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ABSTRACT The Greenland Ice Sheet is now the single largest cryospheric contributor to global
sea-level rise yet uncertainty remains about its future contribution due to complex interactions between
increasing snowfall and surface melt. Reducing uncertainty in future snowfall predictions requires
sophisticated, physically based climate models evaluated with present-day observations. The accuracy of
modeled snowfall rates, however, has yet to be systematically assessed because observations are sparse.
Here, we produce high spatial resolution (15 km) snowfall climatologies (2006-2016) derived from
CloudsSat's 2C-SNOW-PROFILE product to evaluate climate model simulations of snowfall across the
Greenland Ice Sheet. In comparison to accumulation datasets acquired from ice cores and airborne
accumulation radar, we find that our CloudSat climatologies capture broad spatial patterns of snowfall in
both the accumulation and ablation zones. By comparing our CloudSat snowfall climatologies with the
Regional Atmospheric Climate Model Version 2.3p2 (RACMO2.3p2), Modele Atmosphérique Régional 3.9
(MAR3.9), ERA5, and Community Earth System Model version 1 (CESM1), we demonstrate that climate
models likely overestimate snowfall rates at the margins of the ice sheet, particularly in South, Southeast,
and Northwest Greenland during autumn and winter. Despite this overestimation, there are few areas of
the ice sheet where the models and CloudSat substantially disagree about the spatial pattern and seasonality
of snowfall rates. We conclude that a combination of CloudSat snowfall observations and the latest
generation of climate models has the potential to improve understanding of how snowfall rates respond to
increasing air temperatures, thereby constraining one of the largest sources of uncertainty in Greenland's
future contribution to global sea levels.

1. Introduction

The Greenland Ice Sheet has been losing mass at an accelerating rate since the start of the 21st century
and is now the single largest cryospheric contributor to global sea-level rise (Chen et al., 2017; van den
Broeke et al., 2016). The ice sheet's mass balance is primarily determined by the rate of accumulation
(mainly due to snowfall) minus the rate of ablation (mainly due to surface meltwater runoff and solid
ice discharge across grounding lines). Since the 1990s, observations and regional climate models
(RCMs) agree that surface meltwater runoff and ice discharge have broadly increased in response to war-
mer ocean and summer air temperatures (Ahlstrom et al., 2017; Mouginot et al., 2019; van den Broeke
et al., 2016). Snowfall rates are also thought to positively correlate with air temperature, since warmer
air carries exponentially more water vapor. However, discrepancies between observed and modeled accu-
mulation (Koenig et al., 2016; Lewis et al., 2017; Overly et al., 2016) and between the models themselves
(Ettema et al., 2009; Noé€l et al., 2018; Vernon et al., 2013) raise uncertainties about whether snowfall
actually increased during this period of atmospheric warming. The response of snowfall to increasing
air temperatures and the extent to which it can buffer the ice sheet in the next century therefore remains
one of the largest uncertainties in future projections of Greenland Ice Sheet mass balance (van den
Broeke et al., 2017).
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Reducing uncertainties in modeled snowfall requires accurate empirical validation datasets that cover the
entire ice sheet with fine temporal resolution. Since no such datasets exist, modeled snowfall rates are
usually combined with modeled sublimation rates so that they can be evaluated against bulk accumulation
rates measured by in situ ice/firn cores (Fettweis et al., 2017; Noél et al., 2018). Along with the inability to
isolate the snowfall component of accumulation, comparisons between ice core and modeled accumulation
have several additional limitations. First, the spatial extent of ice cores is limited to the accumulation zone
where temperatures are below 0°C and annual snow layers are preserved. Yet observations from the dry,
high-elevation interior of the ice sheet may not necessarily evaluate a model's ability to simulate accumula-
tion at the wetter, ablating margins. Secondly, ice cores are almost always used to evaluate modeled accumu-
lation at an annual to decadal temporal resolution (e.g., Fettweis et al., 2017; Noél et al., 2018), precluding
evaluation of a model's ability to simulate accumulation over monthly or seasonal timescales (e.g.,
Castellani et al., 2015; Dibb & Fahnestock, 2004; Pettersen et al., 2018). Finally, most of the spatially distrib-
uted firn and ice cores were collected during the 1990s (Mosley-Thompson et al., 2001) and may not be repre-
sentative of 21st century climate, a period of anomalously low surface mass balance. Therefore, comparisons
between modeled and ice core accumulation rates may not accurately represent a climate model's ability to
accurately simulate current and future ice sheet snowfall.

Contemporary snowfall observations with high temporal resolution are provided by automated weather
stations (AWS; e.g., Fausto et al., 2018; Smeets et al., 2018). AWS are equipped with acoustic ranging sen-
sors that record changes in surface elevation over hourly or shorter intervals (Steffen & Box, 2001).
Positive changes in surface elevation can be converted to mass accumulation in water equivalent (w.e.)
by multiplying by the snow density. However, snow density and its change over time are not typically
measured by AWS so, in most cases, it is assumed or modeled. This step introduces substantial uncer-
tainty in AWS-derived snowfall rates since snow compaction rates depend on numerous factors (e.g.,
air temperature, wind, and snowfall rates) and are difficult to model accurately (Herron & Langway,
1980). Isolating snowfall rates from changes in surface elevation is further complicated by melt, sublima-
tion, and snow erosion, which can partially or fully remove the accumulated snow layer. Installing pre-
cipitation gauges, such as a bucket or upward-looking snow radar, on AWS would mitigate some of
these problems, but these instruments are only installed on a few AWS at Summit Camp and near
Kangerlussuaq, West Greenland (e.g., Castellani et al., 2015; Johansson et al., 2015). Snowfall measure-
ments from all but a few AWS are therefore generally too inaccurate and isolated for validating snowfall
rates from climate models across the ice sheet.

Observations with broader spatial coverage than ice cores and AWS can be acquired with near-surface
scanning radars mounted on a sled or airborne platform. Isochronous reflecting horizons in radar
echograms delineate annual or multiannual layers of snow accumulation that can be traced for hundreds
of kilometers (e.g., Hawley et al., 2014; Koenig et al., 2016; Lewis et al., 2017; Medley et al., 2013; Miége
et al., 2013; Overly et al., 2016). Ice-penetrating radar mounted on airborne platforms in particular has
substantially improved the areal coverage of accumulation observations in the dry snow and percolation
zones (van den Broeke et al., 2017). However, like most AWS, airborne accumulation radar estimates
must assume or model the density of detected firn/snow layers to derive accumulation rates in w.e.
(Koenig et al., 2016; Lewis et al., 2017; Overly et al., 2016). Correct interpretation of all radar measure-
ments also requires further assumptions about melt intensity and age of the detected firn/snow layer.
For example, near the ice sheet margins, internal layers from radar (usually collected in spring) do not
represent 12 months of accumulation, since snow layers can either partially or completely melt during
summer (Koenig et al., 2016). A more extensive accuracy assessment of accumulation rates derived from
airborne accumulation radar is therefore required before these measurements can be treated as absolute
“ground-truth,” especially in the percolation and ablation zones.

