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[1] At latitude 67�N, Penny Ice Cap on Baffin Island is the southernmost large ice cap in
the Canadian Arctic, yet its past and recent evolution is poorly documented. Here we
present a synthesis of climatological observations, mass balance measurements and proxy
climate data from cores drilled on the ice cap over the past six decades (1953 to 2011).
We find that starting in the 1980s, Penny Ice Cap entered a phase of enhanced melt rates
related to rising summer and winter air temperatures across the eastern Arctic. Presently,
70 to 100% (volume) of the annual accumulation at the ice cap summit is in the form of
refrozen meltwater. Recent surface melt rates are found to be comparable to those last
experienced more than 3000 years ago. Enhanced surface melt, water percolation and
refreezing have led to a downward transfer of latent heat that raised the subsurface firn
temperature by 10�C (at 10 m depth) since the mid-1990s. This process may accelerate
further mass loss of the ice cap by pre-conditioning the firn for the ensuing melt season.
Recent warming in the Baffin region has been larger in winter but more regular in summer,
and observations on Penny Ice Cap suggest that it was relatively uniform over the 2000-m
altitude range of the ice cap. Our findings are consistent with trends in glacier mass loss in
the Canadian High Arctic and regional sea-ice cover reduction, reinforcing the view that
the Arctic appears to be reverting back to a thermal state not seen in millennia.
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1. Introduction

[2] Outside of Greenland, the Canadian Arctic Archipelago
(CAA) holds the largest total area of land ice (�150,000 km2)
in the north circumpolar region. Recent studies have revealed
increasing rates of ice mass wastage in the CAA over the
past �15–20 years, making this region one of the largest
contributors to present sea-level rise after Greenland and
Antarctica [Sharp et al., 2011; Fisher et al., 2011; Gardner
et al., 2011; Radić and Hock, 2011; Jacob et al., 2012].
The increased glacier losses are linked to a warming trend
observed in both summer and winter across the entire east-
ern Arctic (Environment Canada, Climate trends and varia-
tions bulletin, 2010, www.ec.gc.ca/adsc-cmda, hereinafter

referred to as Environment Canada, online bulletin, 2010).
The best documented evidence for the recent glacier mass
loss comes from the Queen Elizabeth Islands (QEI), north
of Lancaster Sound [e.g., Gardner et al., 2011]. Reliable
observations, short or long, are comparatively scarce for
Baffin Island [e.g., Jacob et al., 2012], even though this
region contains almost a third of all glacier-covered land in
the CAA. The scarcity of observations from Baffin Island
makes it difficult to compare regional responses of the
cryosphere to Arctic warming.
[3] Located at latitude 67�N, Penny Ice Cap (Figure 1) is

the southernmost of the large Canadian Arctic ice caps, and
the only one on Baffin Island that rises to a sufficient altitude
(�1930 m at its highest point) for a firn zone to persist.
Barnes Ice Cap, some 400 km further north, accumulates as
superimposed ice only [Baird, 1952], as do the smaller ice-
fields on Meta Incognita Peninsula to the south [Blake,
1953; Zdanowicz, 2007]. Barnes and Penny Ice Caps are
partial remnants of the Laurentide Ice Sheet, and late glacial
ice layers are preserved near their bed [Zdanowicz et al.,
2002]. The presence of a firn zone on Penny Ice Cap has
allowed paleoclimatic information to be preserved and
recovered by coring [Fisher et al., 1998], making it possible
to place recent observations from this ice cap in a centennial
to millennial perspective. In this paper, we present a syn-
thesis of past and recent observations from Penny Ice Cap
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based on historical records, ice-core data, surface mass bal-
ance measurements, firn temperature soundings, satellite
observations and climatological data. We use these various
documentary sources to identify past and recent trends in
summer melt rates on the ice cap, and examine the impli-
cations for glacier mass balance and regional climate. Our
goal is to establish a framework of reference for ongoing
assessments of the present and future evolution of Penny
Ice Cap using in situ and remotely-sensed observations
[Schaffer et al., 2011].

2. Data Sets and Methods

2.1. Historical Records

[4] The first scientific expedition to Penny Ice Cap was
carried out by the Arctic Institute of North America (AINA)
in the summer of 1953 [Baird, 1953]. It conducted glacio-
logical and climatological observations at various sites on
the ice cap, including snow and ice stratigraphy and density,
summer melt progression, surface mass balance and energy
budget. Detailed methods and findings were reported by
Ward [1954], Ward and Baird [1954], and Orvig [1954].
Later in 1979, a reconnaissance study was made to evaluate
the potential to recover a deep ice-core climate record from
Penny Ice Cap summit. As part of this study, a 20-m core
was recovered and firn temperatures were measured in the
borehole [Holdsworth, 1984]. We use these data, as well as
the AINA expedition records, to place recent observations
from the ice cap in historical context.

2.2. Firn and Ice Cores

[5] Cores were recovered from the summit region of
Penny Ice Cap in 1953, 1979, 1995, 1996, 2010 and 2011

(Figure 1). The 1953 core [Ward, 1954] was drilled to a
depth of 21 m at a site (A1) located at the southeast end of
the summit ridge. The exact altitude of this site is uncertain
(see section 3.4. below) but is thought to be �1930 m. In
1979 a 20-m core was retrieved from a site (P79) at 1975 m
[Holdsworth, 1984]. Subsequently, two deeper cores were
recovered by a Canadian-American-Japanese consortium in
1995 and 1996. The first and longer of these cores was
drilled at a site (P95) located near the P79 borehole, at an
altitude of 1860 m. The P95 borehole reached bedrock at a
depth of 334 m. The second deep core was drilled to a depth
of 176 m from a site (P96) 30 km E of P95 at an altitude of
1810 m. The climate records developed from the P95 and
P96 deep cores extend back to the last glacial period, more
than 11.5 ka before present (b.p.), although discontinuities
may exist in the early Holocene [Fisher et al., 1998;
Okuyama et al., 2003]. In 2010 and 2011, shallow firn cores
were obtained to update the paleoclimate records developed
from the 1995 core. A 23-m core (P2010) was hand-drilled
in May 2010 at the location of the P95 borehole. A shorter,
5.5-m core was obtained in May 2011 a few km away at a
similar altitude.
[6] In this paper, we use the ice-core data to estimate

historical trends in summer melt on Penny Ice Cap. Each
summer, surface melt in the accumulation area causes
meltwater to percolate and refreeze into underlying, colder
firn layers. The resulting infiltration ice forms distinct hori-
zontal layers, but also irregular horizontal and vertical fea-
tures such as ice glands, lenses and pipes. We refer
collectively to these as “melt features”, abbreviated MF. The
number and thickness of MF in the firn layers of ice caps can
be positively correlated with past summer warmth [Koerner,
1977; Fisher et al., 2011]. Summer-winter temperature

Figure 1. (a) Map of southern Baffin Island, Nunavut, showing location of study area (framed) and of
weather monitoring stations mentioned in the text. (b) Map of Penny Ice Cap showing the surface mass
balance stake lines (dotted lines; 1953 and 2007–11), the location of the automated weather station
(AWS), and the ice-coring sites (P79, P95, P96) discussed in the text. The stippled square at the ice cap
summit defines the pixel footprint of spaceborne passive microwave observations used to estimate
changes in the melt season duration, as described in the text.
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contrast, and the timing and duration of the melt period are
also determining factors in MF formation [Pfeffer and
Humphrey, 1998; Bell et al., 2008]. Melt feature records
were previously developed from the cores drilled in 1995
(P95) and 1996 (P96) at Penny Ice Cap summit (Figure 1).
The stratigraphy of the P95 core was described and logged
by the late R. Koerner [Grumet et al., 2001]. Owing to
microfractures in the core, the proper identification of MF
was limited to depths < 245 m, or back to �2 ka b.p. The
stratigraphy of the P96 core was described byOkuyama et al.
[2003].
[7] For the present study, the firn core drilled in 2010 was

measured for MF, density, and solid electrical conductivity
(ECM) [Hammer, 1980]. These data were used to correlate
the new 2010 core with the older P95 record (Appendix A).
The 5.5-m firn core drilled in 2011 extended this composite
MF record by one year (to 2010). Because ice-core density
measurements are discontinuous, we report the percentage of
MF in volume, rather than mass terms. For any time interval
of length N (years) in the composite record, the MF content
is expressed as the volumetric percentage of the core occu-
pied by ice, following:

MF ¼ ∑ dZMFð Þ þ ∑ dZFFiceð Þ½ �
N �A

� 100 ð1Þ

where dZMF is the thickness of individual MF in the core
section, dZF is the thickness of firn layers, Fice gives the
volumetric fraction of refrozen meltwater in the firn layers,
and Ā is the mean ice accumulation rate. The ice content in
the “icy firn” layers was estimated from their density and
was found to average 5 � 5%. This value of Fice also gave
the best visual agreement between the �15-year overlapping
sections of the 1995 and 2010 MF records. In the deeper
parts of the P95 core, the MF data were corrected to account
for ice layer thinning. See Appendix A and B, and Fisher
et al. [2011] for additional details on the development of
MF records.

