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Abstract East Antarctic Ice Sheet (EAIS) mass balance is largely driven by snowfall. Recently, increased
snowfall in Queen Maud Land led to years of EAIS mass gain. It is difficult to determine whether these
years of enhanced snowfall are anomalous or part of a longer-term trend, reducing our ability to assess the
mitigating impact of snowfall on sea level rise. We determine that the recent snowfall increases in western
Queen Maud Land (QML) are part of a long-term trend (+5.2 + 3.7% decade™") and are unprecedented over
the past two millennia. Warming between 1998 and 2016 is significant and rapid (+1.1 + 0.7°C decade ™).
Using these observations, we determine that the current accumulation and temperature increases in QML
from an ensemble of global climate simulations are too low, which suggests that projections of the QML
contribution to sea level rise are potentially overestimated with a reduced mitigating impact of enhanced
snowfall in a warming world.

Plain Language Summary Climate model projections suggest that increased snowfall over
Antarctica, largely due to atmospheric warming, will partly offset dynamic ice losses by the end of the
century. There are very few observations, however, that can be used to differentiate between the varying
abilities of the climate models to accurately reproduce Antarctic precipitation and temperature. Here we use
a 2,000 year record of snowfall and a 19 year record of air temperature to evaluate whether an ensemble of
climate model simulations is able to accurately reproduce the observed change at a site in western Queen
Maud Land in East Antarctica, where we find that both snowfall and air temperature are significantly
increasing. The rates of increase in both snowfall and temperature within the simulations are too low, which
suggests a subdued mitigating impact of enhanced snowfall into the future. Observations, especially ones
covering a long time period, are few in number but of critical importance in understanding and interpreting
climate model projections over the Antarctic Ice Sheet.

1. Introduction

The West Antarctic Ice Sheet (WAIS) is experiencing rapid warming (Bromwich et al., 2013; Steig et al., 2009)
and substantial ice mass loss (McMillan et al., 2014; Shepherd et al., 2012; Zwally et al., 2015) designating it as
a region vulnerable to change, especially in comparison to the more massive East Antarctic Ice Sheet (EAIS).
Researchers typically consider the high and dry EAIS stable, exhibiting little warming (Steig et al., 2009) and
no significant change in snowfall (Monaghan et al., 2006) since 1957. Here we present new observations of
snow accumulation and air temperature in western Queen Maud Land (QML) that suggest that this region
may be experiencing changes at a pace similar to or potentially more rapid than observations from WAIS.

With an ice volume equivalent to 58 m of sea level (Fretwell et al.,, 2013), Antarctica is the largest store of
freshwater on Earth. There is an overwhelming consensus that WAIS is contributing to sea level rise (SLR),
the losses being driven largely by glaciers within the Amundsen Sea Embayment including Thwaites and
Pine Island glaciers (McMillan et al., 2014; Rignot et al., 2008; Shepherd et al., 2012; Velicogna et al., 2014;
Zwally et al,, 2015). An intercomparison exercise (Shepherd et al., 2012) found that the EAIS is relatively stable:
the 1992-2011 mean annual mass change was statistically indistinguishable from 0. Anomalous snowfall
events toward the end of the period, however, led to years of EAIS mass gain, suggesting that the EAIS

MEDLEY ET AL.


http://orcid.org/0000-0002-9838-3665
http://orcid.org/0000-0002-9028-9703
http://orcid.org/0000-0003-1495-5273
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://dx.doi.org/10.1002/2017GL075992
http://dx.doi.org/10.1002/2017GL075992
http://dx.doi.org/10.1002/2017GL075992
http://dx.doi.org/10.1002/2017GL075992
http://dx.doi.org/10.1002/2017GL075992
mailto:brooke.c.medley@nasa.gov
https://doi.org/10.1002/2017GL075992
https://doi.org/10.1002/2017GL075992

@AG U Geophysical Research Letters

10.1002/2017GL075992

1550 1600 1650 1700 1750 1800 1850 1900 1950 2000 2050 2100
0 250 500 T T T T T T T T T T T 1

L1 |
- Kilometers

140 -

120

Accumulation (mm w.e.)

Accumulation (mm w.e.)

