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ARTICLE INFO ABSTRACT

Editor: Menghua Wang Remote sensing-based precipitation products face several challenges in high latitudes and specifically over frozen

surfaces (i.e., snow and ice). Consequently, precipitation estimates tend to be lower in quality over these regions,

Keywords: including Antarctica, the coldest continent on Earth. In this study, we developed a method for adjusting pre-
Cloudsat cipitation estimates over Antarctica by leveraging CloudSat's ability to capture snowfall compared to other
GPCP . satellite products over snow and ice surfaces. We addressed limitations of CloudSat, such as poor spatiotemporal
Antarctica . . . s .

Remote sensing sampling, noise, and incomplete coverage near the poles. We utilized the European Centre for Medium-Range
Precipitation Weather Forecasts (ECMWF) Reanalysis 5th Generation (ERA5) to guide development, particularly during the
TOVS period when the TIROS Operational Vertical Sounder (TOVS) was contributing. We adjusted monthly and sea-
AIRS sonal TOVS and Atmospheric Infrared Sounder — Infrared (AIRS-IR) precipitation biases over Antarctica at the
ERAS pixel level, as these two products are the primary inputs for the Global Precipitation Climatology Project (GPCP)

in high latitudes. We assessed the adjusted TOVS and AIRS-IR through analyses of geographical maps and time
series of monthly and seasonal mean precipitation rates. The results are encouraging, indicating that the pro-
posed approach could replace the current approach used in the GPCP for adjusting precipitation estimates from
AIRS-IR and TOVS over Antarctica. Adjusting precipitation estimates from TOVS and AIRS-IR using the proposed
approach improves the Kling-Gupta efficiency (KGE) over their entire period by 162% and 147%, respectively.
Moreover, the proposed approach can be applied to adjust other precipitation products over Antarctica at the
pixel level, including satellites and reanalysis products.

1. Introduction

Remote sensing enables researchers to collect critical information
about the Earth from a distance. For instance, it facilitates the mapping
of large forest fires from space, providing rangers with a broader view of
the affected area compared to ground-level observations. Additionally,
remote sensing aids in studying clouds, which contributes to improved
weather prediction. As remote sensing techniques advance, we can now
estimate global precipitation, a crucial element of the hydrological
cycle.

Remote sensing precipitation products offer a solution to some of the
shortcomings associated with traditional in-situ (gauge-based) products

* Corresponding author.

which suffer from sparsity. These products incorporate data from
diverse instruments, including radar (Seto et al., 2022), passive micro-
wave (PMW, Adhikari et al., 2020; Kummerow et al., 1996), and thermal
infrared (IR) imagers and sounders (Ehsani et al., 2021; Kidd and
Huffman, 2011; Susskind et al., 1997). However, remote sensing pre-
cipitation products may introduce biases due to systematic and random
errors in their retrieval algorithms (Ehsani et al., 2022a), limited tem-
poral sampling (Behrangi and Wen, 2017; Sun et al., 2018), and rela-
tively lower accuracy over frozen surfaces (Arabzadeh et al., 2020;
Ehsani et al., 2022b; Ehsani and Behrangi, 2022; Ferraro et al., 2013;
Song et al., 2021; Broxton et al., 2024). Furthermore, relatively short
data records of remote sensing products can affect the accuracy of these
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products (Sadeghi et al., 2019).

Snow is the primary form of precipitation in higher latitudes and
polar regions. Accurate quantification of precipitation in these areas is
crucial for comprehending Earth's current climate status and cryosphere
studies (Hoopes et al., 2023). The accumulated snowpack serves as a
significant freshwater resource for numerous countries, underscoring
the importance of precise high-latitude snowfall assessment at both
regional and global scales. Nevertheless, satellite remote sensing en-
counters several challenges when estimating high-latitude precipitation.
These challenges include poor sensitivity of sensors to light rain and
snowfall, resulting in substantial missing or underestimated precipita-
tion (Behrangi et al., 2012; Berg et al., 2006; Lebsock and L'Ecuyer,
2011). Moreover, the unknown surface emissivity over snow and ice
surfaces (Ferraro et al., 2013) adds to the complexity of the retrieval
process.

