geopotential heights, and standard-
ized anomalies of the NAO index (1949-2002). In the early part of the record, strong decadal extremes are evident as each of the time series co-
vary. During the latter part of the record decadal trend are much weaker, and interannual variability dominates

trends in the time series show drier than normal conditions in the
first half of the record (1949-1974), with several extreme dry
(1957-1960, 1962, 1965, 1968—1970 and 1972) but no extreme
wet summers. The latter half of the record (1975-2002), however,
shows wetter than normal conditions, with several extreme wet
(1975, 1980, 1986, 1989, 1991-1992, 1996-1997 and 2002) and
only one extreme dry summer (1977).

Patterns of variability

Empirical Orthogonal Functions (EOFs) provide a compressed
description of the variability of a spatially distributed time series,
often referred to as a mode of variability. Principal Components
(PCs) associated with these modes of variability demonstrate how
the EOFs oscillate in time. In this study, EOFs were used to
describe the main modes of variability of NNR meteorological
variables over the QEI for the 1949-2002 (summer) period. EOFs
were computed to a cumulative explained variance of 80% for the
following meteorological variables: SAT, SPR, SST, SLP and
geopotential heights at 850, 500 and 200 hPa levels.

Figure 3 shows the leading mode of variability (EOF-1) for
summer SAT for the QEI and the corresponding PC time series
from 1949-2002. EOF-1 explains 55% of the variance (EOFs 2
and 3 explain 12 and 8%, respectively) and illustrates a strong pat-
tern of variability over the eastern QEI. Higher values of variance
occur in the southeast part of the islands (principally Devon
Island) and extend northward into the intermontane basin between
Axel Heiberg and Ellesmere Islands. The pattern of variability
illustrated by EOF-1 (Figure 3) coincides with the pattern of ELA
Ah (Wolken et al., 2008, this issue: figure 11). The principal com-
ponent time series associated with EOF-1 shows how this pre-
ferred temperature pattern evolves over time (Figure 3). The
positive phase of this pattern was strongly established during the
early part of the record, concomitant with the highest summer
temperatures during the period (1949-2002). Conversely, nega-
tive scores (PC-1) of this mode are dominant from the mid 1960s
to the late 1970s, indicating cool summer temperatures in the same
spatial pattern.

EOF-1 of SPR (1949-2002) explains 40% of the variability in
the period (Figure 4). The spatial pattern of variability shows a
band of positive loadings extending from the north-central to east-
central QEL, with the high values over the Arctic Ocean and run-
ning through Meighen Island and Amund and Ellef Ringnes

Islands. The associated PC time series (Figure 4) shows high inter-
annual variability, with the first half of the record showing mainly
negative anomalies in the SPR (1949-1974), whereas positive
anomalies are prevalent during the latter part of the record
(1975-2002). EOFs 2 and 3 (not shown) explain another 16 and
11% of the variability within the period of record, respectively.

The distinct pattern of variability that is expressed in EOF-1 of
SPR represents the dominant storm track through the QEI. The
QEI is situated between relatively high SLP associated with the
perennially ice-covered Arctic Ocean and low SLP in the com-
monly open waters of Baffin Bay (Alt, 1987). This configuration
causes cyclones to take a S-SE track through the QEI towards
Baffin Bay, where there is an increase in cyclone frequency and
cyclogenesis (Serreze and Barry, 2005: 98). Higher than normal
precipitation occurs in the QEI when there is an increase in the fre-
quency of cyclones along this track (ie, the positive phase of the
leading EOF of SPR); however, anomalously low SPR during
approximately the first half of the record (1949-1974) suggests a
decrease in the frequency of cyclones following this S-SE trajec-
tory through the QEIL.