20
1550 1600 1650 1700 1750 1800 1850 1900 1950 2000 2050 2100
Year (AD)

Figure 1. (left) Location of the B40 ice core and AWS (black triangle, left) near Kohnen Station and (right) the truncated time series of annual accumulation from the
B40 ice core (top) and CESM (bottom). (Figure 1, left) The region encircled in blue experiences P — E fluctuations that are significantly related (99% confidence
interval) to the variations at B40 in all three reanalyses. This produces a minimum bounding geometry of the regions of significance from MERRA-2, CFSR, and
ERA-Interim. The red line is the same except for 2 m air temperature. Inset map shows locations of the READER sites, and the numbered basins within have substantial
areas relatable to Kohnen climate. The box in the inset shows the bounding area of the main map. MERRA-2 has a grid size of 0.5° latitude x 0.625° longitude, while
the CFSR grid is 0.5° X 0.5° and ERA-Interim is 0.75° x 0.75°. (Figure 1, right) Dashed lines bound the upper and lower 2¢ around the preindustrial mean. The green
line represents the CESM 1850 control run; thus, the years are artificial on the plot prior to 1850. The red line is ensemble member 1 (1850-2100) with its 20 year
running mean in bold red, and the gray lines are ensemble members 2-30 (1920-2100). Beginning in 2006, the RCP8.5 high-emission scenario forces the ensemble

simulations.

mass balance is dominated by surface mass fluctuations. Conversely, Zwally et al. (2015) reported mass gain
from EAIS that is large enough to outweigh WAIS mass losses, postulating that the former is the result of an
ice dynamic imbalance due to increased snow accumulation during the Holocene. These results highlight the
importance of current and historical snow accumulation in constraining the uncertainty in EAIS mass balance
and assessing its contribution to SLR.

We define snow accumulation as the net mass gain of several surface processes including snowfall, sublima-
tion, and blowing snow. Because the latter is minor at the ice sheet scale (Lenaerts et al., 2012), we approx-
imate Antarctic accumulation by creating three atmospheric reanalysis total precipitation-minus-evaporation
(P — E) products. The data reveal that the 1980-2016 mean annual accumulation over Antarctic grounded ice
(and its peripheral islands) is equivalent to 4.9-6.7 mm of sea level. Because the atmospheric moisture
holding capacity will increase in a warming climate, snowfall is expected to grow into the future (Genthon
et al, 2009; Krinner et al., 2007; Lenaerts et al., 2016; Ligtenberg et al., 2013). This intensified snowfall could
mitigate a portion of the anticipated WAIS dynamic losses (DeConto & Pollard, 2016; Joughin et al., 2014),
and we thus recognize that analyzing past, present, and future changes in EAIS snow accumulation is a critical
exercise to understand the future mass balance of the Antarctic Ice Sheet (AIS). Here we focus specifically on
changes in western QML.

We present a snow accumulation record derived from a shallow ice core (165 m) near Kohnen Station
(75.0°S, 0.07°E)—hereinafter called “B40"—that spans 1-2010 CE to understand how recent environmental
changes observed in western QML relate to historical values (Figure 1). An automatic weather station
(AWS) nearby (75.0°S, 0.01°E) provides additional constraint on recent temperature change. While our data
derive from a specific location, atmospheric models indicate that these measurements represent a broader
area (Figure 1).

Reanalysis P — E indicates that B40 is representative of Zwally et al. (2012) drainage basins 4 and 5, which
respectively correspond to Coats Land and the Jutulstraumen glacier catchment, and the northern sector
of basin 3 (the upper Slessor glacier catchment) (see Figure 1 inset). Regression analysis allowed us to eval-
uate whether change in P — E at B40 translates into change at other locations and was performed using three
reanalysis models (see section 2.3). We find that the B40 record is likely representative of change within the
region that is significantly related (at the 99% confidence level) to B40 P — E in all three reanalyses (Figure 1,
red line). By limiting the region to the sector where significance occurs in all three reanalyses, we reduce the
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likelihood of overestimating the regional representativeness of the site. The grounded ice within the region
of significance amounts to ~7% of the entire AIS. Thus, changes at B40 are representative of an area that is
large enough to receive a substantial portion of AlS-wide snowfall.

Regression analysis of 2 m air temperature reveals that the AWS is representative of a region similar to P — E
but with distinct differences. Notably, the AWS temperature record is significantly related to temperatures
over the plateau, extending farther south and not over the northern ice shelves and islands. The representa-
tive region for 2 m air temperature comprises ~10% of the grounded AIS. Thus, the AWS temperature
changes observed at Kohnen are likely most representative of the high plateau region of western QML, which
is substantiated by evaluation of 2 m air temperature trends in NASA Modern Era Retrospective Analysis for
Research and Applications version 2 (MERRA-2) (supporting information Figures S1-S3).

