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Variability of extreme precipitation in West Antarctica
and its response to the Amundsen Sea Low changes

Abstract. Changes in precipitation extremes over West Antarctica and the Antarctic Peninsula belong to the observed
consequences of current climate change. We discuss the spatio-temporal patterns of extreme precipitation and their
relationships with the Amundsen Sea Low (ASL) parameters. Based on the ERAS reanalysis data, the 95th percentile
of daily precipitation totals was estimated and linked to the ASL parameters over the main glacier basins in the region.
The 95th percentile of precipitation varied from 5 mm to over 40 mm over the region, showing higher values along
the coastline and reaching the maximum over the west coast of the Antarctic Peninsula. The tendencies of extreme
precipitation vary from —3 to 4 mm per decade and enhance the observed spatial distribution differences. On average,
extreme precipitation events covered 4.7—4.9% of the basins’ area. All dependencies had a well-detected seasonality.
Both total and extreme precipitation varied under the ASL fluctuations, showing significant average-to-strong cor-
relations. The ASL shifts to the west caused a decrease in precipitation over the Amundsen Sea and an increase over
the Antarctic Peninsula. The ASL deepening (lower atmospheric pressure of the system) resulted in a precipitation
decrease over the Getz Ice Shelf and a precipitation increase over the western part of the Antarctic Peninsula. There
are two regions with opposite responses of precipitation to the ASL changes: the western part over the Getz Ice Shelf
with nearby marine areas, and the eastern part covering the Antarctic Peninsula, Pine Island glaciers, the Abbot Ice
Shelf, and the Bellingshausen Sea. The obtained results are crucial for our understanding of extreme precipitation
occurrences over West Antarctica in recent decades under climate change.
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1 Introduction

Climate change has caused the shrinkage of ice
sheets and glaciers and, consequently, the rise of
sea levels (IPCC, 2022). Their outcome can re-
distribute radiation and energy balances through
surface albedo modifications that can amplify the
existing warming again (Liang et al., 2023). West
Antarctica, which is covered by the West Antarctic
Ice Sheet (WAIS), has one of the sharpest trends
in warming (Schneider et al., 2012; Bromwich et
al., 2013; Gymez-Valdivia et al., 2023). Thus, WAIS

melting significantly contributes to sea level rise
in this region. Precipitation, especially extreme pre-
cipitation events, is another factor that impacts
the whole Antarctic ice sheet, including WAIS,
contributing the most to the mass balance. Some
extreme precipitation daily totals could reach
40—60% of the annual amount (Turner et al.,
2019; Wille et al., 2021).

Turner et al. (2005) applied observational and
ERA-40 data for the last several decades over the
western Antarctic Peninsula and showed precipi-
tation to increase in duration during summer and
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Figure 1. The studied domain of West Antarctica

autumn. It developes on the background of the
general temperature rise, according to the Coupled
Model Intercomparison Project Phase 5 (CMIPS5)
model data (Nicola et al., 2023). Although in
1990—2000, there was a tendency toward decreas-
ing precipitation totals, starting in the 2010s,
the tendency has changed to increasing precipi-
tation sums and extremes for some stations on
the Antarctic Peninsula (Carrasco & Cordero,
2020; IPCC, 2022; IPCC, 2023). Between the
mid-1990s and mid-2010s, the fraction of snow
rose while the fraction of rainfall decreased dur-
ing the austral summer season. However, in re-
cent years the growth of extreme rainfall events
has been observed in the austral summer (Car-
rasco & Cordero, 2020; Wang et al., 2022). Pre-
cipitation totals’ fraction over the 95th percentile
is projected to increase till the end of the 21st
century for the region of the Antarctic Peninsula
based on the estimations for the Representative
concentration pathways (RCP 4.5 and RCP 8.5)
(Chyhareva & Krakovska, 2022). Changes in pre-
cipitation and their fluctuations are related to vari-
ability phases in climate drivers of the Southern
Annular Mode (SAM), the Amundsen Sea Low
(ASL) (Zheng et al., 2013; Turner et al., 2019; Car-
rasco & Cordero, 2020; Wille et al., 2021), and
El Nico—Southern Oscillation (ENSO) (Raphael
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et al., 2016; IPCC, 2022). These big climate drivers
shape and define weather and climate conditions
in West Antarctica and can provoke “moisture
intrusions” with precipitation extremes.

