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ABSTRACT: Precipitation is a major component of the hydrologic cycle and plays a significant role in the sea ice mass
balance in the polar regions. Over the Southern Ocean, precipitation is particularly uncertain due to the lack of direct
observations in this remote and harsh environment. Here we demonstrate that precipitation estimates from eight global
reanalyses produce similar spatial patterns between 2000 and 2010, although their annual means vary by about 250 mm yr ™!
(or 26% of the median values) and there is little similarity in their representation of interannual variability. ERA-Interim
produces the smallest and CFSR produces the largest amount of precipitation overall. Rainfall and snowfall are partitioned
in five reanalyses; snowfall suffers from the same issues as the total precipitation comparison, with ERA-Interim producing
about 128 mm less snowfall and JRA-55 about 103 mm more rainfall compared to the other reanalyses. When compared to
CloudSat-derived snowfall, these five reanalyses indicate similar spatial patterns, but differ in their magnitude. All rean-
alyses indicate precipitation on nearly every day of the year, with spurious values occurring on an average of about
60 days yr !, resulting in an accumulation of about 4.5 mm yr ™. While similarities in spatial patterns among the reanalyses
suggest a convergence, the large spread in magnitudes points to issues with the background models in adequately re-
producing precipitation rates, and the differences in the model physics employed. Further improvements to model physics
are required to achieve confidence in precipitation rate, as well as the phase and frequency of precipitation in these products.
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1. Introduction cover (Martinson 1990; Marsland and Wolff 2001; Goosse and
Zunz 2014).

Precipitation that falls as snow and accumulates over sea ice
is also of increasing interest to modelers, as the adequate
representation of surface processes may be important for
simulating conditions on local, regional, and larger scales.
Snow-covered sea ice has a higher albedo than bare ice and a
significantly higher albedo than open water (Warren 1982;
Perovich et al. 2002). Snow is also highly insulative, so the
presence and state of snow on top of sea ice inhibits the ex-
change of heat between the ocean and the atmosphere, and
strongly modulates the sea ice growth and melt throughout the
year (Sturm et al. 2002; Stammerjohn and Maksym 2017;
Webster et al. 2018).

Annual precipitation tends to be greater over the Southern
Ocean compared to the Arctic Ocean, and tends to be largely
supplied by synoptic cyclone events accompanied by strong
winds (King and Turner 1997; Turner and Pendlebury 2004;
Papritz et al. 2014). This is due to the pervasive circumpolar
baroclinic zone centered over the Southern Ocean and the
atmospheric moisture source of the ice-free waters to the north
(Tietdvdinen and Vihma 2008; Sodemann and Stohl 2009). This

& Supplemental information related to this paper is available at  contrasts with the mostly landlocked and synoptically isolated
the Journals Online website: https:/doi.org/10.1175/JCLI-D-20- A rcic Ocean, where higher precipitation is mostly limited to

The hydrologic cycle helps to modulate the global climate,
weather patterns (Zhang 2005; Sobel et al. 2008, 2010; Tromeur
and Rossow 2010), and weather extremes (Cohen et al. 2014;
Overland et al. 2016) and to supply the continents with fresh-
water that is vital for human, animal, and biota sustainability
and survival (Watkins et al. 2007). The Southern Ocean, which
makes up 15% of Earth’s surface (Huang et al. 2016),
plays a key role in Earth’s hydrologic cycle. Specifically,
precipitation, a key component of the hydrologic budget (or
freshwater budget) of the polar regions (Bromwich et al.
1995; Trenberth 2011; Lewis et al. 2012), contributes a sig-
nificant input of freshwater to the Southern Ocean (Pauling
et al. 2016). Input of freshwater via precipitation into the
Southern Ocean has led to a freshening of the ocean surface
in recent decades (Durack et al. 2012; de Lavergne et al.
2014). This freshening has been shown to cause stronger
ocean stratification, a reduction in oceanic vertical heat
transfer, and surface cooling and thus an increase in sea ice

0044.s1. the North Atlantic storm track (Lindsay et al. 2014; Boisvert
et al. 2018).
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ice thickness and volume in both the Arctic and Southern
Oceans from remotely sensed freeboard, such as NASA’s Ice
Cloud and Elevation Satellite 2 (ICESat-2) laser altimeter
(Markus et al. 2017) and the European Space Agency’s
(ESA) CryoSat-2 radar altimeter (Wingham et al. 2006).
Uncertainty in snow loading is thought to provide the largest
source of uncertainty in these estimates (Giles et al. 2008).
There are still many factors that hinder our understanding of
snow depth distributions on sea ice region wide (Webster
et al. 2018). The build-up and evolution of the snowpack in-
volve complex processes including aging snow/compaction,
melting/freezing, flooding, sublimation, snow loss into leads,
drift/dune formation due to wind forcing, and snow lost due to
sea ice convergence in the dynamic ice pack (Worby et al. 1998;
Massom et al. 2001; Kwok et al. 2017; Webster et al. 2018).
Nevertheless, the amount and type of precipitation are the
fundamental variables for determining the snow mass on sea
ice. Particularly in the Antarctic environment, our under-
standing of snow mass is critically limited due to the scarcity of
basin-scale observations (Massom et al. 2001; Sturm and
Massom 2017). Thus, there is a heavy reliance on simulating
snow thickness accurately via modeling efforts, which requires
1) good representation of snow processes and 2) accurate
precipitation forcing.

The accurate simulation of precipitation faces consider-
able challenges, however, with the greatest being our lim-
ited knowledge of clouds, convection, boundary layer
processes, and other cloud microphysical properties at high
latitudes (e.g., Lubin et al. 1998; Dai 2006; Bromwich et al.
2012; Boisvert et al. 2018). It was recently shown by
Boisvert et al. (2018) that over the Arctic Ocean, precipi-
tation across eight reanalyses varies significantly in terms of
amount, phase and frequency. Bromwich et al. (2011) and
Nicolas and Bromwich (2011) completed an assessment of
precipitation across six reanalyses between 1979 and 2009
for both Antarctica and the Southern Ocean and found
varying trends across products. Bromwich et al. (2011) and
Nicolas and Bromwich (2011) attributed the differences in
trends to changes in observing systems and availability of
satellite data ingested into the assimilation systems. In the
Southern Ocean, unlike the Arctic, in situ observations may
often be thousands of kilometers away from a given loca-
tion. While numerical weather prediction skill has become
comparable to that of the Northern Hemisphere (Bauer
et al. 2015), the dependence on remote sensing data in the
Southern Hemisphere means that changes in the satellite
observing systems could have a larger impact on temporal
spatial trends compared to the Arctic Ocean.

Verification of modeled precipitation is also fraught
with difficulties dealing with the lack of measurements
both spatially and temporally in the polar regions, such as
those arising from gauge undercatchment biases, blowing
snow, difficulties in measuring trace precipitation (e.g.,
diamond dust), rime ice formation, and the feasibility of
collecting measurements in such a vast and extreme envi-
ronment (Sevruk 1982; Yang et al. 1995; Goodison et al.
1998; Adam and Lettenmaier 2003; Serreze et al. 2005).
Remote sensing of precipitation has provided new
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opportunities to assess modeled precipitation, but it also has its
own set of difficulties, where the strengths and weaknesses in
measuring different aspects of precipitation are unique to each
satellite sensor (Haynes et al. 2009; Behrangi et al. 2012, 2014).
Here, as with modeling snow, satellite products are difficult to
validate and suffer from a lack of observations. This is partic-
ularly true over the Southern Ocean where in situ observations
of precipitation rate are rare, hindering validation efforts.