2. Data and Methods

2.1. Ice Core Analysis and Strain Correction

A broad range of elements and chemical species were measured continuously in the B40 ice core with a
well-established ice core analytical system (McConnell et al., 2002). These results were used to identify
annual layers in the chemistry records using a multiparameter approach. Volcanic synchronization to
the well-dated WAIS Divide ice core on the WD2014 timescale (Sigl et al., 2015) was used to constrain
the relative annual layer counting. Confirmation of the accuracy in annual layer counting during recent
decades to centuries comes from detailed comparisons of the continuous plutonium (Arienzo et al,
2016) and lead pollution (McConnell et al.,, 2014) records in the B40 core with other well-dated ice cores
from Antarctica.

The density profile necessary for conversion of the annual layer thickness record from firn depth to ice- and
water-equivalent depths was determined by fitting a high-order polynomial to the measured mass-to-
volume ratio of each core section. Potential bias in the density profile largely resulted from overestimation
of the volume, which translates into underestimation of the density and annual net accumulation in the shal-
lower parts of the profile. For B40, we estimated a maximum underestimation of 10% at the surface, declining
to 5% at 3.5 m depth (~1997 CE) and <2% at 11 m (~1945 CE) and deeper. While not included, these biases
would only enhance the relative difference between modern-day and preindustrial values; thus, the recent
accumulation increase is likely a lower bound on the actual change.

When developing the B40 accumulation record, the measured depth-dependent density was used to convert
each annual layer thickness into an ice-equivalent thickness. We then account for the vertical strain experi-
enced by each annual layer due to ice flow. If ignored, our record would increasingly underestimate annual
accumulation for progressively older ice. The core is shallow (165 m) relative to the ice thickness (2750 m), so
most of the vertical strain is from densification, and correction for ice flow is done using a simple flow model
(Dansgaard & Johnsen, 1969). Assuming divide flow (B40 is <2H from the divide, where H is the ice thickness),
we apply a strain correction to the B40 ice-equivalent accumulation. The accumulated strain at the bottom of
B40 is roughly 9%. Low surface velocity (< 5 m yr™') indicates that corruption of the record by ice flow around
topography is negligible and that the record should be dominated by a climatic signal. After correction, we
convert the ice-equivalent accumulation into water-equivalent (w.e.).

2.2. Automatic Weather Station Near-Surface Temperature

The weather station near Kohnen was installed in December 1997 and has been operational since. The station
measures air temperature, relative humidity, wind speed and direction, instrument height, air pressure,
incoming and reflected short wave radiation, incoming and outgoing long wave radiation, and snow tem-
perature. Sensor specifications are published in van den Broeke et al. (2004). The station is powered by
lithium batteries and samples every 6 min after which 2-hourly (1997-2001) or 1-hourly (2001 to present)
means are calculated, stored locally, and transmitted using Argos transmitters. The sensors are not ventilated
for reasons of energy efficiency, which may affect the accuracy of the air temperature sensor among others.
The magnitude of the resulting error depends on the amount of incoming and reflected solar radiation, the
wind speed, and the type of radiation shield used (Van As et al., 2005). Due to the low temperatures encoun-
tered at the site, some of the sensors operated outside their operational specifications. For this reason, the
station was equipped with different temperature sensor in 2008.
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2.3. Global Atmospheric Models

We created P — E products from three global reanalysis products, specifically the European Centre for
Medium-Range Weather Forecasts “Interim” (ERA-Interim) (Dee et al., 2011), the NASA Modern Era
Retrospective Analysis for Research and Applications version 2 (MERRA-2) (Gelaro et al, 2017), and the
National Centers for Environmental Prediction Climate Forecast System Reanalysis (CFSR) (Saha et al.,
2010). To facilitate comparison between products, we use their common time interval, 1980-2016. To create
mean annual snow accumulation, the monthly P — E products are accumulated by year and then averaged
over the 1980-2016 interval. The gridded products, which have different grid geometries, were reprojected
onto a common 5 km equal-area polar grid. The grounded ice sheet area is defined by the area enclosed by
the 27 NASA drainage system boundaries (Zwally et al., 2012).