Since 2006, National Aeronautics and Space Administration (NASA)'s CloudSat satellite has acquired snow-
fall observations with far better spatial coverage and temporal resolution than any of the in situ and field
methods described so far (Stephens et al., 2008, 2018; Tanelli et al., 2008). Unlike the other techniques,
which depend on accurate measurements of snow layer thickness and density, the cloud-profiling radar
(CPR) onboard CloudSat can observe the w.e. mass of snow precipitating through the atmosphere before
it has accumulated on the surface (Hiley et al., 2011; Kay et al., 2018; Kulie & Bennartz, 2009; Liu, 2008).
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CloudSat therefore has potential to evaluate modeled snowfall in certain areas of the ice sheet (e.g., the mar-
gins), during certain time periods (e.g., the summer) for which few in situ observations exist.

Several studies have used CloudSat for model evaluation by producing gridded snowfall climatologies (i.e.,
mean annual snowfall rates) across the Arctic and Antarctica (Behrangi et al., 2016; Bennartz et al., 2019;
Milani et al., 2018; Palerme et al., 2014; Palerme, Claud,et al., 2017; Palerme, et al., 2017). These climatolo-
gies have coarse spatial scales (e.g., 1 to 2° pixel size) to facilitate direct comparison with global climate mod-
els (GCMs). However, gridding CloudSat observations at this broad scale precludes meaningful comparison
with in situ point measurements (e.g., Behrangi et al., 2016; Milani et al., 2018; Palerme et al., 2014, Palerme,
Claud, et al., 2017, Palerme, Genthon, et al., 2017; Souverijns et al., 2018), making validation of coarsely
gridded CloudSat snowfall climatologies difficult. The uncertainty associated with snowfall climatologies
produced using CloudSat's CPR has therefore yet to be evaluated.

Here we produce finely gridded snowfall climatologies from CloudSat's 2C-SNOW-PROFILE product and
assess their utility for evaluating modeled snowfall patterns and timing across the Greenland Ice Sheet.
First, we compare instantaneous snowfall rates observed by CloudSat with coincident in situ snowfall rates
as measured by (1) a precipitation gauge at KAN-B AWS in West Greenland and (2) the precipitation occur-
rence sensor system (POSS) at Summit Camp. We then evaluate how sampling size and distance impact the
accuracy of our produced snowfall climatologies by aggregating multiple CloudSat profiles. Next we describe
the production of two new CloudSat snowfall products gridded at a much finer spatial resolution (15 X 15 km)
than previously attempted. The first product is a decadal (2006-2016) snowfall climatology averaged over the
full 11-year CloudSat record. The second product includes four seasonal snowfall climatologies
(March-April-May [MAM], June-July-August [JJA], September-October-November [SON], and
December-January-February [DJF]) averaged over the full 11-year CloudSat record. We quantify the uncer-
tainties of our snowfall climatologies in comparison to (1) 29 ice cores and (2) airborne accumulation radar
data collected by multiple NASA Operation IceBridge campaigns (Koenig et al., 2016; Lewis et al., 2017).
Finally, we compare our CloudSat snowfall climatologies with outputs of two RCMs (Regional
Atmospheric Climate Model Version 2.3p2 [RACMO2.3p2] and Modele Atmosphérique Régional
[MAR3.9]), one GCM (the Community Earth System Model version 1, including the Community
Atmosphere Model, version 5 [CESM1(CAMS5)]) and an atmospheric reanalysis (ERAS5). Discrepancies
between these independent datasets allow us to identify where (e.g., regionally and altitudinally) and when
(e.g., seasonally) modeled snowfall is most robust versus uncertain across the Greenland Ice Sheet.

2. Data and Methods

2.1. CloudSat Satellite Data

2.1.1. Mission Summary

NASA's CloudSat mission was launched on 28 April 2006 to image the vertical structure of the Earth's clouds
and precipitation (Stephens et al., 2002, 2008), joining the Afternoon Train (A-Train) satellite constellation
between CALIPSO and Aqua. The A-Train sequence of satellites orbits the Earth Sun-synchronously at an
altitude of 705 km with a repeat-pass of 16 days and a latitudinal range of 82.5°S to 82.5°N. In June 2006,
CloudSat started collecting data, although a battery malfunction in 2011 necessitated a transition to a
daylight-only operation mode and resulted in a multi-month (April to November) data gap. In June 2017,
one of CloudSat's four reaction wheels displayed significant friction. Although the satellite could still con-
duct operations with three reaction wheels, the loss of a second wheel would have left CloudSat unable to
maneuver or change its orientation. In February 2018, CloudSat safely exited its orbit to avoid possible colli-
sion with another A-Train satellite and is now in orbit below the A-Train.

2.1.2. 2C-SNOW-PROFILE Product

CloudSat is the first satellite to carry a 94-GHz (W-band) CPR, which measures backscatter from atmo-
spheric targets (e.g., hydrometeors, ice crystals, and cloud droplets) at a vertical resolution of 240 m with
a 1.8-km X 1.4-km horizontal footprint. Many studies have derived snowfall rates from CloudSat based on
relationships between radar reflectivity (Z,) and snowfall rate (S; Hiley et al., 2011; Hudak et al., 2008;
Kulie & Bennartz, 2009; Liu, 2008; Matrosov & Heymsfield, 2008), and a standardized Level-2 product
was released in February 2013 called 2C-SNOW-PROFILE (http://www.cloudsat.cira.colostate.edu/data-
products/level-2c/2c-snow-profile Wood et al., 2014). This product incorporates a priori expectations of
snow size distribution parameters and an optimal estimation method to derive snowfall rates in units
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Figure 1. Locations of in situ and airborne observational datasets used to
validate our CloudSat snowfall and accumulation rate products. Individual
snowfall events were validated by the KAN-B automated weather station
(AWS) precipitation gauge in West Greenland and the X-band Doppler radar
precipitation occurrence sensor system located at Summit (yellow stars).
Our decadal-averaged CloudSat accumulation climatology was validated
using accumulation rates from 29 ice cores (red stars). We also compared our
decadal-averaged CloudSat accumulation climatology to accumulation
derived from airborne accumulation radar transects from Lewis et al. (2017;
blue lines) and Koenig et al., (2016; purple lines). Numbers correspond to ice
sheet regions defined by the Ice Sheet Mass Balance Intercomparison
Exercise (IMBIE). 1: North; 2: Northeast; 3: East; 4: Southeast; 5: South; 6:
Southwest; 7: West; 8: Northwest Greenland.

of snow w.e. (in units of mm/hr; Wood et al., 2014). The phase of pre-
cipitation is determined using vertical air temperature profiles from
European Centre for Medium-Range Weather Forecasting (ECMWF)
operational weather analysis in combination with a model of snow par-
ticle melting that allows up to ~15% melted mass fraction for snowfall.
Surface snowfall rates over land are retrieved from the fifth bin above
the surface (i.e., ~1,200 m) to remove contamination from ground clut-
ter. Our study is based on Release 5, Version P1 of the 2C-SNOW-
PROFILE product, which was released in June 2018. We used all 2C-
SNOW-PROFILE data currently available (i.e., from June 2006 to
October 2016) for analysis.

