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Abstract. Climate models predict Antarctic precipitation to 1 Introduction

increase during the 21st century, but their present day Antarc-

tic precipitation differs. A model-independent climatology of ] . .

the Antarctic precipitation characteristics, such as snowfallEvaluating Antarctic snow accumulation, the sum of pre-
rates and frequency, is needed to assess the models, butGiPitation, sublimation/evaporation, meltwater run-off, and
is not yet available. Satellite observations of precipitation byPlowing snow Eisen et al.2008, is a major challenge with
active sensors has been possible in the polar regions sind&l€vance to sea level rise. While no significant change in
the launch of CloudSat in 2006. Here, we use two CloudSathe total Antarctic snow accumulation has been found in ice
products to generate the first multi-year, model-independen€0res and reanalysis products over the last 50 yédos{
climatology of Antarctic precipitation. The first product is aghan etaj2006a Frezzotti et al.2013, future changes are
used to determine the frequency and the phase of precipitdikely to occur, with global consequences: a projected 25 %
tion, while the second product is used to assess the snowncrease in accuml_JIatlon over the 21st century would result
fall rate. The mean snowfall rate from August 2006 to April In @ drop of approximately 160 mm per century in global sea
2011 is 171 mmyeat over the Antarctic ice sheet, north 1€ve!l (Gregory and Huybrecht200). _ o

of 82° S. While uncertainties on individual precipitation re- _ Climate models consistently predict Antarctic precipita-
trievals from CloudSat data are potentially large, the mearion to increase in a warming climat€igurch et al.2013.
uncertainty should be much smaller, but cannot be easily esHlowever, their present day mean Antarctic precipitation

timated. There are no in situ measurements of Antarctic prediffers widely, ranging from 150 to 550 mm yedr in the
cipitation to directly assess the new climatology. However, CMIP3 archive Genthon et a).20093. The Antarctic pre-

distributions of both precipitation occurrences and rates geniPitation rates have also been evaluated from regional atmo-
erally agree with the European Centre for Medium-RangeSPheric modelsBromwich et al, 2004 Van de Berg et a.
Weather Forecasts (ECMWF) ERA-Interim data set, the pro-2003 Monaghan et a].2006h Lenaerts et a].2013. The
duction of which is constrained by various in situ and satellite Mean solid precipitation rate over the grounded ice sheet re-
observations, but does not use any data from CloudSat. ThBOTted byVan de Berg et al(2009 is 164 mmyear* us-
new data set thus offers unprecedented capability to quantind the model RACMOZ2/ANT. MoreoveMonaghan et al.

tatively assess Antarctic precipitation statistics and rates irff20068 found a precipitation rate of 178 and 200 mm year
climate models. with Polar MM5 using the reanalysis NCEP-II and ERA40

