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Abstract 
 
There has been a rapid acceleration in ice-cap melt rates over the last few decades across 

the entire Canadian Arctic. Present melt rates exceed the past rates for many millennia. 

New shallow cores at old sites bring their melt series up-to-date. The melt-percentage 

series from the Devon Island and Agassiz (Ellesmere Island) ice caps are well correlated 

with the Devon net mass balance and show a large increase in melt since the middle 

1990s. Arctic ice core melt series (latitude range of 67 to 81 N) show the last quarter 

century has seen the highest melt in two millennia and The Holocene-long Agassiz melt 

record shows the last 25 years has the highest melt in 4200 years. The Agassiz melt rates 

since the middle 1990s resemble those of the early Holocene thermal maximum over 

9000 years ago. 
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1. Introduction  

Ironically, paleo-climate records usually suffer because their recent end points are too far 

in the past to connect with the contemporary climate change discussion. Since the ice-

core melt percent series are simple and have been extensively used in climate 

reconstructions many of the ice core sites across the Canadian Arctic have recently been 

re-drilled to overlap the old records some of which ended in the 1960s. With the up-to-

date series it is clear the last quarter century’s melt rates in the high accumulation zones 

(~1800 m asl.) of Canada’s Arctic ice caps have been the highest in many millennia and 

since the middle 1990s, the melt percent and net mass balance losses (Devon Ice Cap) 

have accelerated very sharply.  

 

2. Sites and Methods              

        For high elevation accumulation regions of Canadian Arctic ice caps (Fig. 1a and 

Table 1) there is usually some part of the summer when temperatures are high enough to 

produce surface melt that re-freezes at depths of a few tens of centimeters. Because re-

frozen melt has few bubbles compared to ice that forms by compression of un-melted 

firn, it is easy to recognize (Koerner,1977; Koerner and Fisher, 1990; Fisher et al.,1995). 

Figure 1b shows recent ice layers from the Agassiz site. 
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Table 1  Site information 

Name Latitude Longitude Elevation Deep cores 
years 

Hand 
cored in 
years 

Accumulation  
rate cm(ice)/a 

Refs 

Devon72/73 75.47 82.5 1800 1971,72,73 2004,06,10 Recent 25 
Long term 24 

a,b 

Devon99 75.32 81.64 1903 1999 None 16.7 c   
Agassiz 
1984/87 

80.7 73.1 1860 1984,87 2009 1962-09 
13.78 
 pre-1962  10 

d,e,f,g 

Penny 1995 67.253 65.77 1860 1995 2010 37 h,i  
Prince of 
Wales 2005 
(POW) 

78.4 80.4 1630 2005 None 30 j 

. a(Koerner, 1977),  b(Paterson et al., 1977),  c(Kinnard et al., 2006)  d(Fisher et al., 1983), 
e(Vinther et al., 2008),  f(Vinther et al.,2009),  g(Fisher et al., 1995),  h(Fisher et al., 1998),  
i(Goto-Azuma et al., 2002),  j(Kinnard et al., 2008).   
 
 
 

                                  

                    Figure 1: a,   Location map for the drill sites in the Canadian Arctic.                                                               

b,  Arrows show examples of the bubble-free ice layers from the Agassiz                             

site in firn laid down in the recent warm period, post 1993.   
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       Routine quantitative measurements of density and melt features in the ice cores have 

resulted in many records of melt-feature percentage, (MF). This percentage denoted, MF, 

pertains to some number, N, of annual increments of total length N λ (where λ is the 

annual accumulation rate in ice-equivalent/year). The MF for N years is defined:  

                 MF = Σ[ N years of melt features in ice equivalent] / ( Nλ )  x 100. 

         Two methods have been used to calculate the MF series. Only bulk-core densities 

are available for deep cores and most of the new cores, in which case MF is calculated 

using “Method-1” (Supporting Online Material, SOM). For the Agassiz-2009 extension-

core there are densities for the stratigraphic elements at sufficient resolution so “Method-

2” can be used, (SOM). For both methods and in all cases there was substantial multi-

decadal overlap between the deep and new cores, (see Figure 2). The time scales used for 

the various ice cores are found in the literature cited in Table 1. The Agassiz record 

which is the longest and most accurate has been tied into the Greenland chronology 