2.3. Automated Weather Station Data

[8] Two automated weather stations (AWSs) have oper-
ated at the summit of Penny Ice Cap (Figure 1). The first
AWS was installed in May 1992 and remained in operation
until July 2000 [Jacobs, 1990; Eley, 2001]. It recorded
hourly and daily air and firn temperatures over a range of
heights and depths, as well as snow surface height, relative
humidity, wind speed and direction, and total incoming solar
radiation. In 2007, another, simpler AWS was set up at the
same site to record air temperature and snow surface height
changes. Of special relevance to this study are measurements
of firn temperature and snow surface height. The firn tem-
peratures between 1994 and 2000 were measured using a
thermistor string buried in the firn. The thermistors (type
YSI 4403, 1 kW half-bridge) were spaced on the cable at
intervals of a few meters. The cable was gradually buried by
snow and firn accumulation, such that the maximum depth
of the measurements increased from 6.2 m in May 1992, to
13.1 m in July 2000 when the AWS was removed. Eley
[2001] interpolated these data to produce homogeneous
time series of firn temperature at fixed depth intervals.

In April 2011, a new thermistor cable (RST Instruments,
Coquitlam, B.C.) was installed and connected to the AWS
erected in 2007. This cable is equipped with the same type of
thermistors as on the earlier AWS, spaced at 1-m intervals,
with the deepest buried at a depth of 10.5 m. In both periods
of record (1992–2000 and 2007–11), inter-seasonal changes
in snow surface height were measured with an ultrasonic
distance gauge (UDG; model SR50, Campbell Scientific
Canada, Edmonton) mounted on a cross-arm at a height of
several meters.

2.4. Climatological Records

[9] To help place and interpret observations from Penny
Ice Cap in a regional climatic context, we used archived
climatological data from the eastern Canadian Arctic avail-
able from Environment Canada. Temperature and precipi-
tation records are available from 15 different weather
monitoring stations in the southern Baffin Island region.
While some of these records extend back to the 1930s, most
of them are much shorter (<30 years) and/or discontinuous.
In this paper, we used records from a few stations only
(Figure 1) selected for their length and/or proximity to Penny
Ice Cap. These are records from Pangnirtung (N 66.15�;
W 67.72�), Qikiqtarjuaq (formerly Broughton Island;
N 67.55�; W 64.03�), Clyde River (N 70.48�; W 65.52�)
and Cape Dyer (N 66.55�; W 64.03�). In addition, we used
seasonal temperature and annual precipitation anomalies for
the eastern Canadian Arctic region produced by Environ-
ment Canada (online bulletin, 2010). This region corre-
sponds to the “Arctic Mountains and Fjords” climatological
region as defined by Environment Canada, which comprises
the mountainous eastern sectors and coastlines of Baffin,
Bylot, Devon and Ellesmere Islands facing Baffin Bay and
Nares Strait. The climatological anomaly series used in this
study were computed by interpolation of individual station
data, as described by Milewska and Hogg [2001] and
Fritzsche [2011]. Most usable station records for this region
are in fact located on eastern Baffin Island. We use these
regional anomalies rather than data from individual Baffin
climate stations, because records from the latter are too
often discontinuous. Furthermore, interannual temperature
variations are typically synchronous across the Baffin region
[Jacobs and Newell, 1979].
[10] To characterize present-day air temperature lapse

rates over Penny Ice Cap, we compared air temperature
recordings from the AWS at Penny Ice Cap summit (periods
1992–2000 and 2007–2011) with archived weather station
data from Qikiqtarjuaq and Clyde River on the Baffin Bay
coast. For comparison, we also computed the mean July air
temperature lapse rate for 1953, using data from Orvig’s
[1954] report of the AINA summer expedition, and 1953
weather station records from Cape Dyer.

2.5. Field Measurements of Surface Mass Balance

[11] In 2007, a program to evaluate and monitor the mass
balance of Penny Ice Cap was initiated by the Geological
Survey of Canada in collaboration with Parks Canada
Agency. Initially, and up to 2010, the program of observa-
tions was limited to in situ measurements of surface accu-
mulation and ablation. The measurements are performed
once a year, in early to mid-April, with ski-equipped aircraft
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and snowmobile support. Several lines of references stakes
have been set on the ice cap, at intervals of a few km or
�100 m of altitude difference. The most complete data set,
presented in this paper, comes from a line of 20 stakes
installed on the western slopes of Penny Ice Cap, from the
summit area (�1860 m) down to the terminus of an
unnamed glacier outlet (�350 m; Figure 1). The surface
altitude on this transect was measured in May 2011 with a
high-precision Trimble R7 differential GPS system (Trimble
Navigation Ltd., Sunnyvale, CA). The data were post-
processed with the Precise Point Positioning service (Natural
Resources Canada, Precise Point Positioning (PPP) service,
http://webapp.csrs.nrcan.gc.ca/index_e/products_e/services_e/
ppp_e.html, 2011) and have an estimated vertical accuracy of
�0.1 m. For mass balance measurements, we use the so-
called glaciological method, in which the net firn/ice accu-
mulation (winter) or net loss (summer) are estimated from
measured changes in the exposed length of the stakes
[Østrem and Brugman, 1991]. At each stake, the snowpack
stratigraphy is also recorded and the density profile mea-
sured, and multiple soundings are made with a probe over an
area of�10 m2 to obtain the mean snow thickness. Presently,
our in situ mass balance measurements on Penny Ice Cap do
not account for internal accumulation, because of the extreme
difficulty of quantifying meltwater percolation in firn (see
section 3.2 below). In agreement with recommended usage
[Cogley et al., 2011], we use the term surface mass balance
(abbreviated SBM, or _b) to report our mass balance estimates
from individual stakes. For fall and winter accumulation
estimated from snowpits, we use the term winter (surface)
balance bw.

2.6. Passive Microwave Brightness Temperatures

[12] To supplement AWS data and climatological records,
we estimated changes in the duration of surface melt on
Penny Ice Cap over the period 1979–2010 using passive
measurements of snow microwave brightness temperature
Tb from satellites. This method is founded on the assumption
that abrupt changes in Tb detected on the ice cap surface at
the onset and end of the melt season are due to changes in
the snowpack liquid water content, which strongly affects
the microwave emissivity e of the snow [Zwally and Fiegles,
1994; Ashcraft and Long, 2006]. In this study, we used an
algorithm developed by Dupont et al. [2011] that uses
combined gridded passive microwave data from two space-
borne instruments: (1) the Nimbus-7 Scanning Multichannel
Microwave Radiometer (SMMR), for the period from 1979–
1986 [Knowles et al., 2002]; and (2) the Defense Meteoro-
logical Satellite Program-Special Sensor Microwave/Imager
(DMSP SSM/I) for the period 1987–2010 [Maslanik and
Stroeve, 2011]. The algorithm sets a threshold separating
the winter (dry) and summer (wet) modes of brightness
temperatures, and then calculates the number of days above
this threshold to derive the annual period of melt duration.
In this study, the method was applied to a single grid pixel
with a footprint of 25 � 25 km at the summit of the ice
cap (Figure 1), because surrounding pixels extended
beyond the ice-covered area or overlapped with nunataks
or water bodies. Conveniently, the P95 ice-coring site is
located within the boundaries of this pixel. The time series
of surface melt duration derived by the microwave bright-
ness temperature can therefore be compared with the

summer melt intensity series inferred from the extended
P95 ice-core record.

3. Results

3.1. General Setting

[13] Located on the highlands of Cumberland Peninsula,
Penny Ice Cap (N 67.27�; W 65.85�) covers an area of
6410 km2, and an altitude range of �1980 m from the ter-
minus of Coronation Glacier, which calves into Baffin Bay,
to the highest point on the central ice divide. Previous
studies [Ward, 1954; Holdsworth, 1984] and recent field
observations (snow pits and firn cores) indicate that most of
the accumulation area on the ice cap (above �1500 m) is in
the percolation facies. Snow that accumulates in the cold
months melts partly or completely in summer, and the
meltwater percolates through underlying firn to refreeze as
bubble-poor infiltration ice. At altitudes between 1500 and
1700 m there is some accumulation in the form of super-
imposed ice. The present-day accumulation area to total area
ratio (AAR) of the ice cap, estimated using a digital eleva-
tion model, is �0.3 [Schaffer et al., 2011]. The present-day
mean annual temperature (MAT) at the ice cap summit,
estimated from AWS recordings (1992–2000; 2007–11) is
�16 � 1.5�C. The regional climate is wet for the Arctic,
with total precipitation exceeding 300 mm a�1 (water
equivalent) at nearby climate stations on the Baffin Bay
coast [Maxwell, 1981]. The relative humidity over the ice
cap frequently exceeds 90% in both summer and winter.
Snow accumulates mostly in autumn (late August to mid-
November) and to a lesser extent in spring (late March to
May) with the frequent passage of cyclones tracking north–
northeast across or around southern Baffin Island [Bradley,
1973; Maxwell, 1981; Sorterberg and Walsh, 2008; Sepp
and Jaagus, 2010]. The annual thickness of the snow
cover measured in late winter at the summit of Penny Ice
Cap is presently �1–1.2 m, with a mean density of 350 kg
m�3, and the mean ice accumulation rate Ā, inferred from
ice-core data, is 0.37 � 0.5 m a�1 (0.34 m a�1 water
equivalent). The ice cap straddles the Arctic circle (66�N)
and experiences up to 20 hours of daylight during the melt
season from early June to mid-August, although the total
sunshine actually received at the surface is typically less
(�26% of maximum) owing to frequent low cloud cover
[Orvig, 1954].