respectively for the initial and boundary conditions. Reanal-
yses have also been used for assessing Antarctic precipitation
(Monaghan et al2006a Bromwich et al, 2011). Bromwich
etal.(2011) have compared six reanalysis data sets and found
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that the mean precipitation rate on the grounded ice shedbotprint, and up to 82of latitude. Its minimum detectable
varies from 145 to 203 mmyeat, depending on the reanal- radar reflectivity is around-28 dBZ.
ysis. There is, therefore, a need to document Antarctic pre- In this study, two CloudSat products are used to determine
cipitation from observations to benchmark climate models. the characteristics of Antarctic precipitation. The first prod-
While accumulation rates have been assessed using in situct, 2C-PRECIP-COLUMN Haynes et a).2009, is used
observationsArthern et al, 2006 Eisen et al.2008, char-  to assess the phase and occurrence frequency of Antarctic
acteristics of Antarctic precipitation (the dominant positive precipitation. 2C-PRECIP-COLUMN provides a precipita-
term of the accumulation), such as the frequency and rate, argon flag based on the near-surface reflectivity (dBZ) at the
still not well-known. Ground-based measurements are sparsturth bin over the ocean (between 600 and 840 m above
and difficult to make in Antarctica. In coastal areas, katabaticthe surface), and at the sixth bin over land (about 1300 m)
winds are strong, which makes the distinction between blow-to remove surface contamination (ground clutter). The radar
ing snow and precipitation difficult. On the Antarctic plateau, bin containing the surface is determined with a digital ele-
the annual accumulation is small (few centimeters per yearyation model. The phase is obtained using the temperature
Bromwich et al, 2004), and the instrumentation must be able at 2 m predicted by the European Centre for Medium-Range
to detect very light precipitation. In addition, low tempera- Weather Forecasts (ECMWF) operational weather analysis,
tures and hoarfrost negatively impact instruments that are noand a model of melting layer with a constant lapse rate of
designed for harsh environments. 6°Ckm~1. According to the phase, different thresholds are
Precipitation characteristics depend greatly on the re-applied to the near surface reflectivity to determine a like-
gion in Antarctica. In coastal areas, precipitation is influ- lihood of precipitation (possible or certain). Thus, the pre-
enced by synoptic scale features, such as cyclones andpitation flags inform about the likelihood and the phase of
fronts Bromwich 1988. In the interior & 2500 m), a po-  precipitation.
tentially significant part of the precipitation falls in the form  The second product, 2C-SNOW-PROFIL®/dod, 2011
of “diamond dust” (ice crystals) under clear-sky conditions Wood et al, 2013 is used to assess the snowfall rates. 2C-
(Bromwich, 1988 Fujita and Abe2006. SNOW-PROFILE retrieves estimates of liquid-equivalent
In the past, passive microwave remote sensing has beesnowfall rate for profiles where 2C-PRECIP-COLUMN in-
used to detect new snow accumulation, using changes idicates “snow possible” or “snow certain”, or where 2C-
surface emissivityBindschadler et al2005. However, the  PRECIP-COLUMN indicates “mixed possible” or “mixed
method was not quantitative, and was found to be affected bgertain”, and the estimated melted mass fraction at the sur-
other processes, such as temperature and surface roughnegace is less than or equal to 0.1. Using a priori estimates of
Observations from the cloud-profiling radar (CPR) on snow particle size distribution, microphysical and scattering
CloudSat provide the first opportunity to estimate precipita- properties, an optimal estimation retrievRlodgers2000 is
tion in polar regions from a spaceborne rad&tephens etal.  performed for the contiguous layer of snow-containing radar
2008 Liu, 2008. With data available from August 2006 to bins nearest the surface, with exclusions for likely ground
April 2011, CloudSat directly observes snow precipitating clutter contamination. With this approach, the so-calfed
through the atmosphere, rather than after it has been accit relationship between radar reflectivity and snowfall rate is
mulated on the surface. Several algorithms have been testambt fixed, but can vary subject to the constraints of the reflec-
for precipitation over polar regions using CloudSHKtlje tivity profile and the a priori expectations.
and Bennartz2009 Hiley et al, 2010. Moreover,Boening The retrieval also provides estimates of uncertainties for
et al.(2012 have already shown that there is good agreementhe retrieved snowfall rates. The uncertainties depend on the
between CloudSat, GRACE, and ERA-Interim for Antarctic uncertainties in the observed reflectivities, as well as those in
precipitation variability over Dronning Maud Land (30/— the simulated reflectivities provided by the retrieval's radar
60° E, and 65-80S). However, no precipitation climatology forward model. These uncertainties arise due to measurement
has been done over Antarctica on the continent scale. In thigrror and due to the approximate nature of the forward model
study, we used two CloudSat products to make the first multi-and its a priori assumptions. To the extent to which they can
year climatology of Antarctic precipitation north of 83 be characterized, systematic errors are removed. Within the
from spaceborne observations. context of the retrieval algorithm, the remaining uncertainties
are considered to be unbiased and random. However, these
likely consist of some combination of systematic and random
2 Data and methods uncertainties since, for example, the algorithm’s a priori as-
sumptions are not tuned to the particular characteristics of
The CPR, onboard CloudSat, is a nadir-looking radar atAntarctic snowfall. Thus, while multi-year averaging of re-
94 GHz that measures the power backscattered by cloud patrieved snowfall rates reduces the truly random component
ticles and hydrometeors according to the distance from thef the uncertainties, some indeterminate bias is likely also
sensor. It provides radar reflectivity profiles divided into 150 present, and its evaluation is an ongoing area of research.
bins at a vertical resolution of 240 m, with a 1.7 kn1.3 km
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Number of orbits Altitude(m)

I [ . |
350 500 700 1000 2000 4000 0 2250 5000

Figure 1. (a) Total number of orbits per grid cell from August 2006 to April 204). The 2250 m elevation contour derived from the digital
elevation model oBamber et a].2009 The part of the ice sheet with surface elevation over 2250 m (red), and below 2250 m (purple). The
black dot indicates the location of Dumont d’Urville station.