Correlations and decadal trends

Variations in summer temperature and precipitation in the QEI
(1949-2002) are due in part to fluctuations in the distribution of
atmospheric mass in the Arctic. PC-1 of QEI averaged summer
SAT is positively correlated with summer geopotential height at
the 500z and 200z levels (»=0.57 and 0.59, respectively) and neg-
atively correlated with the summer North Atlantic Oscillation
(NAO) index (r = —0.48). Only slight correlations, however, are
apparent with other climate indices (eg, Pacific North American
pattern (PNA), » = 0.19; Southern Oscillation Index (SOI), r =
0.17; Arctic Oscillation (AO), » = 0.03). PC-1 of summer QEI
SPR is negatively correlated with fluctuations in the height of the
summer 500 hPa geopotential surface (» = —0.64) and positively
correlated with the summer AO index (r = 0.53).

Figure 5 shows five-year running mean time series of the first
principal components of QEI averaged summer SAT and summer
geopotential height at the 500z and 200z levels, and the summer
NAO index for the period 1949-2002. Decadal- and multidecadal-
scale fluctuations in PC-1 of summer SAT are strongly coupled to
changes in both the upper troposphere (500z) and lower strato-
sphere (200z). Moreover, decadal shifts in the phase of the NAO
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Figure 6 Correlation coefficients for linear regression of PC-1 of
QEI averaged SAT with SLP and 850, 500 and 200 hPa geopotential
height surfaces (1949-2002) at each grid point north of 45°N

are coincident with decadal-scale modifications in PC-1 of sum-
mer SAT, which suggests regional-scale influences on summer
surface temperature fluctuations in the QEI. Distinct trends in the
time series in approximately the first half of the record illustrate
contrasting periods of warm and cold conditions, which will serve
as the basis for the following analyses.

Warm and cold decades

Two decadal episodes representing extreme (exceeding one stan-
dard deviation of the decadal mean for the period 1949-2002)
warm (1953-1962) and cold (1965—1974) periods are recoded in
the NNR spatially averaged time series for the QEI. The warm
decade is consistent with reports of net ablation on glaciers on the
Hazen Plateau, E Ellesmere Island (Hattersley-Smith and Serson,
1973), and the cold decade is characterized by a lowering of the
ELA and positive mass balance on some QEI glaciers and ice caps
(Bradley and Miller, 1972; Bradley, 1973, 1975; Bradley and
England, 1978a, b; Alt, 1987; Braun et al., 2004). These contrast-
ing temperature regimes are examined and analysed in order to
identify potential modern analogues for LIA and early twentieth-
century climates.

Relation to atmospheric circulation

In order to examine the influence of atmospheric circulation pat-
terns on summer SAT in the QEI during both warm and cold
decades, PC-1 of QEI averaged summer SAT was regressed upon
mean summer sea-level pressure and 850, 500 and 200 hPa geopo-

tential height fields at each grid point north of 45°N (Figure 6). For
the warm decade, anomalously high temperatures in the QEI are
positively correlated with higher than normal SLP (Figure 7) and
elevated geopotential heights up to 200z over the Canadian Arctic,
most of the Arctic Basin and southeastwardly over Iceland, the
western North Atlantic Ocean and the Labrador Sea (ie, a warm
core high). In this region, a barotropic structure exists, that is, the
positive geopotential anomaly occurs from the surface to the lower
stratosphere, which coincides with a weak summer polar vortex, the
centre of which lies northwest of the QEI over the Arctic Ocean
(Figure 8). This barotropic structure is similar to that associated
with the negative phase of the AO (Thompson and Wallace, 1998),
and to a lesser extent with the NAO. Hence, a negative correlation
exists between warm decade PC-1 of QEI averaged summer SAT
and both the AO and NAO indices (» = —0.38 and —0.57, respec-
tively). During the cold decade, PC-1 of QEI averaged summer
SAT is positively correlated with geopotential height at the 200 and
500 hPa levels over the QEI (Figure 6). In the lower troposphere,
however, only a slight negative correlation exists between geopo-
tential height (850 hPa to surface) and PC-1 (summer SAT) in the
Arctic Basin and the western QEI, whereas, in the eastern Canadian
Arctic, Greenland and Iceland a positive correlation occurs between
these variables. In the Arctic basin and western QEI, a core of cold
dense air resides in the lower troposphere, resulting in high SLP and
anomalously high geopotential heights below ~850 hPa (ie, a cold
core high; Figure 7). Above this surface high, a strong, QEI-proxi-
mal summer polar vortex occurs in the upper troposphere and lower
stratosphere (Figure 8). From northern Ellesmere Island to southern
Hudson Bay and eastwards across the North Atlantic, the negative
geopotential anomaly occurs consistently from the lower tropo-
sphere to the lower stratosphere, while in the mid-Atlantic, areas of
negative correlation represent positive geopotential anomaly
(Figure 6). Anomalously low pressure in the North Atlantic relative
to high pressure in the mid-Atlantic during the cold decade, is char-
acteristic of a positive NAO (Figures 5 and 7); a negative correla-
tion exists between PC-1 of QEI averaged summer SAT and the
NAO index, but the correlation is weak (r = —0.32).