(Vinther et al.,2008;2009). Figure 2 shows 5 year MF-averages for all sites. Melting 

produces statistically very “noisy” series, which must be averaged over several nearby 

sites or over many years in order to produce reasonably robust series, (see eg. Fisher et 

al.,1985; Fisher and Koerner,1994).The deep core MF is shown in black and the 

extension MF in grey. All the deep core stratigraphies were produced by the same 

experienced observer (R M Koerner) but the extensions were produced by various people 

in the author list. As described in the SOM, the pure ice layers  (MF=100%) are easy to 

see (and comprise about 70 % of the melt, see Fig. 1b). But when only bulk density is 

available, accessing the amount and density of partial melt features like “icy firn” is 

subjective. The MF appropriate to the “icy firn” category was adjusted so the new core 
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overlap averages were close to the old, (SOM). This did not have to be done for the 

Agassiz extension where sufficient density data was available. 

 

                                   

 

Figure 2 : Recent (5 year average)  melt-percentage series from original deep cores 

(black) and recent hand drilled extension cores in grey . a, Penny . b, Devon  1972,73 

cores (black), 1999 core (dashed and with MF-axis on the right). c, Agassiz 1984,87 

cores. d, Prince of Wales , POW. Note there is no extension core for POW. e, Northern 

Hemisphere JJA temperature anomalies (dashed) and north of  60o N JJA-temperature, 

(black). 
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3. Results  

3.1 Overlap and the recent records. 

           The most recent 150 years of melt-percentage are presented in Fig.2. The small 

temporal offsets seen are due to slightly different averaging intervals for the deep and 

extension cores. Because the site-average accumulation rate was used in the age-depth 

model, there is some internal error due to accumulation-rate variance. The age error in 

these plots is <5%. MF for the Penny ice cap (Fig. 2a) has often been very high since the 

late 1800s, indicating (Fig. SOM-4) that average temperatures there are relatively high 

.The Prince of Wales Icefield record from central Ellesmere Island shows an increase in 

melt starting earlier, in the 1970s. This icefield is influenced climatically by the 

neighboring North Open Water polynya, such that the MF-temperature relationship there 

is likely more site-specific than regional (Kinnard et al.,2008).  
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3.2 The last 2000 years’  of Canadian melt records. 

       All these records are now to be presented in 25 year averages over a much longer 

interval, where it becomes clear, there is a large increase in melt rates in the late 20th 

century. The quarter century averaging interval balances the need for lowering noise with 

that for resolution. Figure 3b-f shows the MF series for 2000 years. Also shown is the 

Arctic stacked summer-temperature record (Kaufman et al.,2009) (Fig.3a) that uses 23 

summer-temperature proxies. None of the MF records were used in this stack, although 

some stable isotope records from the Table 1 sites were. The Penny MF record (Fig. 3b) 

is clearly tracking the stack and portrays the recent warming as well as the 2000-year 

long cooling trend. The Agassiz record (Fig. 3e), shows the extent of the recent melt in 

the context of 2000 years but lacks the cooling trend. The Agassiz stable isotope record 

does show (Vinther et al.,2008,2009)  the cooling-trend over the last 2000 years, but it 

was simply too cold to register much melt during this interval (see  SOM-2.2). The 

Devon 1999 site (Fig. 3d) has a temperature intermediate between the Penny and Agassiz 

sites and its MF-record shows some of the cooling trend as well as the recent warming. 

The records from Devon 72,73 and POW (Figs 3c and 3f) also demonstrate the recent 

maximum, although they are both limited to the last 8 centuries.                                        
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Figure 3 : The last 2000 years. a, A stack of 23 polar proxy-summer temperature series, 

(Kaufman et al.,2009). b, MF Penny Ice Cap. c, Stacked MF for the Devon 1972,73 

cores. d, Devon 1999 core. e, Agassiz  MF. The black shading showing the updated 

portion and older 1984, 87 deep core results shaded in grey. f,  Prince of Wales MF. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 

3.3 The Holocene melt record from the Agassiz Ice Cap. 

        The Agassiz ice cap cores taken in 1984 and 87 are within 100 metres of each other 

and the core quality was high enough to track the melt features right through the 

Holocene (Koerner and Fisher,1990; Fisher et al.,1995). Recently the Agassiz time scale 

has been coordinated with the canonical chronology for Greenland ice cores (GICC05) 

(Vinther et al.,2008,2009). Twenty five year averages of the Agassiz (MF84+MF87)/2 

stack are presented in Fig. 4 on this time scale. The estimated error bars are also shown. 

