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A B S T R A C T
Recent precipitation observations provided by CloudSat are used to evaluate the ability of various meteorological analyses and reanalyses to reproduce Antarctic snowfall. The performance of the ECMWF Interim
Re-Analysis (ERA Interim), the Climate Forecast System Reanalysis (CFSR), the Japanese 55-year Reanalysis
(JRA55), the Modern Era Retrospective-Analysis for Research and Application (MERRA), and the Modern Era
Retrospective-Analysis for Research and Application 2 (MERRA-2), as well as ECMWF operational analyses
are compared over the 2007–2010 period. The mean snowfall rate over Antarctica north of 82 ◦ S simulated
by the reanalyses between 2007 and 2010 ranges from 165 to 225 mm per year, while CloudSat observations
indicate a value of 172 mm per year. ERA Interim produces the closest match to the observed snowfall rate,
but all the reanalyses reproduce well the seasonal and interannual variability of Antarctic snowfall reported
in CloudSat observations.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
The surface mass balance (the sum of precipitation, sublimation/evaporation, meltwater runoff, and blowing snow) of the
Antarctic ice sheet is expected to increase during the 21st century
(Frieler et al., 2015; Gregory and Huybrechts, 2006), which should
moderate the future contribution of the ice sheet to sea level rise.
However, no signiﬁcant trend in surface mass balance is visible for
the last decades from reanalysis data and observations for the entire
Antarctic ice sheet (Frezzotti et al., 2013; Monaghan et al., 2006).
In Antarctica, where in-situ observations are sparse, meteorological reanalyses represent a valuable source of information to study
the climate of the last decades, and have been used in several studies
to characterize snow accumulation (Bromwich et al., 2011; Marshall,
2009; Monaghan et al., 2006). Bromwich et al. (2011) have evaluated Antarctic snow accumulation (deﬁned as precipitation minus
evaporation/sublimation) in several meteorological reanalyses using
the map of surface mass balance computed by Arthern et al. (2006)
from in-situ measurements and extrapolated with remote sensing
observations. They concluded that ERA Interim likely offers the most
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realistic representation of snow accumulation changes in Antarctica
during the period 1989–2009 among various reanalysis datasets.
Nevertheless, some processes such as meltwater runoff and blowing
snow are not taken into account in the assessments of snow accumulation in the reanalyses, and can induce bias when comparing the
reanalyses with surface mass balance observations.
The ability of meteorological analyses to reproduce Antarctic precipitation, the main term of surface mass balance, remains poorly
known due to a lack of in-situ observations (there is no precipitation
gauge network in Antarctica). Remote sensing observations of precipitation have recently become available in Antarctica (up to 82 ◦ S)
with the data provided by the CloudSat satellite (Liu, 2008; Stephens
et al., 2008), and Palerme et al. (2014) have generated the ﬁrst modelindependent and multi-year climatology of Antarctic precipitation
(up to 82 ◦ S) using two new CloudSat products. In a recent study,
Behrangi et al. (2016) have evaluated high latitude precipitation
reproduced by various reanalysis datasets, and they suggest that ERA
Interim is the closest reanalysis compared to CloudSat observations
for Antarctic precipitation.
In this study, we have used the new satellite climatology produced by Palerme et al. (2014) to evaluate Antarctic snowfall in
various meteorological reanalysis datasets: the European Centre for
Medium-range Weather Forecasts (ECMWF) Interim reanalysis (ERA
Interim), the National Centers for Environmental Prediction (NCEP)
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Climate Forecast System Reanalysis (CFSR), the Japan Meteorological
Agency (JMA) 55-year Reanalysis (JRA55), the National Aeronautics
and Space Administration (NASA) Modern Era Retrospective Analysis
for Research and Applications (MERRA), and Modern Era Retrospective Analysis for Research and Applications 2 (MERRA-2). Although
the ECMWF operational analyses are less interesting for climate
studies due the constant improvements in spatial resolution, as well
as in the model physics and the data assimilation scheme, they have
also been compared to the CloudSat observations because ECMWF
operational analyses are produced using the latest physics and a better spatial resolution than ECMWF reanalyses. This study focuses on
the Antarctic continent with a higher level of details on the spatial
pattern and the seasonal cycle of precipitation compared to the survey of Behrangi et al. (2016). Moreover, the interannual variability
of the snowfall rate and the atmospheric moisture budget are also
analyzed here, and several datasets examined in this study have not
been evaluated by Behrangi et al. (2016) (CFSR, JRA55, MERRA-2, and
ECMWF operational analyses).
The datasets and the methods used in this study are presented in
Section 2. In Section 3, Antarctic snowfall simulated by the meteorological reanalyses is examined and compared to CloudSat observations. The spatial pattern of the snowfall rate, the seasonality, and the
interannual variations between 2007 and 2010 of the snowfall rate
are evaluated in this section. Moreover, the atmospheric moisture
budget is also analyzed in Section 3. The discussion and conclusions
about the reliability of the reanalyses used in this study are provided
in Section 4.