In this study, we update previous intercomparisons by
using output from eight reanalyses, including ERAS [the
fifth major global reanalysis produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF)],
and compare the precipitation amount, frequency, and
phase across the Southern Ocean. We focus on the con-
temporary period (2000-16) to avoid large jumps in the
reanalyses data that might be caused by large changes in
the number of assimilated datasets as found by Bromwich
et al. (2011). Leveraging remotely sensed observations,
snowfall derived from CloudSat retrievals over the whole
Southern Ocean are also utilized to evaluate reanalyses
snowfall amount. The full domain of the Southern Ocean
does not fall within the CloudSat ““‘pole hole,”” allowing for
optimal coverage and assessments. Data from snow buoys
in the Weddell Sea (Nicolaus et al. 2017; Grosfeld et al.
2016) were also explored to determine whether their quality
was sufficient for evaluating reanalysis precipitation in the
Southern Ocean.

2. Data
a. Reanalyses
The eight reanalyses used in this study are the following:

1) NASA’s Modern-Era Retrospective Analysis for Research
and Application (MERRA; Rienecker et al. 2011);

2) MERRA version 2 (MERRA-2; Gelaro et al. 2017);

3) European Center for Medium-Range Weather Forecasts
(ECMWEF) interim analysis (ER A-Interim; Dee et al. 2011);

4) ECMWEF Reanalysis version 5 (ERAS5; Hersbach et al. 2020);

5) National Centers for Environmental (NCEP)-Department of
Energy (DOE) reanalysis (NCEP R2; Kanamitsu et al. 2002);

6) NCEP Climate Forecast System Reanalysis (CFSR; Saha
et al. 2010);

7) Japanese 55-year Reanalysis (JRA-55; Kobayashi et al.
2015); and

8) National Oceanographic and Atmospheric Administration
(NOAA)-University of Colorado Cooperative Institute for
Research and Environmental Sciences (CIRES) Climate
Diagnostics Center, Twentieth Century Global Reanalysis
version 2 (NOAA-CIRES; Compo et al. 2009).

The reanalyses are described in more detail in the supple-
mental section and are summarized in Table 1. The NCEP-
National Center for Atmospheric Research (NCAR) re-
analysis (NCEP R1; Kalnay et al. 1996) is not included in this
study, as there is a physical ringing pattern in the precipita-
tion variables at high latitudes, which was removed in NCEP
R2 (e.g., Lindsay et al. 2014; Boisvert et al. 2018). An example
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TABLE 1. Descriptions of the nine reanalyses used in this study (IAU is incremental analysis update).

Grid Assimilation
Reanalysis Fields used spacing method Sea ice cover Microphysics scheme
JRA-55 2000-16; daily 63 km 4D-Var Daily (Ishii et al. 2005); Prognostic cloud condensate
precipitation, threshold cover (Sundqvist 1998); condensate
snowfall PDF (Smith 1990)
ERA-Interim  2000-16; daily 78 km 4D-Var Weekly and daily, multiple Prognostic cloud condensate
precipitation, sources; fractional (Tiedtke 1993); condensate
snowfall PDF (Tompkins 2002)
ERAS 2000-16; daily 31km Ensemble Daily Satellite Application Prognostic cloud condensate
precipitation, 4D-Var Facility on Ocean and Sea Ice (Tiedtke 1993) updated from
snowfall (OSI-SAF) product; fractional ~ 3-6 moisture related
prognostic variables;
condensate PDF (Tompkins
2002; Sotiropoulou et al. 2015)
MERRA 2000-15; daily 74 km 3D-Var/IAU Weekly (Reynolds et al. 2002);  Prognostic cloud condensate
precipitation, fractional (Bacmeister et al. 2006)
snowfall
MERRA-2 2000-16; daily 69 km 3D-Var/IAU Daily (Reynolds et al. 2007), Prognostic cloud condensate
precipitation, OSTIA,; fractional (Bacmeister et al. 2006);
snowfall condensate PDF (Molod 2012)
NCEP R1 2000-16; daily 208km  3D-Var Daily (Grumbine 1996); Layer saturation
precipitation threshold cover
NCEP R2 2000-16; daily 208 km 3D-Var Daily (Grumbine 1996); Layer saturation
precipitation threshold cover
CFSR 2000-10; daily 38km 3D-Var Daily NASA (Grumbine 1996); Prognostic cloud condensate
precipitation fractional (Moorthi et al. 2001)
NOAA- 2000-14; daily 200 km Ensemble Monthly COBE-SST2 sea ice Prognostic cloud condensate
CIRES V2c precipitation (2° x 2% Kalman (Hirahara et al. 2014) (Moorthi et al. 2001)
filter (Compo
et al. 2011)

of this pattern is shown in Fig. S1 in the online supplemental
material.

Daily total precipitation data from all reanalyses are
used in this study, along with daily snowfall rates, which
are only available from ERA-Interim, ERAS, MERRA,
MERRA-2, and JRA-55. Since not all of the reanalyses
cover 2000-16, only the 2000-10 time period is used in the
annual means and comparisons. All of the daily precipi-
tation products are converted to water-equivalent millimeters
per day and are regridded to the standard 25 km? polar ste-
reographic grid (Maslanik and Stroeve 1990) using a bilinear
interpolation method.

In this study we focus on the oceanic regions outlined in
Fig. 1. When we refer to the Southern Ocean we are referring
to all of the oceanic regions in Fig. 1, which is different from a
standard hydrographic definition of ocean below 60°S. It is
important to note here that the Southern Ocean study area
(Fig. 1) is not completely square and extends to different lati-
tudes in each region. Some of the regions have more open
ocean (e.g., Pacific Ocean) and others have more sea ice cover
(e.g., Weddell Sea). Some regions’ ocean areas begin at lower
latitudes due to the location of the Antarctic continent com-
pared to others. The reanalyses’ precipitation products might
be affected based on the amount of sea ice coverage in the area
because while in situ observations are assimilated over

Brought to you by OHIO STATE UNIVERSITY, LIBRARY | Unauthenticated | Downloaded 12/11/20 04:52 PM UTC

Antarctic sea ice, there are few to no observations, and pas-
sive microwave observations are often not assimilated over
areas with sea ice coverage (Dee et al. 2011), so regions with
larger sea ice coverage might be more variable between
products.

b. CloudSat

NASA’s CloudSat satellite was launched in April 2006
(Stephens et al. 2008) and remains operational; in 2011,
CloudSat switched to a daytime only mode due to a battery
power failure, requiring sunlight for it to operate. The Cloud
Profiling Radar (CPR) onboard is used to produce cloud and
precipitation products. The CPR produces reflectivity pro-
files in the lowest 30km of the atmosphere (Tanelli et al.
2008). Precipitation is estimated from these profiles, to-
gether with cloud microphysical assumptions and tempera-
tures from ECMWF Operational Analyses (Kulie and Bennartz
2009; Wood et al. 2013). The monthly gridded 2C-SNOW-
PROFILE (2C-SNOW) CloudSat product used here is near-
surface snow and is produced from the orbital data profiles on a
1° X 1° grid, where Southern Ocean overpasses occur on av-
erage every 3 to 10 days (Milani et al. 2018). CloudSat snowfall
products have previously been used in other studies over the
Antarctic and Southern Ocean (Palerme et al. 2014; Milani
et al. 2018; Souverijns et al. 2018), although validation in these
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FIG. 1. Ocean region mask of the Southern Ocean surrounding the Antarctic continent.
Maximum sea ice extent between 2000 and 2016 is shown for each region in color. Each region
comprises the maximum sea ice extent (color) and ice-free ocean (white) areas. Land is dark
gray, and locations referenced in the text are in white. The Southern Ocean comprises all
regions in this figure north of the Antarctic continent. The region mask is taken from https://
nsidc.org/. The 2014S9 buoy track (black squiggly line) is displayed in the Weddell Sea and is

in reference to Fig. 14.

data-sparse areas is difficult (Kulie and Bennartz 2009; Behrangi
and Richardson 2018).

c. Snow buoys

Nine snow buoys (Nicolaus et al. 2017; Grosfeld et al.
2016) deployed by the Alfred Wegener Institute (AWI) in
the Weddell Sea in 2013-16 were used to assess reanalysis
precipitation events and reanalysis-derived snow depths
(excluding CSFR, which is only available until 2010). Each
buoy is equipped with four sonic-ranging sensors, from
which hourly snow depth can be determined, and an air
temperature sensor. For this study, we took the median of
the four snow depth retrievals and averaged them over 24 h
for comparisons with the reanalysis products. The median
was chosen for two reasons: First, given the small sample
size (~3-4 sonic range finder points per buoy) and large
noise in the buoy data (see point below), the median
provides a more stable value than the mean and second, even
though the snow buoys provide ~3-4 point measurements,
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the noise in the data is large enough to have an erroneous
effect on the average, which is more sensitive to outliers than
taking the median of small sample sizes. In the buoy data, a
“snowfall event” was defined as any day that the snow depth
increased by 1 cm or more, which is the accuracy of the sonic-
ranging sensors. Precipitation amounts less than 1 mm day
from reanalysis products were excluded from the compari-
sons due to the erroneously high frequency of small precipi-
tation in reanalysis products (Boisvert et al. 2018) and
because the sonic-range sensors only have an accuracy of
1cm. An example that includes all precipitation is shown in
Fig. S2 for reference.