Atmosphere—ocean interactions

At high latitudes, complex energy exchanges between the atmos-
phere and ocean can occasion positive feedbacks affecting atmos-
pheric circulation, SSTs, and SATs (Hansen and Bezdek, 1996;
Mysak et al., 1996; Rogers et al., 1998). To investigate the
influence of SST on temperature changes during the warm and
cold decades across the QEI, PC-1 of mean summer SAT was
regressed upon mean summer SST (using the ERSST reanalysis)
at each grid point for the extended circumpolar region north of
45°N (Figure 9). During the warm decade, PC-1 of QEI averaged
SAT is positively correlated with SST in the central and western
North Atlantic, Labrador Sea and Hudson Bay and north into
Baffin Bay and along the east coast of Greenland. In these areas,
the correlation is robust (# = 0.65) and the variation in summer
SST explains approximately 42% of the variability in the mean
summer temperature for the QEI. Additional areas of positive
correlation also occur in the Bering Sea, extending northward
through Bering Strait, as well as in the Gulf of Alaska. During the
cold decade, PC-1 of QEI averaged SAT is positively correlated
with SST across the North Atlantic, with the most robust correla-
tion located in the east-central North Atlantic (» = 0.70), where
variation in summer SST accounts for about 50% of the variation
in summer temperature in the QEI. Other areas of positive corre-
lation are shown in Hudson Bay and the Labrador Sea, extending
north into Davis Strait. Anomalously cool SAT in the QEI during
this decade is negatively correlated with a broad area of warm
SST in the North Pacific, as well as a much smaller area along the
northeast coast of Greenland.
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Figure 7 Summer mean SLP anomalies (45-90°N) during warm (1953-1962) and cold (1965-1974) decades in the QEIL. Anomalies are in ref-

erence to the 1949-2002 climatology period

Figure 8 Mean 500 hPa geopotential height surface indicating a weak, QEI-distal (strong, QEI-proximal) polar vortex during the warm (cold)

decade

EOFs of summer SST were computed for the area north of 45°N
for the period 1949-2002. Figure 10 shows the leading two EOFs
and their corresponding principal component time series. EOF-1
accounts for 29% of the variance and depicts a spatial pattern of
variability whereby positive loadings are in the North Pacific and
Bering Strait and lesser positive values are in the North Atlantic.
For the full period of record, a positive correlation is revealed
between PC-1 of SST and PC-1 of QEI summer SAT (r = 0.32),
with a positive correlation during the warm decade (» = 0.32) and
a weak negative correlation during the cold decade (r = —0.10).
EOF-2 explains 18% of the variance in the data set and shows
strongly positive values of variance in the North Atlantic, Davis
Strait and Hudson Bay, and slightly negative values in the Bering
Sea, Bering Strait and the Gulf of Alaska. A positive correlation
was found between PC-2 of SST and PC-1 of QEI summer
SAT for the period 1949-2002 (r = 0.54), with stronger positive
correlations during both the warm and cold decades (» = 0.65 and
0.76, respectively), explaining 42% (warm) and 58% (cold) of the
variance in PC-1 of QEI SAT. Strong coupling in these time series
reflects the influence of changes in SSTs in the North Atlantic on
SAT in the QEI during both extreme decades (Figure 11).