Antarctica, the coldest continent on Earth, poses severe challenges
due to its frigid climate and snow-covered landscape. With an ice-cap
climate and temperatures reaching as low as —90 °C during winter,
the majority of the continent remains covered in an immense ice sheet,
nearly 1.6 km thick, accounting for 98% of its surface. The presence of
katabatic winds limits weather fronts from penetrating far into the
continent. Previous studies have shown potential underestimation of
snowfall accumulation over this region and consequently, there is a
pressing need to identify new resources to improve precipitation esti-
mates in Antarctica's extreme and predominantly dry conditions.

Due to the severe climate and maintenance difficulties, in-situ
measurements of precipitation in Antarctica are extremely limited
(Seefeldt et al.,, 2021), to the point that the Global Precipitation
Climatology Centre (GPCC; Schneider et al., 2017) cannot construct a
reliable analysis of this region. As a result, the satellite-gauge Global
Precipitation Climatology Project (GPCP; Huffman et al., 2023) that uses
GPCC for bias correction over land, lacks gauge input over Antarctica. So
far, GPCP has relied on precipitation estimates from the Atmospheric
Infrared Sounder (AIRS) and TIROS Operational Vertical Sounder
(TOVS), mainly due to the poor performance and relatively short record
of PMW sensors, and lack of coverage from geostationary infrared sat-
ellites over Antarctica. Due to the large underestimation of precipitation
from AIRS and TOVS over Antarctica, GPCP utilizes a constant adjust-
ment factor (i.e., ~1.4; based on some limited gauge analyses) to reduce
the precipitation bias. However, this approach is not very accurate and
ignores regional corrections.

Recent research has demonstrated that CloudSat presents a prom-
ising alternative for analyzing regional and global snowfall and assess-
ing precipitation estimates in high latitudes including Antarctica
(Behrangi et al., 2016; Behrangi et al., 2014b; Behrangi et al., 2014a;
Kulie et al., 2016; Liu, 2008; Palerme et al., 2014a, 2014b). Previous
evaluations of CloudSat's precipitation products have shown promising
results, highlighting its strong ability to detect falling snow from space.
In a study by Behrangi et al. (2020), the annual snow accumulation
measured by CloudSat was compared with mass change observations
from the Gravity Recovery and Climate Experiment (GRACE) over seven
Antarctic basins, revealing good agreement between the two observa-
tional products. This agreement enhances confidence in CloudSat's
capability to accurately capture snowfall accumulation, particularly on
an annual basis (Behrangi et al., 2019).

Nevertheless, CloudSat's estimates are not without challenges
(Arthern et al., 2006). One notable issue is its inability to capture pre-
cipitation near the surface due to interference from ground clutter
(Battaglia and Panegrossi, 2020; Bennartz et al., 2019; Skofronick-
Jackson et al., 2019; Smalley et al., 2017). Moreover, CloudSat's
coverage is limited temporally (spanning from 2006 to 2010) and
geographically (no observations are available poleward of 82°). Addi-
tionally, CloudSat's narrow swaths (and nadir observations) result in
poor sampling. Some studies have attempted to address some of these
drawbacks associated with CloudSat. For instance, Grazioli et al. (2017)
employed a combination of new in-situ data collected along the coast of
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Adelie Land over one year, revealing that about 17% of falling snow
sublimates before reaching the surface due to dry air in the lower
troposphere. Since CloudSat's snowfall estimate is made at approxi-
mately 1.2 km above the surface to avoid surface clutter (Tanelli et al.,
2008), it is likely less affected by the reduced snowfall rate due to the
sublimation. Grazioli et al. (2017) demonstrated the possibility of
compensating for some of the precipitation missed by CloudSat using the
reanalysis vertical profile of precipitation.

