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Abstract The Canadian Arctic Archipelago comprises multiple small glaciers and ice caps, mostly
concentrated on Ellesmere and Baffin Islands in the northern (NCAA, Northern Canadian Arctic Archipelago)
and southern parts (SCAA, Southern Canadian Arctic Archipelago) of the archipelago, respectively. Because
these glaciers are small and show complex geometries, current regional climate models, using 5- to 20-km
horizontal resolution, do not properly resolve surface mass balance patterns. Here we present a 58-year
(1958-2015) reconstruction of daily surface mass balance of the Canadian Arctic Archipelago, statistically
downscaled to 1 km from the output of the regional climate model RACMO2.3 at 11 km. By correcting

for biases in elevation and ice albedo, the downscaling method significantly improves runoff estimates
over narrow outlet glaciers and isolated ice fields. Since the last two decades, NCAA and SCAA glaciers
have experienced warmer conditions (+1.1°C) resulting in continued mass loss of 28.2 + 11.5 and

22.0 + 4.5 Gt/year, respectively, more than doubling (11.9 Gt/year) and doubling (11.9 Gt/year) the
pre-1996 average. While the interior of NCAA ice caps can still buffer most of the additional melt, the lack
of a perennial firn area over low-lying SCAA glaciers has caused uninterrupted mass loss since the 1980s.
In the absence of significant refreezing capacity, this indicates inevitable disappearance of these highly
sensitive glaciers.

Plain Language Summary Outside the ice sheets of Greenland and Antarctica, the Canadian
Arctic Archipelago is home to 14% of the world’s ice-covered area. Ice caps can be found on Ellesmere
and Baffin Islands in the north and south of the archipelago. Here we present a novel daily, 1 km surface
mass balance product for the period 1958-2015 that allows us to quantify the contemporary mass loss
of Canadian ice caps and identify the acting processes. The high-resolution product realistically resolves
local patterns of mass change over narrow glaciers and confined ice fields that are often found in the
Canadian Arctic. We show that these ice caps have been losing mass for decades and that mass loss
accelerated in 1996. This followed a significant warming (+1.1°C), which increased the production

of meltwater. While the snow covering the interior of the northern ice caps can still buffer most of this
additional melt through refreezing, the lack of a perennial snow cover over low-lying southern ice caps
caused uninterrupted mass loss since the 1980s. If this trend is not reversed, these southern ice caps might
disappear within 400 years.

1. Introduction

The Canadian Arctic Archipelago (CAA) is home to one of the world’s largest glaciated areas (~148,000 km?),
comprising ~14% of Earth’s total ice-covered area outside the ice sheets of Greenland and Antarctica (Sharp
et al.,, 2011a). Most glaciers and ice caps can be found on Ellesmere, Devon, Axel Heiberg, and Meighen
Islands forming the northern archipelago (Northern Canadian Arctic Archipelago [NCAA]; ~106,000 km?) and
on Baffin-Bylot Islands located further south (Southern Canadian Arctic Archipelago [SCAA]; ~42,000 km?;
see inset in Figure 1). The NCAA encompasses small ice caps feeding marine-terminating glaciers and flow-
ing into narrow fjords. Van Wychen et al. (2016) estimated the NCAA glacial discharge at 2.2 + 0.7 Gt/year,
with small temporal variability. In a recent study, Millan et al. (2017) showed that NCAA ice discharge
decreased from 4.5 + 0.5 Gt/year in 1991 to 3.5 + 0.5 Gt/year in 2000, with no significant change afterward.
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Figure 1. Average SMB of (a) NCAA and (b) SCAA for the period 1958-2015. SMB observations used for evaluation and calibration are displayed as yellow dots.
Letters refer to the five transects showed in Figures S3a—S3e. The maps show the location and name of NCAA and SCAA ice caps. The inset locates the
ice-covered CAA islands relative to Greenland: Ellesmere (orange), Axel Heiberg (yellow), Meighen (red), Devon (green), Baffin (blue), and Bylot (purple). NCAA =
Northern Canadian Arctic Archipelago; SCAA = Southern Canadian Arctic Archipelago; SMB = surface mass balance; CAA = Canadian Arctic Archipelago.

In contrast, the SCAA includes Bylot, Barnes, and Penny ice caps that are flanked by a network of small ice
fields and disconnected grounded glaciers, contributing little to glacial discharge (~0.06 Gt/year; Van Wychen
etal, 2015).

Recent satellite gravimetry Gravity Recovery and Climate Experiment (GRACE) and altimetry Ice, Cloud and
land Elevation Satellite (ICESat) measurements (Gardner et al., 2013) revealed that over the period 2003 -2009
NCAA and SCAA lost mass at a rate of 33 + 4 and 27 + 4 Gt/year, respectively. Under a moderate warming
scenario (Representative Concentration Pathways (RCP) 4.5), CAA glaciers could lose ~18% of their volume by
the end of the 21st century, yielding 0.35 + 0.24 mm/year of sea level rise (Lenaerts et al., 2013).

To date, the horizontal resolution used in regional climate models, typically 5 to 20 km, remains insufficient to
accurately resolve the complex topography of the CAA's small ice bodies. As a consequence, modeled surface
mass balance (SMB) components, notably surface melt and runoff, are affected by significant biases in eleva-
tion, hypsometry, and ice albedo (Noél et al., 2016, 2017). Lenaerts et al. (2013) evaluated the output of the
regional climate model RACMO2.1 at 11 km (1960-2011) against point SMB and near-surface temperature
measurements collected in the NCAA (Gardner et al., 2011). SMB components were corrected for a hypsometry
bias, that is, an overestimation of glacierized area below 1,000 m in the RACMO2.1 ice mask. The remain-
ing discrepancies were attributed to model elevation bias and local meteorological processes unresolved in
RACMO2.1 (Lenaerts et al.,, 2013). In addition, a direct comparison between mass loss retrieved from GRACE
and estimated from combined solid ice discharge data and modeled SMB showed generally good agree-
ment (Lenaerts et al.,, 2013). Gardner et al. (2011) used a positive degree-days (PDD) SMB model presented in
Gardner and Sharp (2009) to reconstruct daily NCAA SMB for the period 1949-2009 at a resolution of 500 m.
The PDD model was forced by the National Center for Environmental Prediction/National Center for Atmo-
spheric Research Reanalysis 1. The PDD model was bias corrected using lapse rate estimates derived from
local precipitation and temperature measurements. The PDD model successfully reproduced the recent mass
loss in NCAA, but the paucity of in situ observations precluded estimation of contemporary SMB changes in
SCAA (Gardner et al., 2011).

Here we present a daily, 1 km data set of SMB components covering both NCAA and SCAA for the period
1958-2015 (Figure 1). RACM0O2.3 SMB components are statistically downscaled from the original model res-
olution of 11 km to 1 km. The downscaling procedure corrects for biases in elevation and ice albedo using
a digital elevation model (DEM), glacier outlines, and ice albedo product at 1 km resolution. The method
resolves all SMB components, that is, total precipitation (PR), total melt (ME), runoff (RU), refreezing (RF),
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sublimation (SU), and drifting snow erosion (ER), at high spatial (1 km) and temporal (daily) resolution. Previ-
ously, it has been successfully applied to the Greenland ice sheet and surrounding glaciers and ice caps (Noél
etal, 2016, 2017).