To facilitate assessment of climate change in the presence of internal climate variability, the Community Earth
System Model (CESM) community created the Large Ensemble project (Kay et al., 2015), a 30-member ensem-
ble of simulations using CESM1 (Hurrell et al., 2013). To spin up the climate system and initialize these simula-
tions, a 2,200 year simulation of the preindustrial climate was generated, which we use here (years 401-2200)
to determine internal climate variability without human-induced climate change. The 30 ensemble members
cover most of the 20th and the entire 21st century (1920-2100), one of which covers the entire period since
the preindustrial (1850-2100). Beyond 2006, the representative concentration pathway 8.5 (RCP8.5) forcing
(van Vuuren et al., 2011) is used. For this work, we used P — E and 2 m air temperature outputs, which are
available at ~1° horizontal resolution, and all distributions presented include results from all 30 ensemble
members. All results from CESM-LE are based on the time series belonging to the grid cell in which
Kohnen is located.

We use CESM-LE because the multimember ensemble allows for statistical determination of the
internal variability of the climate system. Other climate models participating in the Coupled Model
Intercomparison Project Phase 5 (CMIP5) do not provide as robust an ensemble, so similar analyses are not
performed. Palerme et al. (2017) found that only one third of the CMIP5 models generate present-day snow-
fall rates similar to remotely sensed observations, suggesting that projections from this subset are more reli-
able. The large ensemble simulations were performed using the CESM1-CAM5 model, which was one of the
few that reproduced present-day observations and Antarctic surface mass balance better than several other
CMIP5 models (Agosta et al., 2015). Palerme et al. (2017) determined that these reliable models exhibited
stronger temperature and precipitation increases over the 21st century than the entire CMIP5 ensemble.
While we do not evaluate other models, results from Palerme et al. (2017) suggest that the increases in
temperature and precipitation from CESM-LE are likely on the upper end of the CMIP5 models.

2.4. Evaluating Accumulation Sensitivity to Temperature

Using the P — E outputs from the global reanalyses and CESM-LE in combination with their 2 m air tempera-
ture, we calculate the accumulation sensitivity to temperature. We determine the slope of a linear fit between
the annually resolved model outputs by minimizing the perpendicular distance from each variable pair to the
regression model (supporting information Figure S4). This technique is more appropriate than traditional lin-
ear regression, which minimizes the dependent variable’s distance to the linear model. Under traditional
regression, inverting the slope does not produce the same slope as swapping dependent and independent
variables, which does not suitably capture the relationship between the two variables. Because there are
changes in temperature and accumulation that are not directly related to one another, it is important to mini-
mize the perpendicular distance as it incorporates the variability of both the independent and dependent
variables. The presented uncertainties in the accumulation sensitivity represent the 95% confidence bounds
to the regression model fit.

2.5. Trend Calculation and Uncertainty

We perform traditional least squares regression to determine the trend in both the ice core and atmospheric
model accumulation and temperature time series over the specified time intervals. Calculation of the trend
uncertainty accounts for the reduction in independent samples due to autocorrelation within the record
(Santer et al.,, 2000).

Errors in the density profile might also generate false trends in the B40 time series, especially near the surface
where density is the lowest. Using a Monte Carlo method, we approximate the uncertainty in our B40 trend
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analysis resulting from random deviations in the density profile based on the polynomial fit to the measured
density profile and its 20 bounds (see supporting information). Not surprisingly, trend uncertainty due to
density perturbations increases for more recent trends. On average, uncertainty in the preindustrial trends
is £2.4 mm w.e. per century or about one third of the measured standard deviation in B40 preindustrial trends
(7.0 mm we.e. per century) and likely does not impact the distribution. For modern trends (1920-1936), the
average trend uncertainty is £3.6 mm w.e. per century, which comprises just over 10% of the observed mod-
ern trend (m7s = 29.7 mm w.e. per century). While uncertainties in the density could generate a false trend in
accumulation, the magnitude of change between the preindustrial and modern trends is large enough to
outweigh the potential misrepresentation of change. Because B40 is in a divide flow regime where strain rate
increases linearly with depth, both the preindustrial and modern trends are on average ~0.3 mm w.e. per
century less than in the uncorrected time series. Therefore, relative change between the two periods is not
impacted and uncertainty from errors in firn density dominates.

3. Results

3.1. Observed Increase in Snow Accumulation

The B40 annual record and 20 year running mean are displayed in Figure 1 and truncated to begin in 1500.
The entire record is in supporting information Figure S8. The preindustrial statistics are based on the period
from 1 to 1850 CE, and changing our definition of the preindustrial (Hawkins et al., 2017) does not signifi-
cantly impact the results.