3.2. Historical Trends in Summer Melt

[14] Previously, Holdsworth [1984] had found that MF %
in a 20-m core (P79) drilled at Penny Ice Cap summit were
well correlated with mean maximum daily July air tem-
peratures recorded at Broughton Island (R = 0.553) and Cape
Dyer (R = 0.563) on the Baffin Bay coast (period 1958–
1979; using 5-year running means of the data series). More
recent thermistor data (see section 3.3 below) reveal that the
firn at Penny Ice Cap summit commonly becomes isother-
mal at 0�C in summer (July) to a depth exceeding 1 m, i.e.
greater than the mean depth of the annual snowpack. Melt-
water can therefore percolate into firn from previous years,
and this can occur even in the presence of ice layers [Ward,
1954; Orvig, 1954]. Evidence of deep percolation was
observed in the ion chemistry profiles of snowpits and the
P95 and P96 ice cores, where “washed-out” sections due to
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elution, sometimes >2 m, occurred irregularly [Goto-Azuma
et al., 2002]. Owing to this effect, MF in the firn could be
offset by 1–5 years relative to the accumulation sequence.
Hence, MF % variations are not expected to faithfully track
annual summer temperature variations, but should generally
follow multi-annual or decadal trends. The spatial continuity
of MF in firn is also irregular, although thick ice layers
(>0.1 m, formed in years of high summer melt) can be
followed laterally over hundreds of meters. For these rea-
sons, trends in the MF records are typically examined
through time-averaging windows of 5 years or more [e.g.,
Kameda et al., 1995; Fisher et al., 2011]. The longer the
time-averaging window, the more robust the trends (if any).
Derivation of error estimates for the ice-core MF record are
presented in Appendix B.
[15] Figure 2a shows the composite MF % record for

Penny Ice Cap summit over the period 1945–2010, dis-
played as anomalies relative to the mean of the years 1961–
1990 conventionally used for climatological data. The MF
averaged 61% for the entire 65-year period and also for the
interval 1961–1990, but the mean of the past 15 years
[1995–2010] has risen to 72%, with individual years recording
100% of accumulation as infiltration ice. Figures 2b and 2c
show that both summer and winter air temperatures in this
region have risen markedly over the same period. The rise
in summer temperatures has been steadier, but recent posi-
tive winter temperatures anomalies are twice as large
(�4�C) as summer anomalies (�2�C). The MF in Penny Ice
Cap cores generally track summer temperature variations,
except for a period of a few years between 2003 and 2006
when the MF % apparently declined while summer tem-
peratures rose or were stable. Several reasons could account
for this: (1) MF % may be more closely correlated with mid-
summer (July) peak warmth on the ice cap than with
regional mean JJA temperatures; (2) as described earlier,
part or the meltwater formed by surface melt in 2003–2006
may have percolated and refrozen in firn from earlier years
(early 2000s); and (3) the apparent reversal in the MF trend
for 2003–2006 may be simply due to uneven spatial distri-
bution of infiltration ice layers at the coring site (on this
subject, see also Appendix B).
[16] For the entire period 1948–2010 (N = 63 years), the

zero-lag correlation coefficient between 5-year running
means of the MF % and regional summer temperature
anomalies is R = 0.55, taking into account serial autocorre-
lation and the reduced degrees of freedom [Ebisuzaki, 1997;
Santer et al., 2000]. The correlation is significant at the 95%
confidence level, and the R value compares well with those
previously obtained by Holdsworth [1984] (0.55 < R < 0.56).
The correlation between MF % and winter temperatures
(Figure 2c) is slightly weaker (R = 0.47), but also significant.
The largest increase in MF %, summer and winter tem-
peratures occurred after the late 1980s, which is consistent
with trends in regional and pan-Arctic temperatures
[Przybylak, 2007; Graversen et al., 2008], and in glacier
mass loss rates in the CAA [Gardner et al., 2011; Sharp
et al., 2011]. The mean annual rate of MF increase since
1979 (when the rising trend began), calculated from ice-
core data, is 1.02% a�1 (Table 1). However, when serial
autocorrelation and the time-averaging effect of percolation
on the MF series are accounted for, the trend is not signif-
icant at the 95% level. This underscores the need to average

MF series over longer time intervals to quantify trends in a
statistically robust manner (see section 4.2 below). Over the
same period 1979–2010, the summer and winter air tem-
perature trends in the eastern Canadian Arctic were 0.05 and
0.08�C a�1, respectively, and these trends are significant at
the 95% level. The rise in MF recorded in the Penny Ice
Cap cores is therefore consistent with regional air tempera-
ture trends. As equation (1) shows, however, MF % are not
determined solely by temperature (melt), but also by the ice
accumulation rate. Using selected records from Baffin
Island weather stations, Abdalati et al. [2004] inferred a
slight increase (15%) in precipitation for the Baffin Island
region during the 1990s, but regionally-averaged precipita-
tion anomalies for the eastern Arctic (Figure 2d) show little
evidence of this. Over the period 1979–2010, the linear
trend in precipitation was in fact negative (�0.62 mm a�1;
Table 1). If precipitation did recently increase in the
southern Baffin Island region as suggested by Abdalati et al.
[2004], and if this resulted in higher net ice accumulation
on Penny Ice Cap, then the summer melt rates for the
corresponding period may be underestimated by the mea-
sured MF percentages.
[17] The ice-core record of the past 65 years (Figure 2a)

shows that summer melt rates over the past decade at Penny
Ice Cap summit were probably the highest since the mid-
20th century. The most recent previous episode of compa-
rably high melt rates was in the 1940s and/or early 1950s.
This is corroborated by comparing the stratigraphy of firn
cores drilled in the summit region of Penny ice cap in 1953,
1979, 1995, 2010 and 2011 (Figure 3). The thick MF
sequences that formed during high melt periods in the 1940s
to early 1950s, and since the late 1980s, are comparable. The
cores taken in 1979 and 1995 show comparatively fewer
and thinner MF. As pointed out by Holdsworth [1984], such
comparisons must be interpreted with caution because of
possible subjective differences in interpretation by different
observers. However the reported density values of the “ice”
layers observed in 1953 (mean = 720 kg m�3 [Ward, 1954])
are comparable to those of MF recorded in the firn stratig-
raphy in 1995 and 2010–11 (mean = 780 � 95 kg m3),
which suggests that these are indeed the same type of
features.

3.3. Trends in Firn Temperature

[18] Firn temperatures on Penny Ice Cap summit were
recorded at various depths using a thermistor string over the
period 1992–2000, and again in 2011. The data from 1992–
2000 (Figure 4) show the mean firn temperature at 7.5 m to
be 2–4�C warmer than the estimated MAT, which is con-
sistent with findings by Holdsworth [1984] from borehole
temperature measurements in 1979. In Figure 5 we compare
the firn temperature profiles measured in the summit region
of Penny Ice Cap between 1992 and 2000 to the measure-
ments made in 2011. We also show borehole temperature
data from 1953 (site A1 in Figure 1) [Ward, 1954] and 1979
(site P79) [Holdsworth, 1984]. The comparison reveals that
during most of this 58-year period, the firn temperature at
�10 m depth remained relatively constant near �13�C. In
contrast, firn temperatures measured in the spring and sum-
mer of 2011 show a warming of the firn of nearly 10�C
compared to previous decades. While the near-surface
readings (<3 m) changed between May and July 2011,
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Figure 2. (a) Melt feature (MF) anomalies at the summit of Penny Ice Cap over the period 1945–2010,
inferred from firn and ice cores. Circled letters refer to Figure 3. (b) Summer (JJA) and (c) winter (DJF)
surface air temperature anomalies in the eastern Canadian Arctic from 1948 to 2010, computed from his-
torical weather station data. (d) Annual precipitation anomalies over the same period [same source]. The
period of reference for anomalies shown in Figures 2a–2d is 1961–1990. (e) Summertime (JJA) air tem-
perature anomalies at the 700 hPa level over Penny Ice Cap calculated from NCEP and ERA40 reanalysis
model outputs, over the period 1958–2010. (f) Melt season duration at Penny Ice Cap summit, estimated
from satellite passive microwave brightness temperature observations over the period 1979–2010. In
Figures 2a–2f, a 5-year running mean (bold line) is superimposed on the annual data series.
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reflecting springtime warming, the firn temperatures con-
verge at depth towards �3�C. The 1992–2000 and 2011
measurements were made with the same thermistor types,
which rules out major instrumental differences. The firn
temperature was also measured independently in July 2011
in a narrow borehole (�0.05 m diameter) using a submers-
ible datalogger (model TR-1050, R. Branker Research Ltd.,
Ottawa, Ontario). Two recordings at 4.5 and 8.5 m depths
gave temperatures of �5 and �0.8�C. The datalogger’s
temperature readings were later found to deviate slightly
from those of a calibrated thermometer, with a possible error
of �1�C. Within these error bounds, however, the data-
logger recordings are consistent with those obtained from
the thermistors (Figure 5).
[19] The release of latent heat associated with refreezing

of percolating meltwater can raise firn temperatures consid-
erably. This has been reported in the Canadian High Arctic
[Paterson and Clarke, 1978], in Svalbard [Van De Wal
et al., 2002], and on the Greenland Ice Sheet [Pfeffer and
Humphrey, 1998]. Holdsworth [1984] used a simple heat
transfer model to estimate the magnitude of firn warming
(T ′) at Penny Ice Cap summit due to meltwater refreezing.
His model uses a one-dimensional heat flow equation across
a semi-infinite solid corresponding to the snowpack, and
assumes that all heat is generated at the snow surface and
transferred downwards as latent heat. The derived solution
describing the temperature rise T′ in the snow (or firn) due
to heat release by meltwater refreezing is:

T ′ ¼ QL=4ð Þ rs � rið Þ exp �z2=4ktð Þ
rsc

ffiffiffiffiffiffiffiffiffiffi

4pkt
p ð2Þ

where rs and ri are the mean densities of snow and ice,
respectively, z is the depth at which the latent heat is
released, t is the relative age of the snow layer considered
(e.g., one year), c is the heat capacity and k the thermal
diffusivity of snow, and QL is the latent heat of fusion. In
his calculations, Holdsworth [1984] assumed a mean annual
summer melt percentage of 25% (mass), based on mea-
surements from a 20-m core covering �30 years of accu-
mulation (Figure 3). His estimated maximum value of T ′
was 3.9�C, which is consistent with the temperature differ-
ence between the 10–12 m firn temperature measured in
1979 (�14.4�C) and the estimated MAT at the time. We

performed the same calculation using Holdsworth’s heat
transfer model, but with a mean annual summer melt per-
centage of 60% (mass) instead, based on our estimated
mean annual MF content of 72% (volume) in the firn at
Penny Ice Cap summit over the past 15 years. The values of
c and k in equation (2) were calculated from the mean
temperature T through the annual snowpack (�20�C) and
from rs, following Cuffey and Paterson [2010, pp. 400–
401]. Depending on the values used for ri (which can vary
from 850 to 910 kg m�3) our calculation yields values for
T ′ of 12.1 to 14.5�C. This is the estimated warming effect
of meltwater refreezing within the annual snowpack. In
summers that experienced 100% surface melt (e.g., early
2000s; Figure 2), the warming would have been greater.
However if (as is likely) some of the meltwater produced in
summer percolates below the annual layer and into the firn
below, part of the latent heat is released there, while another
part of the energy also escapes to the atmosphere by heating
up air. How much of the warming that is produced by
summer melt and refreezing is conserved in the firn depends
on the depth of meltwater percolation and the summer-
winter surface temperature contrast. A better quantification
of the impact of the recent warming on the thermal structure
of the firn at Penny Ice Cap would require a thermo-physical
model simulation that takes into account the formation of ice
layers, which is beyond the scope of the present paper.
However the calculation presented above shows that latent
transfer associated with rising summer melt and percolation
could have produced a warming of the magnitude observed
in the firn at Penny Ice cap summit since the mid-1990s.

3.4. Surface Mass Balance

[20] The annual mass balance of ice caps in the QEI is
chiefly controlled by summer melt [Koerner, 2005]. Penny
Ice Cap receives higher annual snowfall than High Arctic
ice caps, but summer melt rates are also greater and are
therefore expected to play a determining role in the annual
mass budget. Figure 6 shows the present-day SMB gradient,
measured on a �55-km long transect (Figure 1) on the
western side of the ice cap. The two mass balance years
presented (2007–08 and 2010–11) are those for which the
field data are most complete. Snow accumulation on the
transect increases slightly with altitude at a mean rate of
0.012 m snow water equivalent (SWE) per 100 m. Below
1200 m, the late winter snow cover is often thin and uneven
due to downslope wind scouring. Surface ablation near the
glacier margin (<600 m) was �2.5 m of ice equivalent in
2007–08, but exceeded 3 m of ice equivalent in 2010–11.
From airborne laser altimetry surveys, Abdalati et al. [2004]
estimated mean thinning rates (=net surface lowering) of
0.2–0.5 m a�1 on the western margin of Penny Ice Cap
between 1995 and 2000. Elsewhere on the ice cap margin,
thinning rates exceeded 0.4 m a�1 over the same period.
Surface ablation rates decrease upslope, and the present-day
equilibrium line altitude (ELA) is thought to be between
1450 and 1700 m (Figure 6). A shallow borehole drilled at
1700 m in May 2011 encountered only superimposed ice
down to 6 m depth, indicating that for 2010–11, the firn line
(the upper limit of perennial snow) had retreated above this
altitude. The equilibrium line is expected to lie at the lower
limit of the superimposed ice zone.

Table 1. Linear Regression Trends Over the Period 1979–2010
for the Data Series Shown in Figure 2a

Data Series N Ne Trend Units

Penny Ice Cap melt features (volume) 32 12 1.02 (0.86) % a�1

Eastern Arctic summer surface air
temperature

32 25 0.05 (0.01) �C a�1

Eastern Arctic winter surface air
temperature

32 27 0.08 (0.04) �C a�1

Eastern Arctic annual precipitation 32 31 �0.62 (0.31) mm a�1

Penny Ice Cap 700 hPa summer air
temperature

32 31 0.07 (0.02) �C a�1

Penny Ice Cap summit melt season
duration

32 29 1.18 (0.24) days a�1

aThe term N is the number of observations (years), while Ne is the
effective sample size, taking into account autocorrelation in the time
series. Numbers in parentheses give the standard error on the estimated
trends. Bold figures are statistically significant at the 95% level.
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[21] Recent in situ SMB data for Penny Ice Cap are
presently limited to the transect in Figure 6. Future field
measurements on other transects will determine how repre-
sentative this profile is of the ice cap as a whole, and help
quantify the current total net mass budgetDM.Meanwhile, it
is instructive to compare the 2007–08 and 2010–11 SMB
profiles to measurements made by the 1953 AINA expedition
on a different profile facing to the south–southeast, from the
highest point on the main ice divide (site A1) to the lower
reaches of Highway Glacier (Figure 1) [Orvig, 1954; Ward,
1954]. Altitudes along the 1953 profile were estimated by
photogrammetry or theodolite [Orvig, 1954] and may be
inaccurate, particularly in the featureless summit area of the
ice cap. Thus Weber and Andrieux [1970] give a revised

altitude of 1838 m for site A1, initially reported at 2050 m
[Orvig, 1954]. Airborne laser altimetry surveys conducted
over Penny Ice Cap since 1995 [Abdalati et al., 2004]
suggest an altitude of �1930 m instead. These data indicate
that the summit of the ice cap was stable or thickening
slightly during 1995–2000. Comparing the 1953, 2007–08
and 2010–11 SMB profiles (Figure 6) shows a reasonable
agreement in terms of the ELA. The differences between the
1953 estimate (�1380 m) and the 2007–08 and 2010–11
estimates (1450–1700 m) are within the range of observed
interannual variability. These figures are also reasonably
close to the ELAs measured on other, smaller glaciers in the
southeastern Baffin region (�900 to 1300 m) [Jacobs et al.,
1972; Weaver, 1975; Mokievsky-Zubok et al., 1985].

Figure 3. Simplified stratigraphy of firn cores drilled to �20 m depth from the summit region of Penny
Ice Cap in 1953 [Ward, 1954], 1979 [Holdsworth, 1984], 1995 (R. Koerner, unpublished data, 1995) and
2010–11 (this work). Infiltration ice layers are shown in black. To minimize interpretive differences
between observers, only ice layers thicker than 10 cm are represented. Stippled lines indicate approximate
correlative levels.
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Figure 4. Cycle of mean annual air (�2-m height) and firn temperatures at different depths measured by
an automated weather station at the summit of Penny Ice Cap between 1992 and 2000 [Eley, 2001]. Sym-
bols correspond to mean monthly firn temperatures at specific depths, obtained by interpolation of the
thermistor data. New thermistor measurements made in May and July 2011 are shown for comparison
(shaded symbols).

Figure 5. Compared firn temperature profiles to a depth of 14 m in the summit area of Penny Ice Cap
measured in the summer of 1953 [Ward, 1954] (site A1 in Figure 1), in May 1979 [Holdsworth, 1984]
(site P79), in May and July for 1992–2000 [Eley, 2001] (site AWS) and in May and July of 2011 (this
work) (site P95). The 1953 and 1979 measurements extended down to 23 and 20 m, respectively, and tem-
peratures at these depths were the same as at 14 m. The 1953 data are minimum and maximum tempera-
tures over the observation period (May 18–Aug. 11). For the 1992–2000 AWS data, the monthly mean
firn temperatures (full lines) and interannual range (stippled lines) in May and July are shown. The point
labeled “1996” is the 10-m deep firn temperature measured with a thermistor cable in the P95 borehole in
May 1996. Thick stippled line segments on each panel are interpolated or extrapolated from the data.
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3.5. Trends in Snow Densification

[22] Rising summer melt rates on Penny Ice Cap since the
late 1980s have led to the formation of numerous thick ice
layers in the firn (Figure 3). These have, in turn, increased
the densification rate of snow in the uppermost layers of the
ice cap’s accumulation area. This change is revealed by
comparing the firn density profiles measured in the top
�20 m of the summit area of Penny Ice Cap using the firn
cores drilled in 1953 (site A1; 1930 m), 1995 (site P95;
1860 m) and 2010 (site P2010; 1860 m). The 1995 data
come from two parallel cores (85 and 334-m long) drilled
one meter apart. While densities were measured in both cores,
MF were only recorded in the deeper core. Density measure-
ments were also made on discrete segments of the firn core
recovered in 1979 (site P79; �1975 m) (G. Holdsworth,
unpublished data, 1979). Density profiles for the different
years are compared in Figure 7. A depth of 20 m represents
�35–40 years of accumulation at the summit of Penny Ice
Cap. The 1953 firn densities were measured over large
depth increments, which makes detailed comparisons with
later years difficult. However, while the 1979 and 1995
firn density profiles are comparable, the 2010 profile shows
evidence of a steepening in the density gradient during
recent decades, caused by the formation of thick infiltration
ice layers. The change in densification rate can be quantified
by comparing the cumulative ice-equivalent thicknesses of
the 1995 and 2010 firn cores (Figure 7d). At a (true) depth
of 20 m, the cumulative ice-equivalent thickness in the