Reanalysis datasets like the European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis 5th Generation (ERAS5) pro-
vide extended temporal coverage compared to CloudSat and other
remote sensing products. Nevertheless, the reliability of reanalysis
products raises concerns primarily due to their reliance on numerical
models, which often lead to an overestimation of precipitation over
Antarctica (Palerme et al., 2017). Additionally, the assimilation of ob-
servations may not fully address all the modeling issues. Inherent un-
certainties in reanalysis products pose challenges in terms of
comprehension and quantification (Ghajarnia et al., 2022).

In this study, we develop a new climatology product based on
CloudSat over Antarctica (hereafter CloudSat-Antarctica) that addresses
some of the limitations of CloudSat. The main objective is to use more-
reliable precipitation climatology estimates of CloudSat-Antarctica to
create spatiotemporal correction factors. These correction factors then
can be applied to adjust precipitation estimates by individual or com-
bined sensor products such as GPCP and the Integrated Multi-satellitE
Retrievals for the Global Precipitation Measurement (GPM) mission
(IMERG; Huffman et al., 2020) over Antarctica. In the following sec-
tions, datasets, and methodology are described first, then the results are
presented and discussed, followed by concluding remarks.

2- Study area, datasets, and methodology

1.1. Datasets

1.1.1. CloudSat

Nadir-looking CloudSat cloud profiling radar, operating at 94-GHz
on the CloudSat satellite, measures the radar backscatter from clouds
and other objects at varying distances from the radar. It offers cross-
track, along-track, and vertical resolutions of 1.4 km, 1.7 km, and 0.5
km, respectively, covering the latitude range from 82°S to 82°N. For this
study, the 2C-SNOW-PROFILE V05 product, which provides near-
surface snowfall rates was utilized. The 2C-SNOW-PROFILE product
demonstrates satisfactory performance over land areas (Smalley et al.,
2017). Nevertheless, some limitations affect CloudSat's accuracy in
measuring intense surface snowfall rates, mainly related to attenuation
issues and ground clutter (Battaglia and Panegrossi, 2020; Bennartz
et al., 2019; Skofronick-Jackson et al., 2019; Stephens et al., 2002).
Additionally, from 2011 onwards, battery constraints restricted Cloud-
Sat's sampling to daytime only, leading to a significant reduction in
observations over Antarctica (Milani and Wood, 2021). Thus, this study
focuses on CloudSat data from the period of 2007 to 2010 when both day
and night observations were available. In this study, CloudSat is
regridded into a 0.5° level-3 grid over Antarctica to match the spatial
resolution of GPCP V3.2 using a binning method.

1.1.2. ERA5

ERAS offers hourly computations for numerous climate variables
related to the atmosphere, land, and oceans. These calculations are
performed on a 30-km grid, and the atmosphere is represented with 137
levels extending from the Earth's surface up to 80 km in height. To
generate these estimates, ERA5 integrates extensive historical weather
observations worldwide through sophisticated modeling and data
assimilation techniques (Hersbach et al., 2020). This study combines
ERAS5's convective and large-scale snowfall rates to conduct a compari-
son with other snowfall products, thereby evaluating the total snowfall.
Similar to CloudSat, ERAS is regridded into a 0.5° grid using bivariate
spline approximation.
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Table 1
Summary of precipitation products used in this study.
Product Period Spatial
Resolution
CloudSat Jan 2007 - Dec 2010 0.5°
ERAS Jan 1983 - Dec 2020 0.5°
TOVS Jan 1983 - Aug 2002 0.5°
AIRS-IR Sep 2002 - Dec 2020 0.5°
1.1.3. TOVS

The TOVS precipitation dataset is derived using the methodology
described by Susskind et al. (1997). This approach utilizes a climato-
logical multiple regression relationship between rain gauge measure-
ments and various TOVS-based parameters related to cloud volume,
cloud-top pressure, fractional cloud cover, and relative humidity pro-
file. Specifically, cloud properties extracted from TOVS are translated
into precipitation values through regression analysis against the First
Global Atmospheric Research Program (GARP) Global Experiment rain
stations. This relationship is allowed to vary both seasonally and lati-
tudinally, with separate relationships established for ocean and land
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areas. The TOVS precipitation dataset serves as an input in the GPCP
merged dataset (Huffman et al., 2023). For this study, TOVS data were
obtained from the GPCP input package, where the data was rescaled
from 1° resolution to 0.5° through grid box replication, and histogram-
matching was employed to calibrate the TOVS precipitation estimates to
AIRS in three different segments (Huffman et al., 2023).