We first evaluate recent 20 year accumulation means (A,o) relative to the B40 preindustrial population
(Figure 2a) to assess whether the current climate conditions are outside of the bounds of natural variability.
Modern-day A,q have initial years between 1980 and 1991 and provide the basis for comparison with
preindustrial values (Figure 2a). Prior to 1850, A, are normally distributed (¢ = 66.2, 0 = 3.2 mm w.e.), and
comparison with values since 1980 suggests that accumulation is significantly larger than the preindustrial
(>50, p = 1.5e—7). Specifically, A, is on average 16.5 mm w.e. larger, which is 25% higher than the preindus-
trial mean. The A,q since 1972 are larger than all the preindustrial values and are increasing in time; therefore,
current accumulation rates at B40 are neither representative of the long-term mean nor are within the
expected natural variability.

Similarly, recent 75 year trends (m5s) are significantly larger than the majority from the preindustrial period
(Figure 2b). Modern-day mys begin in 1920 to overlap with the initial year in the CESM-LE members 2-30.
All but one of m,5 since 1920 are larger than the preindustrial trends (u = 0.19, 6 = 7.0 mm w.e. century’1)
and lie beyond +40 (p = 8.5e—6) of the preindustrial distribution. Modern (since 1920) trends indicate that
B40 snow accumulation is increasing 29.7 mm w.e. century”' on average, which is equivalent to +45% of
the preindustrial mean every 100 years. Bolstering our confidence in a regional increase in snow accumula-
tion, we find that existing QML records substantiate the modern increases observed in the B40 record (see
supporting information).

3.2. Evaluation of Model Precipitation Minus Evaporation

Analysis of CESM-LE P — E (Figure 1) reveals that the preindustrial distributions of A,y and m;s are markedly
similar to those observed in B40 (Figure 2¢,d). In both instances, the standard deviation of the CESM-LE dis-
tribution is smaller than B40, which is expected considering that the CESM-LE control run is an evaluator of
the internal variability of the climate system, whereas B40 has additional structure due to actual climate
changes and glaciological noise. These results indicate that the CESM-LE preindustrial simulation suitably
represents natural climate variability.

We find that A, are expected to grow in the future, and the widening distributions with time suggest more
variability in the simulations (Figure 2c). The result is similar when evaluating present and future mys: the
trend magnitude and variability will increase moving toward the end of the 21st century (Figure 2d).
Neither of these findings are notable; AlS snow accumulation is expected to increase under a warming cli-
mate (Genthon et al., 2009; Krinner et al., 2007; Lenaerts et al., 2016; Ligtenberg et al., 2013). Observed
changes from the B40, however, are largely outpacing those from CESM-LE, even under warmer tempera-
tures predicted by the high-emission RCP8.5 scenario. Remarkably, the changes currently observed at B40
occur several decades later in the CESM-LE output. Thus, current and potentially future accumulation
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Figure 2. (a, b) Core and (¢, d) model distributions of 20 year mean annual accumulation (Figures 2a and 2c) and 75 year
trends (Figures 2b and 2d) for preindustrial and modern-day values. Gray histograms represent preindustrial values for
both the core and model data. A CESM 2,000 year run with constant forcings representative of the climate system in 1850
provides the preindustrial values, and it provides a measure of the internal variability of the system. For the core, prein-
dustrial values include all data values prior to 1850. Pale blue lines represent individual years from the modern day
(Figure 2a: 1980-1991; Figure 2b: 1920-1936), and the bold blue line is the average of these values. The model plots
(Figures 2c and 2d) also include distributions from their 30-member ensemble over 20 year time intervals.

changes near Kohnen Station are likely more rapid than found in CESM-LE, which has important implications
for future projections of western QML mass balance. If the rates of accumulation increase are larger than the
modeled values, the impact of additional snowfall on reducing the AIS contribution to SLR will be diminished
in projections.

