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Climate projections over the Antarctic Peninsula
region to the end of the 21st century. Part III:
clouds and extreme precipitation

Abstract. This paper focuses on the parameters that represent the characteristics of clouds and extreme precipitation events over the 

Antarctic Peninsula region, where clouds and precipitation play a crucial role in regional climate warming, particularly when a 

higher fraction of precipitation becomes liquid. In this work, we assess cloud and precipitation properties under climate change over 

the Antarctic Peninsula region under the Representative Concentrations Pathways (RCP) scenarios using model outputs of the 

Coordinated Regional Downscaling Experiment for polar regions (Polar CORDEX) for the 21st century. A similar approach was 

previously applied by authors for estimating projected changes in the temperature regime (Part I) and wet/dry indices (Part II) for 

the Antarctic Peninsula. We evaluated changes in cloud ice and condensed water contents, spatial distributions of both rain fraction 

and 95th percentile of total precipitation for the future periods, 2041–2060 and 2081–2100, for RCP4.5, RCP8.5 comparing them 

to the historical period of 1986–2005.We found that changes in studied parameters have similar tendencies and patterns under both 

scenarios, with more remarkable changes for the RCP8.5 scenario through the end of the 21st century. Analysis of obtained projec-

tions shows that all cloud amounts, liquid content in clouds, the annual fraction of rain in precipitation events, and frequency of 

extreme precipitation events will increase over the Antarctic Peninsula by the end of the 21st century under both RCP scenarios. 

The most significant changes are expected for the west coast and over the ocean to the west of the Antarctic Peninsula region, while 

the lowest changes are projected for the ridge of the Antarctic Peninsula mountains. However, the rates of expected changes vary 

within the broad Antarctic Peninsula region. While extreme event intensities will increase over the whole area, the changes will be 

most remarkable over the northwestern slopes of the Antarctic Peninsula, where Akademik Vernadsky station is located.

Keywords: climate change, condensed water path, ice water path, polar clouds, precipitation, Polar CORDEX, Representative 

Concentrations Pathways
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1 Introduction

The Antarctic Peninsula (AP) region has experienced 

the highest warming rate on the Antarctic continent 

since the 1950s (Gutiérrez et al., 2021). This region, 

therefore, requires special attention in climate studies, 

and the assessments of projections in precipitation 

and cloud properties are particularly important in 

this context. It is well known that atmospheric pro-

cesses over the AP region differ from the continental 

Antarctic and marine Arctic regions (Bromwich et 

al., 2012). At the same time, the AP region has unique 



189

A. Chyhareva, S. Krakovska: Climate projections over the Antarctic Peninsula region to the end of the 21st century

ISSN 1727-7485. Український антарктичний журнал, 2022, Т. 20, № 2, https://doi.org/10.33275/1727-7485.2.2022.699

terrestrial and marine ecosystems that could be drama-

tically impacted by further warming because of air and 

marine heat waves, seawater acidification, melt water 

share increase, and ice shelves and glaciers retreat due 

to climate change (Smith et al., 1999; Trivelpiece et 

al., 2011; Siegert et al., 2019; Pӧrtner et al., 2019).

Warm moist intrusions from the mid-latitudes could 

break the thermal isolation of the continent that 

formed during the planet’s evolution (Li, 2022). They 

could also cause strong fohn winds with abrupt es-

sential warming over the AP slopes, particularly Lar-

sen Ice Shelves (Turton et al., 2018). Moist intrusions 

with extreme precipitations and temperature increas-

es enhance the glaciers’ calving process in the region 

(Wille et al., 2022).

Clouds could impact the AP region indirectly through 

scattered radiation and directly through precipitation 

formation (Bennartz et al., 2013). Precipitation could 

cause ice mass changes and melting effects by inter-

acting with surface layers. It is shown that combining 

clouds with liquid precipitation could enhance melt-

ing events by hindering freezing processes (Van Tricht 

et al., 2016). On the other hand, phase transition of 

precipitation on the ground is still a big challenge for 

predicting and needs more focused research with si-

mulation and measurements as were recently studied 

with ERA5 reanalysis product downscaled by Po lar-

WRF model and additional measurements at Aka de-

mik Vernadsky (hereinafter Vernadsky) and Escu dero 

stations (Chyhareva et al., 2021).

Nowadays, the parameterization of clouds is still 

an issue for atmospheric forecast and climate models 

that causes many uncertainties (Bony et al., 2015). 