2.1.3. Data Preprocessing

The 2C-SNOW-PROFILE product has known uncertainties surrounding
its assumptions about snow scattering properties, snow particle size
distribution, and the Z,-S relationship. Across Greenland, perhaps the
greatest source of uncertainty is undetected ground clutter, which results
in unrealistically high snowfall rates, particularly over steep topography
(Behrangi et al., 2016; Palerme et al., 2019). To mitigate this effect, we
removed most of spuriously high snowfall rate values using the retrieval
status flag included with the 2C-SNOW-PROFILE product. However, we
noticed that some spuriously high values were not flagged by the retrieval
status flag. We therefore also removed all snowfall rates, which were
greater than two standard deviations from a 50-km running median filter
before gridding the 2C-SNOW-PROFILE product. This filter removed 3%
of CloudSat observations and substantially reduced the impact of unrealis-
tically high snowfall rates that were not flagged in the 2C-SNOW-
PROFILE product (Figure S1 in the supporting information).

2.1.4. Accuracy Assessment of Individual Snowfall Events

We quantified the accuracy of the filtered 2C-SNOW-PROFILE product
for individual snowfall events using in situ data from two ground-
based instruments acquired simultaneously with 593 CloudSat over-
passes. The first instrument is a precipitation gauge installed on the
KAN-B AWS located near the margin of the ice sheet in West
Greenland (Figure 1; Johansson et al., 2015; http://doi.pangaea.de/
10.1594/PANGAEA.836178). The precipitation gauge contains anti-
freeze to melt captured solid precipitation and weighs the precipitation
using a precision load cell with a vibrating wire transducer (Johansson
et al., 2015). Precipitation data from this gauge are available from April
2011 onward. During this period, CloudSat overpassed within 50 km
102 times and detected 14 snowfall events. The second instrument is
the POSS located at Summit Camp, the highest elevation on the ice
sheet (Figure 1; Shupe et al., 2013; Castellani et al., 2015; Pettersen
et al., 2018; https://arcticdata.io/catalog/view/doi:10.18739/A2TB83).

POSS is an X-band Doppler radar that measures w.e. snowfall rates by sampling the velocities and
reflectivities of hydrometeors in approximately 1 m> of air directly above the transmitter and receiver
(Pettersen et al., 2018). Due to the proximity of the sensor to the surface, POSS snowfall rates can be
contaminated by blowing snow. To account for this, we excluded POSS snowfall rates with power unit
values less than two, consistent with Pettersen et al. (2018). POSS data are available from September
2010 onward. During this period, CloudSat overpassed within 50 km 491 times and detected 110 snow-
fall events. To compare the datasets, we resampled the in situ snowfall rates to an hourly interval and
selected the value that coincided closest to the timing of the CloudSat overpass. To ensure fair compar-
ison with these in situ datasets, we only used CloudSat snowfall rates within 50 km of the KAN-B and
Summit instrument installations.
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2.1.5. Production of Snowfall Rate Climatologies

Decadal snowfall climatologies from the filtered 2C-SNOW-PROFILE product were derived by (1) averaging
valid snowfall rates from individual CloudSat profiles within a specified search radius of a point-of-interest,
(2) averaging these snowfall rates for each month, and (3) averaging all months to produce the 2006-2016
snowfall climatology. The intermediate step (2) is required because there are more snowfall data in summer
than in winter after CloudSat switched to daylight-only operations mode in 2011. We compared the decadal-
averaged snowfall rates derived from this method with accumulation rates observed at several validation
sites where accumulation has been accurately measured by ice cores over the same period (Buchardt
et al., 2012; Fausto et al., 2018; lizuka et al., 2017; Macguth et al., 2016; Figure 1). We note that snowfall rates
recorded by CloudSat are not necessarily equivalent to accumulation rates recorded by ice cores due to sub-
limation from the surface and from drifting snow particles. Therefore, we subtracted mean sublimation rates
derived using an RCM (RACMO2.3p2; described in section 2.3) over the 2006-2016 study period from our
CloudSat snowfall rates to ensure fair comparison between satellite and ice cores. When comparing with
accumulation rates derived from ice cores and airborne accumulation radar in the next sections, we use
these accumulation climatologies. When comparing with modeled snowfall simulated by regional and
GCMs, we use the snowfall climatologies.

We also produced decadal and seasonal precipitation phase climatologies over the 2006-2016 study period
using the 2C-PRECIP-COLUMN product (Figure S2). These climatologies were derived using the same sam-
pling strategy as the snowfall climatologies but were produced by dividing the number of events classified as
rain by the total number of precipitation events. We used these climatologies to identify potential sources of
difference between observed and modeled snowfall.

2.1.6. Optimal Sample Size and Aggregation Area for CloudSat Snowfall Rate Retrievals
Comparing CloudSat accumulation climatologies to ice core estimates depends critically on the choice of
search radius within which the satellite observations are sampled (Souverijns et al., 2018; van Tricht et al.,
2016). A search radius too narrow may introduce error by reducing the sample size of CloudSat overpasses
used to calculate mean snowfall rates at a specific point. On the other hand, a search radius too large may
introduce error if CloudSat snowfall rate observations distal from the validation site are not representative
of the validation site. To quantify this effect, we performed a sensitivity test for both search radius and sam-
ple size. First, we calculated mean snowfall rates using incrementally more CloudSat overpasses ranging
from 10 to 200. To do this, we randomly selected CloudSat overpasses located within 45 km of each valida-
tion ice core site (Figure 1). Second, we calculated mean snowfall rates by increasing the search radius incre-
mentally from 10 to 100 km. To do this, we randomly sampled CloudSat overpasses within specified
distances from each validation ice core site while fixing the number of overpasses to 200. This analysis
allowed us to assess how the sampling frequency and choice of search radius impacts the accuracy of snow-
fall rate climatologies produced by CloudSat.

We found, unsurprisingly, that the root-mean-square error (RMSE) uncertainty between CloudSat and ice
core accumulation rates decreased with greater sample size and increased with larger search radius
(Figure 2). On average, RMSE falls sharply from 84 to 9% as sample size increases from 10 to 100
(Figure 2a). Adding more than 100 samples reduces the uncertainty more gradually. Likewise, an
RMSE of just 5% is introduced if only CloudSat observations within 50 km of the point-of-interest are
included, rising to 24% if observations within 100 km are included (Figure 2b). This analysis demonstrates
that sampling frequency and distance must be considered when aggregating multiple CloudSat profiles to
produce climatologies.