3. Results: Comparisons of precipitation estimates across
reanalyses
a. Magnitude of precipitation

Figure 2 shows the 2000-10 mean annual total precipitation
and spread from each of the eight reanalyses. Spatially, all
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FIG. 2. Average 2000-10 annual total precipitation (mm) in the Southern Ocean for each of the reanalyses. The standard
deviation (mm) is shown on the right. Contour lines in the figures represent the contour lines on the color bars.
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TABLE 2. Average 2000-10 annual cumulative precipitation and interannual standard deviations (in parentheses) for each reanalysis. The
regions are outlined in Fig. 1. All values in the table are in millimeters.

Southern Ocean Weddell Sea  Indian Ocean Pacific Ocean Ross Sea Bellinghausen/Amundsen Seas
ERA-Interim 826.9 (14.7) 739.7 (14.4) 856.1 (19.8) 914.6 (24.5) 815.2 (22.4) 925.8 (50.4)
ERAS 921.6 (16.5) 828.2 (19.6) 960.3 (20.0)  1015.7 (26.1) 910.5 (26.3) 1020.0 (54.5)
MERRA 890.6 (32.9) 789.7 (38.5) 900.8 (49.5) 998.7 (35.9) 907.5 (34.0) 994.6 (50.7)
MERRA-2 979.7 (16.6) 895.1 (16.9)  1033.2(29.7)  1081.6 (25.3) 957.5 (22.9) 1058.1 (45.1)
JRA-55 935.1 (14.8) 877.9 (20.3)  1015.4 (18.7) 997.7 (21.8) 819.9 (20.5) 1076.5 (51.4)
NCEP R2 934.1 (22.2) 821.6 (44.0) 867.2 (40.7)  1101.3 (25.6) 962.1 (31.2) 1075.1 (53.0)
CFSR 1071.8 (26.7) 961.0 (23.8)  1109.2 (25.3)  1175.5(34.6) 1070.4 (28.4) 1183.6 (65.8)
NOAA-CIRES 1013.1 (11.1) 930.3 (16.2)  1047.2 (21.1)  1119.7 (20.6) 986.2 (26.0) 1116.1 (40.1)

reanalyses show precipitation generally increasing northward
(lower latitudes) from the Antarctic continent. This latitudinal
gradient could be caused by the extent and variability of sea ice
coverage and how this affects the cyclone storm tracks and the
moisture source. The only area where this does not occur is off
of the coast of Terre Adelie and Wilkes Land in the South
Pacific Ocean sector (Fig. 1), where no clear latitudinal gra-
dient occurs. This could be because the sea ice edge is much
closer to the continent in these areas, whereas in the other
areas the sea ice coverage is much larger and extends to lower
latitudes, especially during the winter months. All reanalyses
produce the least amount of precipitation in the Weddell and
Ross Seas. While the reanalyses show similar spatial patterns,
their magnitudes show clear differences of about 250 mm yr~!
across products. While ERA-Interim has the least precipita-
tion averaged over 2000-16 across the entire Southern
Ocean (827mmyr '), CFSR (1072mmyr ') and CIRES
(1013mmyr~') have the highest amounts (Table 2). This is
similar to the ranking in the magnitude of reanalyses precipi-
tation in the intercomparison in the Arctic Ocean (e.g.,
Boisvert et al. 2018).

The largest spread between the reanalyses (Fig. 2) occurs in
regions where annual precipitation rates are the largest and
where there is reduced sea ice cover—in the Indian Ocean
sector at lower latitudes (top right of the figure). Large dif-
ferences also occur close to the Antarctic continent in the
Indian and Pacific sectors, and to the west of the Antarctic
Peninsula in the Bellingshausen/Amundsen Seas. NCEP/CIRES
produces more precipitation adjacent to the Antarctic coastline
in the Indian and Pacific Ocean regions, while JRA-55 produces
smaller amounts in these same areas. As compared to the re-
analyses average, NCEP-R2 has smaller regions of much lower
precipitation in the southern (higher latitudes) regions of the
Weddell Sea and Indian Ocean.

Figure 3 shows the time series of regional mean annual total
precipitation for the sectors in Fig. 1. The figure indicates
spread and magnitude differences that are similar to those for
the Arctic Ocean (e.g., Boisvert et al. 2018). But unlike the
Arctic Ocean, MERRA-2 and NCEP-R2 are not consistent in
their representation of interannual precipitation variability
compared to the other reanalyses. These consistencies exist in
some regions; for example, many time series share similar
features in the Pacific Ocean and the Ross and Bellingshausen/
Amundsen Seas. Similar to the Arctic Ocean, CFSR has the
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highest magnitude in precipitation, but the lowest values are
from ERA-Interim in 2000-10, and for MERRA for 2010-15.
MERRA has a large decrease in precipitation in 2000-15 and
ERA-Interim has a slight increase. JRA-55, ERAS, and
NCEP-R2 all have similar magnitudes in precipitation for the
Southern Ocean (Fig. 3a). MERRA-2 has interannual vari-
ability similar to ERAS and JRA-55, although the magnitude is
about 50 mm yr ! larger for MERRA-2 (Table 2). The ranking
of the reanalyses by precipitation amount changes for the dif-
ferent regions; however, CFSR always remains the largest. A
close evaluation of time series and their potential relation to
changes in the observing system is beyond the scope of this
paper. Nevertheless, some issues are apparent. The introduc-
tion of the Advanced Microwave Sounding Unit (AMSU) in
November 1998 is well known to have affected reanalysis time
series, and is thought to have had a particularly adverse impact
on MERRA over the Southern Ocean (Bosilovich et al. 2011;
Cullather and Bosilovich 2011; Nicolas and Bromwich 2011).
Cullather and Bosilovich (2011) found that MERRA Southern
Ocean precipitation increased by 40% with the introduction of
AMSU. For high latitudes, reanalyses have a particular de-
pendence on passive microwave observations. The loss of ra-
diance data from Defense Meteorological Satellite Program
(DMSP) satellites F14 in August 2008 and FI3 in November
2009, and the inability of older reanalyses to incorporate newer
sensors (Gelaro et al. 2017) likely plays some role in the dif-
ferences seen after 2008. Over that time period, MERRA
precipitation decreases by more than 10%, in contrast with
other reanalyses. It is important to note that NOAA/CIRES is
not affected by changes in satellite observations because it only
assimilates sea level pressure.