In this paper, we will focus on the climatological
ASL pattern that is located near the coast of West
Antarctica in the southern sector of the Pacific
Ocean and the western of the Southern Ocean (Fig.
1). It is very changeable during seasons and years
(Hosking & National Center for Atmospheric Re-
search, 2020; Raphael et al., 2016; Hosking et al.,
2016). It was found that the positive phase of SAM
intensifies or deepens ASL (Carrasco & Cordero,
2020; Wille et al., 2021) while the negative one with
an ASL-blocking activity can cause summer warm-
ing over West Antarctica and, as a consequence,
snow melting (Scott et al., 2019). These phenom-
ena of climate drivers have been affected by an in-
crease in man-made greenhouse gas concentrations
(IPCC, 2022) and have caused shifts and altera-
tions in the phases of climate drivers and Southern
Westerly Winds and changes in meridional winds
(Turner et al., 2009; Raphael et al., 2016; Hosking
et al., 2016). Particularly, ASL has a significant im-
pact on the weather and climate conditions in West
Antarctica, which is the focus of this study.

In recent decades, the ASL circulation pattern
has deepened due to increased cyclonic activity
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in response to growth in greenhouse gas concen-
trations and a decrease in stratospheric ozone since
the 1960s. ASL intensification has mostly been ob-
served during the summer (England et al., 2016).
In the future, it could be challenging to forecast
because of uncertainties and regional aspects.
However, ASL is expected to deepen according
to the reanalysis dataset ERA-Interim and CMIP
5 models’ data and RCP scenarios in response to
the increase of greenhouse gases emissions. It could
migrate in the future poleward during the sum-
mer and autumn seasons while eastward during
winter (Turner et al., 2009; Zheng et al., 2013;
Raphael et al., 2016; Hosking et al., 2016). Thus,
ASL deepening can intensify hazards such as ex-
treme precipitation, specifically above defined thre-
sholds of percentiles that define very wet days
and precipitation totals. The intensification of
ASL in the spring of 2021 was the deepest since
the 1950s and accelerated southern winds. Also, it
has been found that during the summer of 2022
(February), ASL was one of the main factors of
sea ice extent (Wang et al., 2023). This trend is
expected to continue, according to climate pro-
jections, leading to stronger winds.
Consequently, there will be a spatio-temporal
redistribution of extreme precipitation within dif-
ferent timescales. It tends to increase the freque-
ncy of hazards, especially along the coastline, and
they can affect water flow, polar ecosystems, etc.
Previous research also covered extreme precipi-
tation records for 1979—2017 via applying rea-
nalysis ERAS5 and the RACMO?2 regional climate
model (Gonzalez-Herrero et al., 2023) and studied
a connection among geopotential height anoma-
lies of ASL, ASL-lon index, blocking high and
seasonal distribution of extreme precipitation
events (Deb et al., 2018; Chitella et al., 2022).
The study aims to analyze the tendency of the
spatio-temporal patterns of precipitation varia-
bility and its extreme values during the last dec-
ades till 2021 within West Antarctica and deepen
the research in response to the ASL shifts. At
first, we need to check if the general approach
for detecting precipitation extremes based on
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95th percentiles is representative of a wide range
of local climate zones and includes responses to
atmospheric circulation. Then, search for ten-
dencies over separate glacier basins in west Ant-
arctica that have been affected by strong eleva-
tion decreases in recent decades. Finally, esti-
mate the multiplicative dependencies between
ASL characteristics and precipitation over West
Antarctica to determine the most significant in-
dicators of regional circulation related to the dis-
tribution of extreme precipitation.

2 Data and methods

The study is based on the historical European Cen-
tre for Medium-Range Weather Forecasts (ECMWEF)
ERAS reanalysis (Hersbach et al., 2020) data for
hourly accumulated precipitation with a horizon-
tal resolution of 0.25° x 0.25° for the polygon of
West Antarctica (62...82 °S, 45...160 °W) for
the last decades from 1991 to 2021. Data were
retrieved from the Climate Data Store (CDS)
https://cds.climate.copernicus.eu/cdsapp#!/search?
type=dataset. This reanalysis has replaced the ERA-
Interim (Hersbach et al., 2019; Bell et al., 2021)
and was already used for the Southern Antarctic
Peninsula—Ellsworth Land Region (Tetzner et
al., 2019). It should be noted that in-sifu obser-
vations scarcely cover the investigated area and
have a point-like character. Consequently, mod-
els have some uncertainties in representing at-
mospheric-ocean-land processes.