1.1.4. AIRS

Aboard the Earth Observing System Aqua satellite, AIRS operates as
an infrared sounder. One of AIRS's primary goals is to provide temper-
ature and humidity profiles, along with various other atmospheric
products, in conjunction with observations from the Advanced Micro-
wave Sounding Unit (AMSU) and the Humidity Sounder for Brazil
(HSB). The precipitation retrieval method introduced by Susskind et al.
(1997), which is employed for TOVS data, is also applied to AIRS data.
However, due to the loss of AMSU-A2 in 2016, a modified version of the
algorithm called AIRS-IR was developed, utilizing only infrared data.
This modified version is applied to the entire AIRS record to maintain
consistency. GPCP utilizes precipitation retrievals based on this AIRS-IR
at 0.5° spatial resolution, and the same version is utilized in the current
study as well (Table 1).

CloudSat ERAS
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Fig. 1. Flowchart explaining how correction factors are calculated.
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Fig. 2. First row: Seasonal precipitation maps of CloudSat-Antarctica in mm/day. Second to fourth rows: difference between the long-term (2007-2010) seasonal
averages of CloudSat, ERA5, and ERA5-Adjusted and CloudSat-Antarctica seasonal climatology in mm/day. Red/blue colors indicate over/underestimation,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

1.2. Methodology

The main objective of this study is to develop a new approach for
adjusting TOVS and AIRS-IR over Antarctica (as the main inputs to the
GPCP) utilizing more advanced snowfall estimates from CloudSat to
replace the simple legacy adjustment method currently used in GPCP
V3.2 and later used in other products such as IMERG V07. Before their
use in GPCP V3.2, the inter-calibrated TOVS, and AIRS-IR are currently
adjusted by a constant climatological factor (i.e., ~1.4) based on some
limited gauge analysis. This approach is insufficient because a constant
adjustment factor fails to address regional precipitation patterns and
biases, as well as spatiotemporal variations. Therefore, we proposed a
new pixel-level method that can adjust precipitation patterns and rates,
regionally and over the entire Antarctica (Cabaj et al., 2020; King and
Fletcher, 2021).

The proposed approach, summarized in, uses the four-year (i.e.,
2007-2010) regionally and seasonally varying CloudSat climatology
and derives adjustments to force various other estimates to closely
mimic the CloudSat climatology on the pixel level. The correction fac-
tors are computed for both land and ocean and applied over the Ant-
arctic ice sheet (as shown in the geographical maps), but they can easily
be extended to ice shelves and off-shore.

The first step in generating the CloudSat-Antarctica climatology
product was to calculate the long-term seasonal averages of CloudSat.
The seasonal averages were then re-gridded to a 0.5° spatial resolution
regular grid to match the resolution of GPCP, AIRS-IR, and TOVS
products using a simple binning approach. Outlier precipitation esti-
mates (>99.9999% of the estimates over Antarctica) were removed for
each season. Similar to Grazioli et al. (2017), ECMWF Integrated Fore-
cast System (IFS) was used to calculate adjustment factors for CloudSat
to account for ground-clutter. For this purpose, the cumulative

precipitation near the surface was divided by precipitation accumula-
tion at 1.2 km above the surface and applied to the CloudSat
climatology.

Similarly, the long-term seasonal averages of ERA5 were calculated
and re-gridded to a 0.5° spatial resolution using bivariate spline
approximation. These averages were then used to fill CloudSat gaps
poleward of 82'S. For the gap-filling step, the ratio of seasonal averages
of CloudSat and ERA5 for 80'S-82'S was calculated first and then
applied to ERA5 poleward of 82°S to estimate CloudSat precipitation
across the gap. It is noteworthy to mention that for the 2007-2010
period, our methodology primarily leverages CloudSat data, with ERA5
playing a supplementary role in filling spatial gaps poleward of 82°,
where precipitation is almost negligible. It's worth noting that in this
context, ERA5 contributes a minor portion (approximately 4.1%) to the
weighted pixel precipitation, underscoring that the core of our adjust-
ments and analysis is rooted in CloudSat observations.