The distribution of SST is largely influenced by surface winds
resulting from strong gradients in the sea-level pressure fields.
During the cold decade, anomalously low SSTs across the North
Atlantic were influenced by enhanced westerly winds across the
North Atlantic, resulting from lower than normal pressure near
Iceland (extending northeast into the Greenland and Barents seas)
in combination with anomalously high pressure in the central
Atlantic. Although less intense, the cold decade atmospheric cir-
culation pattern is similar to that of the 1972 extreme cold year
described by Bromwich et al. (2002), where strong westerly winds
across the North Atlantic increased the stress on the Ekman layer
causing enhanced divergence and upwelling (lower SSTs) in the
North Atlantic (Figure 9). In both patterns (cold decade and 1972),
a deeper than normal Icelandic low was coupled with anomalously
high pressure over the Arctic Ocean and the Canadian Arctic
Archipelago, which created an intense zonal pressure gradient
across the central and eastern QEI and Greenland and caused
strong northerly airflow over this region. This persistent high pres-
sure also serves as an effective obstruction to cyclones that typi-
cally track through this region (Alt, 1987), thereby reducing the
precipitation during such cold intervals. Low SSTs in the North
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Figure 10 First and second EOFs of summer SST (1949-2002) north of 45°N for the period 1949-2002

Atlantic increase low-level mid-latitude baroclinicity, resulting in
enhanced low pressure over Iceland and stronger than normal cold
northerly flow over the eastern Canadian Arctic (Bromwich ef al.,
2002). In 1972, this northerly flow resulted in exceptionally low
snowlines and positive summer mass balances on QEI glaciers
(Alt, 1987), as well as one of the lowest percentages of summer
open water on record throughout the QEI (Koerner, 1977). It has
been hypothesized that the anomalous SSTs during the summer of
1972 were related to transient pools of cold water associated with
the Great Salinity Anomaly (1968-1982; Dickson et al., 1988;
Rogers et al., 1998; Bromwich et al., 2002); it is possible that the
migration of the salinity anomaly through the North Atlantic may
have had an influence on the anomalous SSTs that were recorded
during the cold decade, and ultimately, the low SATs throughout
the QEI during this time. However, anomalously low SSTs in the
North Pacific may also have influenced QEI SATSs during the cold
decade by modifying the Northern Hemisphere atmospheric cir-
culation, which has also been credited for the abrupt lowering of
summer freezing level heights over the QEI in 1963 (Bradley,
1973). Changes in the freezing level height in the atmosphere have
been shown to be directly related to fluctuations in the ELA in the
High Arctic (Bradley, 1975). Another influence on the low SAT
across the QEI during the cold decade may have been the injection
of volcanic aerosols into the stratosphere in response to increased
volcanic activity during the 1960s and 1970s, starting with the

massive eruption of Mt Agung (Indonesia, 1963) (Bradley and
England, 1978a, b; Hansen et al., 1978).

During the warm decade, high SSTs in the W North Atlantic
Ocean and the Labrador Sea coincided with lower than normal
pressure over northern Quebec, and anomalously high pressure
over Greenland and most of the Canadian Arctic Archipelago. The
anomalous circulation pattern resulted in the cessation of typically
strong westerly winds in the W North Atlantic, which, to first
order, would have decreased the evaporative heat loss from the
ocean surface layer. In addition, a pressure gradient reversal led to
anomalous easterly wind stresses on the Ekman layer in this
region, which would have caused a convergence of flow, leading
to downwelling and a thickening of the warm surface layer in the
western North Atlantic and Labrador Sea. Advection of warm
water into Davis Strait and Baffin Bay would have significantly
reduced sea-ice extent and increased the thermodynamic effi-
ciency of warm southeasterly winds directed into the QEI, effec-
tively increasing the ELA and enhancing ablation on perennial
snow/ice masses in this region.