The latest satellite studies showed decreased gla-
cier elevation along the Western Antarctica coast
(Otosaka et al., 2023). Although many factors can
cause these changes, our study focuses specifi-
cally on the redistribution of precipitation in the
context of changes in atmospheric circulation.
To provide a physically valid statistical generali-
zation within natural zones, we selected four ar-
eas along the coast corresponding to glacial ba-
sins according to (Zwally et al., 2012). Basins 20,
21, 22, and 23 correspond mainly to the Getz Ice
Shelf, Thwaites Glacier, Pine Island glaciers, and
Abbot Ice Shelf (see Fig. 1). The Antarctic Pen-
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insula was omitted because of its highly hetero-
geneous environment.

Several indices of the Amundsen Sea depres-
sion were used to characterize the atmospheric
circulation in this region (https://climatedatagu-
ide.ucar.edu/climate-data/amundsen-sea-low-
indices), including the average pressure field in
the West Antarctic sector, the central pressure,
longitude and latitude coordinates of the pres-
sure field, and the relative pressure at the center,
calculated as the difference between the central
pressure and the averaged pressure field (Hosk-
ing et al., 2013; Hosking et al., 2016; Hoskin &
National Center for Atmospheric Research,
2020; The ASL Climate Index https://scotthosk-
ing.com/asl_index).

We added one more ASL characteristic — the
distance to the ASL center (d [km]) — to check
whether there is any dependency between pre-
cipitation in the grid cell and the location of the
ASL center. The distance was approximated us-
ing the haversine formula (1):

d=2-R- arcsin(\/sin?—(m) +

Agria—4
. grid—ASL
+€0SQ sy, * COSPgria - SIN* ()

where R is the average radius of the Earth; ¢, —
the latitude of the ASL center; P the latitude of
the grid cell center; A, — the longitude of the ASL
center; A, — the longitude of the grid cell center.

These characteristics were calculated as a mon-
thly average inside a typical climate period of 30
years (from 1991 to 2021). The data processing
utilized the Climate Data Operators (CDO) soft-
ware package and author-developed programming
algorithms.

Initial hourly accumulated precipitation data
were sequentially summed to daily totals and then
to monthly totals. Daily totals were used to estimate
extreme precipitation (precipitation exceeding the
95th percentile value (in mm)). The 95th percen-
tiles were calculated separately for each austral se-
ason — summer (December to February), autumn
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(March to May), winter (June to August), and spring
(September to November) — using the “seaspctl”
operator in CDO. With this operator, we aimed
to receive a time series of the 95th percentiles as
a boundary for extreme precipitation to estimate
the temporal changes of extremity and depend-
ence on atmospheric circulation. A similar ap-
proach was implemented for other regions (Eh-
mele et al., 2020; Reed et al., 2022).

Relationships between precipitation (daily to-
tals and 95th percentile) and ASL characteristics
were assessed using Spearman rank correlation
coefficients in each grid cell of the studied do-
main. In our study, we did not provide additional
field significance testing, as, for example, present-
ed for precipitation in Lavers et al. (2013) and Iva-
nov et al. (2018), because the conclusions about
the processes were made only for the highest cor-
relation values of the most significant results at
o = 0.05. Trends were calculated using the least-
squares method. Mapping was performed in the
Panoply data viewer (https://www.giss.nasa.gov/
tools/panoply/) using standard coastline overlays
and in Python using the Basemap package.

3 Results

3.1 Spatio-temporal distribution
of extreme precipitation

West Antarctica is rather unusual regarding glob-
al precipitation distribution as it includes quite
dry and comparatively wet regions. With increasing
distance from marine to inland areas, daily total
precipitation rarely exceeded 5 mm, making the
95th percentile very low. At the same time, extre-
me precipitation events with huge coverage, with
daily totals over 40 mm, can penetrate deeper into
the continent. However, the frequency of such
events was very low. As a result, precipitation over
5 mm per day for deep continental areas was
observed in less than 5% of days (Fig. 2).

For all seasons, the coastline in Basins 20—23
had a higher 95th percentile value of about 15
mm compared to marine areas with a value of up
to 12 mm. In these basins, local spots with values
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Figure 2. The 95th percentile of daily total precipitation for different seasons 1991—2021

over 20 mm appeared, resulting from orographic
impacts and spatial orientation. In the studied
domain, the Antarctic Peninsula has the highest
precipitation amount and frequency. The 95th per-
centile exceeded 35 mm (Fig. 2), especially on
its west coast, oriented towards prevailing ma-
rine air mass transport.