2010 profile is 15.3 m, which is �0.9 m larger than the
ice-equivalent thickness at the same depth in the 1995
profile (14.4 m). The extra ice added is mostly accounted
for by the thick ice layers formed in the late 1990s and
2000s.
[23] Other, indirect evidence for the impact of high melt

rates on snow densification comes from AWS measurements
of snow surface settling at the summit of Penny Ice Cap. Full
data coverage is only available for the years 1992, 1995,
1996, 2007 and 2010. However, snow surface settling was
also monitored at the ice cap summit (site A1) by the AINA
summer 1953 expedition [Orvig, 1954]. The 1953 observa-
tions only extended through to August 11, but on Orvig’s
account, the amount of summer melt after that date was
probably minimal. These data allow for surface snow set-
tling to be compared for a series of summers of contrasting
warmth (Figure 8 and Table 2). The contrast between the
coldest seasons (1953, 1992) and some of the warmest ones
(2007, 2010) is striking, with snow settling in the latter being
nearly an order of magnitude greater than in the former.
Changes in snow surface height are the result of surface
melt, snow accumulation and wind action (snowdrift). While
surface settling on Penny Ice Cap summit appears to start
consistently in late June, the timing of renewed net snow
accumulation at the end of summer is less regular, varying
from late July in 1996 to early September in 2010. As
Figure 8 also shows, the length of the melt period (daily air
temperatures >0�C), its magnitude (maximum tempera-
tures), and the amount of snow settling are not related in

Figure 6. (a) Variations in winter surface mass balance bw (fall + winter snow accumulation) as a func-
tion of altitude, measured on a �55-km long profile on the southwestern margin of Penny Ice Cap
(Figure 1) since 2007. Each point is a median calculated from multiple snowpit observations at the
corresponding altitude. (b) Comparison between surface mass balance ( _b) gradients on two altitudinal pro-
files across the southern and western sides of Penny Ice Cap (dotted lines in Figure 1), measured in 1953
[Ward, 1954] and between 2007 and 2011 (this work). The vertical stippled line gives the estimated ELA
in 1952–53, while the shading gives the estimated range for the ELA over the period 2007–11. Down-
pointing arrows indicate that the points shown are minimum estimates for _b in the ablation area. Point
A1 refers to the summit camp site occupied by members of the 1953 AINA expedition.
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a simple way. Clearly the warmest summers (e.g., 2010)
experienced very high surface melt rates, but other warm
summers (e.g., 1995) experienced comparatively moderate
melt. Possible reasons for these discrepancies are discussed
below.

4. Discussion

4.1. Implications of Summer Melt and Firn
Temperature Trends

[24] The record of MF developed from Penny Ice Cap
cores testifies to an important increase in summer melt rates
since the 1980s. On the whole, the data indicate that present-
day summer melt rates are probably as great as or greater
than they’ve been at any time in the period of instrumental
records from the Canadian Arctic (1948–2010). Comparing
the MF record with seasonal temperature anomalies for the
eastern Canadian Arctic (Figure 2) shows that both summer
and winter air temperatures in this region have risen mark-
edly over the same period. Other signs of recent warming in
the southern Baffin region are decreasing sea-ice cover
trends over Hudson Bay, Davis Strait and southern Baffin
Bay [Moore, 2006; Tivy et al., 2011]. At least some of the
decadal sea-ice variability in this region is thought to be
driven by the North Atlantic Oscillation [Stern and Heide-
Jørgensen, 2003; Kinnard et al., 2006a]. The sea-ice cover
decline has been largest since the mid-1990s [Tivy et al.,
2011], which is consistent with the observed MF trend in
Penny Ice Cap cores. Sea-ice cover reduction may contribute
to increased glacier melt rates on southern Baffin Island by

allowing greater oceanic heat fluxes to the atmosphere,
particularly in late summer and autumn. The observed
regional trends in air temperature and sea ice cover are
consistent with the view that increased mass losses on QEI
glaciers in the 21st century are driven by anomalously warm
sea-surface temperatures in the northwest Atlantic, accom-
panied by increased southerly warm air advection to the
High Arctic in summer via Baffin Bay [Sharp et al., 2011].
[25] An expected consequence of rising summer air tem-

peratures in the eastern Canadian Arctic will be to increase
the duration of the summer melt season on glaciers. This has
been observed by Dupont et al. [2011] on Barnes Ice Cap
using spaceborne passive microwave measurements, as
described earlier under section 2.6. In Figure 2f, we show
the duration of the melt season at Penny Ice Cap summit
since 1979, inferred with the same type of measurements
and using the same detection algorithm. Based on these data,
the length of the melt season has nearly doubled over this
period, from 44 days in 1979 to 90 days in 2010. An increase
in the duration of the melt season will not necessarily lead,
on its own, to a greater volume of MF in the firn, but
maintaining surface snow temperatures at 0�C for a greater
length of time every summer will facilitate percolation of
meltwater in the firn, carrying latent heat with it.
[26] Warming summer temperatures in the eastern Arctic

may also have increased the frequency of rainfall events on
Penny Ice Cap. This could enhance surface melt rates, as
condensation may account for 30% of the surface energy
supply at the ice cap summit during the melt season [Orvig,
1954]. Using the European Reanalysis Agency 1 dataset,

Figure 7. Compared �20-m firn density profiles at the summit of Penny Ice Cap measured from corings
in (a) 1953 [Orvig, 1954; Ward, 1954], (b) 1979 (G. Holdsworth, unpublished data, 1979) and 1995
(R. Koerner, unpublished data, 1995), and (c) 2010 (this work). The 15-m long P95.3 core was drilled
one meter away from the 334-m long P95.4 core. Densities in both cores were measured on �1-m
averages, while the 2010 density data are in �55-cm averages. In Figure 7c, the dashed curve is the
smoothed depth-density trend obtained from the 1995 data. (d) Compared cumulative ice-equivalent thick-
nesses in the 1995 and 2010 firn profiles.
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Screen and Simmonds [2011] found that rising summer
temperatures in the Canadian Arctic since 1989 have been
accompanied by a decrease in the snow to total precipitation
ratio (SPR), which they ascribe almost entirely to changes in
precipitation type (i.e., more frequent rainfall). For the east
coast of Baffin Island, the change is most noticeable in late
summer (August), with a decrease in SPR of 20 to 30%.
Data from southern Baffin Island weather stations (Figure 1)

show that the SPR in this region typically varies between
�0.2 and 0.7 in summer (JJA; mean �1s) and is usually 1.0
(snowfall only) from October to May. A 20–30% decrease in
late summer SPR over this region would translate into a
relative decrease in the mean August SPR from 0.5 to �0.6–
0.7. At Qikiqtarjuaq, where total precipitation in August
averages �40 mm, such an increase would result in addi-
tional 1–3 mm of rainfall (on average) relative to the amount

Figure 8. (left) Summer maximum temperatures and (right) snow surface settling in the summit
region of Penny Ice Cap in six different years, based on Orvig [1954] for the (bottom) summer of
1953 and on ultrasonic depth gauge (UDG) measurements for (top) other years (Eley [2001] and this
work). Black shading at left denotes days with mean daily surface air temperature >0�C. Figures at far
right give the estimated maximum vertical settling of the snow surface over the course of the melt sea-
son. Dates indicate the approximate onset and close of the melting period (left) and bracket the period
of greatest snow settling (right).
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of snowfall in that month. The impact of such a small
change is unlikely to be very significant at the summit of
Penny Ice Cap, compared to the effect of temperature-
driven surface melt. However, the effect of rainfall on sur-
face melt rates and MF formation is presently impossible to
quantify directly, due to the lack of direct precipitation data
from the ice cap.
[27] A remarkable finding of this study is the 10�C

warming of firn temperatures (10 m depth) that has occurred
at the summit of Penny Ice Cap since the mid-1990s
(Figure 5). This finding suggests that the regional warming
of the late 1990s and 2000s resulted in a major infusion of
latent heat by deep meltwater percolation into the upper firn
layers. Interestingly, recent AWS air temperature recordings
from the summit of Penny Ice Cap indicate that the MAT
over the period 2007–11 has remained close to that mea-
sured in the 1990s, i.e. near �16�C. The MAT at the ice cap
summit is apparently insensitive to the actual summer
warming experienced in situ. This may result from the
summertime surface radiative energy surplus being largely
transferred into the firn by percolation and conduction.
Indeed, Eley [2001] found that the best predictor for early
winter (October to December) firn temperatures at 7.5. m
depth on Penny Ice Cap summit was the number of positive
degree-days (PDD) in the previous summer. Furthermore to
achieve the observed warming of 10�C since the 1990s,
much of the latent heat transferred in the firn must be con-
served through the winter, and this would be facilitated by
deep percolation of meltwater [Van De Wal et al., 2002].
Winters in the eastern Canadian Arctic also warmed signif-
icantly, albeit irregularly, since the late 1980s (Figure 2), and
this may have helped to maintain the present-day “warm”
firn temperatures on Penny Ice Cap by reducing the firn-air
temperature gradient.
[28] If an increasingly large amount of latent heat is