In the Ross Sea (Fig. 3e), JRA-55 (purple line) has the
lowest precipitation (820 mm yr~ '), very similar to the magni-
tude of ERA-Interim, whereas in all other regions JRA-55 falls
in the middle of the distribution. The products show similar
interannual variability in the Weddell, Bellingshausen/Amundsen,
and Ross Seas, except for MERRA and ERA-Interim in the
Weddell Sea and MERRA in the Ross Sea, where clear increases
or decreases in precipitation occur over the time period (Fig. 3). In
the Pacific and Indian Ocean regions, all reanalysis products tend to
be more inconsistent in the magnitude and interannual variability
(Figs. 3c,d). In the Pacific and Indian Oceans and in the Ross
and Bellingshausen/Amundsen Seas, ERA-Interim and ERAS
show similar interannual variability, but the magnitude of ERAS is
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FIG. 3. Cumulative yearly precipitation from each reanalysis from 2000 to 2016 averaged over each of the regions:
(a) the Southern Ocean (entire domain in Fig. 1), (b) Weddell Sea, (c) Indian Ocean, (d) Pacific Ocean, (e¢) Ross
Sea, and (f) Bellingshausen/Amundsen Seas. Note that the y axis does not start at zero.

consistently about 100mm yr ™! higher than ERA-Interim (Fig. 3
and Table 2).

The magnitudes of the monthly total precipitation from 2000
to 2010 for the Southern Ocean and regions therein (Fig. 1) are
shown in Fig. 4. Similar to the annual precipitation, the spread
in the magnitude of monthly precipitation across the products
is large, with a maximum difference of about 20 mm month ™',
CFSR has the largest monthly precipitation across the Southern
Ocean, with MERRA and ERA-Interim producing the lowest
(Fig. 4a). The monthly precipitation across the Southern Ocean
reaches its peak in March (during the austral fall), decreasing in
the austral winter and spring and reaching its minimum between
November and January (summer). Although NOAA-CIRES
has similar monthly precipitation as JRA-55 from January-
March, NOAA-CIRES remains larger for the remainder of the
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year (Fig. 4a). ERAS, JRA-55, MERRA-2, and NCEP R2 all
have similar magnitudes of monthly precipitation. The annual
cycle is consistent with other findings that show the highest
precipitation in the Southern Ocean occurs in the fall and winter
months due to increased cyclone activity (Bromwich 1988).
The regional analysis highlights the differing monthly cycles
in precipitation. For example, the Weddell Sea has the highest
precipitation in March, with its minimum in November across
all products, similar to the Southern Ocean (Fig. 4b). The
Indian Ocean has its peak in precipitation in May, and the
Pacific Ocean has its peak in March, with the Pacific Ocean
having slightly more precipitation between March-September
compared to the Indian Ocean. Both regions have a decrease in
precipitation between October—-December, with the Pacific
(Indian) Ocean region reaching its minimum in November
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(December) (Figs. 4c,d). The Ross Sea has a secondary peak in
precipitation in September, although this is approximately
~15mm month ™! smaller than April (Fig. 4¢). This secondary
peak is consistent across the products. The Bellingshausen/
Amundsen Seas show a peak in April and then a decrease in
precipitation to a nearly constant amount in June-October
before finally decreasing again (Fig. 4f).

b. Magnitude of snowfall and rainfall

Only five of the eight reanalyses in this study provide a
snowfall product: ERA-Interim, ERAS, JRA-55, MERRA,
and MERRA-2. The average annual cumulative snowfall in
2000-10 for each reanalysis along with their spread (standard
deviation) across the products are shown in Fig. 5. Similar to
total precipitation, the least amount of snowfall occurs in the
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Weddell and Ross Seas, closest to the Antarctic continent, and
increases toward lower (more northerly) latitudes (Fig. 5).
Unlike total precipitation, snowfall decreases in magnitude
northward (lower latitudes) from the continent until about
65°S, where it drops off rapidly to zero as it encounters warmer
atmospheric temperatures at the lower latitudes. All of the five
reanalyses agree with this transition and have some of the
smallest standard deviations just north of this zone.

The largest amount of snowfall occurs just off the East
Antarctic coast, from Terre Adelie to Princess Elizabeth Land,
and slightly farther west between Kemp Land and Enderby
Land (Fig. 5). These same spatial patterns are seen across the
five reanalyses, but the magnitude of the snowfall varies. For
instance, the average annual snowfall in the Southern Ocean
ranges between 250 and 450 mm yr !, with ERA-Interim
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FIG. 5. Average 200010 annual cumulative (left) snowfall and (right) rainfall (mm yr~'). The standard deviation (mm) is shown on the
bottom right for both snowfall and rainfall. Contour lines in the figures represent the contour lines on the color bars.

producing the least and MERRA-2 producing the most the variability in the snow to rain transition location across
(Table 3). The least variable snowfall occurs in the Weddell — products (Fig. 5).

and Ross Seas closest to the continent. The most variable The annual-average snowfall between 2000 and 2016 from
snowfall between the products occurs between 55° and 65°S, each reanalyses for the full Southern Ocean domain and for
where most of the precipitation occurs and is likely a result of  individual regions is shown in Fig. 6. There is a large spread

TABLE 3. Average 2000-10 annual snowfall and interannual standard deviations (in parentheses) for each reanalysis. The regions are
outlined in Fig. 1. All values in the table are in millimeters.

Southern Ocean  Weddell Sea  Indian Ocean  Pacific Ocean Ross Sea Bellingshausen/Amundsen Seas

ERA-Interim  263.0 (7.5) 2282 (9.2) 3770 (10.1) 2867 (19.8) 2185 (11.3) 198.3 (22.1)
ERAS 414.8 (11.4) 3643 (140) 5774 (122) 4594 (244) 3503 (17.9) 324.4 (33.0)
MERRA 387.7 (12.7) 3547 (247) 5256 (260)  4412(217) 3375 (12.9) 278.4 (13.5)
MERRA-2 453.8 (7.4) 212(127)  6286(19.0)  503.0(264)  384.0 (13.6) 324.4 (23.4)
JRA-55 307.7 (4.6) 2734 (12.0) 4422 (8.0) 3475 (16.0)  265.7 (6.5) 181.6 (15.6)
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(~200mm yr~!) in the magnitude of snowfall amount the re-
analyses for all regions (Fig. 6). But unlike the total precipi-
tation comparison, there is agreement in the interannual
variability between products in all of the study regions (Fig. 6).
ERA-Interim produces the least amount of snowfall in all re-
gions except for the Bellingshausen/Amundsen Seas, where
both JRA-55 and ERA-Interim are the lowest (Fig. 6).
MERRA-2 produces the most snowfall in all of the regions,
except for the Bellingshausen/Amundsen Seas beginning in
2006, when ERAS starts to produce more snowfall. ERAS and
MERRA-2 have similar magnitudes, with their differences
being much less than the overall product spread, in snowfall in
the Southern Ocean in all regions except for the Weddell Sea.
ERAS and MERRA have similar magnitudes in a few of the
regions (Weddell and Ross Seas, and the Pacific Ocean) in
2000-08 and then diverge in 2008-16 (Figs. 6b,d,e). This could
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Ross Sea, and (f) Bellingshausen/Amundsen Seas. Note

be attributed to the amount and type of data assimilated into
each reanalysis system (Bromwich et al. 2011; Nicolas and
Bromwich 2011). However, this is beyond the scope of the
current study. Similar to the total precipitation analysis,
MERRA shows a decrease in snowfall beginning in 2010
(Fig. 6a). MERRA also has a similar decrease in the Indian and
Pacific Oceans and the Ross Sea, but not in any other regions.

The 2007-10 CloudSat average monthly snowfall is com-
pared with the five reanalyses’ snowfall and the results are
shown in Fig. 7. Although CloudSat has a lower temporal
sampling, it has been shown to produce fairly accurate snowfall
rates when compared with ground-based radar in Antarctica
(Souverijns et al. 2018; Lemonnier et al. 2019) and other da-
tasets over Antarctica (Milani et al. 2018; Palerme et al. 2017)
and is useful for regional-scale comparisons. The CloudSat
snowfall suffers from sampling biases and ground clutter issues
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FIG. 7. Comparisons of monthly averaged CloudSat 2007-10 snowfall with five reanalyses’ snowfall averaged monthly between 2007-10.
(top left) The average 2007-10 snowfall from CloudSat. Other panels shown are average 2007-10 snowfall differences between CloudSat

and ERA-Interim, ERAS5, MERRA, MERRA-2, and JRA-55.

and also utilizes ECMWF Operational Analysis temperatures
to partition between snowfall and rainfall. The CloudSat re-
sults used here should thus be treated with caution and not as
ground truth.