2. Data and methods
The CloudSat 2C-SNOW-PROFILE product (Wood et al., 2016),
that provides instantaneous assessments of snowfall since August
2006, has been processed on a 1◦ (latitude) × 2◦ (longitude) grid to
generate a map of the snowfall rate in Antarctica as described by
Palerme et al. (2014). The period 2007–2010 is used in this study
to consider all the full years available in the CloudSat observations
(CloudSat lost its nighttime observing capability in April 2011 due to
battery problems). It has been shown that the spatiotemporal sampling of CloudSat is suﬃcient to map the snowfall rate during the
period August 2006 to April 2011 over a 1◦ × 2◦ grid (Palerme et
al., 2014). It is assumed in this study that the spatiotemporal sampling of CloudSat is also suﬃcient to map the snowfall rate during
the 2007–2010 period due to the small difference in the number of
samples per grid cell between both periods. It should be noted that
Behrangi et al. (2016) used a different spatial resolution (2.5◦ × 2.5◦
grid) and a different spatial coverage (north of 80 ◦ S in Behrangi
et al. (2016) compared to north of 82 ◦ S here), which can explain
the slightly larger mean snowfall rate from CloudSat observations
reported by Behrangi et al. (2016) during the period 2007–2010
(178 mm per year compared to 172 mm per year here). In the 2CSNOW-PROFILE algorithm, the phase of precipitation is determined
using the near-surface air temperature estimated by ECMWF operational analyses, and the snowfall rate is estimated if the melted
fraction of precipitation assessed is below 10% (Wood et al., 2016).
Given the lack of surface observations spanning the entire ice
sheet, the uncertainty on this new climatology cannot be easily
assessed, but Boening et al. (2012) have shown that the snowfall
rate observed with CloudSat agrees well with independent estimates
of ice mass changes from GRACE over Dronning Maud Land (East
Antarctica). However, there are also substantial uncertainties in
the retrievals of ice mass changes from GRACE, such as issues
relative to glacial isostatic adjustment (Paulson et al., 2007). Groundbased radars have recently been set up in Antarctica in order to
evaluate CloudSat snowfall retrievals, and the analysis of the results
is currently in progress. Recent studies have evaluated the snowfall
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retrievals from the 2C-SNOW-PROFILE product using ground-based
radar networks as reference over the United States (Cao et al., 2014;
Chen et al., 2016) and Sweden (Norin et al., 2015). These comparisons
have suggested that the 2C-SNOW-PROFILE algorithm performs well
for light precipitation, but tends to underestimate snowfall rates
for moderate and heavy snowfall (Cao et al., 2014; Chen et al.,
2016; Norin et al., 2015). This should not be an important issue in
Antarctica due to the low snowfall rates observed on the ice sheet
(Palerme et al., 2014). Furthermore, it has also been shown that the
phase discrimination of the 2C-SNOW-PROFILE algorithm is in good
agreement with ground-based radar observations (Chen et al., 2016).
The analyses and reanalyses, by combining numerical weather
forecasts with historical meteorological observations, provide valuable information for investigating the climate of the last decades. It
is important to note that these observations do not include precipitation. During the reanalysis period, the forecast models and data