transferred, and retained, into the firn with each successive
summer of high melt, this may act as a feedback that

amplifies the summer melt progress on the ice cap forced by
regional air temperature trends. In effect, the firn layers are
preconditioned by heat storage, such that at the onset of the
following melt season, a lesser amount of energy is required
to initiate surface melt. This scenario is consistent with the
non-linearity between summer melt rates and air tempera-
tures seen in Greenland and on Canadian Arctic ice caps
[Fisher et al., 2011]. Some non-linearity is expected even in
the absence of an internal feedback, because any large
increase in summer mean temperature will lead to a pro-
portionally greater increase in PDD, the amplification being
a function of the variance in the temperature cycle [Reeh,
1989].
[29] The basal ice temperature under Penny Ice Cap,

measured in the P96 borehole (D. Fisher, unpublished data,
1996), was ��12�C, slightly warmer than earlier estimates
[Holdsworth, 1984; Fisher et al., 1998]. If the current rate of
internal warming recorded in firn continues uninterrupted,
the “warm wave” will gradually propagate through the ice
cap by convection and conduction, and the basal ice tem-
perature will eventually rise to the pressure-melting point
(PMP). This is expected to alter the drainage of the ice cap
and could lead to accelerated velocities of outlet glaciers, as
observed in Greenland [e.g., Zwally et al., 2002]. However,
spaceborne measurements of ice motion indicate that the
velocity of Penny Ice Cap outlets glaciers has actually
decreased by 10–20 m a�1 since the mid-1980s, which
corresponds to an average slowdown of 25% per decade
[Heid and Kääb, 2011]. Hence, there are, as yet, no indica-
tions of dynamical instabilities on Penny Ice Cap such as
would be expected if basal temperatures were approaching
the PMP.
[30] It is unclear at present if the recent regional warming

in the eastern Canadian Arctic extends above an altitude of
2 km. Upper air soundings for southeastern Baffin Island are
scarce, making it difficult to seek independent corroborating
evidence. As an alternative, we used AWS data, weather
station records, and Orvig’s [1954] report to compare air
temperature lapse rates between Penny Ice Cap summit and
the Baffin Bay coast for three different observation periods:
summer 1953 (July only), 1992–2000 and 2007–2011
(Figure 9). Presently, the lapse rate is largest in October
(�0.75�C 100 m�1), and decreases through the winter to
reach a minimum in February (�0.15�C 100 m�1) when air
temperatures are uniformly cold, or nearly so, from sea level
to the summit of the ice cap. At the height of the summer
melt period in July, the lapse rate is �0.50�C 100 m�1. We
found that lapse rates in these months were not noticeably
different for the three periods of observations considered
(Figure 9). This suggests that the recent warming was felt
uniformly over the�2000 m altitude range of Penny Ice Cap.
[31] Supportive evidence may be found by examining

summertime (JJA) air temperature anomalies at the 700 hPa
level over Penny Ice Cap, calculated using overlapping
datasets produced by the U.S. National Centers for Envi-
ronmental Prediction (NCEP) and the European Reanalysis
Agency (ERA40) reanalysis models over the period 1958–
2010 (Figure 2) (data by A. Gardner, University of Michigan,
2011). The barometric pressure at Penny Ice Cap summit is
�775 hPa [Orvig, 1954], hence temperatures anomalies at
700 hPa provide a good approximation of conditions at
this altitude. As Figure 2 shows, the inferred trend and

Table 2. Relationship Between Summer Temperatures and Surface
Snow Settling Measured at Penny Ice Cap Summita

Year

Summer
Warmth
Ranking

Regional JJA
Temperature
Anomaly
(�C)

Penny Ice
Cap Mean

JJA Temperature
(�C)

Maximum
Snow Settling

(m)

1953 52 �0.2 �6.1 0.25
1992 56 �0.6 �4.7 0.13
1993 37 0.3 �3.8 – –
1994 24 0.7 �5.1 – –
1995 15 1.0 �3.5 0.57
1996 50 �0.1 �4.6 0.29
1997 30 0.5 �3.5 – –
1998 3 1.8 �1.6 – –
1999 48 �0.1 �4.4 – –
2007 17 0.9 �1.8 1.11
2008 6 1.5 �1.0 – –
2010 1 1.9 �1.7 0.95

aRegional (eastern Canadian Arctic) summer (JJA) temperature anomalies
are computed relative to the 1961–1990 climatological norm, and the
ranking of relative summer warmth is for the period 1948–2010
(Environment Canada, online bulletin, 2010). The summer (JJA) surface
air temperatures and snow surface settling data for Penny Ice Cap (where
available) are from automated weather station recordings. The 1953 data
are from Orvig [1954]. Italicized figures were estimated from incomplete
records (days missing).
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magnitude of JJA air temperature anomalies at 700 hPa in
recent decades are closely comparable to the JJA surface air
temperature anomalies for the eastern Canadian Arctic,
which supports a relatively uniform warming of the lower
troposphere. The linear trend in 700 hPa summer tempera-
tures over the period 1979–2010 is 0.07�C a�1 which is
comparable to the trend in surface JJA air temperatures over
this period (Table 1), These findings are consistent with
those by Graversen et al. [2008], although their conclusions
were contested on the grounds of heterogeneities in the
observational datasets used [Grant et al., 2008]. We also
note that a uniform warming over an altitude range of
�2000 m would lead to a greater increase in surface melt
rates at the low-altitude margins than at the ice cap summit,
and this is supported by both our SBM measurements
(Figure 6) and by repeat altimetry measurements [Abdalati
et al., 2004; Schaffer et al., 2011].
[32] Our findings of rising melt rates on Penny Ice Cap are

consistent with increased ice thinning rates observed there
and on neighboring Barnes Ice Cap [Abdalati et al., 2004;
Sneed et al., 2008; Schaffer et al., 2011]. While Sneed et al.
[2008] associated the thinning of Barnes ice Cap to regional
warming, Abdalati et al. [2004] suggested that it could be
due to (unspecified) dynamic factors, rather than greater
melt rates. The data presented here make it clear that
enhanced surface melting could probably account for much
or all of the observed net thinning, at least on Penny Ice Cap.
However, some thinning may also result from reduced ice

mass transfer rates to the ice cap margin, as suggested by
glacier velocity observations of Heid et Kääb [2011]. The
enhanced densification of the firn due to infiltration ice layer
formation (Figure 7) on Penny Ice Cap will need to be
accounted for in future attempts to infer ice-cap volume or
mass changes using airborne or spaceborne altimetry data
[e.g., Schaffer et al., 2011], as it implies an increase in
internal mass accumulation. This effect will be quantified
in future research.

4.2. The Holocene Record of Summer Melt on Penny
Ice Cap

[33] The deep ice cores recovered in 1995–96 from Penny
Ice Cap allow us to put recent melt trends, described in
earlier sections, in the context of past millennia. Some fea-
tures of the P95 MF record were presented by Grumet et al.
[2001], while Fisher et al. [2011] offer a comparative anal-
ysis of ice-core MF records from several Canadian Arctic ice
caps, including Penny. Here we focus our discussion on the
significance of this record for the Holocene climate evolu-
tion of the southern Baffin Island region.
[34] Of the two long MF series developed from Penny Ice

Cap, only that from the P96 core extends beyond 2 ka b.p.
[Okuyama et al., 2003]. Figure 10a presents the P96 and
composite (P95 and P2010–11) MF records, averaged over
100-year intervals. Owing to wind scouring, the ice accu-
mulation rate at the P96 site is much lower (0.19 m a�1) than
at the P95 site (0.37 m a�1), which results in much higher

Figure 9. Mean temperature lapse rates compared for selected months between the summit of Penny ice
cap and two coastal weather stations, (a) Qikiqtarjuaq and (b) Cape Dyer on southeastern Baffin Island
(see Figure 1). The lapse rates in Figure 9a were computed using data from automatic weather stations
on Penny Ice Cap (periods 1994–2000 and 2007–11; Eley [2001] and this work), and from archived
weather station data (Environment Canada, online bulletin, 2010). The lapse rates in Figure 9b also
include air temperature recordings made at Penny Ice Cap summit during the 1953 AINA expedition
[Orvig, 1954]. The period of overlapping data for 1953 is limited to July.
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MF percentages, from 80 to >90% over the past century
[Fisher et al., 1998; Okuyama et al., 2003]. The P96 record
shows that for much of the early to mid-Holocene, between
�10 and 4 ka b.p., the coring site experienced 100% melt,

which implies possible discontinuities in the record if the
summit of Penny Ice Cap experienced an overall negative
mass balance (net wastage and runoff) at any time during
this interval. The lack of a trend in the P96 MF during this