Lastly, a smoothing operation was applied to minimize noise in the
final CloudSat-Antarctica product. The smoothing step includes
convolving the precipitation estimates using a 5 x 5 kernel/filter that
takes the average of the neighboring pixels and applies that to the center
pixel. The CloudSat-Antarctica seasonal climatology product was then
used to calculate pixel-based (0.5°) correction factors to adjust other
precipitation products over Antarctica. This step includes dividing the
CloudSat-Antarctica product by the target product and then constraining
the correction factors to the range of 1/4 to 4 by re-distributing the extra
weights to neighboring pixels to make sure that zonal-averages over the
entire Antarctica is close to one. This range is adapted after trial and
error experiments with the goal to avoid overly large changes in the
original product.

The first correction factors were calculated for the ERA5 precipita-
tion product. ERA5 seasonal precipitation data was then multiplied by
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Fig. 3. Summary of statistics for ERA5 and ERA5-Adjusted based on Fig. 2.

corresponding seasonal correction factors to create the ERA5-Adjusted
product. ERA5-Adjusted was then compared with CloudSat, CloudSat-
Antarctica, and ERAS5 for the period 2007-2010 to evaluate the effi-
ciency of the proposed approach during the 2007-2010 period.

Before calculating the correction factors for TOVS and AIRS-IR
products, an extensive statistical analysis was performed comparing
the two products. With this analysis, we noticed that there is a shift in
the zonal averages between TOVS and AIRS-IR periods (0.42 vs 0.37
mm/day). Seasonal and monthly time series showed that TOVS has a
different spatiotemporal precipitation pattern and long-term average
than AIRS-IR, so static correction factors based on the climatology of
CloudSat-Antarctica could not be directly applied to TOVS period. To
overcome this issue, we first adjusted ERA5 precipitation with CloudSat-
Antarctica for the TOVS period and then used ERA5-Adjusted to adjust
TOVS on a month-by-month and season-by-season basis (that is dividing
ERA5-Adjusted by TOVS for each month/season and then multiplying
TOVS values by that factor for each pixel). Conversely, climatological
correction factors derived from CloudSat-Antarctica were directly
applied to adjust the bias of AIRS-IR, as the time-series of AIRS-IR was
found to align well with CloudSat and ERA5 time-series.

Since correction factors are calculated for seasons, but the precipi-
tation data are monthly, we choose monthly correction factors to be
identical for each month of the season. For example, for DJF, the same
correction factors are applied to December, January, and February. In a
separate set of experiments (not included in the manuscript), we
developed monthly correction factors from the monthly CloudSat-
Antarctica climatology product with a similar methodology. However,
considering the limitations of the CloudSat, specifically poor spatio-
temporal sampling, the monthly CloudSat-Antarctica climatology
product did not improve the monthly time-series of the investigated

products as effectively as seasonal CloudSat-Antarctica applied to
monthly data. Therefore, we decided to use seasonal correction factors
on both monthly and seasonal time-series.

A series of analyses were performed to compare TOVS, AIRS-IR,
ERA5, and their adjusted versions (TOVS-Adjusted, AIRS-IR-Adjusted,
and ERA5-Adjusted, respectively). Statistical metrics and analyses
were used to quantify the changes after applying correction factors.
Finally, GPCP V3.2, which uses TOVS and AIRS-IR by a constant
adjustment factor was reconstructed with the TOVS-Adjusted and AIRS-
IR-Adjusted to demonstrate/evaluate the impact of the proposed
methodology. Flowchart in Fig. 1 summarizes the methodology of the
present study.