The highest values of the 95th percentile were
observed during the autumn and spring (Fig. 2),
reaching ca. 40 mm over the Antarctic Peninsula.
The lowest values are typical for the summer,
with values lower than 25 mm in Basins 20—23.
However, the difference between seasonal values
of the extreme threshold is inconsequential.

During the last 30 years, the observed distri-
bution has intensified its features in general.
More humid regions in West Antarctica that can
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be found in Figure 2 are receiving more precipita-
tion (Fig. 3), and vice versa — the dry region has
become drier. The coastline of Basins 20 and 21 that
correspond to the Getz Ice Shelf and Thwaites
Glacier showed the tendency for the 95th percen-
tile to decrease by 0.2 mm per year (2 mm per
decade), especially in autumn and spring. One of
the highest trends was observed over the Abbot
Ice Shelf (Basin 23) in autumn, with an increase
of 0.4 mm per year (4 mm per decade). Less in-
tense (but with a larger coverage) positive ten-
dencies in the region were observed during win-
ter (Fig. 3). The Antarctic Peninsula was charac-
terized by positive trends in the 95th percentile
during autumn and spring (up to 0.3 mm per year
(3 mm per decade)) and negative trends during
winter (up to —0.2 mm per year (—2 mm per dec-
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Figure 3. Trends of the 95th percentile of total precipitation for different seasons 1991—2021

ade)). Thus, here obtained the most vivid changes
between seasonal shifts in extreme precipitation
thresholds. Summer was the only season with no
intense changes in the 95th percentile distribution.

3.2 Changes in coverage by extreme precipitation

Extreme precipitation events covered approxi-
mately 4.7—4.9% of basin areas, which equals ca.
9500 km? for Basin 20, ca. 10600 km? for Basin
21, ca. 10300 km? for Basin 22, and ca. 3600 km?
for Basin 23. During 1991—2021, more than 80%
of days with extreme precipitation covered up to
5% of the basins’ territory (see Table). The most
frequent extreme precipitation that covered less
than 5% of the basins was observed in autumn,
reaching 89.8% in Basin 20, 86.9% in Basin 21,
and 87% in Basin 22.
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The Getz Ice Shelf (Basin 20) was not fully
covered by extreme precipitation during winter
and summer. However, up to 0.1% of days in
spring and up to 0.4% of days in autumn, ex-
treme precipitation covered the entire region,
exceeding the area of 90% of the basin (Table).
Thwaites Glacier (Basin 21) was more frequently
fully covered by extreme precipitation events that
were observed in 0.6% for all seasons. Among all
the basins researched in the study, Thwaites Gla-
cier more frequently faced the largest extreme
precipitation events over West Antarctica. The
frequency of days with extreme precipitation and
coverage in the regions of Pine Island glaciers
(Basin 22) and Abbot Ice Shelf (Basin 23) had
similar features — the highest frequency in au-
tumn (0.9% and 0.6%, respectively) and the
lowest in winter (0.1% and 0.2%, respectively).
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Figure 4. Interannual variability of areas under extreme precipitation (the y-axis for Basin 23 differs for better visibility)

Table. Frequency of days with extreme precipitation over basins in 1991—2021

Coverage Basin 20 Basin 21 Basin 22 Basin 23
area, 7% Win. | Spr. | Sum. | Aut. | Win. | Spr. | Sum. | Aut. | Win. | Spr. | Sum. | Aut. | Win. | Spr. | Sum. | Aut.
0-5 83.383.2|81.389.8|828|86.1|84.8|869|839|84.8]|84.0]87.0|84.5]|855]|84.6]85.0
5—10 35 |1 35|43 (120 |24 |27 36|19 |35 |32]|35]17)|38]|241]31]|29
10—20 | 39 | 40 | 51 | 1.7 | 29 | 28 | 39 | 26 | 40 | 33 | 42 | 3.1 | 33 | 3.2 | 41 | 3.1
2030 | 2.7 {29 |34 |10 |58 |19 | 21|20 |25|24 |25 |21 |25 ]25]| 18|21
3040 | 2.1 |20 |25 | 13 |15 16| 13 |13 |15 |19 |15 | 15| 12|17 |19 ] 16
40-50 (1.7 | 16 | 1.3 | 10|08 | 15| 1.1 |10 | 13 |10 | 15| 11| 13|13 ] 10|13
50-60 | 1.2 | 1.2 | 08 | 10O | 1209|0709 |09]|08|05]|]06]09] 09]|10]T11
60—70 | 1.0 | 06 | 08 | 0.6 | 0.8 | 09 | 0.6 | 1.O | 0.7 | 09 | 0.7 | 0.8 | 1.0 | 09 | 1.1 | 0.8
70—80 | 0.5 | 06 | 04 | 06 | 08 | 0.6 | 0.7 | 0.7 | 09 | 08 | 0.6 | 0.8 | 0.7 | 0.8 | 0.5 | 1.0
80—90 | 0.2 | 04 | 0.1 | 06 | 04 | 04| 06 | 1.0 | 0.7 | 06 | 0.6 | 0.5 | 0.7 | 0.4 | 0.6 | 0.5
90—100 | 0.0 | 0.1 | 0.1 | 0.4 | 06 | 06 | 0.6 | 06 | 0.1 | 0.2 ]| 05] 09| 02 ] 04 ] 03] 0.6
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Figure 5. Spatial distribution of the Spearman correlation coefficient (o = 0.05) between precipitation and ASL cha-
racteristics (distance to ASL and ASL longitude), 1991—2021