Section 2 briefly describes the regional climate model RACMO2.3, the 1 km DEM, glacier outlines and ice
albedo products used to downscale the SMB components, and in situ SMB measurements used for evalua-
tion. The downscaling procedure, product evaluation, and resulting uncertainties are discussed in section 3.
Sections 4 and 5 describe the contemporary climate of CAA glaciers and the recent changes. A more detailed
analysis of mass loss acceleration over one NCAA and the three major SCAA ice caps is provided in section 6.
Section 7 discusses the remaining limitations of the downscaling procedure, followed by conclusions
in section 8.

2. Model and Data

Methods closely follow Noél et al. (2016, 2017), who applied the downscaling technique to the Greenland ice
sheet and peripheral glaciers and ice caps.

2.1. The Regional Climate Model RACMO2.3

The Regional Atmospheric Climate Model (RACMO2.3; Van Meijgaard et al., 2008; Noél et al., 2015) com-
bines the physics and dynamics from the European Center for Medium-Range Weather Forecasts-Integrated
Forecast System (White, 2001) and the High Resolution Limited Area Model (Undeén et al., 2002). To simu-
late the climate of polar regions, RACMO2.3 incorporates a multilevel snow module, accounting for melt,
runoff, percolation, and refreezing (Ettema et al., 2010). The model also includes a prognostic snow grain
size albedo scheme (Munneke Kuipers et al., 2011) and a routine calculating drifting snow sublimation and
erosion (Lenaerts et al., 2012). In this study, RACMO2.3 is forced by 6-hourly data from ERA-40 (1958-1978;
Uppala etal., 2005) and ERA-Interim reanalyses (1979-2015; Dee et al., 2011). The integration domain includes
Greenland, Svalbard, Iceland, and the Canadian Arctic at a horizontal resolution of 11 km. Topography and
ice mask of the Canadian Arctic are derived from the GTOPO30 data set at 30" (Gesch & Larson, 1998) and
the Global Land Cover Characteristics (European Center for Medium-Range Weather Forecasts-Integrated
Forecast System, 2008) at 1 km resolution, respectively. Bare ice albedo is prescribed from MODerate-
resolution Imaging Spectroradiometer (MODIS) surface albedo, averaged for the period 2001-2010 (Noél et
al, 2015; Van Angelen et al., 2012).

2.2. DEM, Glacier Outlines, and Ice Albedo

The downscaling method uses high-resolution fields of elevation, ice mask, and ice albedo to correct for
RACMO2.3 biases. CAA topography and glacier outlines are downsampled to 1 km using the Canadian Digital
Elevation Model (CDEM; Government of Canada Natural Resources Canada Map Information Branch, 2016) at
0.75" (~20 m; Figure S1a in the supporting information) and the Randolph Glacier Inventory 5.0 (Pfeffer et al.,
2014). Bare ice albedo is obtained by averaging the 5% lowest surface albedo measurements from the 500 m
MODIS 16-day albedo product (MCD43A3) for the period 2000-2015. Ice albedo ranges from 0.15 over dark
low-lying glaciers to 0.55 for bright ice located under the perennial firn layer in the CAA accumulation zones
(Figure S1b).

2.3. In Situ SMB Measurements

For evaluation and calibration, we use 4,356 SMB measurements (yellow dots in Figure 1) collected in NCAA
(198 sites; Gardner et al., 2011) and in SCAA (39 sites; N. Schaffer, personal communication, 2016). In NCAA,
observations are retrieved from transects on four ice caps, namely, Agassiz, Devon, Meighen, and White
glacier (a-d in Figure 1a) and four smaller ice fields, that is, Baby, Murray and Simmons, and St Patrick. All
measurements in SCAA are concentrated on Penny ice cap (e in Figure 1b). Measurements span the period
1959-2010 and 2006-2014 in NCAA and SCAA, respectively. Observations from eight sites with a >100 m
height difference relative to the 1 km CDEM elevation were rejected.

3. Methods

3.1. Downscaling Procedure

The downscaling method, described in Noél et al. (2016), is applied to CAA glaciers with adjusted settings.
Combining elevation and ice albedo corrections, the output of RACMO2.3 is statistically downscaled to 1
km using the topography and glacier outlines from CDEM (Figure S1a) and Randolph Glacier Inventory
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Figure 2. Difference in (a) elevation, (b) bare ice albedo, and (c) ice mask between the 1 km product and RACMO2.3 at 11 km. Negative values represent an
overestimation in RACMO2.3. BIA = bare ice albedo; RACMO2.3 = Regional Atmospheric Climate Model version 2.3.

(yellow in Figure 2¢) and the 1 km bare ice albedo product from MODIS (Figure S1b). A significant correla-
tion to altitude is essential to correct SMB components for elevation bias, for which runoff (RU), melt (ME),
and sublimation qualify (Figures S2a-S2c). Snow drift erosion (ER, not shown) and total precipitation, includ-
ing solid and liquid precipitation, and snowfall (SF) show no systematic correlation with elevation (Figures S2d
and S2e) and are simply bilinearly interpolated to the 1 km glacier outlines, without correcting for eleva-
tion. The daily 1 km climatic mass balance (Cogley et al., 2011), hereafter referred to as SMB, is reconstructed

as follows:

SMB = PR —-RU —-SU - ER (1)

Contrary to Noél et al. (2016), no additional correction is applied to total precipitation as no systematic SMB
bias relative to in situ measurements could be identified in the accumulation zones, where SMB is primarily
governed by precipitation (see section 3.2.1). However, to better partition total precipitation into snowfall and
rainfall, we use the fraction of snowfall on total precipitation (SF,.) which shows a strong positive correlation
with altitude on ice-covered regions (yellow line in Figure S2f), indicating that solid precipitation prevails in
the ice caps’ interior. Statistically downscaling SF,,. on a daily basis over land ice allows to estimate corrected
snowfall and calculate rainfall (RA) as a residual:

SF = PR X SF¢,c 2)

RA = PR X (1 — SF,0) (3)

3.1.1. Elevation Correction

To correct for elevation bias in RACMO2.3 (Figure 2a), daily regression parameters between SMB components
and the model elevation are estimated for each glacierized grid cell at 11 km resolution. Using at least five
adjacent pixels, a local regression slope (b, MM w.e./m) is calculated and applied to the current grid cell
in order to estimate the SMB component at mean sea level (a;;;,; mm w.e.). Because CAA glaciers cover a
relatively small area and show complex geometries, many ice bodies are not or not well resolved in RACMO2.3
(Figure 2¢). To address this issue, regression parameters are extrapolated outward of the 11 km ice mask by
averaging by, from at least three adjacent glaciated pixels. These regression parameters are then bilinearly
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interpolated to the 1 km glacier outlines to derive an estimate of b,,,, and a;;,,,. Using the CDEM topography
(hqkm), runoff, melt, and sublimation (X, ,) are calculated at 1 km:

X02 = Aikm + Bikm X Py ym (4)

The downscaled data set that only uses elevation correction is referred to as version v0.2.

3.1.2. Ice Albedo Correction

The albedo of exposed bare ice is generally overestimated in RACMO2.3 (Figure 2b). Here melt and runoff in
v0.2 are adjusted to account for the resulting lack of ice melt (ME, ) in dark, low-lying regions.