2. Results

In the first experiment, the CloudSat-Antarctica climatology product
was compared with corresponding seasonal averages of CloudSat, ERA5,
and ERA5-Adjusted for the period 2007-2010. ERA5-Adjusted is the
ERA5 product adjusted by pixel-based correction factors based on
CloudSat-Antarctica. Fig. 2 shows the advantages of CloudSat-
Antarctica compared to CloudSat. Gaps poleward of 82°S are filled
and the patterns are less noisy. As detailed in Fig. 3, ERA5-Adjusted
shows patterns that are similar to CloudSat-Antarctica, which is re-
flected in higher KGE (Kling-Gupta Efficiency; 0.73 in all seasons)
compared to ERA5 (0.42). Applying correction factors also improves the
correlation coefficient (CC) of ERA5-Adjusted (0.85) compared to ERAS
(0.62), decreases the root mean squared difference (RMSD; 0.76 vs 1.08
mm/day), and reduces the bias of the ERA5-Adjusted with respect to
CloudSat-Antarctica in all seasons compared to the bias ratio of the
ERAS5 original product (1.01 vs 1.03). Note that the statistics are not
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Fig. 4. (a) Monthly and (b) seasonal time series of Antarctic average snowfall from CloudSat, ERA5, and ERA5-Adjusted products relative to CloudSat-Antarctica for
the period 2007-2010 in mm/day. The average snowfall rates are only calculated down to 82°S for consistency between CloudSat and other products.
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Fig. 5. a) Monthly and b) seasonal time series of Antarctic average precipitation from TOVS, AIRS-IR, ERA5, and their long-term averages (dashed lines) in mm/day.

appreciably affected by the region poleward of 82°S since it contains
zero or near-zero precipitation values. The visual assessment of Fig. 2
also shows improvement in the ERA5-Adjusted precipitation patterns
compared to the ERAS5. This indicates that correction factors can effec-
tively improve both precipitation patterns and statistical metrics.

Fig. 4 shows monthly (Fig. 4a) and seasonal (Fig. 4b) average
snowfall rates over Antarctica from ERA5, ERA5-Adjusted, and CloudSat
relative to CloudSat-Antarctica. Since CloudSat precipitation products
do not cover 82°S-90°S, the average snowfall rates are only calculated
down to 82°S for consistency between CloudSat and other products. This
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Fig. 8. Seasonal maps of precipitation rates for four case studies (each for one separate season) sampled from the TOVS period: First column on the left: map of mean
precipitation from ERA5-Adjusted (i.e., the reference), Second through fourth columns: Maps of precipitation values from the other products (TOVS, TOVS-Adjusted,

ERA5) minus ERA5-Adjusted.

experiment investigates if the proposed approach that uses long-term
climatological averages to drive correction factors cause any peculiar
pattern in monthly and seasonal time-series of the adjusted product (in
this case ERA5-Adjusted).

Visual assessment of the ERA5-Adjusted and ERAS time series at both
seasonal and monthly time scales indicates that applying correction
factors makes ERA5-Adjusted more similar to CloudSat-Antarctica (as
expected) which is reflected in the improved KGE (0.63 vs 0.32) as a
general metric that incorporate correlation, bias and variability ratio.
This experiment indicates that though correction factors are static/fixed
(i.e., calculated based on the long-term seasonal climatology of
CloudSat-Antarctica and ERA5), are effective in improving the monthly/
seasonal time series of ERA5-Adjusted (that visually is reflected in being
closer to horizontal dashed line at zero).

Fig. 5 shows the time series of TOVS, AIRS-IR, ERA5, and their long-
term averages (dashed lines). TOVS and AIRS have different long-term
averages (0.42 vs 0.37 mm/day for seasonal time-series). The long-
term averages of ERAS5 for the TOVS and AIRS-IR periods of record
(approximately 0.55 mm/day, dashed blue line) indicate that there
should not be a large difference between the TOVS and AIRS-IR aver-
ages. Statistical tests, for example Augmented Dickey-Fuller Test, indi-
cate that TOVS has a trend (ADF Statistic: —1.7, p-value: 0.44), while
this is not the case for AIRS-IR. Furthermore, TOVS precipitation has
lower spatial resolution and lower quality compared to AIRS-IR, leading
to different zonal precipitation averages between the two products
(discussed below in the case studies experiments).