In this study, both CloudSat data sets are processed ovatipitation phase, this method tends to inflate the mixed pre-
a grid of I’ of latitude by 2 of longitude between 63 and cipitation class. For the snowfall rate and its uncertainty from
82° S. The number of orbits per grid cell for the period Au- the 2C-SNOW-PROFILE product, the mean value in the grid
gust 2006—April 2011 is shown in Fid. Over the Antarc-  cell has been retained for each orbit.
tic continent, the number of orbits per grid cell is at least CloudSat observations have been compared to ERA-
350 for the entire period, which represents one orbit everyinterim reanalysis in this study. ERA-Interim is the lat-
5 days. It does not seem to be an issue to produce a climaest global atmospheric reanalysis produced by the ECMWF
tology of precipitation (Fig5, discussed below). The ratio (Simmons et a). 2006 Dee et al. 2011). ERA-Interim
of the surface directly observed by CloudSat over the surprovides data from 1979 to present at a 6-hourly resolu-
face of the ice sheet is shown in Fig. S1 in the Supplementtion. Its coverage is global at a spatial resolution of about
Even for latitudes less than 83, the surface directly cov- 0.75 x 0.75. The 6 and 12 h forecasts of precipitation are
ered by CloudSat is only a fraction of the total surface of theused here. Data from surface observations and radioson-
ice sheet. However, the spatial scale of precipitation eventsles, commercial aircraft observations, and satellites mea-
and the overpass frequency ensure adequate statistical sasurements are assimilated in the numerical model to improve
pling over the duration of the study (Supplement Fig. S1). and constrain the forecastBde et al. 2011). Direct pre-

CloudSat products provide the data along their orbit. Incipitation observations are not assimilated into the model,
order to map the 2C-PRECIP-COLUMN data over a grid of but precipitation is influenced by the four-dimensional vari-
1° by 2°, one sample per grid-cell overflown is retained for ational assimilation of other variables, such as temperature
each orbit. Thus, we redefined new samples from the originahnd humidity bttp://www.ecmwf.in.
2C-PRECIP-COLUMN flags. First, for the precipitation fre-  ERA-Interim has been chosen in this study because it
quency, flags are sorted into three classes: “no precipitation’likely offers the most realistic depiction of Antarctic precipi-
“precipitation possible”, and “precipitation certain”. Then, if tation variability among reanalyseBromwich et al, 2011).
all the flags in the same grid cell indicate no precipitation, noHowever, it has been shown that ERA-Interim could have a
precipitation is retained. If at least one flag indicates precipi-dry bias over the East Antarctic plateaBr¢mwich et al,
tation certain in the grid cell, precipitation certain is retained. 2012, Favier et al.2013.
And if there is no flag indicating precipitation certain, and at
least one flag indicating precipitation possible, precipitation
possible is retained. It is relevant to note that this method3 Results
tends to inflate the precipitation occurrence.

To map the precipitation phase, flags are sorted into four3.1 Precipitation characteristics from CloudSat
classes: “no precipitation”, “liquid”, “mixed”, and “solid pre-
cipitation”. If the flags in the grid cell indicate no precipita- Figure2 shows two maps of the precipitation frequency as-
tion and precipitation, but only one precipitation phase, thissessed from the 2C-PRECIP-COLUMN flags, and a map of
phase is retained. If the flags in the same grid cell indicatethe ratio of the number of samples indicating precipitation
rain and mixed precipitation, mixed precipitation and snow, possible over the number of samples indicating precipita-
or rain and snow, mixed precipitation is retained. For the pre-tion possible and certain. Map) represents the proportion

www.the-cryosphere.net/8/1577/2014/ The Cryosphere, 8, 151587, 2014
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Figure 2. (a) Precipitation frequency (%) with the samples indicating precipitation certain for the period August 2006—Apri{l®@rk-
cipitation frequency (%) with the samples indicating precipitation certain and possible for the period August 2006—Ap(it}Réatio of
the number of samples indicating precipitation possible over the number of samples indicating precipitation certain and possible.