In this study, we used a search radius of 45 km from the center of each grid cell when producing snowfall
climatologies. This distance was chosen as an optimal trade-off between the uncertainty introduced by insuf-
ficient sampling of snowfall rates and the uncertainty introduced by the spatial heterogeneity of snowfall
rates (Figure 3). We first constructed a grid with spatial resolution of 15 x 15 km across the Greenland Ice
Sheet. This spacing was chosen so that we could make meaningful comparisons with both in situ point mea-
surements and RCM outputs (RACMO2.3p2 and MAR3.9 have a grid resolution of 11 and 15 km, respec-
tively). For each grid cell, we (1) averaged valid CloudSat snowfall rate observations from individual
profiles within 45 km of the grid cell center, (2) averaged these snowfall rates for each month, and (3) aver-
aged all months to produce a snowfall climatology for the 2006-2016 study period. We also produced four
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Figure 2. Root-mean-square error (RMSE) of CloudSat-derived mean annual accumulation rates (a) decreases as the
number of satellite observations increases and (b) increases as the distance between satellite observations and a point
of-interest increases. The plots demonstrate that sampling frequency and spatial averaging area must be considered when
producing satellite-based snowfall/accumulation climatologies. Since sampling frequency decreases as the sampling
search radius decreases, an optimal strategy for producing climatologies should consider using the smallest spatial aver-
aging area that maintains at least 150 observations.

decadal snowfall climatologies (also 2006-2016) separating seasonal snowfall rates (e.g., spring [MAM],
summer [JJA], autumn [SON], and winter [DJF]). Due to the reduced number of overpasses, these
climatologies have slightly higher sampling uncertainty (mean RMSE in winter = 10.8%, mean RMSE in
summer = 8.5%) than the decadal (2006-2016) snowfall climatology (mean RMSE = 4.2%).

2.2. Comparison With NASA Operation IceBridge Airborne Accumulation Radar

Once the sampling uncertainties were assessed, we next compared our CloudSat 2006-2016 snowfall clima-
tology with two independent accumulation datasets collected by airborne radar during NASA's Operation
IceBridge campaigns between 2009 and 2014 (Figure 1; Koenig et al., 2016; Lewis et al., 2017). The first data-
set, hereafter termed “Lewis17,” was collected using the University of Kansas Center for Remote Sensing of
Ice Sheets (CReSIS) Accumulation Radar, which operated at a frequency of 600 to 900 MHz providing a ver-
tical resolution of 50 cm in ice (Lewis et al., 2017; Rodriguez-Morales et al., 2014). Accumulation Radar sig-
nal can penetrate hundreds of meters in the dry-snow zone and tens of meters in the percolation zone,
allowing deriving accumulation at decadal timescales (Lewis et al., 2017). The density between internal
ice layers was calculated using a Herron and Langway (1980) depth-
density model calibrated with two ice cores collected at Summit Station.

50
We compared our decadal (2006-2016) CloudSat accumulation climatol-

ogy with the shallowest accumulation layer detected by Lewis17, which
represents the period 2004-2014. To account for the inexact temporal
overlap between the two datasets, we compared snowfall rates averaged
over the 2004-2014 period with the 2006-2016 period using RCM outputs.

2 140

'1§ E'g 30 We found that the RMSE between the two periods was 0.03-m w.e. per

g 110 g year (a™%; 8%) with a slight positive bias (+0.006 m w.e. a™ ). Therefore,

< § although the two time periods do not overlap exactly, snowfall rates aver-
20" aged over these two time periods are broadly comparable.

Number o

The second dataset, hereafter termed “Koenigl6,” was collected by the
CReSIS ultrawideband Snow Radar (Koenig et al., 2016). Snow Radar
has a higher frequency (2 to 8 GHz) than the Accumulation Radar and,
while it is only able to penetrate tens of meters in the dry-snow zone
and a few meters in the percolation and ablation zones, its centimeter-

10
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Figure 3. Pseudocolor plot showing how sampling frequency and sampling
distance impact uncertainty in mean annual accumulation rates

derived from CloudSat. Depending on the application, a tradeoff space
between the two may be optimized to obtain the desired accuracy in
accumulation rates. We find that a 45-km search radius enables high sample
size (>150) across the entire Greenland Ice Sheet and maintains a sampling
uncertainty of <5%.

scale vertical resolution is capable of resolving annual snow layers
(Koenig et al., 2016). The densities of the snow layers are assumed to be
338 kg/m? in the uppermost meter and are derived from modeled density
profiles from MAR3.5.2 below 1 m. We compared our CloudSat 2006-2016
climatology with the accumulation layers corresponding to 2011 and
2012. To account for the inexact temporal overlap between the two data-
sets, we compared snowfall rates averaged over the 2011-2012 period with
the 2006-2016 period using RCM outputs. We found that the RMSE
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between the two periods was 0.05 m w.e./a (11%) with a slight negative bias (-0.009 m w.e./a). We also note
that Koenigl6 represents ~10 months of accumulation because the lower boundary of the shallowest snow
layer is assumed to represent peak melting conditions (i.e., 1 July + 1 month) and the radar data were col-
lected in Spring (April-May). In contrast, our CloudSat snowfall climatology represents 12 months of accu-
mulation. These additional uncertainties are considered before conclusions are made about comparisons
between CloudSat and Koenigl6.

2.3. Comparison With Modeled Snowfall

We compared our decadal and seasonal CloudSat snowfall climatologies with snowfall outputs from two
RCMs (MAR3.9 and RACMO2.3p2 with a spatial resolution of 15 and 11 km, respectively), one atmospheric
reanalysis (ERA5 with a spatial resolution of ~25 km) and one GCM (CESM1[CAMS5] or “CESM1” hereafter
with a spatial resolution of around 120 km). All four model outputs have been used to estimate past, present
(e.g., Fettweis et al., 2017; Noél et al., 2018), and future (e.g., Fettweis et al., 2013; Fyke et al., 2014; Vizcaino
et al., 2014) surface mass balance of the Greenland Ice Sheet. To compare these model outputs with our dec-
adal and seasonal CloudSat snowfall products, we bilinearly resampled all products onto a common 15- X 15-
km grid. We present the results of these comparisons above and below a 2,000 m above sea level (asl)
threshold. This elevation threshold was chosen because almost all of the Lewis17 dataset is above 2,000 m
asl, whereas the most of the Koenigl6 dataset is below 2,000 m asl. We also divided the ice sheet into eight
sectors as defined by the Ice sheet Mass Balance Intercomparison Exercise (IMBIE) to facilitate analysis of
regional patterns (Figure 1). Dividing the comparisons in this way allowed us to identify where (e.g., region-
ally and altitudinally) and when (e.g., seasonally) modeled snowfall is most robust or uncertain across the
Greenland Ice Sheet.