Mgw=Aaxa5xgﬂ%ﬁﬂxm+§) (5)
f

where ME, 44 (mm w.e./day) is the additional amount of ice melt calculated at 1 km, A« (-) is the difference
between the averaged bare ice albedo retrieved from the set of regression cells used to downscale runoffat 11
km and the MODIS albedo product at 1T km, SWy;, 1 . is the modeled daily cumulated downward shortwave
radiation bilinearly interpolated to 1 km, and L; is the latent heat of fusion (3.337 x 10° J/kg~"). To account
for the slope of the glacier surface, the dimensionless correction factor for a tilted plane & is applied to the
direct component of modeled downward shortwave radiation. This correction is required as RACMO2.3 model
radiation assuming a horizontal surface. This factor ranges from 0 for north sloping glaciers to values larger
than 1 for south oriented slopes.

The ratio I between daily downscaled runoff and melt in v0.2 is applied to ME, 4, to calculate the additional
runoff (RU,yq).

RU,4q = I’ X ME, 44 ©6)

Assuming that the residual misfit between reconstructed and observed SMB (ASMB) for the different CAA
ablation sites is attributable to underestimated runoff in narrow ablation zones, RU, 4 is then scaled by a factor
f.cale (0.200), obtained by computing a least squares fit minimizing ASMB using both NCAA and SCAA ablation
measurements. The fact that f,,. is much smaller than 1 suggests that the elevation bias in RACMO2.3 is the
dominant factor contributing to ASMB and that the ice albedo correction only slightly further improves the
performance of the downscaled product (see section 3.2.1). The low value is also attributed to limitations in
the input data as well as in the downscaling procedure (see section 7).
> ASMB X RU, 44

fscale = Z(Ruadd)z (7)

The adjusted amount of runoff (RU,, ,) is obtained by adding RU,44 to the downscaled runoff (RU,,,):

RUv1.0 = RUVO.Z + fscale X RUadd (8)

The corrected melt (ME,, ;) is obtained in a similar fashion:

ME,; o = ME,o, + ME, oy 9

Refreezing (RF,, o) is estimated as a residual between adjusted melt, runoff, and rainfall:
RF,10=RA+ME, , —RU, (10)
The downscaled product combining both elevation and ice albedo corrections is referred to as version v1.0.

3.2. Evaluation and Uncertainties

3.2.1. In Situ Measurements

Figure 3 compares SMB derived from (a) the original output of RACMO2.3 at 11 km, (b) the downscaled prod-
uct version v0.2, and (c) the corrected downscaled version v1.0 against 4,356 stake measurements collected
in NCAA (blue symbols) and SCAA (orange symbols). While RACMO2.3 performs reasonably well in captur-
ing SMB in the high ablation and accumulation zones (SMB > —2 m w.e. in Figure 3a), SMB is overestimated
in low-lying regions by 200 mm w.e. on average and up to 4 m w.e. locally. Figure 3b shows that correcting
for elevation bias in RACMO2.3 (Figure 2a) significantly improves the agreement with observations: the mean
SMB bias is reduced by almost a factor of 2 and R? increases by 0.55. Applying the bare ice albedo bias correc-
tion (Figure 2b) further improves the performance as indicated by smaller mean SMB bias (40 mm w.e.) and
RMSE (380 mm w.e.) and a larger R? (0.74).
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Figure 3. Comparison of SMB observations collected at 237 sites with (a) modeled SMB from RACMO2.3 at 11 km,

(b) downscaled SMB at 1 km (v0.2), and (c) corrected downscaled SMB at 1 km (v1.0). The orange symbols correspond to
in situ measurements from Penny ice cap (39 sites, SCAA). The red dashed lines represent the regression including all
measurements (NCAA and SCAA) using a perpendicular fit. SMB = surface mass balance; RACMO2.3 = Regional
Atmospheric Climate Model version 2.3; SCAA = Southern Canadian Arctic Archipelago; NCAA = Northern Canadian

Arctic Archipelago.
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Figures S3a—S3e show observed (red) and downscaled (blue) SMB along
@ (CESat - .
— Cryosat-2 five transects (a—e in Figure 1). Agreement is generally good except for
o ot o -—- SMB RACMO low-lying floating glacier tongues of Agassiz, Devon, and Penny ice caps
" (<300 m; Figures S3a, S3b, and S3e). The reason is that MODIS measures
h too low surface albedo over floating glacier tongues, as a result of mixing
o
= \ values of adjacent dark melt ponds with brighter dry ice (Noél et al., 2016).
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Figure 4. Comparison of (a) NCAA- and (b) SCAA-integrated mass anomaly
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(2004-2015) derived from ICESat (green dots)/CryoSat-2 (green line)

altimetry measurements with the downscaled SMB v1.0 (dashed blue line).

The light blue envelope represents the estimated uncertainty of the
downscaled SMB product. The green bars correspond to estimated

uncertainties in ICESat/CryoSat-2 records. NCAA = Northern Canadian Arctic
Archipelago; SCAA = Southern Canadian Arctic Archipelago; SMB = surface

mass balance; RACMO = Regional Atmospheric Climate Model.

Figure S3f shows the progressive performance improvements binned in
0.5 mw.e. SMB intervals. Clearly, the elevation correction in v0.2 dominates
the improvements, reducing the RMSE by 53-68% in the ablation zones
and by 47% in the accumulation zones, respectively. Relative to v0.2, the
ice albedo correction in v1.0 reduces the RMSE by an additional 16% in the
low ablation zone (SMB < —2 m w.e.) and by 2-9% at higher elevations.
3.2.2. Product Uncertainty

Following the method outlined in Noél et al. (2017), a product uncertainty
of 11.0 and 4.5 Gt/year is obtained for SMB estimates of NCAA and SCAA,
respectively. To obtain these, SMB measurements (yellow dots in Figure 1)
were binned in 250 mm w.e. intervals for which the mean bias was esti-
mated, that is, modeled minus measured SMB, resulting in 129 mm w.e. for
the ablation zones (12 bins) and 162 mm w.e. for the accumulation zones
(4 bins). SMB uncertainty is estimated for NCAA and SCAA individually
(6ycan) by summing the mean ablation bias integrated over their respec-
tive ablation zone area (~48,000 and ~32,800 km?) and the mean accumu-
lation bias over the accumulation area of NCAA and SCAA (~56,400 and
~10,400 km?).

2 2
OxcAA = \/(ﬁabl‘ XA?(?AA) + (ﬁacc‘ XA?(ECAA) an

where 2" and 2« are the mean binned bias for the ablation and accu-
mulation zones of CAA, A;E'AA is the ablation zone area of NCAA or SCAA,
and A%, , is the accumulation zone area of NCAA or SCAA. The accumula-
tion bias is assumed to be included in the ablation (SMB) bias and therefore

not spatially integrated over the ablation zone, as in Noél et al. (2017).

The downscaling technique does not account for hypsometry changes
resulting from glacier retreat and volume loss in time. Accounting for
these processes (see supporting information), we estimate an additional
SMB uncertainty of ~6% in NCAA and 0-2% in SCAA on average for the
1996-2015 period (grey envelope in Figures 5a and 5b and Tables S1
and S2), resulting in an ~4% and 1-5% uncertainty in the recent trends,
respectively.