of samples indicating precipitation certain, and nflap the Precipitation phase has also been studied from the 2C-
proportion of samples indicating precipitation certain and PRECIP-COLUMN flags. Only samples indicating precip-
possible. itation certain were taken into account. Over the Antarc-

The mean precipitation frequency (% of time) observed bytic ice sheet (latitude: 82° S), solid precipitation represents
CloudSat over the Antarctic continent (latitugde82° S) is 99.60 %, mixed precipitation 0.32 %, and rain 0.08 % of the
14 % when the samples precipitation possible are not takemprecipitation occurrence (similar results have been found
into account, and 26 % with the samples precipitation pos-with the samples indicating precipitation possible included).
sible included. The spatial pattern of the precipitation fre- In peripheral areas (surface elevatiar2250 m), mixed pre-
guency shows two distinct regions. The first area includes theipitation represents 0.63 % and rain 0.15 % of the precipita-
West Antarctic ice sheet and the peripheral part of the Eastion occurrence. Relatively more liquid and mixed precipita-
Antarctic ice sheet, which corresponds approximately to thetion occurs over the Peninsula compared to the rest of the ice
part of the continent with surface elevation below 2250 m.sheet (mixed precipitation represents 4.10 %, and rain 1.32 %
In this region, relatively high precipitation frequency is ob- of the precipitation occurrence over this region). Further-
served by CloudSat (between 22 and 34 %, depending omore, on the Antarctic plateau (surface elevatiop250 m),
whether the samples precipitation possible are taken into acall the precipitation is solid.
count). The second region is the Antarctic plateau in East Because snowfall rate in the 2C-SNOW-PROFILE product
Antarctica (with surface elevatian 2250 m), where the pre- is only estimated when the melted fraction is assessed to be
cipitation frequency observed by CloudSat is much lowerless than or equal to 0.1, this product is well-suited to exam-
(between 5 and 19 %). Figukshows the parts of the ice ining precipitation over Antarctica. FiguBshows the mean
sheet with surface elevation over and below 2250 m, derivecannual snowfall rate, the single retrieval snowfall rate uncer-
from combined satellite radar and laser d&artiber et al.  tainty, and the ratio of the single retrieval uncertainty over the
2009. Each part represents 50 % of the surface of the Antarcsnowfall rate from the 2C-SNOW-PROFILE data. The mean
tic ice sheet (including the part of the continent between 82snowfall rate observed by CloudSat on the Antarctic conti-
and 90 S). nent (latitude< 82° S) is 171 mm water equivalent (w.e.) per

In Fig. 2, map(c) shows the number of samples indicating year. However, the spatial pattern of the snowfall rate shows
precipitation possible over the number of samples indicatingconsiderable differences between West Antarctica and East
precipitation possible and certain. While over the peripheryAntarctica. In West Antarctica, the mean annual snowfall rate
of the ice sheet, most of the precipitation events detected ariss 303 mmw.e. per year, compared to 118 mmw.e. per year
sorted as certain, most of the samples indicating precipitatiorin East Antarctica. Furthermore, the mean snowfall rate over
are sorted as possible in the interior. Near-surface reflectivitythe peripheral part of the ice sheet (with surface elevation
is sensitive to the size of hydrometeors, and on the plateaux 2250 m) is 303 mmw.e. per year, compared to 36 mmw.e.
particles are probably too small to increase the near-surfacper year for the interior of the ice sheet (with surface eleva-
reflectivity above the threshold precipitation certain. The re-tion > 2250 m).
flectivity thresholds applied in this algorithm could be too  The map of the snowfall rate uncertainty in Fyrepre-
high for this kind of precipitation. sents the mean value of the single retrieval uncertainty for all

the snowfall rate retrievals from August 2006 to April 2011.