Temperature variability in the Arctic has also been linked to
fluctuations in sea-ice extent (Chapman and Walsh, 1993;
Parkinson et al., 1999; Bengtsson ef al., 2004; Johannessen et al.,
2004). In order to examine the role of sea-ice extent in variations
in QEI SAT during the extreme warm and cold decades, the 100 yr
‘Zakharov’ data set is used. This includes observations of Arctic
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Figure 11 Five-year running mean time series of sea-ice area (1900-1999) (Zakharov, 1997; Johannessen et al., 2004), PC-1 of QEI averaged
SAT (1949-1999), and PC-2 of summer SST (1949-2002) north of 45°N showing strongly coupled decadal and multidecadal variation during warm

(1953-1962) and cold (1965-1974) decades in the QEI

sea-ice extent within the ice-ocean margin (Zakharov, 1997,
Johannessen ef al., 2004). Figure 11 shows 5-yr running mean time
series of PC-1 of summer SAT for the QEI compared with PC-2 of
summer SST north of 45°N and mean annual sea-ice extent (1900
to 1999). SAT and sea-ice extent time series are negatively corre-
lated (r=—0.31) for the overlapping period of record (1949-1999),
with stronger negative correlations occurring during both warm
and cold decades ( = —0.52). Thus, on decadal and multidecadal
timescales, it is evident that QEI SAT co-varies with North
Atlantic SST and Northern Hemisphere sea-ice extent. During the
cold decade (1965-1974), the QEI experienced anomalously low
mean summer temperatures (~ —0.42°C cooler), corresponding to
the largest increase in sea-ice extent in the Arctic since the end of
the LIA. In contrast, however, a pronounced decrease in sea-ice
extent corresponds to the warm decade, when the mean summer
SAT throughout the QEI was ~0.24°C warmer than the 1949-2002
mean. These trends are also apparent in the early twentieth century,
when anomalously low Arctic mean annual SATs (~1900-1919)
correspond to the largest sea-ice area during the century-long
record, and anomalously high SATs (~1920-1939) match a signif-
icant decrease in sea-ice extent (Figure 5, Johannesson et al.,
2004). This sizeable decrease in sea-ice extent is coincident with an
increase (~0.5—1.0°C) in the observed spring/summer/autumn SAT
across the QEI, likely marking the end of the LIA there (Figure 2,
Johannessen ef al., 2004).

ELA changes and twentieth-century analogues

The above analyses of climatic conditions in the QEI during the
extreme cold and warm decades of the modern record, lead to the
hypothesis that these decades can be used as analogues for
describing climatic conditions that could be linked to LIA cooling
and early twentieth-century warming in the QEI. Regional spatial
variations in twentieth-century climate across the QEI are
reflected in the change in the distribution of perennial snow/ice
cover and ELA Ak between the end of the LIA and 1960 (Wolken
et al., 2008, this issue). Although the spatial distribution of AA

shows substantial meso- and microscale variability across the
QEI, especially in the mountainous regions (where orographic
effects are amplified), the data set also exhibits distinctive synop-
tic-scale patterns, indicative of regional climate forcing. For
example, the area of greatest change in the ELA (Figure 11,
Wolken et al., 2008, this issue) is qualitatively similar to the pat-
tern of the primary mode of summer temperature variability in the
QEI (EOF-1, 1949-2002, Figure 3). This pattern shows the great-
est amount of variability occurring in the eastern QEI, extending
from central Devon Island northward across SW Ellesmere Island
through the axis of Eureka Sound. The positive phase of EOF-1
(PC-1, summer SAT, Figure 3) characterizes the warm decade
(1953-1962), when the mean temperature rose 1.5 standard devi-
ations over the 1949-2002 mean (Figure 2). Strong qualitative
similarities between EOF-1 (summer SAT) during the warm
decade and the pattern of ELA A/ indicate that the warm decade
may serve as a suitable analogue for climatic conditions during the
early twentieth century that caused an increase in melt of peren-
nial snow/ice masses across the QEI. Furthermore, dry conditions
dominated throughout the QEI during the warm decade (Figures 2
and 4), and palacoprecipitation proxy records from the central QEI
suggest that similar dry conditions persisted there during the early
twentieth century (Lamoureux, 2000). While the effect of low
summer precipitation on net mass balance in the QEI is important
(Dowdeswell et al., 1997), such dry conditions indicate that the
regional pattern of ELA A# is largely a reflection of the variation
in summer temperature.