assimilation schemes are frozen, but the observations assimilated
may change which can induce spurious shifts in the forecasts.
Table 1 shows the main characteristics of the reanalyses used
in this study. The spatial resolution of the reanalyses ranges from
T255 (≈80 km) in ERA Interim (Dee et al., 2011) to T382 (≈38 km)
in CFSR (Saha et al., 2010). CFSR differs from other reanalyses by
using a coupled atmosphere-ocean-sea ice-land model for its forecasts (Saha et al., 2010). The reanalyses employ different physics
parameterizations and data assimilation schemes. JRA 55 (Kobayashi
et al., 2015) and ERA Interim (Dee et al., 2011) implement fourdimensional variational data assimilation (4D-Var) to account for the
temporal evolution of the observations within the assimilation window, while the other reanalyses use three-dimensional variational
data assimilation (3D-Var).
Two reanalysis datasets produced by the National Aeronautics
and Space Administration (NASA) are examined in this study: MERRA
and MERRA-2. They use a 3D-Var assimilation system with the
Incremental Analysis Update (IAU) which allows a smooth transition
from the model state toward the observed state (Rienecker et al.,
2011). In particular, this has improved the problem of spin-up of
precipitation. MERRA-2 has been produced more recently and has
numerous improvements concerning the model and the data assimilation (Bosilovich et al., 2015). In particular, the atmospheric water
budget is now balanced on yearly time scales by construction (Takacs
et al., 2016). Moreover, MERRA-2 assimilates recent observations
that were not available when MERRA entered production (Bosilovich
et al., 2015).
The operational analyses produced by ECMWF had a spatial resolution from T799 (≈25 km) to T1279 (≈16 km) between 2007 and
2010 (www.ecmwf.int). They have been produced using a 4D-Var
assimilation system and a more developed physics than ERA Interim
reanalyses. The better spatial resolution of ECMWF operational
analyses compared to the reanalyses is expected to have an inﬂuence
on precipitation forecasts in Antarctica due to the strong precipitation gradients between coastal and inland regions (Bromwich, 1988).
These two regions (Fig. 1, lower right corner) can be separated by the
median altitude of the ice sheet (2250 m), and have been examined
separately in this study. Over peripheral areas, where most of the
precipitation falls (Bromwich, 1988; Palerme et al., 2014), precipitation is mainly inﬂuenced by synoptic-scale depressions (Bromwich,
1988). The high interior plateau is characterized by very weak precipitation rates due to very low temperatures and a larger distance
from the ocean. Furthermore, a potentially important fraction of
the precipitation falls under clear-sky conditions over this region
(Bromwich, 1988; Fujita and Abe, 2006).
In order to compare the reanalyses to the CloudSat observations,
all the datasets have been interpolated on a 1◦ (latitude) × 2◦
(longitude) grid. Moreover, because CloudSat observations do not
cover the area between 82 ◦ S and the pole, the precipitation and the
snowfall rates from the reanalyses were averaged over the Antarctic
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Table 1
Characteristics of the reanalyses used in this study. For the ECMWF operational analyses, the characteristics of the version of the model during the period 2007–2010 are given in
this table.
Name