3. RESULTS

3.1. Accuracy Assessment

We find that CloudSat CPR-derived snowfall rates correlate well with snowfall rates measured by precipita-
tion gauges at the margin (KAN-B) and summit (POSS) of the ice sheet (mean R*=0.90; Figure 4a). In par-
ticular, CloudSat measured the intensity of two snowfall events (0.44 and 0.65 mm/hr) within + 9% as
compared to the precipitation gauge at KAN-B. These findings corroborate Lemonnier et al. (2019), who
demonstrated that CloudSat measured snowfall rates of individual events with accuracies of —13 to +22%
in comparison to microrain radar instruments located at the Dumont d'Urville and Princess Elisabeth sta-
tions in Antarctica. However, at Summit, we find that POSS observed 117 more snowfall events than
CloudSat. The snowfall rates during these events tend to be small (mean = 0.0014 mm/hr) but cumulatively
sum to 8% of the total snowfall at Summit. We hypothesize that CloudSat does not observe these snowfall
events because they originate below 1,200 m above the surface (the height at which CloudSat observes snow-
fall) from shallow, mixed-phased clouds. Such snowfall regimes have been observed by CloudSat's CPR at
Summit (McIlhattan et al., 2019; Pettersen et al., 2018). Therefore even though CloudSat appears to accu-
rately observe the intensity of most snowfall events, it may systematically underestimate mean snowfall rates
in regions where shallow precipitation events contribute a significant proportion of the total snowfall.

Indeed, when compared with the ice core validation sites, we find that our CloudSat 2006-2016 accumu-
lation rate climatology generally underestimates accumulation (Figure 4b). This underestimation is parti-
cularly apparent in areas of the ice sheet which receive little snowfall. At high elevations, we attribute this
underestimation to snowfall from shallow, mixed-phase clouds not observed by CloudSat. At lower eleva-
tions two other factors may be important. First, the backscatter measured by the CPR, which was
designed to observe light snowfall, may saturate during heavy snowfall events due to its high frequency
(94 GHz; Cao et al., 2014). Second, the phase of precipitation determined by the ECMWF vertical tem-
perature profiles may lead to an overestimation of rainfall. During summer and below 2,000 m asl, we
find that 23% of precipitation was classified as rainfall by the 2C-PRECIP-PROFILE product. In compar-
ison, only 20% of precipitation was classified as rainfall by RACMO2.3p2 during the same period
(Figure S2). Although this does not explain why CloudSat underestimates snowfall above 2,000 m asl,
it could, at least partly, explain why CloudSat underestimates snowfall below 2,000 m asl. We note, how-
ever, that rain fraction varies substantially between models (Figure S2). MAR3.9, ERA5, and CESM1 clas-
sified 32%, 22%, and 25% of precipitation as rainfall during summer below 2,000 m asl. The phase of
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Figure 4. Comparisons between (a) individual snowfall events as detected by CloudSat (mm w.e./hr) and the KAN-B
automated weather station precipitation gauge (red) and upward-looking Doppler radar precipitation occurrence

sensor system (POSS) at Summit (blue) and (b) mean decadal accumulation rates as estimated from CloudSat and ice cores
(m w.e./a; see Figure 1 for locations). Note that we used sublimation modeled by RACMO2.3p2 to convert CloudSat
snowfall rates to accumulation rates.

precipitation therefore remains a large source of uncertainty in our comparisons of observed and modeled
snowfall (e.g., Skofronick-Jackson et al., 2019).

After accounting for these biases, much of the remaining RMSE between our CloudSat 2006-2016 accumu-
lation rate climatology and ice core validation sites can be explained by sampling uncertainties introduced
when producing snowfall climatologies (Figure 5). These uncertainties are characterized by the strong lati-
tudinal gradients in sampling frequency due to orbit convergence toward the poles. Considering all CloudSat
observations over the entire 2006-2016 study period, grid cells in southern Greenland average 340 observa-
tions, whereas grid cells in northern Greenland average 2,541. Our sampling frequency analysis demon-
strates that 340 observations are sufficient for producing an accurate mean snowfall rate over the 2006-
2016 study period (Figure 2a), with a maximum uncertainty of ~5% due to sampling frequency and distance
(Figure 5). Seasonal snowfall climatologies have higher uncertainty than the decadal climatology since each

Multiyear annual Multiyear seasonal

& 0 20
%

Uncertainty (%)

Figure 5. Spatial variability of CloudSat accumulation rate uncertainty due to sampling frequency. (a) The uncertainty
due to sampling frequency in the decadal-averaged product is never higher than 5% because all grid cells receive at
least 340 observations. (b) The uncertainty for the seasonally averaged product rises to up to 20% in South Greenland
because some grid cells only receive 85 observations.

RYAN ET AL.

8 0of 18



~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2019JD031411

1.754
a R? = 0.62
2 & 1504 RMSE (m) = 0.21
e e RMSE (%) = 43.8
c A c i = ~
5 § 1254 Bias (m) = -0.14 P
B85 0.5 &7 :
g5 2 ©1.004 {
Edoay 5 g SEPe
® £0.3- 8 g 0737 o b
- n B @ Yo ¢
2 02 & g g 0507 e~
E § E e b
O 0l4-g o 02577¢ gs
0.0 : : : : : : : 0.00+ T — . . : :
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 00 02 04 06 08 10 12 14 16 18
Lewis17 accumulation rate (m w.e. a™?%) Koenig1l6 accumulation rate (m w.e. a=?%)
0.8 0.8
o 071 Cl o o7
e ® e
s 0.6 ® 5 0.6 1
87 054 BT 054
S © 2o
E ¢ 0.4 5 U 0.4
gz e gz
© £ 0.3 @ © £0.34
= ® 2
£ =)
5 0.2 2 02
el .
= i @ Koeniglé g | e
< ol @ Lewisl? 2 01
0.0 T T T T T T T 0.0 T T T T T T T
00 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08
Ice core accumulation rate Lewis17 accumulation rate
(mw.e.a™?t) (mw.e.a™?t)

Figure 6. Comparison between (a) CloudSat and Lewis17 accumulation rates, (b) CloudSat and Koenigl6 accumulation
rates, (c) accumulation rates derived from both Lewis17 and Koenigl6 with those derived from the validation ice cores,
and (d) Lewis17 and Koenigl6 accumulation rates. Each point represents a decadal-averaged accumulation rate in m w.e./
a. Compared to airborne accumulation radar, we find that CloudSat systematically underestimates accumulation rates.
The close agreement between the airborne accumulation radar and ice cores indicates that accumulation rates derived
from accumulation radar contain no systematic biases.

aggregates only one quarter of the total number of CloudSat observations (Figure 5). Parsed into seasons,
grid cells in North Greenland still receive 635 observations, whereas on average, grid cells in South
Greenland only receive 85. The reduced number of observations introduces an uncertainty of up to 20% in
the South Greenland seasonal snowfall climatology.