Reconstructed temperature change across the QEI from the end
of the LIA to 1960 is shown in Figure 12. This reconstruction is
calculated from ELA Ak based on a summer near-surface temper-
ature lapse rate of —4.3°C/km, empirically derived from an obser-
vational network on Prince of Wales Icefield, Ellesmere Island
(Figure 1; Marshall ef al., 2007). Resulting mean temperature
change for the QEI was +1.1°C (SD = 0.4°C), ranging from <0.5°C
along NW Axel Heiberg and Ellesmere Islands and W Melville
Island, to >2.9°C in localized areas of Ellesmere and Devon
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Figure 12 Temperature change between the LIA and 1960, estimated from ELA Ak (Wolken et al., 2008, this issue) using a summer near-sur-

face temperature lapse rate of —4.3°C/km (Marshall et al., 2006)

Islands. The ELA-derived temperature changes are consistent with
changes related to circum-Arctic gridded surface air temperatures
(MJJASO) during the early twentieth century (Figure 2, Johannessen
et al., 2004), and they are also in broad agreement with other tem-
perature reconstructions from the High Arctic. For instance, based
on proxy data from lakes, ice cores, wetlands and marine sources
Overpeck et al. (1997: figure 3) reported an average summer-
weighted Arctic warming of ~1.5°C from the end of the LIA to
~1960, with changes in the Canadian Arctic between 1 and 3 °C.
Also in the Canadian High Arctic, melt layer and 8'*O analyses
from ice cores extracted from the Devon and Agassiz ice caps
(Figure 1) reveal marked warming in summer temperatures (~0.5
to 1.5°C) between the end of the LIA and modern times (Koerner,
1977; Koerner and Fisher, 1990), which is broadly consistent with
warming between the mid-nineteenth and the mid-twentieth cen-
turies, as indicated by high sedimentation rates seen in lake core
records from the QEI (Lamoureux and Bradley, 1996; Gajewski et
al., 1997; Lamoureux and Gilbert, 2004; Smith et al., 2004) and
by a rapid colonization of diatoms in QEI lakes in response to a
reduction in lake-ice cover (Perren ef al., 2003).

Large-scale atmospheric circulation patterns during the cold
and warm decades can also be used as analogues for those patterns
that may have occurred during the LIA and the early twentieth
century. Atmospheric circulation causing strong northerly flow
into Arctic Canada during the cold decade is responsible for pro-
ducing temperature anomalies in the QEI similar to those esti-
mated from temperature reconstructions noted above. This
atmospheric circulation pattern is similar to the synoptic types
producing ‘cool and dry’ conditions (types 1, 4, 6 and 9) described
by Bradley and England (1979), as well as the synoptic type / sug-
gested by Alt (1987), which produces strong northerly flow
through the QEI and is associated with melt suppression on QEI

ice caps. Although the seasonal atmospheric circulation patterns
characterizing the cold decade produced temperatures comparable
with those reported to have occurred during the LIA, other pat-
terns observed in the contemporary record are capable of produc-
ing similar cool episodes, some of which are accompanied by
increased precipitation (Bradley and England, 1979; Alt, 1987,
Bromwich et al., 2002). Indeed, some palaeoclimatic reconstruc-
tions for the central QEI suggest enhanced summer precipitation
in these areas during the LIA (Lamoureux, 2000); some precipita-
tion events during this time may have been related to increased
volcanic activity (Lamoureux ef al., 2001).