Interannual variability of areas under extreme
precipitation had well-detected fluctuations with
an amplitude of 20—27% of maxima. The aver-
age annual area covered by extreme precipitation
varied from 8600 km? to 11100 km? in the Getz Ice
Shelf (Basin 20), with especially high values in
1992 and 2009 and a minimum in 2000 (Fig. 4 a).

The variance of the coverage by extreme pre-
cipitation was the highest in Thwaites (Basin
21), from minimum values of about 9400 km? in
2008 to over 12500 km? in 1995, 1999, and 2007

(Fig. 4 b). In Pine Island glaciers (Basin 22), the
lowest average coverage was observed in 1992 and
2001 at about 9200 km?, while the largest area
under extreme precipitation events occurred in 2007
and 2015, reaching 11800 km?. In the Abbot Ice
Shelf (Basin 23), the coverage varied from 3400 km?
in 1992 to 4200 km? in 2007 (Fig. 4 c, d). We
observe some opposite variations in the Getz Ice
Shelf (Basin 20) compared to other basins, which
are explained by the different ASL influences de-
scribed in Section 3.3.
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Another feature of the obtained results is the
absence of any tendencies: the area under extre-
me precipitation neither increased nor decreased
over decades’ timescale.

3.3 Relationship between precipitation
and ASL characteristics

The variability of ASL location determines the
pressure field over West Antarctica. Hence, total
precipitation patterns and the probability of their
extremities might vary in response to changes in
ASL location. Two ASL characteristics that de-
scribe its location (distance to the ASL center
(Fig. 5a,c, e, g, i, k, m, 0, q, s) and ASL center
longitude (Fig. 5b, d, f, h, j, 1, n, p, r, t)) were
used to define the dependence’s main features.
Despite the distance of the grid to the ASL lo-
cation being a more accurate parameter, ASL lon-
gitude correlated better with precipitation. It means
that the meridional position of ASL impacts
weather and precipitation over the region much
more than changes in latitudinal distance to the
coast. The correlation between total precipitation
and distance to the ASL center varied only from
—0.4t0 0.4 (Fig. 5 a, e, i, m, q), showing moder-
ate correlations during autumn — spring partially
on the Antarctic Peninsula and the coast of Ells-
worth Land (Pine Island glaciers and Abbot Ice
Shelf — Basins 22—23) (Fig. 5 e, i, m). At the same
time, dependence on the ASL longitude was more
vivid: negative correlations up to —0.6 appeared on
the coast of the Amundsen Sea (Getz Ice Shelf —
Basin 20) and positive correlations up to 0.6 over
the Antarctic Peninsula for the general period
(Fig. 5 b). These processes intensified during win-
ter, with the most significant correlations up to
+0.8 (Fig. 5j). It means that ASLL movement to-
wards the west caused a decrease in precipitation
near the Amundsen Sea and an increase over the
Antarctic Peninsula, especially during winter.
Extreme precipitation was more sensitive to the
changes in ASL location than total precipitation
(Fig. 5 ¢, d). With the increase in distance to the ASL
center, extreme precipitation intensified over ma-
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rine areas of the Bellingshausen Sea and the Amund-
sen Sea during summer and spring (Fig. 5 o, s),
shifting towards coastal regions during winter and
autumn (Fig. 5 g, k). Extreme precipitation re-
sponded stronger to the ASL longitude changes
(correlation up to £0.8 depending on the season
and area). The longitudinal shift of the ASL cent-
er to the west caused extreme precipitation to de-
crease over Marie Byrd Land (Getz Ice Shelf —
Basin 20) during winter (Fig. 5 I). During spring
and autumn, extreme precipitation increased over
the eastern coast of the Antarctic Peninsula and
marine areas to the west of it (Fig. 5 h, p).