CloudSat shows the least amount of snowfall in the Weddell
and Ross Seas near the ice shelves. Higher amounts of pre-
cipitation occur in the Bellingshausen/Amundsen Seas near
the Antarctic coast and Antarctic Peninsula and also in the
Indian and Pacific Ocean sectors. When taking the difference
in magnitude between CloudSat and each reanalysis, it is clear
that CloudSat detects more snowfall than ERA-Interim
(~25mm month ™! less than CloudSat), and CloudSat detects
much less snowfall than MERRA-2 (~35 mm month ™! more
than CloudSat), specifically in the areas over the sea ice pack,
closest to the continent. All of the reanalyses except ERA-
Interim produce similar patterns of snowfall differences when
compared to CloudSat, with CloudSat detecting much less
snowfall at higher latitudes and more snowfall at lower lati-
tudes (~60°S). The largest differences are seen in MERRA-2
and JRA-55, with ERAS and MERRA having more similar
spatial patterns. It is speculated that the temperatures and
temperature threshold differences between the individual re-
analyses are likely causing the latitudinal differences of the
snowfall amounts between CloudSat and the reanalysis prod-
ucts, whereas for ERA-Interim, which always produces lower
snowfall amounts compared to both CloudSat and the other
reanalysis, this pattern does not appear. Although the magni-
tudes of snowfall are not always the same for CloudSat and
each reanalysis, it is promising that both the remotely sensed
snowfall and reanalysis snowfall show similar patterns of inten-
sity in the Southern Ocean. Another similar pattern between
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CloudSat and all of the reanalyses precipitation is the higher
precipitation on the west of the Antarctic Peninsula and the
much drier conditions on the east of the peninsula.

Rainfall can also be assessed from the five reanalyses that
produce snowfall as the residual of total precipitation and
snowfall, with the mean (2000-10) annual rainfall shown in
Fig. 5. All reanalyses agree that the least amount of rainfall
occurs closest to the Antarctic continent and this increases
toward lower (more northern) latitudes. However, the area
with the least amount of rainfall (yellow area) varies between
them. Thus, the largest deviations between the reanalyses oc-
cur in the ~60°S latitudinal band where the strong rainfall (and
snowfall) transition occurs (Fig. 5). Total annual rainfall in the
Southern Ocean varies around 100mmyr ' in magnitude
across the five reanalyses, with JRA-55 producing the highest
rainfall, followed by ERA-Interim (Fig. 8, Table 4). These two
reanalyses also have the lowest snowfall amounts in the
Southern Ocean, suggesting this is principally driven by the
snowfall/rainfall partitioning. ERAS has the lowest rainfall in
2001-08, while MERRA has the lowest rainfall for the re-
mainder of the period, as its rainfall decreases over the period
2007-15 (Fig. 8a). ERAS and MERRA-2 have very similar
rainfall amounts in the Southern Ocean and in all of the regions
as well. Unlike total precipitation, there is similar interannual
variability in Southern Ocean rainfall across all reanalyses
except for MERRA.

Regionally, JRA-55 has higher rainfall in the Weddell and
Bellingshausen/Amundsen Seas and the Indian Ocean sector
compared to the other reanalyses, but has a similar magnitude
to ERA-Interim in the Pacific Ocean, and produces one of the
lowest rainfall amounts in the Ross Sea (Fig. 8). Specifically, in
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FIG. 8. Annual cumulative rainfall from 2000-16 for the (a) Southern Ocean (entire domain in Fig. 1),
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that the y axis does not start at zero.

the Ross Sea, ERA-Interim produces the highest rainfall, while
JRA-55 in some years has the lowest rainfall of all the products.
Also in this region, the spread between the reanalyses is
smallest at approximately 50mmyr ' (Table 4). In the
Bellingshausen/Amundsen Seas, ERA-Interim has roughly the

same magnitude as MERRA, MERRA-2 and ERAS, all of
which are about 200 mm yr~! lower than JRA-55 (Table 4).
The largest rainfall amounts are seen in the Bellingshausen/
Amundsen Seas, with the lowest in the Weddell Sea. It is im-
portant to consider, however, that the majority of the rainfall in

TABLE 4. Average 2000-10 annual rainfall and interannual standard deviations (in parentheses) for each reanalysis. The regions are
outlined in Fig. 1. All values in the table are in millimeters.

Southern Ocean  Weddell Sea  Indian Ocean  Pacific Ocean Ross Sea Bellingshausen/Amundsen Seas
ERA-Interim 564.0 (11.2) 511.5 (14.6) 479.1 (20.6) 627.9 (15.7) 596.7 (17.7) 727.5 (34.6)
ERA5 507.6 (10.8) 463.8 (14.8) 3832 (21.4) 55.7 (13.9) 560.7 (20.0) 695.7 (33.6)
MERRA 502.9 (23.4) 434.9 (18.4) 375.2 (31.6) 557.5 (29.6) 570.0 (29.5) 716.2 (48.0)
MERRA-2 5263 (15.6) 4743 (15.8)  404.6(263)  578.6 (243)  574.1 (19.9) 733.7 (39.0)
JRA-55 628.4 (14.5) 604.9 (19.1) 574.2 (20.5) 650.6 (16.1) 555.0 (17.9) 894.9 (44.4)
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all of the regions is occurring at lower latitudes and not nec-
essarily over the sea ice pack.

c. Frequency of precipitation

Along with the amount, it is also important to understand
how often it precipitates in the Southern Ocean, and specifi-
cally if the number of days of snowfall and rainfall are chang-
ing. Each day that precipitation is greater than zero is counted
as a precipitation day in this analysis. According to the rean-
alyses, precipitation occurs nearly every day of the year across
the Southern Ocean (Fig. 9). However, there are some dis-
crepancies between the products. For example, in the Weddell
Sea near the Antarctic Peninsula and Ronne Ice Shelf, CFSR,
JRA-55, NOAA CIRES, ERA-Interim, and ERAS show
precipitation occurring on average around 340 days or less,
while NCEP-R2, MERRA, and MERRA-2 produce precipi-
tation nearly every day. This similar situation also occurs in the
Ross Sea near the Ross Ice Shelf, and close to the East
Antarctica coastline (Fig. 9). Thus, it makes sense that the
largest differences in the precipitation days between the re-
analyses occurs in the Weddell and Ross embayments, closest
to the continents. Small deviations occur away from the
Antarctic continent because nearly all reanalyses produce
daily precipitation. Over the whole Southern Ocean, ERA-
Interim, followed by CFSR, have the smallest precipitation
frequency while MERRA, MERRA-2, and NCEP R2 produce
precipitation every day of the year on average.