As mentioned earlier, the correction factors based on the CloudSat-
Antarctica climatology product are calculated for the 2007-2010
period, when CloudSat-Antarctica and AIRS-IR overlap. Side studies
showed that adjusting TOVS by the climatological CloudSat-Antarctica
correction factors results in unreasonably large values and variations.
The TOVS-Adjusted Average value also becomes much larger than the
AIRS-Adjusted Average value, making the TOVS-AIRS time series even
less consistent (0.62 vs 0.51 mm/day for TOVS and AIRS-IR periods
respectively; Fig. 6).

To overcome this issue, TOVS’ precipitation patterns and trends in
both monthly and seasonal time series need to be improved before any
adjustment. Because CloudSat is not available for the TOVS period,
ERA5-Adjusted was used to compute dynamic correction factors (i.e.,
varying monthly/seasonally) for adjusting TOVS. This was not needed
for AIRS-IR, as AIRS-IR shows a pattern that compares well to CloudSat-
Antarctica, so correction factors based on CloudSat-Antarctica were
directly applied to AIRS-IR.

Fig. 7 shows the time series of ERA5, TOVS-Adjusted, and AIRS-IR-
Adjusted in both monthly and seasonal scales. A visual comparison be-
tween Fig. 6 and Fig. 7 suggests that TOVS-Adjusted is now a better
match to the AIRS-IR time-series, in terms of both magnitude and vari-
ation. The dynamic correction factors approach applied to TOVS seems
to be effective, leading to long-term averages of TOVS-Adjusted and
AIRS-IR-Adjusted that almost coincide.

Apart from time-series of monthly/seasonal average, it is important
to evaluate the impacts of the correction factors on regional
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Fig. 9. Seasonal maps precipitation rates for four case studies (each for one separate season) sampled from the AIRS-IR period: First column on the left: map of
precipitation from ERA5-Adjusted (i.e., the reference), second through fourth columns: Maps of precipitation values from the other products (AIRS-IR, AIRS-IR-

Adjusted, ERA5) minus ERA5-Adjusted.

precipitation patterns and understand why the data record of AIRS-IR
and TOVS show inconsistencies before the adjustments. For this pur-
pose, Figs. 8 and 9 show seasonal maps of precipitation for four case
studies, alongside their adjusted versions, ERA5, and ERA5-Adjusted for
four different seasons sampled from different periods. In these case
studies, ERA5-Adjusted serves as the reference since CloudSat and/or
CloudSat-Antarctica are not available.

Fig. 8 shows that TOVS generally has a poor quality which is re-
flected in rather different precipitation patterns than ERA5 and ERA5-
Adjusted (and CloudSat if available). Applying correction factors
strongly improves the TOVS-Adjusted patterns which is also reflected in
improved statistical metrics discussed later. Precipitation in the coastal
regions has specifically improved. Similarly, Fig. 9 shows that applying
static correction factors has greatly improved AIRS-IR precipitation
maps, also confirmed by the statistical metrics in Fig. 10.

Expanding the analysis to the entire period of availability of these
products, KGE, correlation coefficient, and root mean squared differ-
ences (RMSD) compared to ERA5-Adjusted are calculated for TOVS,
TOVS-Adjusted, AIRS-IR, AIRS-IR-Adjusted, and ERAS. For each season,
these statistics are calculated on the pixel level, and then boxplots are
used to summarize the results. Note that all pixels, including those
poleward of 82°S, are used for calculating the statistics since all the
products completely cover Antarctica. Fig. 10 illustrates that both TOVS-
Adjusted and AIRS-IR-Adjusted are more consistent with ERA5-Adjusted
than their original versions, which is reflected in higher KGE and cor-
relation coefficients, and lower RMSD (Table 2).