3.2.3. Remote Sensing Records

Elevation changes from ICESat (2003-2009) and CryoSat-2 (2010-2015)
measurements were derived following Gardner et al. (2013) and Wouters
et al. (2015). For ICESat, observations were grouped every 700 m along
repeated ground tracks, whereas for CryoSat-2, neighboring observations
are collected within 1 km of each individual echo location. To these clusters
of elevation observations, a model is fitted to estimate the local surface
topography and elevation rate at the central point, where outliers are
removed in an iterative procedure. Local elevation anomalies at the echo

locations are estimated by adding the constant elevation rate of a fitted model to the residuals. These anoma-
lies are used to compute monthly volume anomalies for the NCAA and SCAA, respectively. Elevation anomalies
are parameterized as a function of absolute elevation using a third-order polynomial. The resulting fit is used
to derive regional volume anomalies within 100 m elevation intervals, by multiplying the polynomial value at
each interval’s midpoint with the total glaciated area within this elevation bin (Moholdt et al., 2010). Finally,
volume anomalies are converted to mass anomalies by assuming a constant density profile, using the density
of ice below the equilibrium line altitude (ELA) and a density of 600 + 250 kg/m? above the ELA.
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Figure 5. Time series of (a) NCAA and (b) SCAA (1958-2015) SMB
components: melt (ME), runoff (RU), total precipitation (PR), and refreezing
(RF). The grey envelopes correspond to the SMB uncertainty resulting from
changing glaciers hypsometry in time, that is, due to glacier retreat and
volume loss (see supporting information). Figure 5¢ shows anomalies in
annual mean 2 m temperature for NCAA (blue) and SCAA (red). Anomalies
are calculated with respect to the period 1958-1995. Dashed lines show
trends for the period 1996-2015. NCAA = Northern Canadian Arctic
Archipelago; SCAA = Southern Canadian Arctic Archipelago; SMB = surface
mass balance.

Figure 4 further evaluates the SMB product for NCAA and SCAA (dashed
blue line) using independently derived mass changes from ICESat and
CryoSat-2 altimetry measurements (green dots and line, respectively).
The downscaled data set shows excellent agreement with the altimetry
records. Both winter accumulation and summer ablation are accurately
resolved. In addition, the SMB product falls well within ICESat/CryoSat-2
measurements uncertainty, although mass loss appears underestimated
in summer 2015 for SCAA.

Gardner et al. (2011) estimated 2004-2009 mass loss from GRACE to be
39 + 9 and 24 + 7 Gt/year for NCAA and SCAA, respectively. The down-
scaled SMB product shows good agreement with mass loss of 33.8 + 11.5
Gt/year for the NCAA, that is, the sum of SMB (30.3 + 11.0 Gt/year) and
solid ice discharge (3.5+0.5 Gt/year; Millan et al., 2017) and 24 +4.5 Gt/year
for the SCAA, assuming negligible discharge (~0.06 Gt/year; Van Wychen
et al,, 2015). These results are also in line with Gardner et al. (2011), who
obtained a 2004-2009 mass loss of —34 + 13 Gt/year for NCAA, using their
PDD SMB model.

4. Contemporary Climate and Recent Changes

Figure 5 shows time series of SMB components (1958-2015) for (a) NCAA,
(b) SCAA, and (c) anomalies in annual mean 2 m temperature. Compared
to Greenland glaciers and ice caps (Noél et al.,, 2017), the climate of CAA
ice masses is generally warmer and drier, with mean total precipitation of
~340 mm w.e./year. The ice free tundra surrounding the small CAA glaciers
(Figure 1) creates warm summer conditions, resulting in high melt rates. In
addition, the prevalent northwesterly winds advect dry air to CAA glaciers,
resulting in relatively low precipitation (Lenaerts et al., 2013). As a result,
summer meltwater production systematically exceeds annual precipita-
tion (Figures 5a and 5b), indicating that refreezing of meltwater plays a
key role in sustaining CAA ice masses. While total precipitation shows lit-
tle temporal variability, meltwater production sharply peaks in warm years
(Figure 5¢). In the mid-1990s, CAA ice masses experienced a significant
near-surface warming (+ 1.1°C), causing enhanced meltwater runoff in
both NCAA and SCAA (Figures 5a and 5b).

4.1. Drivers of the Recent Warming

Changes in summer (June-July-August [JJA]) upper atmosphere circula-
tion control the recent CAA warming (Mortimer et al, 2016; Sharp et
al., 2011b). Figure 6a shows JJA 700 hPa air temperature from RACMO?2
with superimposed wind speed and direction averaged for 1958-1995;
changes after year 1996 (1996-2015 minus 1958-1995) are displayed in
Figure 6b. For 1958-1995, NCAA and SCAA experience advection of dry
and cool polar air in summer (Figure 6a). During the last two decades,
anomalously high pressure persisted over Davis Strait along the south-
western coast of Greenland, favoring more frequent northward advection

of warmer air by the prevalent westerly winds over the CAA (Figure 6b). This caused successive record
high summer temperatures in SCAA and NCAA, up to 1.8 and 2.5°C warmer than the 1958-1995 mean
(Figure 6¢). Since 1996, significant warming trends are found\ref{} in SCAA (+0.06 + 0.03°C/year) and
NCAA (+0.10 + 0.04°C/year). Sharp et al. (2011b) indicate that the recent increase in summer temperatures
leads to early melting of the snow cover in CAA ablation zones, exposing bare ice for longer periods during
the melt season and enhancing runoff.

Figure 6¢ reveals a significant anticorrelation between 2 m temperature in NCAA (R?> = 0.70, p value = 4.4 X
107%) and SCAA (R?> = 0.63, p value = 3.1 x 107°) and the North Atlantic Oscillation (NAO) index for the period
1996-2015 (http://www.cpc.ncep.noaa.gov). During 1996-2015, a negative NAO index prevailed in summer,
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Figure 6. (a) Average June-July-August (JJA) temperature at 700 hPa for 1958-1995 from RACMO2.3. Mean wind
direction is displayed as black arrows with superimposed 700 hPa geopotential heights (m; dashed grey). Wind speed
(m/s) can be estimated using the reference vector shown at the bottom right corner of the map. (b) Changes in JJA
mean temperature at 700 hPa (1996-2015 minus 1958-1995). Changes in mean wind speed and direction and 700 hPa
geopotential heights are also shown. (c) Anomalies in JJA mean 2 m temperature for NCAA (blue) and SCAA (red), and
JJA mean NAO index (black; http://www.cpc.ncep.noaa.gov). Anomalies are calculated with respect to the period
1958-1995. Dashed lines show trends for the period 1996-2015. RACMO2.3 = Regional Atmospheric Climate Model
version 2.3; NCAA = Northern Canadian Arctic Archipelago; SCAA = Southern Canadian Arctic Archipelago; NAO = North
Atlantic Oscillation.

that is, anomalously high pressure over the North Atlantic, which may be linked to the sea ice retreat and the
associated increase in sea surface temperature in Davis Strait (Jaiser et al., 2012; Noél et al., 2014; Overland
& Wang, 2010). Comparably negative summertime NAO values occurred in the period 1950-1960 (average
NAO index —0.4), peaking in 1957 (—1.1), and in 1958 (—1.6, Figure 6c). These early episodes of negative NAO
showed CAA summer 2 m temperature anomalies (Figure 6¢) and mass loss (Figures 5a and 5b) similar to
1996-2015. Early mass loss was also reported by Zdanowicz et al. (2012) who found ice layers formed in the
late 1950s in firn cores drilled in the summit region of Penny ice cap.