Similar to what was found in the Arctic Ocean reanalysis
comparison (Boisvert et al. 2018), reanalyses are producing
precipitation nearly every day over the polar oceans, which is
suspected to be too frequent. It is interesting to note that ERA-
Interim and ERAS do not have the same amount of precipi-
tation frequency, whereas MERRA and MERRA-2 precipi-
tate on a daily basis in the Southern Ocean.

d. Frequency of snowfall and rainfall

Similar to total precipitation, snowfall is indicated nearly
every day of the year over areas closest to the Antarctic con-
tinent. At latitudes around 60°S, the snowfall frequency de-
creases rapidly where temperatures are warmer (Fig. 10).
ERAS produces snowfall at the lowest latitudes at roughly
50°S, and JRA-55 stops producing snowfall at the highest lat-
itudes, ~60°S. The location of where there are no snowfall days
and the gradient over which this transition occurs vary between
each of the five reanalyses, and explains the high spread be-
tween the products around the latitudinal band of ~60°S.
ERA-Interim produces snowfall least frequently, followed by
JRA-55. MERRA, MERRA-2, and ERAS have the highest
number of snowfall days. The number of days that each re-
analysis produces rainfall is opposite to the snowfall, where the
most frequent rainfall occurs at lower latitudes, and decreases
slightly to finally almost no days with rainfall closest to the
Antarctic continent (Fig. 10). ERA-Interim produces the most
frequent rainfall closest to the continent, but MERRA,
MERRA-2, and JRA-55 have the most frequent rainfall at
lower latitudes. ERAS has the fewest rainfall days at lower
latitudes. The differences between the reanalyses rainfall days
again occur at about 60°S latitude, where the transition from
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rain to snow takes place, and varies depending on the
reanalysis.

There is no significant change in the total number of snowfall
(not shown) and rainfall (Fig. 11) days between 2000 and 2016.
Thus, the magnitude of the rainfall events is increasing since
the number of days remains constant in these particular rean-
alyses. From Fig. 11, each reanalysis shows similar interannual
variability in the number of rainfall days except for ERAS.
ERAS has the lowest number of rainfall days for the entire
Southern Ocean as well as in every region. JRA-55 has the
most amount of rainfall days in all regions except for the Ross
Sea. The number of rainfall days for ERA-Interim and
MERRA are very similar in all regions and MERRA-2 tends
to have slightly fewer rainfall days (roughly 10-20 days) than in
MERRA. The Bellingshausen/Amundsen Seas have the most
frequent rainfall occurrences, and the Pacific Ocean has the
least frequent rainfall occurrences compared to the other re-
gions (Fig. 11).

e. Spurious precipitation

Precipitation frequency varies across the Southern Ocean,
but it is unlikely to precipitate every day over large regions. In
situ measurements of precipitation taken from ship cruises in
the Bellingshausen Sea have showed that some form of pre-
cipitation occurred nearly every day and agreed well with the
chosen ECMWF reanalysis (Leonard and Cullather 2008,;
Leonard and Maksym 2011). These results suggest that al-
though measurable precipitation did not occur every day,
precipitation is very frequent. One caveat of these studies is
that they are limited both spatially and temporally and might
not be truly representative of the Southern Ocean as a whole.
Ellis et al. (2009) have compared ship- and ground-based
measurements of precipitation with CloudSat over the global
oceans and found good agreement with these observations
when CloudSat detected precipitation and demonstrated that
detectable precipitation is likely not occurring every day.
Other simulations have shown an overestimate of small
amounts of precipitation when compared with satellite obser-
vations (Franklin et al. 2013; Catto et al. 2013). We thus assume
that this spurious precipitation occurs within the reanalyses
that does not occur in reality, as they demonstrate that it pre-
cipitates nearly every day (Fig. 9). This is similar to what was
found in the precipitation products in the Arctic Ocean (e.g.,
Boisvert et al. 2018), where some reanalyses indicate some
form of precipitation every day. This spurious precipitation
is classified here as any day when the precipitation is less
than 0.2mmday . This follows the World Meteorological
Organization (WMO) definition of trace precipitation as any-
thing between 0.1-0.2mmday~! depending on the measure-
ment instruments accuracy and the American Meteorological
Society (AMS) definition as 0.01 in. day ', which is equivalent
to 0.254 mm day . This spurious precipitation occurs in every
reanalysis used in this comparison. Figure 12 shows the annual
averaged 2000-10 amount of spurious precipitation and Fig. 13
shows the annual averaged 2000-10 number of spurious pre-
cipitation days each year.

All of the reanalyses, with the exception of NCEP-R2, agree
that this precipitation mainly occurs near the continent and
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deviation is shown on the bottom in fraction of days. Contour lines in the figures represent the contour lines on the color bars.

decreases toward lower latitudes (Fig. 12). Most spurious pre-
cipitation is produced in the Weddell, Ross, and Bellingshausen/
Amundsen Seas and accumulates to 7.5mmyr ! on average.
MERRA-2 and ERAS have the most spurious precipitation in the
Ross Sea near the Ross Ice Shelf, which is not indicated in the
other reanalyses (Fig. 12). Conversely, NCEP-R2 has the least
amount of spurious precipitation in close proximity to the
Antarctic continent. The largest standard deviations of about
3mmyr~ ! occur near to the Antarctic continent and decrease to
about 1mmyr~! near 55°S. Overall, the reanalyses, except
NCEP-R2, have similar patterns in both the frequency and
amount of spurious precipitation in the Southern Ocean;
however, the exact frequency and amount differ. Spurious
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precipitation, defined in this study, amounts to around 0.75%
of the total precipitation over the Southern Ocean in the re-
analyses (Fig. 12).

From Fig. 13, it is apparent that NCEP-R2 produces spuri-
ous precipitation most frequently in the Southern Ocean,
approximately 100 daysyr~'. CFSR produces this least fre-
quently, with the other reanalyses falling in between NOAA
CIRES and NCEP-R2. The most frequent spurious precipita-
tion in all of the reanalyses besides NCEP-R2 occurs in the
Weddell, Ross and Bellingshausen/Amundsen Seas at about
120 days yr~!. The least amount of spurious precipitation oc-
curs in the cyclone belt near 55°-65°S latitudes off the coast of
East Antarctica.
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f- Comparisons with buoy data

Figure 14 shows the time series of the snow depth from the
2014S9 buoy along with snowfall and rainfall rates from five
reanalyses. A snowfall event recorded by the buoy is denoted
by a black dotted vertical line and any day that the hourly air
temperature recorded by the buoy was above freezing (>0°C)
is denoted by a red dotted vertical line. This particular buoy
was deployed on 5 February 2014 at the end of the austral
summer, beginning with a snow depth of ~10 cm. Snow depth
increased throughout the fall and winter months to a maximum
depth of ~50cm. Snow depth was reduced in the following
summer due to melt and melt associated with rain events,
losing ~20 cm of snow, but then rapidly increased in thickness
in the fall/winter, reaching ~60 cm. From this figure, it is ap-
parent that the snowpack around this buoy is very dynamic
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and there are multiple “events” where the snow depth in-
creases. The reanalyses produce multiple snowfall events at the
2014S9 snow buoy location throughout its lifetime and con-
sistently produce snowfall events on the same days. However,
the magnitudes of these events have a spread of ~10 mm day
between the reanalyses (Fig. 14). There are also times when all
reanalyses produce a large snowfall event (see Fig. S2, with
rates between 5-20 mm day '), but no change or only minimal
change in buoy snow depth occurs (e.g., ~day 260; Fig. S2). At
these times, a snowfall event may have occurred but the snow
may have been redistributed by wind or lost to leads. At other
times, (e.g., day 290), large precipitation rates occur and the
snow depth also increases by 20 cm. During these events, there
is a clear relationship between snowfall and snow accumulation
recorded by the buoy; however, the rate of snowfall might not
correspond to the amount of newly accumulated snow. It is
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FIG. 12. (a) Average 2000-10 annual cumulative spurious precipitation along with the standard deviation between
products (mm). Spurious precipitation is classified as any type of precipitation with rates less than 0.2 mm day . Contours
are on the color bars.
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FIG. 13. Average 2000-10 annual spurious precipitation days along with the standard deviation between products in days. Spurious
precipitation is classified as any type of precipitation with rates less than 0.2 mm day . Contours are on the color bars.
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F1G. 14. (a) Snowfall without precipitation < 1 mm day~

Lincluded from five reanalyses

for the 2014S9 Antarctic snow buoy. (b) Rainfall from five reanalyses without precipitation

<1mmday!

included for the 2014S9 snow buoy. The snow depth (m) recorded by the buoy is

the black line. Each colored asterisk shows the precipitation rate (mm day ') for that re-
spective reanalyses at the location of the buoy. The black vertical dotted lines signify an
“event”” when the snow depth increases by 1 cm or more in a day. The red vertical dotted lines
signify any hour of the day when the air temperature is >0°C.

also important to note that like the Arctic Ocean, reanalyses
are producing precipitation nearly every day at the buoy lo-
cation (Fig. S2a).