Figure 10. (a) Time series of d18O (100-yr running mean) and melt % from the Penny Ice Cap P96 core
[Fisher et al., 1998; Okuyama et al., 2003], compared with the extended melt feature percentage (MF %)
record from the P95 coring site (MF in 100-year averages). Shading identifies the early Holocene Thermal
Maximum [HTM]. Horizontal stippled line shows the MF % at the P95 coring site in the summer of 2010.
Vertical stippled line identifies the inferred transition point between shear-dominated ice flow (SHEAR)
and uniaxial vertical compression (VERT) regime in the P96 core [Okuyama et al., 2003]. (b) The past
300 years of melt % in the P96 and the composite P95/P2010–11 records, shown in annual averages
(shaded) and 5-year averages (bold). The Little Ice Age cold interval (stippled line) in the southern Baffin
Island region came to an end toward the late 19th century [Miller et al., 2005]. (c) The record of MF over
the period AD 1700–1989 developed from two ice cores drilled at site J, southern Greenland [Kameda
et al., 1995]. As in Figure 10b, the data are shown in 1-year (shaded) and 5-year averages (bold).
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period does not imply that regional temperatures were stable,
but simply that surface melt rates at this site had reached a
maximum (100%). As the d18O record from the P96 core
shows (Figure 10a), local temperatures rose to reach a
maximum near 6 ka b.p., which is consistent with timing
estimates for the Early Holocene Thermal Maximum (HTM)
in this region obtained from syntheses of proxy data
[Kaufman et al., 2009].
[35] Thereafter, from �4 to 0.5 ka b.p., annual summer

melt rates at the P95 and P96 sites declined, following the
late Holocene climatic deterioration recorded by numerous
proxies across the Arctic [Kaufman et al., 2009], and seen in
the P96 d18O profile. The decreasing MF trend in the late
Holocene is steeper in the P96 than in the P95 record, and
this difference is likely due to the decreasing altitude and
accumulation at the P96 site (relative to P95) that resulted
from topographic changes on Penny Ice Cap after it sepa-
rated from the receding Laurentide Ice Sheet. On geological
evidence, this separation is thought to have occurred grad-
ually between 8 and 4.5 14C ka BP (A. Dyke, personal
communication, 2011). Isostatic rebound following degla-
ciation [Kaplan and Miller, 2003] would have affected the
P95 and P96 sites nearly equally and can not account for the
difference in the MF % trends. The onset of Neoglaciation
on Cumberland Peninsula is tentatively dated between 5 and
3 ka b.p. [Miller et al., 2010]. Okuyama et al. [2003] mea-
sured ice fabric changes in the P96 core that suggests the
establishment of the current accumulation regime at this site
near the end of the period of very heavy melting (�100%),
�3 to 2 ka b.p.
[36] The two Penny Ice Cap MF records of the past 300

years (Figure 10b) both indicate that the late Holocene
cooling trend that accompanied Neoglaciation came to an
end in the latter half of the 19th century, coincident with the
termination of the Little Ice Age (LIA). Since then, summer
melt rates have risen steadily, but not monotonically, by
�50–55% at the summit of the ice cap, with considerable
interdecadal variability. The warming since the LIA was
punctuated by decadal-scale variability, as attested, for
example, by the cooler decades of the 1960s and 70s
[Bradley, 1973; Jacobs and Newell, 1979]. The P96 MF
record shows decadal variations of lesser amplitude than the
P95 record, particularly after AD 1850. This is unsurprising,
given that the P96 site, with its lower ice accumulation rate
(0.19 m a�1), experiences summer melt rates close to 100%.
As a result, MF variations recorded at this site are expected
to be less sensitive to regional summer temperature fluc-
tuations than those recorded at the P95 site.
[37] The last �300 years of the Penny Ice Cap summit

(P95) MF record show remarkably good agreement with the
MF % series developed by Kameda et al. [1995] from two
cores drilled in southern Greenland (Figure 10c) at a com-
parable latitude and altitude (Site J; 66�N; 2030 m). The
good correspondence between these records argues for a
coherence in the decadal to centennial temperature trends
across the southern Baffin Island and southern Greenland
region. Extrapolating MF observations (section 3.2.) using
the Penny Ice Cap ice-core record indicates that recent melt
rates on this ice cap are probably as high now as they have
been since the mid-Holocene, �4 to 3 ka b.p. Using con-
temporary MAT and temperature lapse rates from Penny Ice
Cap, we infer that the regional mean July temperature at sea

level during the mid-Holocene may have been as warm as
�8�C, i.e. �4�C warmer than 20th century averages for
coastal weather stations along eastern Baffin Island [Miller
et al., 2005].

5. Conclusions

[38] In the absence of long-term (>50 year) instrumental
climate records for the Baffin Island region, cores recovered
from Penny Ice Cap provide a temporal frame of reference in
which historical and recent glaciological observations can be
placed and synthesized. The story that emerges is consistent.
Over the past three decades, Penny Ice Cap, the southern-
most major land ice mass on Baffin, entered a phase of
particularly intense summer melt and thinning. This was
accompanied by a pronounced warming of the upper firn
layers which we attribute to latent heat transfer by meltwater
percolation. The ice-core MF record shows that Penny Ice
Cap experienced comparable, albeit somewhat shorter, pre-
vious episodes of high melt rates in the past �150 years, the
most recent being in the late 1940s and early 1950s. The
present-day (post-1980) intensification of melt on Penny Ice
Cap is associated with increasingly positive summer and
winter air temperature anomalies in the eastern Arctic, which
exceed those of the late 1940s and early 1950s. Rising
winter temperatures, in particular, may have contributed to
maintain the warmer firn temperatures, thereby pre-
conditioning the ice cap for more intense melt in the subse-
quent summers. If the present warming trend persists, it is
expected that within a few decades, the ice cap will no lon-
ger accumulate as firn, but only as superimposed ice, as does
Barnes Ice Cap. The present situation on Penny may be a
near-future analog for large parts of the nearby (western)
Greenland Ice Sheet, which have also experienced increas-
ing summer melt rates in recent decades [Mernild et al.,
2011].
[39] When viewed in the longer perspective of the ice-

core record, the recent decades of intensified summer melt
on Penny Ice Cap follow on a warming trend that began
�150 years ago at the close of the LIA, reversing the
millennial cooling that characterized the late Holocene cli-
mate across the Arctic [Kaufman et al., 2009]. Since the
early 1990s, annual summer melt rates at the summit of
Penny Ice Cap have risen steadily, such that in recent years,
70 to 100% of annual accumulation was in the form of
infiltration ice. The ice-core record indicates that as a result
of this warming, the ice cap is now back to a thermal and
mass balance state the like of which has probably not been
experienced since mid- to early Holocene time, more than
3000 years ago.

Appendix A: Updating the Penny Ice Cap MF
Record to 2011

[40] The MF record developed from the P95 deep core
ended in the year 1992. In order to update it to the present, a
23-m firn core (P2010) was hand-drilled in May 2010 from
the same location, as estimated using a Global Positioning
System (GPS) receiver with �10-m horizontal accuracy.
The core was returned frozen to a laboratory in Ottawa,
where it was photographed and logged on a light table inside
a cold room. Density measurements were performed using
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calipers and an electronic balance (precision �0.005 kg) on
over 50 discrete core segments. The solid electrical con-
ductivity of the P2010 core was also measured using a cus-
tom-built ECM system. A potential of 1250 V was applied
using two brass electrodes with a spacing of 2 cm, and a
resistivity bridge of 200 kW. In May 2011, a shorter core
(P2011; 5.5 m) was also recovered from Penny Ice Cap at a
site a few km distant from the P2010 borehole. Its stratig-
raphy and density were logged in the field.
[41] Visual correlation of the P95 and P2010 cores was

based primarily on MF. The thick sequence of infiltration ice
layers observed 2 to 11 m down in the P2010 core has no
equivalent in the uppermost section of the P95 core, and is
therefore inferred to have been formed after the mid-1990s,
which is consistent with regional air temperature trends
[Przybylak, 2007]. Accordingly, the base of the thick ice
layer sequence in the P2010 core was correlated with the top
of the P5.4 core (Figure A1). Because meltwater can per-
colate several meters down in the firn before refreezing, the
proposed correlation can only be approximate (�3 years).

Baseline variations in the ECM trace (transmitted current) of
the P2010B core were also compared with those measured in
the P95 core. The best visual fit between the overlapping
ECM traces was obtained with the end-point of the P95 trace
positioned at an ice-equivalent depth of�6.6 m in the P2010
record (Figure A1), which agrees closely with the corre-
spondence inferred from stratigraphic features. Based on this
correlation, the mean ice accumulation rate (Ā) for the period
1963–2010, calculated relative to the b-activity peak in the
P95 core, is 0.39 m a�1. Previous best estimates of Ā varied
between 0.36 and 0.39 m a�1 [Grumet et al., 1998; Fisher
et al., 1998]. Unless precipitation increased or decreased
significantly in the Baffin region in the past �20 years,
the value of Ā obtained by correlating the P95 and P2010
cores is therefore consistent with previous estimates. In this
paper, we used a value of Ā = 0.37 � 0.5 m a�1, based on
the best-constrained figure for recent decades [Grumet et al.,
1998]. Using this value, the expected time span of the P2010
firn core is �45 years. The short 5.5-m core obtained in
May 2011 on Penny Ice Cap was used to estimate the MF

Figure A1. Correlation of core P2010 with core P95 based on stratigraphic features (infiltration ice
layers) and ECM trace. The vertical scale on the ECM traces is arbitrary, as the measurements were per-
formed on different instruments with different settings. The 1963 b-activity peak in the P95 core (inset)
provides a definitive reference horizon.
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percentage for the balance year 2010–11. Melt feature %
estimates for 2009–2010 in the 2011 firn core were con-
sistent with those of the P2010 core for the same years. The
final, updated MF record for Penny Ice Cap summit (Figure 2)
was obtained by averaging the MF % of overlapping parts
in the P95, P2010 and P2011 cores (Figure A2).