Regarding atmospheric air pressure, ASL can be
described by the pressure in the center of the pattern
(Fig. 6 b, d, f, h, j, I, n, p, r, t) and the sector pres-
sure of the entire system (Fig. 6 a, ¢, €, g, i, k, m, o,
q, s). Both total precipitation and its extremity cor-
relate better with ASL pressure than with ASL loca-
tion. In general, the ASL deepening (atmospheric
air pressure decrease) resulted in a total precipitation
decrease over Marie Byrd Land (Getz Ice Shelf —
Basin 20) and an increase over the western part of
the Antarctic Peninsula. For the general period,
correlations remain moderate up to 0.6 (see Fig. 6 a,
b). However, stronger relationships and drier condi-
tions under deeper ASL were observed during
autumn (Fig. 6 e, ), reaching 0.7—0.8. More precipita-
tion over the Bellingshausen Sea was typical during
winter-spring (Fig. 6 i, j, m, n). In winter, it depends
more on ASL sector pressure, whereas especially
low center pressure has a greater impact on total
precipitation increases during spring.

Extreme precipitation responded to ASL pres-
sure changes the same way as total precipitation
but with a more heterogeneous spatial distribu-
tion. Compared to total precipitation, the differ-
ences between the impact of the ASL sector and
center pressure were absent for the 95th percen-
tile. Less extreme precipitation over Marie Byrd
Land is typical not only for autumn but also for
spring — winter — autumn seasons (see Fig. 6 g,
h, k, 1, o, p). The extremity of precipitation in-
creased with lower ASL pressure along the west
coast of the Antarctic Peninsula, covering less
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Figure 6. Spatial distribution of Spearman correlation coefficient (o« = 0.05) between precipitation and ASL characte-
ristics (ASL sector and center pressure), 1991—2021

area and being more concentrated along the co-

astal part.

Despite the availability of different responses
of total precipitation to sector and center pres-
sure, we did not find any significant dependen-
cies between precipitation and pressure differ-

ences in ASL.

Overall, West Antarctica can be divided into two
regions with opposite responses to ASL changes:
(1) the western part covering Marie Byrd Land
(Getz Ice Shelf — Basin 20) with nearby marine
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areas, and (2) the eastern part covering the Ant-
arctic Peninsula, Ellsworth Land (Pine Island
glaciers and Abbot Ice Shelf — Basins 22—23),
and the Bellingshausen Sea. Total and extreme
precipitation increased over the western part of
the studied domain when ASL moved to the east
and became less deep. In contrast, precipitation
increased over the eastern part of the domain
when ASL moved to the west and became deep-
er than usual. Extreme precipitation over the
continent shows a stable correlation distribution,
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while total precipitation has some seasonal vari-
ability, with the strongest relationship in autumn.

4 Discussion

Changes in spatiotemporal extreme precipitation
during the last decades over West Antarctica are
the consequences of climate change (England et
al., 2016; Hosking et al., 2016; Carrasco & Cor-
dero, 2020; Chown, et al., 2022; Chyhareva &
Krakovska, 2022; Wang et al., 2023). The previ-
ous papers have represented the cases of extreme
precipitation during 1970—2019 (Carrasco & Cor-
dero, 2020). The frequency, coverage, and dura-
tion of extreme precipitation play a significant
role in climate and impact surface mass balance
in Antarctica. The intensity of extreme precipita-
tion events is so large that it can determine gen-
eral accumulation trends over the region. These
dependencies were detected over the Antarctic
Peninsula (Carrasco & Cordero, 2020), showing
the crucial role of extremes in climatology. Pre-
vious studies emphasized the availability of posi-
tive trends in precipitation (Carrasco & Cordero,
2020; Chyhareva & Krakovska, 2022), which we
also found. The fact that this happens in spring/
autumn is very important for consideration and
future prediction of the mass balance of the gla-
ciers, surface runoff, flora and fauna development,
and other processes. Chyhareva and Krakovska
(2022) estimated that the 95th percentile will
reach 30 mm at the end of the century; however,
these changes might be stronger, considering the
trends and average values we obtained. At the
same time, the other part of West Antarctica —
continental areas of Marie Byrd Land — faced the
opposite changes. Despite being much drier, the
decrease in precipitation and its extremes con-
tinues. The observed spatial differences in pre-
cipitation tendencies could further enhance spa-
tial gradients in meteorological fields.