The air temperature recorded at the snow buoys can be used
to evaluate the phase of precipitation events from reanalyses.
For example, snow buoy 201489 in Fig. 14b shows times when
the air temperatures are above freezing coincident with when
reanalysis rainfall occurs. During the summer months when-
ever the air temperature is above freezing, the reanalyses
produce rainfall in nearly every occurrence except for a few
days. The warmer air temperatures do not always dictate rain
however, but are often associated with melt events, which co-
incide with a decrease in snow depth. ERA-Interim produces
some rainfall from days 50 to 100 (~March) when the air
temperatures are below freezing. ERA-Interim was shown to
produce too many rainfall events compared to the other re-
analyses in the Arctic Ocean (e.g., Boisvert et al. 2018). At this
snow buoy’s location, ERA-Interim has the most rainfall
events, followed by JRA-55, then ERAS5S and MERRA.
Surprisingly, MERRA-2 does not produce any rainfall events.
The largest warm event during days 387-400 (22 January—
4 February 2015) also has rainfall events and a large decrease in
the snowpack ~10cm, but some reanalyses also produce
snowfall during this period (Fig. 14a). Regardless, the rain-on-
snow events and warm temperatures substantially reduce the
snow depth. Other such warm periods are concurrent with
rainfall events.

Interpreting reanalysis precipitation events with coincident
changes in snow depth measurements from buoy data is
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challenging given the uncertainties in the buoy data quality,
and not knowing which processes (e.g., dune migration vs snow
accumulation) may be influencing snow conditions (Table 5
and Fig. 15). There are a handful of cases (e.g., days ~38, 70,
100, 475, and 550, Fig. 14a) when large increases in snow depth
are attributed to large snowfall events in the reanalyses; and
when comparing these precipitation events to an increase in
snow depth during the winter months (May—September) most
of the reanalysis precipitation events show fair agreement with
the buoy data (Table 5). Table 6 lists the kappa statistics, or a
skill score of how well each of the reanalyses and buoys agree
with each other. For buoy data, a wet day was identified when
snow depth increased by 1 cm. For reanalysis, a wet day was
identified when daily precipitation within 1 day of buoy
snowfall was greater than 1 mm. We only focused on the winter
months (May-September) and allowed for a +1-day buffer for
when these occurrences matched up. The kappa statistic (k) is
calculated via (1), where p, is the relative observed agreement
between the buoys and the reanalysis and p, is the probability
of random agreement between the buoys and the reanalyses.
The terms p, and p, are computed from the scenarios (a—d)
outlined in Table 6:

, 1)
where

a+d

Po= ¥ bretrd
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TABLE 5. Snow buoys and reanalyses skill scores during the kappa statistics using a >1 mm day ' precipitation threshold and

a >1cm day ' change in snow depth from the snow buoys during the winter months (May-September).

Buoy ERA-Interim ERAS MERRA MERRA-2 JRA-55 NCEP-R2

201387 0.48 0.59 0.48 0.64 0.49 0.39
2013S8 0.34 0.29 0.36 0.29 0.33 0.39
2014810 (2014 winter) 0.45 0.36 0.36 0.43 0.34 0.19
2014S10 (2015 winter) 0.37 0.35 0.31 0.53 0.38 0.32
2014811 0.31 0.28 0.24 0.48 0.31 0.24
2014S12 (winter 2014) 0.53 0.46 0.47 0.61 0.49 0.32
2014812 (winter 2015) 0.37 0.35 0.43 0.37 0.36 0.25
201489 (winter 2014) 0.38 0.28 0.24 0.49 0.40 0.34
201489 (winter 2015) 0.27 0.29 0.32 0.30 0.33 0.33
2016S31 0.40 0.45 — 0.42 0.36 0.32
2016837 0.36 0.32 — 0.34 0.28 0.15
2016S38 0.26 0.33 — 0.29 0.40 0.26
2016540 0.40 0.39 — 0.51 0.39 0.17
Average 0.38 0.36 0.36 0.44 0.37 0.28
and

showing a substantial agreement with the buoy. The average
score of “fair” may be due to the higher frequency of melt

p.=p._+p = < a+tb « atc ) events, windy conditions, and convergence of the sea ice floes,
¢ Tyes tmo \a+b+ct+d a+b+ctd all factors that can change the snow depth and sometimes can
c+d b+d cause no change in snow depth when precipitation occurs or

(a Ybtc+d a+b+tc+ d) cause a change in snow depth when no precipitation occurs

(Massom et al. 2001; Sturm and Massom 2017), as well as to
large uncertainties in the buoy data.

Overall, all of the reanalyses show a fair agreement with the The magnitude of the precipitation events is a much more
buoys, except MERRA-2 which shows a moderate agreement.  difficult quantity to assess. This is because of snow compaction
MERRA-2 also had the highest kappa statistic at buoy 2013S7,  over time and snow redistributions due to both winds and sea

Snow Depth
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FIG. 15. The snow depth increase at each buoy over the winter (May—September) in dark blue. The snow depth
equivalent from the total precipitation at each buoy location over the winter (May—September) for each reanalysis.
Precipitation amounts are converted into snow depth using the average Antarctic sea ice wintertime snow density of
350 kg m ™ from Maksym and Markus (2008). All values are in meters.
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TABLE 6. Kappa statistic scenarios and skill score classification. The kappa statistic uses four different scenarios: the number of oc-
currences when both the reanalysis precipitation was >1mm and change in buoy snow depth >1cm (denoted a), the reanalysis pre-
cipitation was >1mm and there was no change to the buoy snow depth (denoted b), no reanalysis precipitation occurred and the buoy
snow depth change was >1cm (denoted c), and no reanalysis precipitation occurred and there was no change in buoy snow depth

(denoted d).

Reanalysis

Yes

No Kappa skill score

Yes a
Precipitation > 1 mm;
A snow depth > 1cm
No c
Precipitation > 1 mm;
A snow depth = 0

Buoy

b k = 0 no agreement
Precipitation < 1 mm; 0.1 < k = 0.2 none to slight
A snow depth >1cm 021 < k = 0.4 fair
d 0.41 < k = 0.6 moderate
Precipitation < 1 mm; 0.61 < k = 0.8 substantial
A snow depth = 0 0.81 < k = 1.0 almost perfect

ice dynamics. Figure 15 shows the change in snow depth (the
difference between the largest and smallest snow amounts)
from each buoy during the winter months (May-September)
and the snow depth equivalent of the total precipitation at each
buoy over the winter (May—September) using only precipitation
> 1mm day . Precipitation amounts are transferred into snow
depth using the average wintertime Antarctic sea ice snow density
of 350 kg m ™2 from Maksym and Markus (2008). From Fig. 15, the
amount of snow depth change at the buoys are different from the
amount of reanalyses equivalent snow depth derived from precip-
itation. The reanalyses equivalent snow depths derived from pre-
cipitation rates are not consistently higher than the buoy snow
depth. For example, the 2014S12 winter 2014 and 2014S10 winter
2015 buoy snow depth change was much larger than the reanalyses
equivalent snow depth, the 2013S8 and 2014S9 winter 2014 buoy
snow depth was much lower than the reanalyses equivalent snow
depth, and other buoys like the 2016537 have similar snow depths to
the reanalyses equivalent snow depth. This further complicates
trying to discern precipitation amounts and snow depth changes
measured by a buoy. When looking at the average snow depth
change from the buoys and the average equivalent snow depth from
the reanalyses precipitation it appears that the equivalent snow
depths are consistent with the buoys. On average, MERRA-2
produces nearly identical amounts, with NCEP-R2 always consis-
tently higher. However, no definitive assumptions can be made
about the magnitude of the precipitation events from the reanalyses
due to all of the complex processes that occur once the precipitation
reaches the surface. This also highlights the challenge of interpret-
ing these buoy “point” measurements with the much larger spatial
scales of the reanalyses precipitation products. Autonomous sys-
tems that can monitor the spatial variability in snow depth across
larger areas (Nicolaus et al. 2017), combined with precipitation
sensors (Leonard and Cullather 2008) and technological advance-
ments of remote sensing capabilities will likely be a path forward in
better measuring and monitoring precipitation at high latitudes.