3.2. Comparison With Airborne Accumulation Radar at Decadal Timescale

Our decadal (2006-2016) CloudSat accumulation climatology compares well (R? of 0.74) with the decadal
airborne accumulation radar datasets of Lewis et al. (2017) collected mostly above 2,000 m asl (Figure 6a),
and with annual Koenig et al. (2016; R? = 0.62) collected mostly below 2,000 m asl (Figure 6b). The
slightly worse correlation between CloudSat and Koenigl6 is due to three main reasons. First, comparison
between a single-year product (i.e., Koenigl6) and a multiyear product (i.e., our CloudSat 2006-2016 cli-
matology) introduces uncertainty due to interannual snowfall variability. Based on RCM outputs, we esti-
mate that this could introduce uncertainties of up to +11%. Second, Koenigl6 assume that the density of
the upper meter of snow is 338 kg/m?>, yet snow densities are known to vary across the ice sheet with a
standard deviation of 44 kg/m3 (Fausto et al., 2018). Third, many of the accumulation rates derived by
Koenigl6 are located at the margins of the ice sheet. Since melt occurs in these regions, the annual snow
layers measured by Koenigl6 might not represent a full 12 months of accumulation. For these reasons,
discrepancies between CloudSat and Koenigl6 likely do not reflect the actual accuracy of our CloudSat
snowfall climatologies. Overall, even though there are fundamental differences between accumulation
rates from airborne accumulation radar, which measures subsurface snow layering, and CloudSat radar,
which measures atmospheric hydrometeor scattering, the strong correlations between the two approaches
indicates that our CloudSat 2006-2016 climatology accurately captures spatial patterns of ice sheet accu-
mulation (Figures 6a and 6b).

Despite these strong correlations, both radar-derived datasets confirm that CloudSat consistently underesti-
mates accumulation rates across the ice sheet. Similar to the validation ice cores (Figure 4b), both the
Lewis17 and Koenigl6 datasets indicate that CloudSat underestimates accumulation by 0.15 and 0.14 m
w.e./a, respectively (Figures 5a and 5b). This underestimation appears to be real since accumulation rates
derived from airborne accumulation radar compare closely with accumulation rates derived from ice

RYAN ET AL.

90f18



CloudSat snowfall rate
2,000 m (m w.e. a™1)

>

|
o N U
S v o

CloudSat snowfall rate
< 2,000 m (m w.e. a™1)

Modeled snowfall rate Modeled snowfall rate Modeled snowfall rate Modeled snowfall rate
(mw.e.a™1) (mw.e.a™1) (mw.e.a™1) (mw.e.a1)

Figure 7. Comparison between CloudSat and modeled snowfall rates (a—d) above and (e-h) below 2,000 m asl. Each point represents a snowfall rate (m w.e./a)
averaged over the full 11-year (2006-2016) CloudSat record. (a and e) RACMO2.3p2 regional climate model, (b and f) MAR3.9 regional climate model (c and

g) ERAS reanalysis, and (d and h) CESM1 global climate model. In comparison to CloudSat, RACMO2.3p2, MAR3.9, and Community Earth System Model
version 1 [CESM1] substantially overestimate snowfall at the margins of the ice sheet.

cores (Figure 6¢) and with each other (Figure 6d). Our decadal CloudSat accumulation climatology is
therefore probably not useful for direct model evaluation because, although it captures much of the
spatial variability of accumulation across the Greenland Ice Sheet, the magnitude of accumulation is
biased low.

3.3. Comparison With Modeled Snowfall at Decadal Timescale

Our CloudSat 2006-2016 snowfall climatology generally correlates well with modeled snowfall (Figure 7).
Above 2,000 m asl, all models (RACMO2.3p2. MAR3.9, ERAS5, and CESM1) correlate strongly with
CloudSat (R* between 0.77 and 0.86; Figures 7a-7d). RACMO2.3p2 compares best with CloudSat at high ele-
vations (R* = 0.84 and RMSE = 0.14 m w.e./a; Figure 7a), but strong correlations and relatively small resi-
duals are also found between CloudSat, ERA5 and MAR3.9 (Figures 7b and 7c). CESM1, the coarse spatial
resolution GCM, has lowest correlation (R* = 0.77) and largest RMSE in comparison to CloudSat (RMSE =
0.27 m w.e./a; Figure 7d). Although ERAS5 correlates better with CloudSat below 2,000 m asl than above
2,000 m asl (R2 of 0.90, Figure 7g), correlations between the RCMs and CloudSat worsen slightly at lower
ice sheet elevations (R of 0.67 and 0.72 for RACMO2.3p2 and MAR3.9, respectively, Figures 7e and 7f).

When compared with Lewis17, we find that all models underestimate accumulation above 2,000 m asl with
RACMO2.3p2 underestimating the least (—0.06 m w.e./a) and MAR3.9 underestimating the most (—0.09 m
w.e./a; Figure 8). This finding corroborates Overly et al. (2016), who found that older versions of the same
RCMs (RACMO2.3 and MAR3.2) underestimated accumulation by —0.07 and —0.04 m w.e./a, respectively,
in comparison to accumulation measured by airborne radar in central Greenland. Our analysis therefore
confirms that RCMs and GCMs likely underestimate snowfall rates in the dry, high-elevation interior of
the ice sheet.

When compared with CloudSat, we find that models likely overestimate snowfall at lower elevations
(<2,000 m asl). This overestimation is greatest in regions of the ice sheet with high snowfall rates (>1.5 m
w.e./a). For instance, in Southeast Greenland, RACMO2.3p2, MAR3.9, and ERAS5 simulate decadal-
averaged snowfall rates of up to 4.7, 3.2, and 2.6 m w.e./a, respectively, whereas maximum snowfall rates
measured by CloudSat are only 1.8 m w.e./a. CESM1 also appears to substantially overestimate snowfall
in lower elevations as compared to CloudSat (Figure 7h). Many of the residuals between CloudSat and the
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Figure 8. Comparisons between CloudSat and modeled accumulation rates with the airborne accumulation radar dataset of Lewis et al. (2017). Each point repre-
sents a decadal (2006-2016) average in m w.e./a. (a) CloudSat, (b) MAR3.9, (c) RACMO2.3p2, (d) ERAS5, (e) CESM1, and (f) Koenigl6. Note that nearly all the
airborne accumulation radar data are from above 2,000 m asl. As compared to Lewis17, CloudSat and all the models systematically underestimate accumulation in
the interior of the ice sheet.

climate models exceed the uncertainties of our CloudSat 2006-2016 snowfall climatology (Figures 4b and
6a), indicating that RCMs and GCMs likely overestimate snowfall rates in some low elevation regions
near the ice sheet margins.