Reference

Horizontal resolution

Vertical levels

Assimilation system

CFSR
ERA Interim
JRA55
MERRA
MERRA-2
ECMWF operational analyses

Saha et al. (2010)
Dee et al. (2011)
Kobayashi et al. (2015)
Rienecker et al. (2011)
Bosilovich et al. (2015)

T382 (≈38 km)
T255 (≈80 km)
T319 (≈55 km)
0.5◦ × 0.67◦ (≈55 km)
0.5◦ × 0.625◦ (≈55 km)
From T799 to T1279 (from 25 to 16 km)

64
60
60
72
72
91

3DVAR
4DVAR
4DVAR
3DVAR
3DVAR
4DVAR

continent up to 82 ◦ S in this study. Furthermore, when the land/sea
mask was applied, the precipitation rate was weighted according to
the land fraction in the grid cell for grid boxes containing both land
and ocean.
3. Results
3.1. Mean snowfall rate
The mean snowfall rates simulated by the meteorological reanalyses and the ECMWF operational analyses are compared to CloudSat
observations in Figs. 1 and 2. Over the Antarctic continent (north
of 82 ◦ S), all the reanalysis datasets, except ERA Interim, produce a
snowfall rate higher than the rate obtained from CloudSat observations (172 mm per year). ERA Interim produces the closest snowfall
rate (165 mm per year) to the CloudSat observations, and ECMWF
operational analyses simulate a snowfall rate (185 mm per year)
slightly larger than the rate observed with CloudSat. The highest
snowfall rate is simulated by MERRA-2 (225 mm per year).
It should be noted that CloudSat observations are affected by
ground clutter, which obscures the snowfall events occurring in the
ﬁrst 1200 m above ground level in the 2C-SNOW-PROFILE algorithm
(Wood et al., 2016). This may explain why CloudSat observations

indicate a snowfall rate lower than the other datasets in the interior
of the ice sheet, where a potentially signiﬁcant fraction of the precipitation falls under clear sky conditions (Bromwich, 1988; Fujita and
Abe, 2006), and could be formed in the ﬁrst kilometer above ground
level.
The total precipitation rate (rain + snowfall) produced by the
reanalyses and the ECMWF operational analyses is also shown in
Fig. 2. The intensities of rain and mixed phase precipitation are not
available in CloudSat products (2C-SNOW-PROFILE product provides
a snowfall rate only when the melted fraction of precipitation is
below 10%), which prevents direct comparisons of the fraction of
liquid precipitation in the reanalyses with CloudSat observations.
The difference between the precipitation and the snowfall rates,
indicating the fraction of liquid precipitation, is negligible over the
Antarctic continent (up to 82 ◦ S) in CFSR, JRA55, MERRA, and MERRA2. However, the fraction of liquid precipitation is about 1% in ECMWF
operational analyses, and 5% in ERA Interim. Liquid precipitation is
particularly important in ERA Interim over peripheral areas, where
it contributes to about 6% of the total precipitation. However, these
results must be taken with caution because the deﬁnition of the
snowfall variable differs between the datasets. For example, in ERA
Interim, when mixed precipitation occurs, the melted fraction of
precipitation is taken into account in the rain variable, while the

Fig. 1. Mean snowfall rate during the period 2007–2010 (mm water equivalent per year). The regions with surface elevation higher than 2250m (black) and lower than 2250m
(purple) are shown on the last map (lower right corner).
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Fig. 2. Mean precipitation (black) and snowfall (green) rates during the period 2007–2010 (mm water equivalent per year). For CloudSat, the red bars show the mean snowfall
rate. a) Antarctic continent (north of 82◦ S). b) Peripheral regions of the ice sheet with surface elevation lower than 2250 m (north of 82◦ S). c) High Antarctic plateau with surface
elevation higher than 2250 m (north of 82◦ S).

solid fraction is considered as snowfall. Therefore, most of the difference between the precipitation and the snowfall rates could be
due to mixed precipitation in ERA Interim. In CFSR, snow product is
categorical: it excludes events with even the slightest melt fraction
and hence underestimates the snowfall compared to the other
reanalyses. The variable we used for CFSR instead is precipitation
minus rain.
3.2. Seasonal and interannual variability
Fig. 3 shows the seasonal variability of the snowfall rates simulated by the reanalyses, ECMWF operational analyses, and observed
with CloudSat. Overall, the different datasets produce similar
seasonal cycles in snowfall rate over the Antarctic continent (up to
82 ◦ S), with higher snowfall rates in March-April-May (MAM) and
June-July-August (JJA), and the minimum snowfall rate in DecemberJanuary-February (DJF). In CloudSat observations and JRA55, the

season with the highest snowfall rate is MAM, followed by JJA,
whereas all the other datasets produce the maximum snowfall rate
in JJA, followed by MAM. Nevertheless, the differences between the
two seasons with the highest snowfall rates are small in all the
datasets, and the standard deviation of the snowfall rate during the
seasons MAM and JJA is higher than the difference of the mean snowfall rate between these two seasons in all the datasets. Overall, there
is a good agreement between the different datasets for the spatial pattern of the seasonal cycle in snowfall rate (Fig. 4). However,
the different datasets differ in their seasonal cycle on the Antarctic
plateau. The seasonal cycle from CloudSat observations is completely
different from the seasonal cycle reproduced by the reanalyses in
the interior of the ice sheet, with a particularly high snowfall rate
in DJF, and a particularly low snowfall rate in JJA compared to the
reanalyses.
Interannual variations of the snowfall rate between 2007 and
2010 are shown in Fig. 5 and in Fig. 6. Over the Antarctic continent