They are the RMS values for the difference series (MF84 - MF87)/2. Signal and noise 

levels in ice core records are well understood (SOM-1). The deep core results are shaded 

light grey and the extension series in black. This melt record ends in the spring of 2009. 

Melt-percentage on Agassiz (and likely on Devon) in the most recent 25 years is the 

highest in 4200 years (see “line-1”  Fig. 4). If the levels of melt since the mid-1990’s (see 

line-2 in Fig. 5c) continue, then as “line-2” (Fig. 4) suggests, one has to look back 9000 

years to find higher melt-percentages. The recent Arctic warming stands out as 

anomalous not only compared to the past century (Overland et al.,2008), but on much 

longer time scales(Kaufman et al.,2009; Axford et al.,2009; Fauria et al.,2009).  
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Figure 4 : The Holocene melt record from Agassiz  Ice Cap 1984,87 cores (25 year 

averages) placed on the GICC05 time scale (Vinther et al.,2008). The estimates of error 

come from the rms value of the differences between the 1984 and 87 MF series. The “ 

line-1” traces the most recent 25 year melt-percentage back  4200 years . The Agassiz 

melt percentage since the early 1990s ,”line-2” (also shown in Fig. 5c) can be traced-back 

9000 years, to the early Holocene.  
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4. Discussion and Conclusions       

       Arctic warming amplification due to ice and snow albedo feedback is expected to be 

most pronounced in autumn, when sea-ice decline is greatest, and have little surface 

expression in summer (Serreze et al.,2009). Indications of summer warming aloft using 

re-analysis data have been reported, but the evidence is contested (Graversen et al.,2008). 

Our work suggests Arctic warming is taking place in summertime, at a faster rate than 

hemispheric trends, and this is most apparent in the sites north of 75° and above 1800 

metres.  

       The change in 25 year average NH summer temperature (CRU-BADC,2008) from 

[1908-1883] to [2008-1983] is 0.7 C (Fig. 2e). Using the 25 year melt records for the 

same periods, the accumulation rates (Table 1) and transfer function (Fig. SOM-4), the 

temperature change for sites north of  75° is 2.2 C. Thus the MF-data suggests an Arctic 

amplification factor of ~3, which falls within model-predicted  values (Holland and 

Bitz,2002) and which compares well with paleo-climate estimates(Miller et al.,2010). 

 Accelerating melt rates since the late 20th century find echoes in Greenland 

(Mote,2007) and in Svalbard glaciers (Kohler et al.,2007), indicating a general trend 

across the Arctic. The warming may be driven by increased pole-ward heat advection  in 

response to rising global temperatures, but other  factors may include, the reduced burden 

of radiation-scattering sulfate aerosols since the late 1980s, (which counteracts surface 

warming in the springtime), and suspected increases in tropospheric ozone concentration 

and black carbon aerosols, which contribute a net positive radiative forcing, particularly 

in spring and summer (Quinn et al,2008; Shindell and Faluvegi,2009). 
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         In conjunction with much enhanced melt since early 1990s, is an increase in glacier 

surface mass loss, the highest since observations began in the early 1960’s, Fig. 5a. 

Glacier mass losses for the past 5 years (2005 – 2009) from NW-Devon, Meighen, and 

Melville ice caps are 3 times greater than the average over the entire period of record 

(Burgess and Koerner,2009; Koerner,2005). This coincides with positive summer-

temperature anomalies of 1.5–2 degrees for this region (CRU-BADC,2008) emphasizing 

that mass balance is driven primarily by summer warmth (Koerner,2005) and that glacier 

losses in this region are responding very sharply to rising temperatures. It is not 

surprising that the Devon and Agassiz  MF series correlate well with the Devon net mass 

balance series (correlation coefficient of 0.83 using 4 year averages, 7 degrees of 

freedom) and with each other (0.93), Fig 5. The great increase in melt on Devon and 

Agassiz since the middle 1990s is mirrored in the net mass balance and, as has been 

shown here, this is unique in the context of many millennia. The ice core melt record puts 

these recent mass balance losses in context and suggests that Canadian Arctic ice caps are 

loosing mass faster than any time in the last 4000 years. 
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Figure 5: a, Four year averages of Devon Ice Cap measured net mass balance. b, The 

melt-percentage, MF, records from Devon. c,  Agassiz  MF. Line-2 gives the average 

over the most recent 16 years and is redrawn in Fig. 4. 
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