The spatial coverage of our CloudSat snowfall climatologies allows us to quantify this model overestimation
in mass of w.e. After accounting for systematic bias in our CloudSat snowfall climatology (i.e., by adding 0.09
m w.e./a; Figures 4b and 6a), we find that RACMO2.3p2 and MAR3.9 overestimate snowfall below 2,000 m
asl by 42.5 + 47.4 Gt/a and 34.0 + 47.4 Gt/a, respectively. This is equivalent to a 14.9 + 16.6% and 12.2 +
16.9% overestimation of snowfall below 2,000 m asl, and a 6.4 + 7.3% and 5.2 + 7.4% overestimation of
the total ice sheet snowfall by RACMO2.3p2 and MAR3.9, respectively. RCM and GCM snowfall overestima-
tion is predominantly located in the coastal regions of East and Southeast Greenland (IMBIE regions 3 and 4;
Figures 9b, 9¢, and 9e), although both RCMs also appear to overestimate snowfall in some coastal regions of
West and Northwest Greenland (IMBIE regions 7 and 8; Figures 9b and 9c). Our bias-corrected CloudSat
2006-2016 snowfall climatology indicates that RACMO2.3p2 overestimates snowfall by 13.6 + 5.6, 20.0 +
8.6, and 8.4 + 5.5 Gt/a at the margins of South, Southeast, and Northwest Greenland, respectively.
Meanwhile MAR3.9 overestimates snowfall by 4.0 + 5.6, 15.5 + 9.2, and 7.9 + 5.5 Gt/a in South,
Southeast, and Northwest Greenland, respectively. These systematic biases raise uncertainty about modeled
surface mass balance in these coastal regions of the Greenland Ice Sheet.

3.4. Comparison With Modeled Snowfall at Seasonal Timescale

Our CloudSat seasonal snowfall climatologies (MAM, JJA, SON, and DJF as averaged over the period 2006—
2016) demonstrate that snowfall exhibits distinct variations at subannual timescales (Figure 10). Near the
margins of the ice sheet, snowfall predominantly occurs during autumn and winter. Below 2,000 m asl,
29% and 30% of snow falls in autumn and winter, respectively, while only 24 and 18% falls in spring and sum-
mer, respectively (Figure 11). In the interior of the ice sheet, snowfall predominantly occurs during summer
and autumn. Above 2,000 m asl, 26% and 31% of snow falls during the warmer summer and autumn, respec-
tively, while 20% and 23% of snow falls during the colder spring and winter, respectively (Figure 12). At the
margins of the ice sheet, the most pronounced snowfall seasonality is in Southeast Greenland where 42% of
snow falls during winter and only 8% falls during summer. The most pronounced seasonality in the interior
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Figure 9. Spatial distribution of decadal averaged snowfall rates as (a) observed by CloudSat and compared with (b) RACMO2.3p2 regional climate model,
(c) MAR3.9 regional climate model, (d) ERAS5 reanalysis, (¢) Community Earth System Model version 1 (CESM1) global climate model. The dashed lines
delineate the eight IMBIE regions. Discrepancies between CloudSat and models are largest in Southeast Greenland and near the margins of the ice sheet.
In East, Southeast, and South Greenland, all models overestimate snowfall in comparison to CloudSat.

of the ice sheet is in Northwest and North Greenland, where, on average, 39% of snow falls during the
summer, which is more than double that which falls during winter (18%; Figure 12). Generally,
Southwest, West, and Northeast Greenland exhibit less snowfall seasonality than North, Northwest, East,
and Southeast Greenland.

RACMO2.3p2,MAR3.9, ERA5, and CESM1 all appear to capture the seasonality of snowfall observed by
CloudSat relatively well (Figure 13). All models capture a satellite-observed reduction in snowfall between
January and July near the ice sheet margins (Figure 13a) and increase in snowfall between March and
September in the ice sheet interior (Figure 13b). However, they all appear to overestimate snowfall between
September and December at the margins of the ice sheet.

4. DISCUSSION

Despite CloudSat's narrow swath width (1.4 km) and relatively infrequent repeat overpass (16 days), this
study demonstrates how CloudSat 2C-SNOW-PROFILE data may be used to produce fine-scale pan-
Greenland snowfall climatologies that capture broad spatial patterns of snowfall (Figures 4b, 6a, and 9a).
In contrast to previous studies, which assumed that coarse-scale grids were necessary to ensure sufficient
sampling of CloudSat overpasses (Behrangi et al., 2016; Milani et al., 2018; Palerme et al., 2014,
Palerme, Claud, et al., 2017, Palerme, Genthon, et al., 2017), our sampling frequency and distance
analysis (section 2.1.6) suggests that accurate snowfall climatologies can be produced with relatively
few (~150) CloudSat overpasses (Figure 2a). In this study, we therefore present CloudSat snowfall
climatologies using relatively small sampling distances (<45 km) and grid resolutions (15- X 15-km pixel
size). The fine resolution of these grids enables us to validate CloudSat snowfall climatologies for the first
time using in situ observations and facilitates direct comparison with gridded RCMs.

We find that our decadal (2006-2016) CloudSat accumulation climatology has an uncertainty of + 0.12 m w.
e./a (equivalent to + 28%; Figure 4b) relative to accumulation rates derived from ice cores. Much of this
uncertainty is due to CloudSat's systematic underestimation of accumulation (0.09 m w.e./a or 27%) likely
due to missing near-surface snowfall events, and possibly because of instrument saturation during high mag-
nitude snowfall events and overestimation of the rainfall fraction. After correcting for this systematic bias,
the uncertainty of our decadal CloudSat climatology is reduced to + 0.08 m w.e./a or + 17%. The bias-
corrected CloudSat climatology therefore provides an independent, remotely sensed source of snowfall
and accumulation observations, useful as a stand-alone product or in combination with ice cores and air-
borne accumulation radar for systematic assessments of modeled snowfall. In particular, CloudSat
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Figure 10. Seasonal distribution of CloudSat snowfall rates averaged over a decade (2006-2016). (a) Spring, (b) summer, (c) autumn, and (d) winter. The dashed
lines delineate the eight Ice Sheet Mass Balance Intercomparison Exercise (IMBIE) regions.

observations may be used to quantify snowfall rates in regions (e.g., the margins of the ice sheet) and seasons
(e.g., the summer) where few ice core or airborne accumulation radar observations exist.

Even after correcting for systematic bias in our CloudSat data product, we find that RCMs and GCMs likely
overestimate snowfall rates below 2,000 m asl, especially near the ice margins of South, Southeast, and
Northwest Greenland. This finding corroborates Koenig et al. (2016), who demonstrated that MAR3.8 over-
estimated accumulation in Southeast Greenland in comparison to Operation IceBridge snow radar observa-
tions. Yet while these airborne accumulation data document the direction of bias at specific point locations,
our CloudSat snowfall climatology quantifies the full spatial extent of this bias. We find that RACMO2.3p2
and MAR3.9 likely overestimate snowfall below 2,000 m asl by 42.5 + 47.4 Gt/a (14.9 + 16.6%) and 34.0 +
47.4 Gt/a (12.2 + 16.9%), respectively. Furthermore, our seasonal CloudSat snowfall climatologies
(Figures 11 and 12) demonstrate that most of this modeled snowfall overestimation occurs in autumn and
winter. During these seasons, intense cyclonic activity induces heavy orographic precipitation in South,
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Figure 11. Seasonal distribution of snowfall in each of the eight Ice Sheet Mass Balance Intercomparison Exercise (IMBIE) regions below 2,000 m asl (grey shade in
map). In East, Southeast, and South Greenland, almost all the snowfall occurs during autumn, winter, and spring since precipitation phase changes to rainfall in
summer. In North, Northeast, West, and Northwest Greenland, snowfall exhibits less seasonal variability.