4.2, Before the Warming (1958-1995)

Prior to 1996, accumulation from precipitation accounts for 29 and 20 Gt/year in NCAA and SCAA (Tables 1
and 2 for numbers in mm w.e./year). Meltwater production, that is, 51 Gt/year in NCAA and 42 Gt/year in
SCAA, exceeds precipitation by almost a factor of 2, highlighting the importance of refreezing to sustain CAA
glaciers. For NCAA, high melt rates are restricted to the marginal regions, whereas melt propagates higher up
on SCAA glaciers due to their lower elevation and higher near-surface temperature (Figure 7a). Unlike NCAA,
runoff occurs over all but the very highest sectors of SCAA glaciers (Figure 7c), indicating a long-term dete-
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Table 1

NCAA-Integrated MB, That Is, the Difference Between SMB and Solid Ice Discharge (3.5 + 0.5 Gt/year)® and SMB Components (Top) and Trends (Bottom) for the Periods
1958-1995 and 1996-2015

Mean Units MB SMB RU PR ME RF
1958-1995 Gt/year -119+115 -84+11.0 36.7 28.7 50.5 20.8
1996-2015 Gt/year —282+115 —-24.7+11.0 535 29.0 68.3 23.0
1958-1995 mm w.e./year -114+ 110 —80 + 105 352 275 484 199
1996-2015 mm w.e./year —-270+ 110 —237 £ 105 513 278 654 220
Trend Units MB SMB RU PR ME RF
1958-1995 Gt/year? — 0.44 +0.25 —0.36 +0.22 0.08 + 0.06 —0.28 +0.24 0.02 +0.04
1996-2015 Gt/year? — —2.06 +0.77 1.85 + 0.64 —0.23 +0.21 2.03+0.72 0.10+0.11

Note. SMB components include runoff (RU), total precipitation (PR), total melt (ME) and refreezing (RF). NCAA = Northern Canadian Arctic Archipelago; MB = mass
balance; SMB = surface mass balance.

aMillan et al., 2017.

Table 2

rioration of the firn refreezing capacity (Figure 7b). In SCAA, the firn only retains 32% (13.4 Gt/year) of the
melt while the healthier firn area of NCAA ice caps buffers 41% of melt through refreezing (20.8 Gt/year).
As a result, prior to 1996 NCAA ice caps remained closer to balance (—114 + 110 mm w.e./year) than SCAA
glaciers, which had already suffered significant mass losses (275 + 104 mm w.e./year) since the early 1980s.
However, because NCAA glaciers cover a much larger area than SCAA ones, their integrated mass loss is
similar with 11.9 + 11.5 Gt/year and 11.9 + 4.5 Gt/year respectively. Such long-term mass loss in SCAA has
previously been reported by Gardner et al. (2012), who estimated the mass loss for 1963-2006 to be
11 + 3 Gt/year, using altimetry measurements and stereographic images; the downscaled product provides
similar results with an average mass loss of 10.9 + 4.5 Gt/year for that period.

4.3. Mass Loss Acceleration (1996-2015)

During the last two decades, summer 2 m temperature increased by about 1.1°C (Figures 5c and 6c¢),
more than doubling and doubling the pre-1996 mass loss of NCAA (28.2 + 11.5 Gt/year) and SCAA
(22.0 + 4.5 Gt/year) respectively. In NCAA, a combination of increased runoff (+1.9 Gt/year?) and reduced
precipitation (—0.2 Gt/year?) contributes to accelerated mass loss (2.1 Gt/year?), whereas SCAA mass loss
acceleration (1.0 Gt/year?) is exclusively driven by enhanced runoff (+1.0 Gt/year?; Tables 1 and 2). To investi-
gate the spatial impact of the recent warming, Figures 7d-7f show the changes in melt, refreezing, and runoff
after 1996 (1996-2015 minus 1958-1995). It also reveals a striking contrast: although SCAA experienced a
smaller warming (Figures 5c and 6¢), the increase in melt is larger than in NCAA (Figure 7d). In SCAA, decades
of high melt rates have progressively depleted the firn pore space, reducing the ability to buffer the additional
meltwater (+0.8 Gt/year?) through refreezing (—0.1 Gt/year?). As a result, all elevations experience enhanced
runoff (Figure 7f). In contrast, the elevated firn layers of NCAA experience no additional runoff as enhanced

SCAA-integrated MB, That is, the Difference Between SMB and Solid Ice Discharge (0.06 Gt/year)® and SMB Components (Top) and Trends (Bottom) for the Periods
1958-1995 and 1996-2015

Mean Units MB SMB RU PR ME RF
1958-1995 Gt/year -119+45 -11.8+45 32.0 204 41.9 13.4
1996-2015 Gt/year —220+45 -21.9+45 43.9 21.9 523 133
1958-1995 mm w.e./year —275+ 104 —273 +104 740 472 969 310
1996-2015 mm w.e./year —509 + 104 —506 + 104 1020 506 1210 308
Trend Units MB SMB RU PR ME RF
1958-1995 Gt/year2 — 0.23 +0.19 —0.16 +£0.18 0.08 + 0.04 —-0.13+0.17 0.04 + 0.02
1996-2015 Gt/year2 — —1.00 + 0.31 1.00 +£0.33 —0.02 + 0.09 0.82 +£0.32 —0.10 +0.04

Note. SMB components include runoff (RU), total precipitation (PR), total melt (ME) and refreezing (RF). SCAA = Southern Canadian Arctic Archipelago; MB = mass
balance; SMB = surface mass balance.
aVan Wychen et al. (2015).
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Figure 7. Mean (a) melt, (b) refreezing, and (c) runoff for the period 1958-1995. Changes in (d) melt, (e) refreezing, and (f) runoff after 1996 (1996-2015 minus
1958-1995). Tundra regions are displayed in light grey.
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Figure 8. Vertical profiles of SMB components integrated over NCAA (top row) and SCAA (bottom row) elevation bins, scaled by the maximum height per region
(hmax): for the period 1958-1995 (a and e), 1996-2015 (b and f), and the difference between the two periods (1996-2015 minus 1958-1995, c and g). SMB
components are spatially integrated within normalized elevation bins (h/hy,,) of magnitude 0.05. (d and h) The scaled hypsometries, that is, total area occupied
by each elevation bin, for NCAA and SCAA, respectively. In NCAA and SCAA, h,,,5, reaches 2,350 and 2,080 m, respectively. NCAA = Northern Canadian Arctic
Archipelago; SCAA = Southern Canadian Arctic Archipelago; SMB = surface mass balance; PR = total precipitation; RA = rainfall; ME = total melt; RU = runoff, RF =

refreezing.

melt (Figure 7d) is partly compensated by increased refreezing (Figure 7e). In SCAA, such mechanism is only
found locally in the highest sectors of Bylot and Penny ice caps (Figure 7e).