Fig. 3. Seasonal variability of the snowfall rate during the 2007–2010 period. a) Seasonal variability of the snowfall rate (mm per month) on the Antarctic continent (north of
82 ◦ S). The vertical bars represent the standard deviation of the snowfall rate for each season between 2007 and 2010. The different datasets are shifted for more clarity, but the
same time periods (December-January-February, March-April-May, June-July-August, and September-October-November) are used for all the datasets. b) Seasonal variability of
the snowfall rate (% compared to the mean annual snowfall rate) on the Antarctic continent (north of 82 ◦ S). c) Seasonal variability of the snowfall rate (% compared to the mean
annual snowfall rate) on the peripheral regions of the ice sheet with surface elevation lower than 2250 m (north of 82 ◦ S). d) Seasonal variability of the snowfall rate (% compared
to the mean annual snowfall rate) in the interior regions of the ice sheet with surface elevation higher than 2250 m (north of 82 ◦ S).
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Fig. 4. a) Snowfall anomalies (%) for each season during the period 2007–2010 deﬁned as 100 ×
SF2007–2010 the mean snowfall rate during the period 2007–2010.

SFseason −SF2007–2010
SF2007–2010

with SFseason the snowfall rate during the season analyzed, and

C. Palerme et al. / Atmospheric Research 190 (2017) 104–112

(up to 82 ◦ S), all the datasets produce the highest snowfall rate
in 2009 (Fig. 5). The snowfall rate in 2009 is particularly high on
the Antarctic plateau compared to the mean snowfall rate between
2007 and 2010. Fig. 6 shows that the spatial pattern of the interannual variations of the snowfall rate produced by the reanalyses
and ECMWF operational analyses is also similar to the spatial
pattern observed with CloudSat. Particularly strong precipitation
events occurred over Dronning Maud Land in 2009, which has been
observed with CloudSat (Boening et al., 2012), and simulated by all
the reanalyses and ECMWF operational analyses (Fig. 6). It has been
suggested that the El Niño Southern Oscillation (ENSO) has played
an important role in the formation of these strong snowfall events in
2009 (Boening et al., 2012).
The snowfall rates during the years 2009 and 2010 have been
compared in Fig. 6 in order to investigate the role of ENSO in the
snowfall observed with CloudSat and simulated by the reanalyses.
An El Niño event occurs in most of the year 2009, while a La
Niña event occurs in most of the year 2010. The comparison of
the two years shows an interesting spatial pattern: the locations of
the positive anomalies in 2009 correspond to the locations of the
negative anomalies in 2010 and vice versa. Genthon et al. (2003)
have suggested that in case of high Southern Oscillation Index (SOI),
which corresponds to a La Niña event, low pressure systems in the
Amundsen Sea tend to induce moisture advection changes in the
Amundsen Sea and West Antarctica. These changes in advection
of moisture should be associated with increased precipitation on
and east of the Peninsula, and decreased precipitation in the RossAmundsen sector (between 180 and 120◦ W). Conversely, in case of
El Niño event, there should be increased precipitation in the RossAmundsen sector and decreased precipitation on and east of the
Peninsula (Genthon et al., 2003). This is in accordance with the snowfall anomalies in Fig. 6 that are positive on and east of the Peninsula
and negative in the Ross-Amundsen sector in 2010, and of opposite
sign in 2009. These results suggest that ENSO could have played an
important role in the spatial distribution of Antarctic snowfall during
the years 2009 and 2010. Furthermore, CloudSat observations and all
the reanalyses capture well the snowfall variations associated with
the El Niño and La Niña events that occurred in these two years.
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ECMWF operational analyses differ from the other datasets with
a particularly low relative snowfall rate in 2007 and a particularly
high relative snowfall rate in 2010. This dataset also exhibits the
highest standard deviation (12.2 mm per year) for the snowfall rate
between 2007 and 2010. Continual reﬁnements to the ECMWF operational analysis model could induce varying bias when comparing
several years of forecasts, which could explain the different interannual variability produced by ECMWF operational analyses compared
to the other datasets. The interannual variations of the snowfall rate
produced by the reanalyses are similar to the interannual variability
observed with CloudSat, with a standard deviation ranging from 5.7
mm per year (ERA Interim) to 8.3 mm per year (MERRA). The standard deviation in CloudSat observations (8.7 mm per year) is similar
to the mean standard deviation from the reanalyses and ECMWF
operational analyses (8.4 mm per year).
In order to investigate the representativeness of the 2007–2010
period in a longer-term context, ERA Interim has been used to compare the 2007–2010 period to the 1979–2015 period. ERA Interim
has been chosen since it is the reanalysis that reproduces the closest snowfall rate to the CloudSat observations over the 2007–2010
period. At the continent scale, the mean snowfall rate from ERA
Interim is similar during the 2007–2010 period (165 mm per year)
and during the 1979–2015 period (164 mm per year). Furthermore,
the standard deviation of the snowfall rate from ERA Interim is also
similar during both periods, although it is slightly larger during the
1979–2015 period (7.6 mm per year) than during the 2007–2010
period (5.7 mm per year). Therefore, the 2007–2010 period can be
considered as relatively representative of a longer period in terms
of interannual variability of the snowfall rate at the scale of the ice
sheet.
3.3. Moisture budget
The atmospheric conservation of moisture implies that the sum
of vertically integrated moisture convergence and evaporation is
equal to precipitation. However, the moisture budget is usually not
closed in meteorological analyses due to the analysis increment associated with uncertainties in the observations and the predictions