One of the characteristic atmospheric circulation features dur-
ing the warm decade in the Arctic is the strong S-SE flow across
the QEI, which undoubtedly played a major role in the spatial
distribution of positive SAT anomalies throughout this region.
The similarity in the spatial pattern of temperatures recon-
structed from ELA A#h, indicates that this circulation feature may
also have been important during the post-LIA to 1960 period.
However, other elements of high latitude atmospheric circula-
tion have also been suggested to contribute to circum-Arctic
warming during the early twentieth century. For instance,
Bengtsson et al. (2004) propose that enhanced winter oceanic
and atmospheric heat transport into the Arctic, initiated by an
increase in the S-SW winds into the Barents Sea, was associated
with regional warming that provided the main contribution to
Arctic SAT anomalies from 1920 to 1940. While this feature
does not appear during the winter months (NDJFMA) of the
warm decade, there is indication of a possible pre-conditioning
associated with the winter atmospheric circulation pattern (a
weakened pressure gradient between the Icelandic low and cen-
tral Atlantic high), which would have favoured warmer temper-
atures in the QEI during the warm decade summers.
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Conclusions

Reconstructed ELA trend surfaces modelled throughout the QEI
represent important proxies of climate in a region with limited or
no observational data during the late nineteenth and early twenti-
eth centuries (Wolken et al., 2008, this issue), and have been used
here to assess climate variability and provide a model of the spa-
tial variability of temperature and precipitation change in the QEI
between the end of the LIA and 1960.

Warm (1953-1962) and cold (1965-1974) decades of summer
SAT in the QEI were identified in the 1949-2002 NNR as poten-
tial analogs of LIA (cold) and early twentieth-century (warm) cli-
mates. The spatial pattern of A/ between the LIA and 1960
(Wolken e al., 2008, this issue) is qualitatively similar to the pri-
mary mode of variability for mean summer SAT in the modern
record (ie, EOF-1, 1949-2002, Figure 3), the positive (negative)
phase of which is strongly in place during the warm (cold) decade.
During the cold decade, lower than normal SATs are associated
with atmospheric circulation patterns producing strong northerly
winds over the study region. Warmer than normal SATs during
the warm decade are linked to warm southeasterly flow through
the QEI resulting from a pressure gradient reversal in the W North
Atlantic, caused by anomalously high pressure over Greenland
and the Canadian Arctic Archipelago coupled with lower than nor-
mal pressure over N Quebec and NW mainland Canada. SAT
anomalies in the QEI during the warm (cold) decade are positively
correlated with a weak (strong) QEI-distal (QEI-proximal) polar
vortex, higher (lower) than normal SSTs in the North Atlantic, and
lower (higher) Northern Hemisphere sea-ice extent.

Owing to the low precipitation in the QEI during both warm and
cold decades, and its minimal influence on the pattern of ELA Ah
compared with temperature, A% is considered to reflect regional
changes in summer SAT between the end of the LIA and 1960.
Estimates of temperature change between the LIA and 1960 are cal-
culated from Ak based on a summer near-surface temperature lapse
rate of —4.3°C/km. The mean estimated temperature change in the
QEI from the LIA to 1960 is 1.1°C, and ranges from <0.5°C near the
northwest coasts of Axel Heiberg and Ellesmere Islands and the west
coast of Melville Island, to >2.9°C in the mountains of Ellesmere
Island. While the large-scale atmospheric circulation changes
required to produce this warming are not clear, plausible circulation
patterns based on modern analogues have been proposed.

Investigating and understanding ice mass responses to past
changes in climate is imperative to our understanding of future
modifications to the cryosphere. Data presented in this study (and
Wolken et al., 2008, this issue) demonstrate the extent to which ice
reduction occurred in the QEI in response to an average estimated
temperature increase of 1.1°C between the end of the LIA and
1960, and highlight the sizable changes in sea ice extent during this
same interval. These data are particularly important for providing a
perspective on the continued warming and melt in the Arctic
(Krabill et al., 1999; Arendt et al., 2002; Burgess and Sharp, 2004;
Abdalati et al., 2004) and the accelerated warming trend seen glob-
ally (Mann et al., 1998). Furthermore, this study helps to clarify the
considerable sensitivity of both terrestrial- and sea-ice systems to
small changes in summer temperature, reinforcing the changes that
will continue under ongoing global warming.
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