5. Changes in the Firn Structure

To highlight the latitudinal contrast in meltwater retention regimes, Figure 8 shows scaled vertical profiles of
SMB components integrated over elevation bins for individual NCAA and SCAA ice masses before (Figures 8a
and 8e) and after (Figures 8b and 8f) 1996; the difference between the two periods (1996-2015 minus
1958-1995; Figures 8c and 8g) and the hypsometry of NCAA and SCAA (Figures 8d and 8h). Before 1996, NCAA
ice caps are almost in balance with extensive accumulation zones above 0.5 of h,,,,, compensating for the
mass lost in the ablation areas. In contrast, the ablation zone of SCAA glaciers already extended well above
the peakin the hypsometry (0.5 of h,,,,,), indicating continued mass loss at all elevations throughout the past

six decades.
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Figure 9. Maps of SMB at Agassiz ice cap averaged for periods (a) 1958-1995 and (b) 1996-2015. Time series of (c) SMB components, that is, melt (ME), runoff
(RU), precipitation (PR), and refreezing (RF). (d) Annual SMB (black), snowfall-to-precipitation ratio (dark blue) and refreezing-to-melt ratio (light blue) as a
function of the anomaly in mean JJA 2 m temperature, relative to the 1958—-1995 mean. The vertical grey line estimates the JJA 2 m temperature anomaly
relative to 1958-1995 needed to return Agassiz ice cap to mass balance (SMB = 0). SMB = surface mass balance; JJA = June-July-August.

From 1996 onward, the equilibrium line of NCAA moved upward, from ~0.35 to ~0.5 of h,,,, beyond the peak
in the hypsometry (Figure 8d). This means that only the most elevated firn zones of NCAA do not yet expe-
rience sustained mass loss, as increased meltwater is efficiently refrozen in available firn pore space, which
mitigates the increase in runoff (Figure 8c). In SCAA, ablation now affects all sectors of the glaciers (Figure 8h).
Decades of high meltwater production depleted pore space of the SCAA firn area, which is no longer able
to buffer additional liquid water from enhanced melt and rain (Figure 8g). Therefore, runoff increases (+1.0
Gt/year?, Table 2) at a greater rate than meltwater production (+0.8 Gt/year?, Table 2). As a result, under con-
tinuous warming, SCAA glaciers are expected to undergo sustained and irreversible mass loss in the next
decades. This mechanism has already been observed on Devon ice cap (Bezeau et al., 2013; Gascon et al.,
2013), the southernmost ice body of NCAA, and upon further warming will propagate to higher latitudes.

6. Six Decades of Mass Loss in the Canadian Arctic Archipelago

Sections 6.1 to 6.4 focus on Agassiz ice cap (80°N, 75°W) located in the NCAA and the three major SCAA
ice caps, Bylot Island ice cap (73°N, 78.5°W), Penny ice cap (67°N, 66°W), and Barnes ice cap (70°N, 73.5°W),
respectively. Figures 9 to 12 show annual mean SMB for (a) 1958-1995, (b) 1996-2015, (c) time series of
annual cumulative SMB components (1958-2015), and (d) integrated SMB, snowfall-to-precipitation and
refreezing-to-melt fractions as a function of JJA 2 m temperature anomaly relative to the 1958-1995 mean.
In the following sections, we assume mass loss to equal SMB as solid ice discharge remains small for these ice
caps (Van Wychen et al., 2015, 2016).

6.1. Agassiz Ice Cap

Agassiz ice cap measures ~21,000 km? and is located to the north east of Ellesmere Island in the NCAA. The
ice cap shows a long-term ELA at ~1,100 m a.s.l. (above sea level), and its summit reaches ~1,980 m a.s.l. (Gray
et al,, 2015). Agassiz is drained by several marine-terminating glaciers covering roughly 40% of the ice cap
area (Millan et al., 2017). Williamson et al. (2008) and Van Wychen et al. (2016) estimated the mean solid ice
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Figure 10. As in Figure 9 but for Bylot island. SMB = surface mass balance; JJA = June-July-August.

0.0

discharge at 0.41 + 0.08 Gt/year for 1999-2002 and 0.12 + 0.07 for 2000-2015, respectively. This is in line
with Millan et al. (2017) who estimated a slowdown of ice discharge by 60% between the periods 1990-2010
(0.28 + 0.05 Gt/year) and 2010-2015 (0.11 + 0.05 Gt/year), with no significant change after 2000 at four major
marine-terminating glaciers.

Owing to an extensive accumulation zone (Figure 9a), Agassiz ice cap remained almost in balance before
the recent warming in 1996 with an average mass loss of ~1.3 Gt/year (Figure 9¢). Mass loss is restricted to
narrow ablation zones and marine outlet glaciers and is primarily driven by meltwater runoff (5.2 Gt/year)
that exceeds precipitation (4.0 Gt/year). In this early period, 41% of surface melt (7.2 Gt/year) is retained in
the inland firn zone. After 1996, surface melt increased by 46% (10.6 Gt/year) affecting not only the marginal
ablation zones but also the highest sectors of the ice cap (Figure 7d). In the elevated firn zone, this additional
meltwater is efficiently buffered through enhanced refreezing (+18% after 1996 and contributing 3.5 Gt/year
on average). As a result, increased runoff (+57%; 8.2 Gt/year) is restricted to marginal ablation zones which
slightly propagated inland, more than tripling the pre-1996 mass loss (4.2 Gt/year). Using repeat airborne laser
altimetry records from 1995 and 2000, Abdalati et al. (2004) show an ice cap wide thinning of 0.07 m/year,
dominated by ice loss in marginal ablation zones with little changes in the ice cap interior. As a result, Agassiz
ice cap has lost 2.0 Gt/year of ice during the 1995-2000 period, similar to the downscaling method suggesting
2.1 Gt/year.

Figure 9d shows that Agassizice cap has lost mass at an average rate of 2.8 Gt/°C for 1958-2015 (black dashed
line). To return to balance (SMB = 0), Agassiz would require a summer (JJA) cooling of ~0.5°C compared to
pre-1996 mean 2 m temperature (—1.0°C). Following a ~3°C summer warming relative to the 1958-1995
mean, a simultaneous snowfall decrease (10%) and higher melt production could reduce the firn refreezing
capacity by a factor of 2, that is, from 40% down to 20%, further decreasing SMB by 9 Gt/year.

6.2. Bylot Island

Bylot Island is the northernmost ice cap of SCAA, comprising a network of marginal surge-type glaciers (Van
Wychen et al., 2015), with an ice thickness of up to 400 m (Van Wychen et al., 2016). The ice cap covers ~4,900
km?, and its summit elevation is ~1,680 m. Despite an extensive inland accumulation zone, Figures 10a and
10c show that Bylot Island ice cap was already losing mass (1.0 Gt/year) before the recent warming. Signifi-
cant runoff from marginal glaciers (3.2 Gt/year) exceeds the relatively low precipitation (2.2 Gt/year). In the
early period, Bylot Island showed a similar regime as NCAA ice caps have today, with ~40% of total melt (4.4
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Figure 11. As in Figure 9 but for Penny ice cap. SMB = surface mass balance; JJA = June-July-August.