RYAN ET AL. 13 0f 18



~1
AGU

100 Journal of Geophysical Research: Atmospheres 10.1029/2019JD031411
North Greenland Northeast Greenland East Greenland Southeast Greenland
081 a b C d

o
o

I
N

Spr Sum Aut Win Spr Sum Aut Win Spr Sum Aut Win Spr Sum Aut Win
South Greenland Southwest Greenland West Greenland Northwest Greenland

EN @g iR

Accumulation rate (m w.e. a™!)
o
ey

o
o

o
©

o
o

o©
N

Accumulation rate (m w.e. a™t)
I
-9

o
o

Spr Sum Aut Win Spr Sum Aut Win Spr Sum Aut Win Spr Sum Aut Win

Figure 12. Seasonal distribution of snowfall in each of the eight Ice Sheet Mass Balance Intercomparison Exercise (IMBIE) regions above 2,000 m asl (grey shade in

map). In colder, drier North, Northeast, and Northwest Greenland, most snowfall occurs during summer. In other regions of the ice sheet, most snowfall occurs in
autumn or winter.

Southeast, and Northwest Greenland. Snowfall rates during these winter storms appear to be overestimated
by RCMs and GCMs in comparison to CloudSat observations.

Model overestimation of snowfall near the ice sheet margins may have a compounding impact on modeled
surface mass balance, because it may reduce the intensity of simulated ice sheet melt. If the thickness of the
modeled winter snowpack is overestimated, bare ice will not be exposed until later in the season. Since snow
has a much higher albedo than dark bare glacial ice, the ice sheet will absorb less shortwave radiation caus-
ing the models to underestimate surface melt in the ablation zone (Ryan et al., 2019). This compounding
effect indicates that RACMO2.3p2 and MAR3.9 may actually overestimate net surface mass balance by more
than that identified in this study.

Despite some systematic spatial and seasonal biases identified here, RACMO2.3p2 and MAR3.9 RCMs
appear to accurately capture the spatial distribution and seasonal variation of Greenland Ice Sheet snowfall
rates over the period 2006-2016 (Figures 9 and 13). Other than the Southeast Greenland margin, there are
few areas of the ice sheet where the RCMs and CloudSat substantially disagree about snowfall rates
(Figure 9). Notably, the RCMs perform accurately in the dry ice sheet interior, as evidenced by close
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Figure 13. Comparison of CloudSat and modeled monthly snowfall rates averaged over a decade (2006-2016).
(a) Monthly snowfall rates below 2,000 m asl. (b) Monthly snowfall rates above 2,000 m asl. The grey shade indicates
uncertainty in CloudSat snowfall rates after bias correction (+0.08 m w.e./a or + 17%). Generally, the seasonal variation in
snowfall is captured by all models in comparison to our bias-corrected CloudSat snowfall climatology. However, below
2,000 m asl, the regional and global climate models appear to overestimate snowfall during autumn.
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agreement between Lewis17 airborne accumulation radar data and RACMO2.3p2 above 2,000 m asl (R of
0.91; Figure 8c). Both RACMO2.3p2 and MAR3.9 also appear to simulate the seasonal variability of snowfall
accurately in comparison with CloudSat (Figure 13). This indicates that the RCMs capture the reduction in
snowfall at the ice sheet margins due to phase change and the increase in snowfall in the ice sheet interior
due to advection of warmer air inland. Therefore, with respect to snowfall biases at the margins of the ice
sheet, RACMO2.3p2 and MAR3.9 should be able to simulate the future response of snowfall to future war-
mer air temperatures.

In addition to climate model evaluation, the CloudSat snowfall climatologies presented here may have many
other potential applications. In the ablation zone, our CloudSat snowfall climatologies could be used in com-
bination with satellite maps of bare ice extent and RCMs to understand how the thickness of the winter
snowpack and melt combine to control the timing of snowline position and bare ice exposure, a key control
on ice sheet surface runoff (Ryan et al., 2019). In the accumulation zone, our seasonal CloudSat climatolo-
gies could be useful for constraining the ratio of summer to winter snowfall, a metric that is particularly
important for interpreting ice core isotope records (Cuffey & Steig, 1998). The individual CloudSat profiles
may also be useful when combined with meteorological data from AWS for investigating dominant
large-scale dynamic drivers of snowfall. For example, combining snowfall events from CloudSat with wind
direction could be used to investigate the sources of moisture responsible for ice sheet snowfall. Likewise,
combining air temperature with snowfall could be used to investigate how snowfall and snowlines respond
to changing air temperatures. CloudSat may therefore provide important observations for understanding the
response of Greenland Ice Sheet snowfall to climate change.

5. CONCLUSIONS

We investigated the potential of using 11 years (2006 to 2016) of CloudSat CPR data to produce accurate
snowfall climatologies across the Greenland Ice Sheet. Our sampling size and frequency analysis demon-
strated that snowfall climatologies can be produced at higher spatial resolution (15 X 15 km) than attempted
by previous studies. The enhanced spatial resolution of the produced snowfall climatologies allowed direct
comparison with “ground truth” datasets of ice sheet accumulation acquired from ice cores and airborne
accumulation radar transects. Compared with these in situ measurements, we found that our CloudSat cli-
matologies systematically underestimate snowfall, likely because CloudSat's CPR misses near-surface snow-
fall events, and possibly because of instrument saturation during heavy snowfall events, and overestimation
of the rainfall fraction. Despite these biases, however, we found that our snowfall climatologies capture
broad spatial patterns and seasonal fluctuations. Our CloudSat snowfall climatologies therefore provide
an independent observational dataset for systematic evaluation of other observed or modeled snowfall pro-
ducts across the Greenland Ice Sheet. The data are available for scientific use at https://doi.pangaea.de/
10.1594/PANGAEA.911416.

Our CloudSat snowfall climatologies are useful because they offer spatially extensive estimates of snowfall
rates in areas of the ice sheet (e.g., the ablation zone) and during seasons (e.g., in summer) where few in situ
snowfall records exist. In comparison to our satellite-based snowfall climatologies, we find that two RCMs
(RACMO2.3p2 and MAR3.9), a meteorological reanalysis (ERA5), and a GCM (CESM1) likely overestimate
snowfall rates at the margins of the ice sheet, particularly during autumn and winter in East, Southeast, and
South Greenland. Other than these discrepancies, however, we find that RCMs accurately capture broad
spatial and seasonal patterns of snowfall on the Greenland Ice Sheet. Going forward, a key use of our
CloudSat snowfall observations could be to understand how snowfall rates respond to increasing air tem-
peratures, thereby constraining one of the largest sources of uncertainty in Greenland's future contribution
to global sea levels.
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