Appendix B: Error Estimates for the Penny Ice Cap
MF Record

[42] The principal sources of uncertainty in the ice-core
MF series shown in Figures 2 and 10 are (1) errors in the
depth-age model, and (2) the spatial variability of MF (the
“stratigraphic noise” [Fisher et al., 1985]). Dating errors are
somewhat dependent on the MF variability in ice cores,
because changes in annual ice accumulation rates will affect
the depth-age scale and the corresponding time-averaged
MF percentages.

B1. Dating Errors

[43] The depth-age models for the Holocene segments of
the P95 and P96 cores developed by Fisher et al. [1998] are
constrained by reference horizons which include spikes in
the electrical conductivity (ECM) and sulphate (SO4

2�) pro-
files of the cores ascribed to acidic fallout of known histor-
ical eruptions previously identified in central Greenland
cores. The most unequivocal is the Laki eruption (Iceland,
AD 1783). Another reference horizon is the 1962–63 spike
in b–radioactivity detected at a depth of 18 m in the P95 core
(data by C. Wake and J. Dibb, University of New Hampshire,
1995). The Holocene-Wisconsin transition was assigned an
age of 11,550 years before present (b.p.) based on the mid-
point of the d18O step at the Younger Dryas - Preboreal
boundary, as dated in the GISP2 and GRIP Greenland cores

[Johnsen et al., 1992; Alley et al., 1997]. This age estimate
has since been revised to 11,703 yr b.p. [Rasmussen et al.,
2006] but the adjustment has little effect on the depth-age
relationship of the Penny cores for most of the Holocene.
The depth-age model between the control points was
developed by spectral analysis of the ECM signal for the
P95 core [Fisher et al., 1998], and by interpolation using a
simple ice-flow model [Nye, 1963] in the P96 core.
[44] Table A1 gives the model-predicted age of the ice in

the P95 and P96 cores at various reference horizons of
known or presumed age. These figures provide estimates of
the models’ accuracy at various depths. Owing to the lack
of distinct reference horizons, the largest dating uncertainties
occur in the mid- to early Holocene (between �8 and 4 ka
b.p.). Dating errors in this part of the P95 and P96 records
may be as large as �500 years, based on a comparison
of different depth-age model iterations [Fisher et al., 1998,
Figure 5]. Regardless of intrinsic model errors, departures
from predicted ages between control points may also occur
if the net annual ice accumulation rate (A) in the
corresponding time interval deviates significantly from its
long-term mean value Ā. The resulting dating errors will
be largest halfway between any pair of time-control points.
These errors were estimated using a Monte-Carlo simula-
tion in which A is allowed to vary randomly from year to
year with a maximum departure dA relative to Ā [Kinnard
et al., 2006b]. For Penny Ice Cap, we used a value of
dA = 25% (relative standard deviation about Ā), which
is a realistic, if conservative, figure based on field mea-
surements. For greater realism, the temporal variance of A in
the simulation was represented by a blue noise model, fol-
lowing Fisher et al. [1985]. Results showed that the maxi-
mum error on the estimated age of the ice introduced by
variations in A never exceeds �8 years (95% confidence
interval), and is typically much less, for any time interval

Figure A2. Melt feature (MF) percentages measured in three ice and firn cores from Penny Ice Cap
summit (P95, P2010, P2011), overlain to illustrate their correlation: Dark shading = P95 deep core; pale
shading = P2010 23-m firn core; outlined = P2011 5.5-m firn core. The data are shown in 0.38 m averages
of ice equivalent, which correspond to �one-year mean values. Averaged MF percentages of the three
cores (combined) are shown in Figure 2 of this manuscript. Insets (A and B) show 0.55-m firn core seg-
ments with contrasting infiltration ice content (dark layers). (left) Core A has an estimated volumetric MF
content of �20% (including interstitial ice in the firn), whereas (right) core B is 100% infiltration ice.
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between age control points (Table A1) in the last �2000
years. Earlier in the record, intrinsic model-related dating
errors are comparatively much larger.

B2. Stratigraphic Noise

[45] Melt features in firn are highly variable and often
discontinuous over spatial scales of 102–106 m2 owing to the
heterogeneity of the snowpack structure. This introduces
“stratigraphic noise” in the MF time series that obscures the
climatic signal related to seasonal temperature variations.
In the late Holocene part of the Penny ice-core record, the
uncertainty about the “true” value of the MF percentage
resulting from stratigraphic noise is likely to be much larger
than that introduced by depth-age uncertainties. The amount
of stratigraphic noise (spatial variability) in any ice-core
variable can be estimated by correlating time series devel-
oped from parallel cores separated by a known distance
[Fisher et al., 1985; Fisher and Koerner, 1994; Kuhns et al.,
1997]. On Devon Ice Cap, D. Fisher (unpublished data,
1977) found that the mean correlation coefficient between
5-year averaged MF series from three parallel cores spaced
by a few tens of meters was �RMF ≈ 0.50 (length of series =
650 years; mean MF percentage ≈6%). Using 100-year
averages of the MF data, �RMF increased to 0.60. A similar
comparison of two parallel cores drilled on Agassiz Ice Cap
gave a value of �RMF = 0.45 for 5-year averaged MF series
(length of series = 950 years; mean MF percentage ≈4%)
[Fisher and Koerner, 1994]. At site J, southern Greenland
(66�N; 2030 m), Kameda et al. [1995] obtained a correla-
tion of 0.80 between 5-year averaged MF series in two
cores drilled one meter apart (length of series ≈60 years;
mean MF percentage ≈21%).
[46] We do not have multiple MF series from Penny Ice

Cap summit, so the spatial variability could not be estimated

directly. The much higher annual surface melt rates on this
ice cap, relative to QEI ice caps or southern Greenland, are
expected to result in greater spatial coherence between MF,
because thicker ice layers are also more horizontally con-
tinuous. However in the absence of direct quantitative evi-
dence for this, we adopt conservative estimates of �RMF equal
to 0.4, 0.55 and 0.6, respectively, for 5-, 10- and 100-yr
averages of the MF percentages in the late Holocene record
from Penny Ice Cap (�the last 2000 years). The true value of
RMF is likely to vary over time with summer melt rates. From
�RMF , the mean signal-to-noise variance ratio F in the Penny
Ice Cap MF time series can be estimated following the for-
mulation of Fisher et al. [1985]:

F ¼ var Sð Þ
var eð Þ ¼

�RMF

1� �RMF

where var(S) and var(e) are the variance contributions of
the climate signal and the noise (spatial, temporal) in the
MF time series, respectively. Using �RMF = 0.4 for 5-year
averaged MF series gives F = 0.67. For 10-year averages
(�RMF = 0.55), we get F = 1.22, and for 100-yr averages
(�RMF = 0.6), we get F = 1.5.
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Table A1. Estimated Dating Errors in the Penny Ice Cap P95 and P96 Deep Cores, Based on a Comparison Between Reference Horizons
of Known Age, and Their Age as Predicted by the Depth-Age Model Useda

Reference Horizon/Event

True Age of Event

Ice-Core
Signature

Depth of Reference
Horizon in P95

Ice Core

Model Ageb

Years Before 2010

Dating Error

Calendar
(BC/AD)

Years Before
2010

Real
(m)

Ice
Equivalent

(m) Years
Relative to

True Age (%)

P95 Core (Length = 334 m; Mean Ice Accumulation Rate = 0.38 m a�1)
Surface nuclear bomb tests AD 1963 47 b-radioactivity 17.70 11.75 47 0 0.0
Katmai eruption (Alaska) AD 1912 98 SO4, acidity (ECM) 41.39 33.50 93 5 5.9
Tambora eruption (Indonesia) AD 1816 194 SO4, acidity (ECM) 76.14 68.03 186 8 4.3
Laki eruption (Iceland) AD 1783 227 SO4, acidity (ECM) 83.66 75.55 211 16 7.4
Eruption (unknown source) AD 1259 751 SO4, acidity (ECM) 173.12 164.54 799 48 6.4
Eldja eruption (Iceland) AD 933 1076 SO4, acidity (ECM) 193.03 184.20 1015 61 5.7
Eruption (unknown source) 50 BC 2060 SO4, acidity (ECM) 256.82 247.15 2092 32 1.6
Wisconsin-Holocene transitionc 11713 d18O 306.72 316.55 11713 0 0

P96 Core (Length = 179 m; Mean Ice Accumulation Rate = 0.19 m a�1)
Katmai eruption (Alaska) AD 1912 98 SO4, acidity (ECM) 19.79 17.04 99 1 1.0
Laki eruption (Iceland) AD 1783 227 SO4, acidity (ECM) 43.08 39.94 227 0 0.0
Eruption (unknown source) AD 1259 751 SO4, acidity (ECM) 94.26 90.19 752 1 0.1
Eruption (unknown source) O A.D. 2010 SO4, acidity (ECM) 142.91 137.68 2068 58 2.9
Wisconsin-Holocene transitionc 11713 d18O 169.78 164.25 11713 0 0

aDating errors are likely to be largest in the early Holocene (between 10,000 and 5000 years before present).
bModel refers to the latest version of the depth-age scale [Fisher et al., 1998].
cMid-point of d18O step at the Younger Dryas–Preboreal transition. Revised estimated age as per Greenland GICC05 time scale [Rasmussen et al., 2006].
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