Gt/year) refrozen in the inland firn. In the last two decades, enhanced melt depleted the available pore space,
reducing the refreezing capacity of the firn from 40% to 30%, significantly increasing runoff (+41% after 1996
and contributing 4.5 Gt/year on average). As a result, the accumulation zone withdrew to higher elevations
(Figure 10b) and the mass loss doubled (2.2 Gt/year), indicating a recent acceleration. Mass loss measurements
from combined stereographic images and satellite altimetry confirm that the average mass loss increased
from 1.4 Gt/year in 1979-2008 (SPOT) and 1980-2006 (ICESat) to 2.7 Gt/year in 2003-2009 (ICESat, Gardner
etal., 2012), in line with 1.1 and 2.3 Gt/year derived from the downscaled SMB product.

Over 1958-2015, Bylot ice cap lost 1.5 Gt of ice per °C warming on average (Figure 10d) and a summer cool-
ing of ~0.7°C relative to the average 2 m temperature of the pre-1996 period (—1.2°C) would be required to
bring the ice cap back in balance. Figure 10d also highlights an increase in liquid at the expense of solid pre-
cipitation, further deteriorating the buffer capacity of the firn layer. Extrapolating the regression in Figure 10d
suggests that Bylot Island’s refreezing capacity is fully lost for summer temperatures ~3°C higher than the
1958-1995 average.

6.3. Penny Ice Cap

Penny ice cap is a remnant of the Laurentide ice sheet, located on southern Baffin Island (Zdanowicz
et al, 2002). It is composed of a large central ice mass (~6,500 km?) feeding several valley glaciers of
which two are marine terminating, that is, Coronation Glacier in the east and an unnamed glacier in
the north. Penny ice cap is the only southern ice body that has a sufficiently elevated interior (up to
1,930 m) to enable the formation of a perennial firn zone (Figure 11a; Zdanowicz et al., 2012). Satel-
lite observations indicate that Penny ice cap has already been losing mass for several decades (Gardner
et al, 2012), that is, 1.5 Gt/year for 1958-2006 (ICESat) and 1.1 Gt/year for 1958-2009 (SPOT). This is in
line with our results: 1.4 and 1.6 Gt/year, respectively. Prior to the recent warming in 1996, mass loss was
mostly concentrated on marginal outlet glaciers and in the wide, gently sloping northwestern ablation
zone (Figure 11a). Mass loss (1.3 Gt/year) resulted from runoff (4.2 Gt/year) exceeding precipitation (3.0
Gt/year), although 37% of total melt (5.2 Gt/year) was refrozen in the snowpack (Figure 11c). After 1996,
ablation propagates further inland, restricting the accumulation zone to the highest sectors (Figure 11b).
Intensified melt (+33% after 1996 and contributing 7.8 Gt/year on average) and reduced refreezing
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Figure 12. As in Figure 9 but for Barnes ice cap. SMB = surface mass balance; JJA = June-July-August.

capacity (—8%; 28%) enhanced runoff by 50% (6.3 Gt/year). As a result, the pre-1996 mass loss increased
2.5 fold (3.1 Gt/year), signifying mass loss acceleration. Satellite measurements showing accelerated mass loss
from 1.3 and 2.9 Gt/year for 1995-2000 and 2000-2005 (ATM) and 3.3 Gt/year in 2003 -2009 (ICESat, Gardner
etal, 2012) are in line with our results: 1.6, 2.4, and 3.3 Gt/year for the three periods.

Similar to Bylot Island, Penny ice cap lost 1.7 Gt of ice per °C warming (Figure 11d). Here a summer cooling
of ~0.7°C with respect to the average 1958 - 1995 near-surface temperature (—2.0°C) is needed to sustain the
ice cap. In addition, Figure 11d highlights the sensitivity of Penny ice cap to increased summer temperature;
a summer warming of ~3°C leads to ~20% more liquid precipitation at the expense of snowfall, reducing the
refreezing capacity of Penny’s firn zone to about 10% and hence decreasing SMB by ~6 Gt/year. Similar to
Bylot Island, Penny ice cap’s refreezing capacity will inevitably collapse in a warming climate (+4°C relative to
1958-1995; Figure 11d).

6.4. Barnes Ice Cap

Covering an area of ~5,900 km?, Barnes ice cap is another remnant of the Laurentide ice sheet (Gilbert et
al., 2017) that is located ~400 km to the northwest of Penny ice cap. It comprises three main domes, with a
maximum ice thickness of 550 m (Clough & Lgken, 1968) and is surrounded by outlet glaciers terminating in
proglacial lakes. These glaciers contribute to Barnes ice cap mass loss through active calving (Andrews et al.,
2002). Unlike Penny ice cap, Barnes ice cap is too low (summit at 1,120 m) to preserve a perennial firn zone. As
aresult, Barnes only sporadically accumulates mass from superimposed ice (Baird, 1952; Hooke et al., 1987). At
lower elevations, a combination of white, blue, intermediate, or debris-covered ice can be found; these regions
also show meltwater lakes in depressions, reminiscent of previous surging glacier activity (Holdsworth, 1977).

Figures 12a and 12b show that Barnes ice cap has been undergoing uninterrupted mass loss in the last 58
years (Figure 12c). During the period 1958-1995, precipitation (2.5 Gt/year) only forms a shallow snow cover,
in which little refreezing (1.5 Gt/year) takes place. Therefore, 86% of surface melt (7.7 Gt/year) runs off (6.7
Gt/year) toward marginal proglacial lakes. This early mass loss is confirmed by Gardner et al. (2012), who
estimated the 1960-1995 (ATM) mass loss at 1.9 Gt/year. As the downscaling method uses a contemporary
(2000-2015), darker MODIS ice albedo product to correct melt, mass loss is generally overestimated prior to
the 2000s (4.0 Gt/year for 1960-1995). As argued in Noél et al. (2016), too low ice albedo values in MODIS
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Figure 13. SMB as a function of anomaly in JJA 2 m temperature, relative to the 1958-1995 mean, for integrated

NCAA (blue) and SCAA (red) ice caps. Dashed lines represent linear SMB-to-temperature regressions; the vertical lines
estimate the JJA 2 m temperature anomaly relative to 1958-1995 needed to return NCAA (blue) and SCAA (red) ice
caps to mass balance (SMB = 0). SMB = surface mass balance; JJA = June-July-August; NCAA = Northern Canadian Arctic
Archipelago; SCAA = Southern Canadian Arctic Archipelago.

images could result from bright ice pixels being mixed with neighboring darker wet ice or meltwater lakes.
This discrepancy tends to disappear in the more recent period.

After 1996, mass loss from Barnes ice cap started to accelerate as reported by three successive satellite records
(ATM, Gardner et al.,, 2012): 3.4 Gt/year (1995-2000), 4.2 Gt/year (2000-2005), and 6.3 Gt/year (2005-2011).
The downscaled product shows similar results with 4.7, 5.3, and 6.7 Gt/year for the three periods. Following
the recent warming, runoff increased by 27% (8.5 Gt/year) as a consequence of combined melt increase (+20%
after 1996 and contributing 9.3 Gt/year on average) and reduced refreezing capacity (—4%; 15%). In contrast
to Bylot and Penny ice caps, refreezing is almost exclusively driven by winter snowfall accumulation, which
decreased by ~5%.

Barnes is also ~40% more sensitive to summer warming than Bylot and Penny ice caps and loses —2.6 Gt of ice
per °C (Figure 12d). Relative to the 1958-1995 average (—0.3°C), Barnes ice cap would require a JJA cooling of
1.6°Ctoreturn to balance. Figure 12d also suggests that a 2°C summer warming will lead to an ~30% decrease
in solid precipitation and would terminate all liquid water retention at Barnes ice cap. In a recent study, Gilbert
etal. (2017) predicted the total disappearance of Barnes ice cap in the next 300 years.