Fig. 5. Interannual variations of the snowfall rate between 2007 and 2010. a) Interannual variability of the snowfall rate (mm per year) on the Antarctic continent (north of 82 ◦ S).
b) Interannual variability of the snowfall rate (% compared to the mean snowfall rate between 2007 and 2010) on the Antarctic continent (north of 82 ◦ S). c) Interannual variability
of the snowfall rate (% compared to the mean snowfall rate between 2007 and 2010) on the peripheral regions of the ice sheet with surface elevation lower than 2250 m (north of
82 ◦ ). d) Interannual variability of the snowfall rate (% compared to the mean snowfall rate between 2007 and 2010) in the interior regions of the ice sheet with surface elevation
higher than 2250 m (north of 82 ◦ S).
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SF
−SF2007–2010
Fig. 6. Snowfall anomalies for each year from 2007 to 2010, deﬁned as 100 × year
with SFyear the snowfall rate during the year analyzed, and SF2007–2010 the mean
SF2007–2010
snowfall rate during the period 2007–2010. The last map on the right shows the difference between the years 2009 and 2010.

(Trenberth et al., 2011). In Fig. 7, the precipitation rate produced by
the reanalyses has been compared to the sum of vertically integrated
moisture convergence and evaporation. ERA Interim is the dataset
with the smallest difference between precipitation and the sum of
moisture convergence and evaporation (2 mm per year). Furthermore, it is also the only reanalysis with precipitation lower than
the sum of moisture convergence and evaporation. The difference
between precipitation and the sum of moisture convergence and
evaporation is relatively low in MERRA and JRA55 (7 and 14 mm
per year respectively), but is higher in MERRA-2 and CFSR (31 and
48 mm per year respectively).