Since this study was motivated by deficiencies in the GPCP precipi-
tation record over Antarctica, we compared the monthly and seasonal
time series of GPCP V3.2, and GPCP-Adjusted which is constructed from
TOVS-Adjusted, and AIRS-IR-Adjusted in Fig. 11. Time-series indicate
that the shift in the long-term averages and variabilities between orig-
inal TOVS and AIRS-IR products (Fig. 5) exist in GPCP V3.2 as well.
However, GPCP constructed from TOVS-Adjusted and AIRS-IR-Adjusted
(i.e., GPCP-Adjusted) does not show any obvious trends or in-
consistencies in their long-term mean and variabilities. Hence, it can be
concluded that the proposed approach can strongly outperform the
GPCP legacy approach for adjusting TOVS and AIRS-IR using a constant
scale factor. It is interesting to note that at the Antarctic-wide scale, the
GPCP V3.2 and the GPCP-Adjusted show similar timing of the seasonal
cycle, even at the monthly time scale, but GPCP has a much larger
amplitude indicating that the proposed correction factors based on
CloudSat-Antarctica product preserve temporal precipitation patterns.

3. Concluding remarks

In this study, CloudSat precipitation was used to develop a novel
precipitation climatology product (called CloudSat-Antarctica) over
Antarctica, where the entire surface is covered by snow and ice and
current satellite-based precipitation products face major challenges.
ERA5 complemented CloudSat's capabilities by mitigating some of its
limitations, including poor spatiotemporal sampling, noise, and data
gaps near the South Pole. The product was then used to adjust monthly
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Fig. 10. Statistical metrics of the (a) TOVS and (b) AIRS-IR products compared to ERA5-Adjusted. Boxplots are constructed from the pixel-based comparison of
seasonal precipitation data from TOVS, AIRS-IR, their adjusted version, and ERA5 w.r.t. ERA5-Adjusted.

Table 2

Summary of statistics for different products compared to ERA5-Adjusted.
Product CC KGE RMSD

[mm/day]

ERAS 0.85 0.70 0.45
AIRS 0.63 0.28 0.67
AIRS-Adjusted 0.83 0.68 0.48
TOVS 0.57 0.29 0.69
TOVS-Adjusted 0.89 0.76 0.39

TOVS and AIRS-IR precipitation biases at a pixel level because TOVS and
AIRS-IR precipitation data are the sole input to the popular GPCP
product over Antarctica.

Detailed investigations showed that adjusting TOVS by the clima-
tological correction factors, derived from the overlapping period of
CloudSat-Antarctica and AIRS-IR precipitation climatology, results in
unreasonably large values and variations. It was found that this is
mainly related to the lower quality of the TOVS precipitation product
that shows an offset and slightly different pattern compared to the AIRS-
IR product. Because CloudSat is not available for the TOVS period, ERA5
was adjusted with CloudSat-Antarctica and used to compute dynamic
correction factors (i.e., varying monthly/seasonally) for adjusting TOVS.
This was not needed for AIRS-IR, as AIRS-IR shows a pattern that
compares well to CloudSat-Antarctica, so correction factors based on
CloudSat-Antarctica were directly applied to AIRS-IR.

The adjusted products were evaluated through multiple analyses and
cross-comparisons, including the comparison of geographical maps, and
time-series of monthly and seasonal Antarctic-mean precipitation rates.

10

The results indicate that the proposed approach can greatly improve
precipitation patterns, consistency, and statistical metrics compared to
the original AIRS-IR and TOVS and can be applied to other precipitation
products. Consequently, this was observed in comparison of GPCP-
Adjusted (constructed from TOVS and AIRS-IR Adjusted products)
with the GPCP V3.2 monthly product (that uses TOVS and AIRS-IR with
a constant adjustment factor over Antarctica).

The work presented here extensively used CloudSat. With the ex-
pected near-future launch and operation of the Earth, Clouds, Aerosols,
and Radiation Explorer (EarthCARE) mission (Illingworth et al., 2015),
such capabilities should continue, and the analysis can be updated to
include additional longer-term high-quality data sets for advancing
precipitation products in high latitudes. Alternatively, it is also possible
to develop consistent precipitation products from the Advanced Very
High Resolution Radiometer (AVHRR) sensors that cover the entire
period of TOVS and AIRS. This can mitigate the TOVS issue that we faced
in this work, and subsequently the dual use of ERA5 for both enhance-
ment and assessment of the TOVS product.
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