6.5. CAA Climate Sensitivity

Figure 13 shows the sensitivity of NCAA (blue) and SCAA (red) SMB to summer warming with respect to the
1958-1995 period. Owing to increased refreezing of meltwater in firn, the healthier NCAA ice caps would only
need half the required SCAA summer cooling to return back to balance, with 0.5 and 0.9°C, respectively. As a
result, SCAA ice caps show a mass loss response to summer warming (292 mm w.e./°C) larger than that of the
NCAA (171 mm w.e./°C). This difference reveals a pronounced latitudinal contrast: while SCAA ice caps rapidly
lose mass from superimposed ice, NCAA ice bodies still mitigate mass loss through active refreezing in firn
but will likely undergo significant acceleration in the near future as enhanced melt progressively depletes the
remaining pore space, drastically increasing meltwater runoff.

Although overly simplistic, that is, no elevation or glacier retreat feedback is considered, we use a linear regres-
sion between SMB and summer 2 m temperature anomaly (black dashed line in Figures 9-12e) to study the
scales of enhanced mass loss for the four ice caps in a future warming climate. By the end of the 21st cen-
tury (2011-2100), for a moderate warming scenario (RCP 4.5), Lenaerts et al. (2013) predict an increase in
CAA near-surface temperature of about 6.5°C. As a result, mass loss would increase by 18.2 Gt/year (14x), 9.8
Gt/year (10x), 11.1 Gt/year (9x) and 16.9 Gt/year (4x) relative to the 1958-1995 average for Agassiz, Bylot,
Penny, and Barnes ice caps, respectively.

At the current rate of mass loss (MB in Tables 1 and 2), that is, the difference between SMB and solid ice dis-
charge, NCAA ice caps (22.4 - 37.6 x 103 Gt of ice; Vaughan et al., 2013) contribute 0.08 + 0.03 mm/year to
ongoing sea level rise and could survive for another 800 to 1,400 years, whereas the highly sensitive SCAA
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glaciers (5.5-8.8 x10% Gt of ice; Vaughan et al., 2013) are currently responsible for 0.06 + 0.01 mm/year and
would totally disappear within 250 to 400 years.

7. Limitations

Statistical downscaling is an invaluable tool to resolve local SMB patterns over the small CAA ice bodies.
However, this technique suffers from several limitations:

1. The performance of the downscaled product strongly depends on the quality of the input data. Here we
use modeled SMB components from RACMO2.3, known to underestimate meltwater runoff in low-lying
regions resulting from, for example, too low marginal turbulent heat fluxes (Noél et al., 2015). In addi-
tion, the model uses a relatively coarse topography (GTOPO30) and glacier outlines (Global Land Cover
Characteristics) to estimate the SMB elevation gradients. Inaccuracies in modeled gradients inherently lead
to biases in the downscaled product. To address this issue, an updated DEM will be used in forthcoming CAA
climate simulations. Nevertheless, Lenaerts et al. (2013) showed that this DEM could be used to model real-
istic SMB over the CAA ice caps, with generally good agreement when compared to in situ measurements
and GRACE mass change.

2. Precipitation does depend not only on surface elevation, that is, near-surface temperature, but also on
wind speed and direction affecting precipitation distribution and air moisture content determining the
accumulation total. Statistical downscaling cannot account for these additional physical processes, and
precipitation is therefore bilinearly interpolated to the 1 km glacier outline without altering the modeled
precipitation field. Further improvements could be obtained by dynamically downscaling precipitation,
that is, using a simulation at higher spatial resolution, for example, 5.5 km, explicitly solving the physics and
dynamics of the atmosphere and interactions with the ice surface topography.

3. The underestimation of cloud optical thickness in RACMO2.3 leads to SW, being overestimated, potentially
overestimating melt through the ice albedo correction.

4. The downscaled melt and runoff estimates rely on the quality of the MODIS product used for the ice albedo
correction. The average 1 km MODIS ice albedo product remains constant in time and is representative for
the period 2000-2015. Therefore, bare ice albedo might be underestimated prior to 2000 as the period
2000-2015 includes record high melt years. As discussed in section 3.2.1, marginal floating glacier tongues
generally show underestimated albedo values in MODIS, resulting from a mixed signal from dark melt-
water ponds and crevasses and the surrounding brighter ice captured in a same MODIS cell. In addition,
Polashenski et al. (2015) and Casey et al. (2017) showed that the deterioration of MODIS sensor tends to
underestimate surface albedo records, hence overestimating melt in the downscaled product.

5. The inability to discriminate between snow-covered and bare ice surfaces at 1 km resolution on a daily
basis. Therefore, the downscaling procedure applies the ice albedo correction irrespective of the surface
conditions, that is, even when a shallow snow cover persists few days in the ablation zone in summer.

As a result, additional ice melt (ME,4y) is overestimated, leading to a relatively low f, . value (0.2). This indi-
cates that only 20% of the additional melt must run off to optimize the agreement of the downscaled product
with in situ SMB measurements, while the remainder must be retained through refreezing. This low f, ;. value
stresses the need for further development of the downscaling method and for improved quality of the differ-
ent forcing data. Solving these limitations, statistical downscaling could be applied to glaciers and ice caps

with sparse in situ measurements, for example, Patagonia, assuming f, .

~ 1.

8. Conclusions

We use a new, 1 km daily SMB product to show that glaciers and ice caps in the CAA have been losing mass for
decades. The downscaled product realistically resolves local SMB patterns of small glacierized features, such
as narrow outlet glaciers and small ice fields, and has been successfully evaluated using in situ and remote
sensing observations.

The SMB of CAA ice masses is primarily controlled by runoff, mitigated by the ability of elevated firn lay-
ers to only modestly buffer meltwater through refreezing. While refreezing kept NCAA ice caps near balance
until the mid-1990s (—11.9 + 11.5 Gt/year), SCAA glaciers already suffered sustained mass loss since the
early 1980s (11.9 + 4.5 Gt/year). During the last two decades, a shift in the regional circulation toward more
frequent occurrence of persistent anticyclonic conditions favored warm southwesterly air advection toward
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CAA glaciers. As a result, successive record warm summers raised the mean near-surface temperature of CAA
by 1.1°C, more than doubling (28.2 + 11.5 Gt/year) and doubling (22.0 + 4.5 Gt/year) the pre-1996 glacial
mass loss in NCAA and SCAA, respectively. This recent mass loss acceleration is independently confirmed by
satellite altimetry and gravimetry measurements.

For NCAA ice caps, enhanced melt starts to deplete the available pore space of the extensive inland firn, pro-
gressively moving the accumulation zones to higher elevations. In SCAA, decades of sustained high melt rates
have already deteriorated the firn refreezing capacity to such an extent that runoff accelerates at a faster pace
than meltwater production. In a future warming climate, the healthier NCAA ice caps will continue to miti-
gate mass loss acceleration through increased refreezing until the buffering mechanism collapses. In contrast,
the lower-lying SCAA glaciers are expected to undergo irreversible mass loss in the next decades and might
totally disappear within 400 years.
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