The Cryosphere, 8, 15774587, 2014 www.the-cryosphere.net/8/1577/2014/
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Snowfall rate (mm/year) Snowfall rate uncertainty (mm/year) Uncertainty / Snowfall rate
0 0 0

a)

Figure 3. (a) Mean annual snowfall rate (mm water equivalent/year) from the 2C-SNOW-PROFILE product for the period August 2006—
April 2011. (b) Mean single retrieval uncertainty from the 2C-SNOW-PROFILE product for the period August 2006—April(2DThe
ratio of the single retrieval uncertainty over the snowfall rate.

These are the expected uncertainties for individual snowfallTable 1. Comparison between the precipitation samples from
rate retrievals and, as noted earlier, likely consist of bothCloudSat and ERA-Interim reanalysis at Dumont d'Urville for the
random and systematic components. Considering the maperiod August 2006-April 2011. In ERA-Interim reanalysis, pre-
in Fig. 3, 2C-SNOW-PROFILE product provides a snowfall cipitation events were defined for a precipitation rate over 0.07 mm
rate uncertainty between 1.5 and 2.5 times the snowfall rat@er 6 h. The success rate is the proportion of samples indicating a
for 4.7 years of certain data accumulated on the 2° grid situation (precipitation/no precipitation) that match the same situa-

boxes. This relative uncertainty is particularly hiah on thetion in ERA-Interim. For the precipitation possible, the success rate
' yIsp y hig is the proportion of samples indicating precipitation possible that

Ant_arctic plateau and_ the Peninsul_a, and it is Iow_er on the, tch precipitation events in ERA-Interim.
peripheral part of the ice sheet and in West Antarctica. When

calculating mean values with a large number of observations, ~ patection Number of  Success rate
the standard error of the mean decreases as the number of samples

samples increases. Therefore, in this study, the uncertainty of

a 4.7-year mean snowfall rate should be fairly small. How- Eeriqd_wit'hout precipitation 28655 312://"
ever, the real snowfall rate uncertainty on the entire CloudSat recipitation certain >
L . - Precipitation possible 38 55%
period is difficult to assess because the relative contribution
of systematic and random errors remains unknown.
3.2 Comparison of the CloudSat products to Comparisons of the ERA-Interim reanalysis data at Du-
ERA-Interim reanalysis mont D’Urville station against the precipitation samples

from CloudSat were used to establish a precipitation rate
Table1 shows a comparison between ERA-Interim reanaly-threshold for comparing the data sets. This threshold is nec-
sis and the precipitation samples from CloudSat at the Frenclessary because the ERA-Interim precipitation rates were
station Dumont d’Urville (Figl). The nearest grid cell of the  strictly positive 60 % of the time between 2006 and 2011
ERA-Interim reanalysis has been taken into account for com-at Dumont D’Urville station (for comparison, the precipi-
paring the data sets. The ability of ERA-Interim to representtation frequency from CloudSat at Dumont d'Urville is be-
precipitation in Antarctica is not yet well-known, but it is tween 22 and 32%). A threshold of 0.07mm per 6h for
expected that observations assimilated in the model help tthe ERA-Interim precipitation rates was found empirically
constrain the forecasts. It is important to note that CloudSato give good agreement with the CloudSat precipitation sam-
observations are not used to produce ERA-Interim reanalyples; 0.07 mm per 6 h corresponds to the threshold for which
sis (Dee et al. 2011). Surface observations and radiosound- the highest Heidke skill scor&arnston 1992 has been ob-
ings are performed at Dumont d’Urville and assimilated in tained.
ERA-Interim. Humidity profiles, obtained by radiosounding, = From 2006 to 2011, 67 % of the time, the ERA-Interim
influence the forecasts used to predict precipitation in ERA-precipitation rates at Dumont D’Urville were below this rate.
Interim. Therefore, precipitation predicted by ERA-Interim During this period, for the 265 samples that indicate no pre-
should be relatively more reliable at Dumont d’Urville than cipitation, 92 % match with no precipitation in ERA-Interim.
at other sites, where no observation is available. Furthermore, for the 38 samples indicating precipitation

www.the-cryosphere.net/8/1577/2014/ The Cryosphere, 8, 151587, 2014
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Heidke skill score Periods without precipitation (%)
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Figure 4. Comparison between the precipitation samples from CloudSat and ERA-Interim reanalysis for the period August 2006—April
2011. In ERA-Interim reanalysis, precipitation events were defined for a precipitation rate over 0.07 mm fex ledidke skill score
assessed using samples indicating precipitation certain and period without precipibgtRroportion of samples indicating periods without
precipitation that match periods without precipitation in ERA-Inter{@).Proportion of samples indicating precipitation certain that match
precipitation events in ERA-Interin{d) Proportion of samples indicating precipitation possible that match precipitation events in ERA-
Interim.