The data assimilation system used in the reanalyses could play
an important role in the conservation of moisture. Implementing a 4D-Var assimilation system should reduce the problem of
spin-up of precipitation compared to a 3D-Var assimilation system.
Among the reanalyses, only ERA Interim and JRA55 use a 4D-Var
assimilation system, and the difference between precipitation and
the sum of moisture convergence and evaporation is small in these
datasets. CFSR and MERRA-2, which use a 3D-Var assimilation, are
the two datasets with the largest difference between precipitation and the sum of moisture convergence and evaporation. However, the difference between precipitation and the sum of moisture

C. Palerme et al. / Atmospheric Research 190 (2017) 104–112
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Fig. 7. Mean precipitation rate (blue), mean evaporation rate (red), and vertically integrated moisture convergence (green) during the period 2007–2010 (mm water equivalent
per year) on the Antarctic continent (up to the pole).

convergence and evaporation is small in MERRA which uses a 3D-Var
assimilation system.

4. Discussion and conclusions
In this study, Antarctic snowfall produced by various global
meteorological reanalyses have been compared to CloudSat snowfall observations. ERA Interim and ECMWF operational analyses
reproduce the CloudSat observations of the mean snowfall rate
most closely in the peripheral and the interior regions of the ice
sheet. ERA Interim also produces consistent seasonal and interannual
variability, while the interannual variability simulated by ECMWF
operational analyses differs from the other datasets. Moreover, the
moisture budget from ERA Interim is almost closed (precipitation
is almost equal to the sum of moisture convergence and evaporation), and nearer to the equilibrium than in all the other datasets.
Therefore, ERA Interim can be considered as the most reliable
meteorological reanalyses for Antarctic precipitation, conﬁrming the
conclusions from Bromwich et al. (2011) and Behrangi et al. (2016).
However, ERA Interim produces a large fraction of liquid precipitation (5% on the Antarctic continent up to 82 ◦ S), while the fraction of
liquid precipitation is much smaller in ECMWF operational analyses
(1%), and in all the other meteorological reanalyses.
It has been suggested that ERA Interim has a dry bias over the
interior plateau (Bromwich et al., 2011). ERA Interim produces a
higher snowfall rate than the observed snowfall rate with CloudSat
over the interior plateau, but it is possible that the snowfall rate
from CloudSat observations is spuriously low in the interior of the
Antarctic ice sheet due to shallow precipitation that is obscured by
ground clutter. Furthermore, in some cases, the size of the hydrometeors over the Antarctic plateau may be too small to be detected as
precipitating particles in the CloudSat 2C-SNOW-PROFILE algorithm,
which would lead to an underestimation of the snowfall rate. Therefore, the current comparisons do not necessarily contradict the study
of Bromwich et al. (2011).
Overall, there is fair agreement between the reanalyses, ECMWF
operational analyses, and CloudSat observations for the seasonal
variability of Antarctic snowfall with higher snowfall rates in MAM
and JJA, and the minimum snowfall rate in DJF. Nevertheless, the seasonal variability over the Antarctic plateau observed with CloudSat
differs from the seasonal variability simulated by the reanalyses. The
interannual variability of the snowfall rate between 2007 and 2010
simulated by the different reanalyses and observed with CloudSat
are similar. However, ECMWF operational analyses produce larger
interannual variations than the other datasets, which could be due to
biases induced by the constant evolution of the model.

The data assimilation system used in the different reanalyses
could play an important role on the problem of spin-up of precipitation. The two datasets which implement a 4D-Var assimilation
system (ERA Interim and JRA55) produce a moisture budget almost
closed, while MERRA-2 and CFSR, which use a 3D-Var assimilation
system, simulate much larger precipitation than the sum of evaporation and moisture convergence. Nevertheless, MERRA, which implement a 3D-Var assimilation system, produces a moisture budget
almost closed.
This study is based on the comparison between the reanalyses
and the climatology of Antarctic snowfall produced from CloudSat
observations presented by Palerme et al. (2014). This climatology
has not been compared to in-situ observations due to a lack of
in-situ measurements of precipitation in Antarctica. Therefore, insitu precipitation observations are strongly needed in Antarctica to
evaluate remote sensing retrievals, and for a more robust evaluation
of climate models and meteorological reanalyses. Despite the lack
of ground validation, the climatology of Antarctic precipitation presented by Palerme et al. (2014) has a high potential for model
evaluation (Palerme et al., 2016) and other applications, and is made
available to the general community on the following website: http://
apres3.osug.fr.
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