Special attention should be paid to the inter-
annual variability of the area of extreme precipi-
tation, which fluctuates at 20—27% of the maxi-
mum values. The variability suggests that it is a
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highly sensitive indicator of some atmospheric
processes occurring in the summertime over An-
tarctica.

Extreme precipitation in West Antarctica is
mainly associated with the ASL and the South-
ern Annular Mode (Deb et al., 2018; Chitella et
al., 2022). The ASL is considered the major driver
of West Antarctic climate variability (Hosking et
al., 2016). This pressure system has become dee-
per in recent decades (Raphael et al., 2016) and
can cause changes in air mass advection, impact
precipitation, and ice loss. The deepening of the
ASL and the changes in the observed precipita-
tion variability are consistent. We obtained espe-
cially strong correlations between corresponding
parameters in autumn and spring.

The observed precipitation changes and strong
relationships with the ASL in two areas cause a
large concern: the continental territories of Ma-
rie Byrd Land and the coastal line in the eastern
part of West Antarctica, with significant opposite
effects. Based on the obtained results, the im-
pacts of extreme precipitation will redistribute,
possibly affecting ocean-land-atmosphere inter-
action and heat fluxes.

5 Conclusions

The presented study analyzes spatio-temporal pat-
terns of extreme precipitation within West An-
tarctica and their relationships with the ASL pa-
rameters. Overall, the highest values of the 95th
percentile of about 35 mm were typical for the
western coast of the Antarctic Peninsula, decrea-
sing to 15 mm over the rest of the coastline in West
Antarctica and to 5 mm over continental areas.
Extreme precipitation had well-detected season-
ality, with maximum precipitation totals during
the austral autumn/spring seasons. Over the last
30 years, the tendencies of extreme precipitation
intensified the observed spatial differences: the
95th percentile increased over more humid areas
with a trend of 4 mm/decade and decreased in
continental regions by 2 mm/decade. Despite the
differences in areas of basins, the relative cover-
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age of extreme precipitation remained almost equal
to 4.7—4.9% of the basins’ area. Interannual var-
iability of areas under extreme precipitation had
well-detected fluctuations of 20—27%. These fluc-
tuations can be a sensitive indicator of atmos-
pheric processes in the Antarctic atmosphere.

The meridional position of ASL impacts wea-
ther and precipitation over the region much mo-
re than changes in its latitudinal remoteness to
the coast. The correlation between ASL location
and precipitation reached up to £0.8. The ASL
movement towards the west caused decreased pre-
cipitation near the Amundsen Sea and increased
over the Antarctic Peninsula. Extreme precipita-
tion was more sensitive to changes in ASL loca-
tion than total precipitation, enhancing the obser-
ved dependencies. Both total precipitation and its
extremity correlate better with ASL pressure par-
meters. The ASL deepening decreased precipitati-
on over the Getz Ice Shelf and increased precipi-
tation over the western part of the Antarctic Pe-
ninsula, which was especially visible during autumn.
Two regions with opposite responses of precipita-
tion to the ASL changes can be identified: the
western part covering the Getz Ice Shelf with
nearby marine areas, and the eastern part cover-
ing the Antarctic Peninsula, Pine Island glaciers,
the Abbot Ice Shelf, and the Bellingshausen Sea.

The results showed the extreme precipitation
redistribution over West Antarctica in recent dec-
ades and helped to identify some features in their
occurrence in response to the ASL changes and
with regards to their influence on the regional
surface mass balance of the ice sheet. Estimated
dependencies partly explain the link between at-
mospheric circulation and precipitation distribu-
tion; therefore, they are relevant for more relia-
ble climate change diagnostics based, for exam-
ple, on forecast datasets of climate models.
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BapiatuHicTh ekcTpeManbHuX onajiB y 3axigHiii AHTapKTHAL
Ta iX BiAryK HA 3MiHU NOJIS1 HU3BKOTO TUCKY MOPSI AMyH/CeHa