possible, 55% match with a precipitation event in ERA- threshold in the interior of the ice sheet tends to be higher
Interim. And for the 85 samples indicating precipitation cer- than 0.07 mm per 6 h, while the precipitation rate is smaller
tain, the success rate was 91 %. in this region. That is why we chose to keep the same thresh-
A similar comparison at the continent scale is shown inold for the whole continent as that determined at Dumont
Fig. 4. To compare the data sets, ERA-Interim reanalysesd’Urville.
have been interpolated on the saniex2° grid as Cloud- Overall, the success rate for the samples precipitation cer-
Sat. The threshold used in ERA-Interim was the same as fotain and precipitation possible is better near the coast than
Dumont d’Urville (0.07 mm/6 h). The value of the appropri- in the interior of the ice sheet. It could be due to the thresh-
ate threshold seems to depend on the location in Antarcticapld applied to ERA-Interim precipitation, which could be too
and it is probably lower where the precipitation rate is small. high for the Antarctic interior. Moreover, shallow precipita-
The method used for determining the threshold at Dumonttion missed by CloudSat, and the weak reflectivity of small
d’'Urville (highest Heidke skill score obtained for this thresh- hydrometeors in the interior, could contribute to this differ-
old) has been tested in the interior of the ice sheet. Thisnce.
method tends to maximize the success rate of the different Figure4 also shows a map of the Heidke skill score. The
classes according to the number of samples in each class. Béleidke skill score measures the accuracy of forecasts rela-
cause there are less samples indicating precipitation certaitive to random forecastB@arnston 1992. It can vary be-
in the interior of the ice sheet compared to the total num-tween —1 and 1. A Heidke skill score equal to 0 means
ber of samples (Fig2c), it tends to maximize the success that forecasts are as good as random, and it is equal to 1
rate for the class “periods without precipitation”. Thus, the for perfect forecasts. If the Heidke skill score is positive,

The Cryosphere, 8, 15774587, 2014 www.the-cryosphere.net/8/1577/2014/
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CloudSat ERA interim ERA interim (sampling of CloudSat)
Snowfall rate (mm/year) Snowfall rate (mm/year) Snowfall rate (mm/year)
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Figure 5. (a) Mean annual snowfall rate (mm water equivalent/year) from CloudSat from August 2006 to April @)Mean annual
snowfall rate (mm water equivalent/year) from ERA-Interim reanalysis from August 2006 to April @)Mean annual snowfall rate (mm
water equivalent/year) from ERA-Interim with the same temporal sampling as CloudSat.

Table 2. Comparison between the snowfall rate (mm Yée)rfrom CloudSat and ERA-Interim reanalysis for the period August 2006—April
2011, and the accumulation rate (mm yeYrfrom Arthern et al.(2006 for the period 1950—2000. All the rates given in this table are
averaged over the surface observed by CloudSat (lattB® S).

Continent  Altitude> 2250m  Altitude< 2250 m

Snowfall rate from CloudSat 171 36 303
Snowfall rate from ERA-Interim 163 49 273
Snowfall rate from ERA-Interim (sampling of CloudSat) 163 53 271
Accumulation rate fromfArthern et al. 163 81 243