3.3. Snow Accumulation Sensitivity to Temperature

Several studies (Frieler et al,, 2015; Monaghan & Bromwich, 2008; Monaghan et al., 2008; Smith et al., 1998;
van Lipzig et al., 2002) have investigated the direct relationship between snow accumulation and tempera-
ture: warmer temperatures are associated with more snow accumulation. By quantifying this relationship,
the B40 change in snow accumulation can be translated into temperature change. The relationship between
temperature and accumulation varies slightly depending on the atmospheric model, so a range of sensitiv-
ities are provided (supporting information Figure S4). We use the 1980-2016 P - £ and 2 m temperature pro-
ducts from CESM-LE member 1, ERA-Interim, and MERRA-2 because the CFSR output shows spurious jumps in
temperature. ERA-Interim and MERRA-2 have remarkably similar sensitivities of 19.4 + 9.9 and 18.7 £ 8.6 mm
w.e.°C”", whereas CESM-LE suggests a weaker sensitivity of 16.8 + 9.3 mm w.e. °C”". These values indicate
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g’ 0.1t - Unlike snow accumulation which has a recoverable signal, no long-term
2 historical records of air temperature exist at this remote site. AWS
;; 0.08 . measurements covering a 19 year interval between 1998 and 2016
< reveal that Kohnen Station is warming annually at a rate of 1.15 +
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0 A [T (June-July-August: —0.30 + 1.53°C decade ™), respectively. The annual
-0.1 -0.05 0 0.05 0.1 0.15 0.2 warming is larger than the 38 complete contemporaneous records within
19-year Temperature Trend the REference Antarctic Data for Environmental Research (READER)
(°C per year) database (Turner et al., 2004; supporting information Figure $12), out

of which only one nearby site underwent significant warming:

Figure 3. Distribution of 19 year temperature trends from the CESM 1850 Amundsen-Scott South Pole Station (0.87 + 0.70°C decade™": Figure 1)

control run (gray histogram) as well as current and future trends begin-
ning in 1980 from a 30-member ensemble. The blue line is the current

Our results suggest that Kohnen likely experienced more rapid warming

1998-2016 observed annual temperature trend from an AWS at Kohnen. than several coastal and inland sites around the AlS and that much of the

western QML high plateau potentially warmed as well (Figure 1, red line).
3.5. Evaluation of Model 2 m Temperature

Because the CESM-LE preindustrial P — E adequately represented the internal variability at Kohnen
Station, we assume the same for preindustrial 2 m temperature. Using a similar approach as done with
snow accumulation trends, we compare the observed AWS temperature trend to 19 year trends from
the CESM-LE, both baseline preindustrial and the 20th and 21st centuries (Figure 3). As expected, the pre-
industrial distribution is symmetric around 0, which begins to shift toward more positive values moving
into the future. Interestingly, the AWS trend of 1.1°C decade™" is an unlikely member of the CESM-LE
modern (1980-1999) trends and is more consistent with trends after 2040. This comparison suggests that
CESM-LE is potentially underestimating current temperature change and that changes expected decades
into the future are occurring presently, which substantiates the results from the comparison with B40.
The AWS and B40 records independently point toward earlier onset of rapid change than the CESM-LE
simulations, and the corroborating evaluations of CESM-LE accumulation and temperature adds confi-
dence to our interpretation (i.e., diminished accumulation change should be accompanied by diminished
temperature change).

4. Conclusions

We find that western QML is undergoing rapid climate change that is likely not sufficiently represented in
CESM-LE future projections. We conclude the following:

1. The recent climate at Kohnen Station is not representative of the long-term mean and is significantly wet-
ter than the nearly 2,000 years prior (1-1850 CE). Recent snow accumulation is 25% larger, and annual air
temperatures are on average 0.9-1.0°C warmer than the preindustrial. We conclude that “anomalous”
snowfall gains in QML over recent years, responsible for years of mass gain over EAIS (Shepherd et al.,
2012), are likely part of a longer-term trend. Ice core evidence of increased snow accumulation in eastern
QML (Philippe et al., 2016) suggests that the pattern might be larger in scale, but a more detailed compar-
ison is necessary to relate the two records. If snow accumulation continues to increase at modern rates
(+45% per century), QML snowfall could mitigate sea level contributions from ice loss in WAIS and the
Antarctic Peninsula.
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2. Small biases in the rates of present and future accumulation change yield large uncertainties in AIS mass
balance. The P — E trends in CESM-LE simulations are lower than observed accumulation trends, which
suggests that future accumulation in western QML is underestimated. Therefore, the mitigating impact
of higher snowfall rates is likely not fully resolved. Between 1990-1999 and 2090-2099, snow accumula-
tion over the grounded AlIS increases ~1.5 mm sea level equivalent yr~' in CESM-LE, a value approxi-
mately half of the current rate of global mean SLR since 1993 (Beckley et al., 2010) and more than 7
times the current rate of mass loss from the entire AIS (Shepherd et al., 2012). There is a clear need for
improved evaluation of global atmospheric model performance in Antarctica since accumulation partly
controls the ice sheet’s contribution to SLR, which is only possible with more long-term records of accu-
mulation and temperature. Records collected widely across the AlS, covering a substantial portion of the
preindustrial through present day, are lacking, yet needed.
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