4. Discussion and conclusions

Our results have shown that precipitation from reanalyses
over the Southern Ocean tends to agree in the spatial patterns
and interannual variability, but the magnitude of the annual
precipitation varies between individual products. In the
Southern Ocean, as in the Arctic Ocean (Boisvert et al. 2018),
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CFSR produces the highest precipitation and ERA-Interim
produces too little snowfall and JRA-55 produces too much
rainfall when compared to the other products. In the Southern
Ocean, the same spatial precipitation patterns exist between
CloudSat-derived monthly snowfall and the reanalyses’ snow-
fall, providing confidence that the spatial precipitation patterns
from reanalyses are reliable. Spatial patterns of precipitation
from this analysis are also similar to previous Southern Ocean
precipitation studies like Legates (1995) and Bromwich et al.
(2011), with less precipitation occurring in the Weddell Sea and
more away from the continent.

All reanalyses produce the least amount of precipitation in
the southern Ross and Weddell Seas in embayments near the
ice shelves. In these areas, persistent cold dry katabatic winds
blow from the continent, across the ice shelves and out over the
sea ice (Parish and Bromwich 2007). These cold dry winds are
not conducive for the formation of precipitation, and thus less
precipitation occurs in these regions. These areas are also
shielded from eastward-traversing synoptic systems by topog-
raphy. All reanalyses also produce the highest precipitation off
the coasts of East Antarctica in the Indian and Pacific Ocean
regions. Reanalyses and CloudSat also indicate more precipi-
tation amounts west of the Antarctic Peninsula and less pre-
cipitation on the eastern side. This is likely caused by more
persistent storms and weather generally moving eastward from
the Bellingshausen/Amundsen Seas into the Weddell Sea, re-
sulting in orographic forcing along the windward side of the
peninsula (Parish 1983; Turner et al. 1995).

The spatial patterns of low and high precipitation amounts
also compare with the distribution of cyclones (Uotila et al.
2011; Papritz et al. 2014). Large precipitation amounts occur
where the largest number of cyclones occur (Uotila et al. 2011;
Papritz et al. 2014). These tend to be located off the coasts of
eastern Antarctica (in the eastern Ross Sea region, and off the
coasts in the Pacific and Indian Ocean regions, where the
largest spread between the reanalysis precipitation occurs. As
cyclones are most prevalent in these areas, the precipitation
amounts during these cyclones could be widely variable
between the reanalyses because the precipitation rates are
dependent on their respective cloud microphysics and precip-
itation schemes (Han et al. 2013). The smallest differences
between reanalyses occur in the Weddell and Ross Seas in
areas where the least amount of cumulative precipitation is
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produced. In these areas the smallest number of cyclones are
also detected (Uotila et al. 2011; Papritz et al. 2014). It appears
that the reanalyses are getting the location and hence precip-
itation of where the cyclones are occurring correctly, but per-
haps not the magnitude of the precipitation given that the
deviations between reanalyses are large.

Reanalyses disagree on the magnitude of snowfall and
rainfall in the Southern Ocean, and this is especially apparent
at lower latitudes where temperatures are warmer, and the phase
of the precipitation is handled differently by each reanalyses mi-
crophysical scheme (refer to references in Table 1). This is also
apparent with the comparisons from CloudSat. Overall, ERA-
Interim produced the least amount of snowfall and JRA-55 pro-
duced the most amount of rainfall in the Southern Ocean. Our
analysis has also shown that precipitation is being produced nearly
every day in the Southern Ocean, like in the Arctic Ocean. Often,
the amount is less than 0.2mm day ™!, which we define in this
analysis as spurious precipitation. Spurious precipitation occurs on
average about 60 daysyr ' and accounts for roughly 4.5mm of
annual precipitation in the Southern Ocean.

Comparing wintertime snow buoy measurements with the
reanalysis precipitation, using the kappa statistic, shows fair
agreement that the reanalyses are producing precipitating
events when the buoy sees an increase in snow depth; however,
the spread of the precipitation rates during these events re-
mains large. The precipitation rate that the reanalyses produce are
dependent on many factors, here we name a few: 1) the repre-
sentation of the sea ice as it affects exchanges of heat, moisture,
and momentum and thus alters the boundary layer; 2) the amount
of moisture and the temperature of the atmosphere, along with
how each treat aerosols, affect the amount of clouds produced and
cloud microphysics therein; 3) their respective cloud microphysics
schemes, however simple or complex, that determine the precip-
itation rate and phase (see Table 1); and 4) their specific assimi-
lated observational datasets and data assimilation schemes.

A specific issue is the differences occurring in subsequent
iterations of reanalyses, which have typically undergone ex-
tensive changes in resolution, model components, and the data
assimilation system. The attribution of changes in precipitation
amount and character from one version to the next may not be
straightforward. The update from MERRA to MERRA-2
involved a transition in the model grid to the cubed sphere
and the elimination of high-latitude Cartesian grid filtering.
Additionally, significant changes to the cloud microphysics
were made (Molod et al. 2015). As compared to ERA-I, the
ERAS employed an updated representation of high-latitude
mixed-phase clouds and prognostic variables for precipitating
rain and snow (Forbes et al. 2011; Hersbach et al. 2020). Both
systems apply different sea ice and SST boundary conditions,
which may affect the local atmosphere/ocean moisture ex-
change. Additionally, both systems conserve global dry air
mass in their more recent versions (Takacs et al. 2016).

Precipitation in the Southern Ocean remains difficult to
evaluate. Possible reasons for this include the following:

1) High uncertainty of precipitation amounts and phase of
precipitation, which is in large part due to a severe lack of
in situ measurements.
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2) High uncertainty in understanding the cloud processes and
microphysics over the Southern Ocean (Pope et al. 2017).

3) Difficulty in using buoy snow depth data for precipitation
evaluation, exacerbated by the Antarctic sea ice and envi-
ronment, which leads to more complex processes affecting
the snowpack once precipitation falls on the sea ice
(Massom et al. 2001; Webster et al. 2018).

Currently it is difficult to assess which reanalysis precipitation
product is the most accurate due to the lack of in situ obser-
vations of precipitation and other variables in the remote lo-
cations of the Southern Ocean, and the difficulty of modeling
cloud microphysics in this region where little is known. Our
results cannot pinpoint the accuracy of one reanalysis over the
other, but show that the reanalysis products produce similar
spatial patterns and annual cycles, precipitate too frequently
(e.g., spurious precipitation), and are decent at reproducing
precipitation events when compared to snow buoys in the
Weddell Sea in the winter.

A better understanding of precipitation in the Southern
Ocean is necessary and becomes especially important in a
warming climate, where precipitation amount, phase, and
patterns are expected to change considerably (Trenberth
2011). Thus, understanding reanalysis precipitation products
along with their discrepancies, and the sources of their dis-
crepancies, is that much more important for understanding
how these changes will affect the sea ice climate system in the
future. More work must be undertaken to better understand,
and to model precipitation for an improved understanding of
the snowpack and snowpack evolution on Antarctic sea ice, as
well as to improve our understanding of the hydrologic cycle in
the Southern Ocean. Specifically, more in situ observations
of precipitation and processes therein are needed over the
Southern Ocean, which can then be utilized to improve pre-
cipitation schemes in reanalyses as well as in deriving satellite
precipitation rates.
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