the forecasts are better than random forecasts. Here, sam- A comparison between the snowfall rate observed by
ples indicating precipitation certain and period without pre- CloudSat and simulated by ERA-Interim is shown in Fig.
cipitation are used. Figukeshows better agreement between and in Table2. For this comparison, a map with the same
CloudSat and ERA-Interim (higher Heidke skill score) over temporal sampling as CloudSat has been created. Every time
peripheral areas than over the interior. a grid cell has been overflown by CloudSat, the correspond-
Even if precipitation is not assimilated in ERA-Interim, ing time step in ERA-Interim has been retained. This data set
observations assimilated, such as humidity profiles, are moréas been created in order to test if the temporal sampling of
numerous in peripheral areas than in the Antarctic interior.CloudSat may result in a bias for the period August 2006—
Observations of wind, pressure, and temperature further helgpril 2011.
constrain the strength and timing of the perturbations and The snowfall rates from ERA-Interim with the same tem-
thus that of the precipitation events. Perturbations are fainteporal sampling as CloudSat and from the full ERA-Interim
when they reach the interior and, as there are less observalata set are similar (163 mmw.e. per year for both data sets
tions available, they are less efficient at controlling the oc-over the Antarctic continent north of 83). The snowfall
currence and timing of precipitation through assimilation. rate from ERA-Interim with the same temporal sampling
Therefore, ERA-Interim should be more reliable in periph- as CloudSat is slightly stronger over the interior of the ice
eral areas than on the Antarctic plateau. This could helpsheet (53 compared to 49 mmw.e. per year), and slightly
explain why there is better agreement between CloudSakower over the periphery (271 compared to 273 mmw.e. per
and ERA-Interim in peripheral areas than in the interior of year). These are considered marginal differences, and tem-
the ice sheet. However, agreement between CloudSat angoral sampling of CloudSat does not seem to be an issue.
ERA-Interim is good over West Antarctica, where there are Over the Antarctic continent (latitude 82° S), the mean
less observations assimilated than over peripheral areas ahowfall rate is 171 mmw.e. per year for CloudSat and
East Antarctica. Overall, there is better agreement where th&63 mmw.e. per year for ERA-Interim. The snowfall rate ob-
snowfall rate is high. served by CloudSat and predicted by ERA-Interim are rel-
atively similar over the ice sheet, except over parts of the
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Snowfall rate/Accumulation ditionally, modeling studies have suggested that deposition

0 (inverse sublimation) could be stronger than evaporation at
some locations in the interior of the ice she®efthon and
Krinner, 2001). Thus, hoarfrost formation could contribute
significantly to the accumulation, and precipitation could be
lower than accumulation in these regions.

Ground-based measurements used to produce the accumu-
lation map fromArthern et al.(2006 were not filtered ac-
cording to their accuracy, and some measurements have been
found to be unreliableMagand et a].2007). Genthon et al.
(20098 have shown that the unreliability of some in situ ob-
servations used bjrthern et al.(2006 would lead to an
T overestimated accumulation in the interior of the ice sheet.
002505075 1 15 2 5 10 20 Thus, the accumulation frorrthern et al.(2006 could be

overestimated in this region. Moreovitagand et al(2009

Figure 6. Map: ratio of the snowfall rate observed by CloudSat for : : : .
the period August 2006—April 2011 over the accumulation rate de-have shown that the interpolation based on microwave sur

termined byArthern et al.(2006 for the period 1950-2000 (the face emlsismn usef(? b%(rtget:n et TI&ZOQ@ Cs n be inaccurate
isoline 1 is shown on the map). Dots: ratio of the snowfall rate ob- In coastal areas affected by meit during the summer.

served by CloudSat for the period August 2006-April 2011 overthe Favier et al.(2013 assembled a surface mass balance
accumulation rate frorFavier et al(2013. database in which ground-based measurements have been

sorted into three classes according to their accuracy. Obser-

vations sorted in the most reliable class for the 20th cen-
Peninsula, the Vinson massif (78, 85 W), and the Prince  tury by Favier et al.(2013 have been used in this study.
Charles Mountains (around 78, 65 E), where the snow- The ratio of the snowfall rate observed by CloudSat over
fall rate from CloudSat is significantly stronger. Orographic the accumulation fronfavier et al.(2013 is reported on
precipitation could be seen by CloudSat, but not predictedhe map of Fig.6. When several values of accumulation
by ERA-Interim due to the difference in spatial resolution are given in the database &avier et al.(2013 for the
between both data sets. However, ground clutter should b&ame grid cell of 1 x 2°, the mean value for the grid cell is
stronger over mountainous areas than over flat terrain, anghown in Fig.6. Overall, the comparison between the snow-

may induce a spuriously high snowfall rate. fall rate from CloudSat and the accumulation frdravier
et al. (2013 confirms the results from the comparison with