Pedepar. 3miHu excTpemMasbHUX ONajliB Haj 3aXiTHOW AHTAPKTUIOK Ta AHTAPKTUYHUM TTiBOCTPOBOM CTaJIM OMHUMU
i3 cIocTepeKyBaHMX HACJIAKIB IMTOTOYHOI 3MiHM KIiMaTy. Y IIbOMY AOCIIIKEHHI 0OrOBOPIOIOTHCSI IIPOCTOPOBO-YACOBI
3aKOHOMIPHOCTI €KCTpeMaJIbHUX OMadiB Ta iXHi 3B’SI3KM 3 IapaMeTpaMu I10JsI HU3bKOTO TUCKY MOpsI AMyHACEHa
(the Amundsen Sea Low, ASL). Ha ocHoBi naHux peaHanizy ERAS Oyno ouiHeHO 95-i MpoLIeHTWIb 3arajbHOI 10-
0O0BOI KiJILKOCTI OMamiB Ta iX 3B’sI13KM 3 TapaMmeTpaMu ASL Hajg oCHOBHMMM OaceiiHaMU JIbOZOBUKIB Yy perioHi. Bcra-
HOBJICHO, 1110 95-1 TPOLIEHTWJIb OTAa/IiB 3MiHIOBABCS Bifl 5 MM 110 nmoHaa 40 MM Hal perioHOM, IeMOHCTPYIOUYM BUILL
3HAYEHHSI B3/IOBX OEperoBoi JIiHii Ta JocsiralouyyM MaKCUMMyMY Hall 3aXiTHUM y30epesxoKsiM AHTapKTUYHOTO MiBOCT-
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poBa. TeHaeHI1Iii eKCcTpeMaTbHUX OMajiB BapilooTh Bil —3 10 4 MM 3a JAeKaay i TOCWIIOITh TUMOBI MPOCTOPOBI Bijl-
MiHHOCTi. ¥ cepemHbOMY eKCTpeMasibHi onaau oxonuiau 4.7—4.9% mutonii 6aceiiHiB. BcTaHOBIEHO, 10 yCi 3aexk-
HOCTI MaJin 100pe BUSIBJICHY C€30HHICTh. SIK 3arajibHa, Tak i eKCTpeMasibHa KiJIbKICTb OIajliB 3MiHIOBAJIMCS 3aJ1€KHO
Bim konuBaHb ASL, meMOHCTpyHOUM 3HAUHI KOpEJsiii Bill cepeaIHbOro A0 CHJIBHOTO 3B’sI3KiB. 3MilleHHS ASL Ha
3axiJl CHPUUYMHWIN 3MEHILIEHHS KiJIbKOCTi OIajiiB Hal MOpeM AMYHJCEHa Ta BOAHOYAC 30UIbIIEHHS Haa AHTApKTUY-
HuM niBoctpoBoM. [TornmbneHHst ASL (HaliHMK4mMiA aTMOChEpPHUI TUCK Yy CUCTEMI UM LIEHTPi il aTMocdepu) npu-
3BEJIO 10 3MEHILUEHHs KUJTbKOCTI OomaaiB Haf 11eJb(hOBUM JIbOJOBUKOM [€TIl i 3pocTaHHS KiJTbKOCTi OIaiiB Ham 3a-
XiTHOIO YaCTUHOIO AHTApKTUYHOIO IiBOCTpOBa. € IBa perioHu 3 MPOTWJIEXKHOIO peakili€ro omamiB Ha 3MiHM ASL:
3axifHa yacTUMHa HaJ 11eJ1b(MOBUM JIbOJIOBUKOM [€TIl 3 MpUIerIMMU MOPCHKUMHU paiiloHaMU Ta CXigHa 4acTMHA, 1110
OXOTUTIOE AHTApKTUYHUI TIBOCTPIB, JIbOMOBUKHK ocTposa [laiiH, menbdoBuit 1b010BUK E660Ta Ta Mope besutiHcra-
y3eHa. OTpuMaHi pe3ybTaTu MalTh BaXJIMBE 3HAYEHHS /U HAILLIOTO PO3YMiHHSI BUIAIKIB €KCTpeMaJbHUX OIMajliB
Haja 3axigHo AHTaApKTUIOK B OCTaHHI ACCATUJIITTS B YMOBax 3MiHUM KJIiMarty.

Kurowosi cioBa: atMochepHMil THCK, O6aceliH JbOJOBUKA, 11eTb(MOOBUI JTbOJOBUK, ONMaaAu, 95-uit MpOLIEHTUb
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