3.3 Comparison of the snowfall rate from CloudSat the accumulation map oArthern et al.(200§. However,
to surface mass balance observations in some grid cells, accumulation is not spatially homoge-

neous, and a few in situ measurements can sometimes be

Table 2 and Fig.6 show a comparison between the snow- non-representative of the mean accumulation in the grid cell.
fall rate obtained by CloudSat for the period August 2006—For instance, there is only one value of accumulation for the
April 2011, and the accumulation rate assessed\ftiern three red dots of Figé showing the largest ratio between
et al.(2009 for the period 1950-200@&rthern et al.(2006 the snowfall rate from CloudSat and the accumulation from
used in situ glaciological measurements to assess the acciavier et al(2013.
mulation, and passive radiometer data (AMSR-E) which are
sensitive to snowpack characteristics for interpolating their
results. 4 Discussion and conclusion

Assuming that accumulation has not significantly changed
during the last 50 yeardMonaghan et al.2006a Frezzotti A climatology of the Antarctic precipitation, the single most
etal, 2013, the accumulation fromArthern et al (2006 rep- important positive term of the ice sheet mass balance, has yet
resents 95 % of the snowfall over the Antarctic ice sheet northo be established from observations. Filling this gap, Antarc-
of 82° S. The snowfall rate observed by CloudSat is highertic precipitation features such as the frequency, the phase, and
than the accumulation over the periphery of the ice sheetthe snowfall rate have been determined here using CloudSat
which is expected due to the negative contribution to accuproducts. CloudSat is the first spaceborne radar to be able
mulation of sublimation, melt/run-off, and blowing snow. to observe precipitation in AntarcticBgening et al.2012),

However, the snowfall rate observed by CloudSat is lowerand its potential is confirmed here. The mean snowfall rate
than the accumulation in the interior. Snowfall rate assessefrom August 2006 to April 2011 is 171 mm yedrover the
by CloudSat over the interior of the ice sheet may be un-Antarctic ice sheet north of 85. Expectedly, the observed
derestimated due to shallow precipitation missed by Cloud-surface accumulation of snow is, on average, less than snow-
Sat and the weak reflectivity of small hydrometeors. Ad- fall. However, it appears to exceed snowfall in areas of lesser
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precipitation, where uncertainties on both precipitation and2003. In addition to the reflectivity profiles, EarthCARE will
accumulation reports are largest. A significant contributionmeasure the vertical Doppler velocity, which will allow ac-
of hoarfrost to the surface mass balance of these areas mayess to new information about the cloud particles. Moreover,
not be excluded. it will have a better sensitivity than CloudSat35dBZ,
However, due to assumptions about particle size distribucompared to-28 dBZ for CloudSat), and a better sampling
tion, particle masses, shapes, and fall speeds, snowfall ratésterval (100 m, compared to 250 m for CloudSadt)akat-
assessed in the 2C-SNOW-PROFILE product have large unsuka et al.2008. In situ observations are highly desirable to
certainties. In the 2C-PRECIP-COLUMN data set, a largeevaluate and improve remote sensing techniques for Antarc-
number of samples are sorted as “precipitation possible”tic precipitation studies, and could be very useful during
This leads to a considerable range of precipitation frequencythe EarthCARE mission. Future spaceborne radar missions
even if the frequency estimated is probably more reliableshould allow us to determine whether Antarctic precipitation
than the snowfall rate. Moreover, on the Antarctic plateau,is increasing due to global warming, as predicted by models.
the 2C-PRECIP-COLUMN algorithm may have difficulties
in distinguishing precipitating from non-precipitating hy-
drometeors due to their small particle size. The Supplement related to this article is available online
CloudSat is likely more accurate in peripheral areas thart doi:10.5194/tc-8-1577-2014-supplement
in the interior. Shallow precipitation{1300 m), missed by
CloudSat, could be an important contribution to precipita-
tion on the Antarctic plateau. Therefore, the precipitation fre-
qgency_and the snowfall rate could be underestimate_d_ov_e};cknowIeolgementsThiS study was supported by the
this region. Conversely, because near surface reflectivity i$ erg/cL APA programme (Institut National des Sciences de
measured about 1300 m over the surface, blowing snow i$univers). This work was partially supported by funding from the
not confounded with precipitation in peripheral areas, which|CE2SEA programme of the European Union 7 framework pro-
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