Over Antarctica and the Southern Ocean particularly, 

it is challenging to simulate absorbed radiation, ice 

nucleating particles, cloud condensation nuclei dis-

tribution, and aerosol-cloud interaction in general. 

Four collaborative projects organized by different 

fun ding agencies in the United States and Australia 

were focused on improving the understanding of clo-

uds, aerosols, precipitation, and their interactions in 

the Southern Ocean: the Clouds Aerosols Precipita-

tion Radiation and atmospheric Composition Over 

the Southern Ocean (CAPRICORN), Measurements 

of Aerosols, Radiation and Clouds over the Southern 

Ocean (MARCUS), Macquarie Island Cloud Radia-

tion Experiment (MICRE), and Southern Ocean 

Clo ud Radiation and Aerosol Transport Experimen-

tal Study (SOCRATES) (McFarquhar et al., 2021). 

There were a few field campaigns recently aimed 

at improving our understanding of clouds in conti-

nental Antarctica, such as the airborne field cam-

paign in the region of the Rothera station (Lachlan-

Cope et al., 2016), the ARM West Antarctic Radiation 

Experiment (AWARE) field campaign at the McMurdo 

station (Lubin et al., 2017), and Year of Polar Predic-

tion in Southern Hemisphere (Bromwich et al., 2020) 

over the whole Antarctic continent. Also, the Cloud-

Aerosol Lidar and Infrared Pathfinder Satellite Ob-

servations (CALIPSO) satellite-based lidar data were 

used to assess supercooled water-containing clouds’ 

geographical, vertical, and temporal distribution in 

comparison to total cloud fraction and to all-ice 

clouds (Winker et al., 2010; Listowski et al., 2019). 

This research found that supercooled liquid-clouds 

fraction varies approximately from 50% in summer 

to 20% in winter over all of Antarctica; the average 

total cloud fraction is around 70% with minor inter-

annual variability. The largest monthly variability is 

observed on Antarctic Plateau and the lowest over the 

West Antarctic Ice Shield.

Data sets from CALIPSO and the Moderate Reso-

lution Imaging Spectroradiometer (MODIS) were 

compared to the CMIP5 projections for the cloud 

water paths and surface downwelling radiation com-

ponents (Lenaerts et al., 2017). It was shown that de-

pending on the model in the CMIP5 there could be 

observed great stable biases that cause underestima-

tion or overestimation of snowfall amount.

Cloud yearly fraction has large variability on short 

time scales and no distinct pattern in Antarctica. 

However, research based on micropulse lidar data 

shows that the annual mean cloud fraction over the 

McMurdo station, which represents West Antarctic 

Coast, is of 67%, while over the Syowa station, which 

represents East Antarctic Coast, is of 74%, and over 

the South Pole is of 40% (Shiobara et al., 2003; Ma-

hesh et al., 2005; Silber et al., 2018).

The assessment of cloud and precipitation charac-

teristics in the future, according to scenarios of Rep-



190

A. Chyhareva, S. Krakovska: Climate projections over the Antarctic Peninsula region to the end of the 21st century

ISSN 1727-7485. Ukrainian Antarctic Journal, 20(2), 2022, https://doi.org/10.33275/1727-7485.2.2022.699

resentative Concentration Pathways (RCPs) and ba sed 

on climate models, remains an important scientific 

task for a better understanding of future challenges in 

polar regions (Bennartz et al., 2013; Pӧrtner et al., 

2019; Gutiérrez et al., 2021).

Although the AP region is the most studied part of 

the whole Antarctica, climatic projections of clouds 

are not estimated there, while only total precipitation 

in connection to surface mass balance and tempera-

ture is assessed in Gutiérrez et al. (2021). That is why 

evaluating the changes in clouds, liquid precipitation 

fraction, and extreme precipitation, according to RCP 

scenarios by Regional Climate Models (RCMs), is 

the ultimate goal of this study. We assess changes in 

cloud and precipitation properties, through the pro-

jected changes in the ice water path (IWP), conden-

sed water path (CWP), and extremity of precipitati-

on, through the total precipitation change and change 

in a number of days with precipitation higher than 95 

percentiles of the historical period. IWP and CWP 

are essential for estimating cloud absorption, optical 

depth, albedo, and emissivity from a climatic per-

spective (Stephens, 1980; Platt & Harshvardhan, 1988; 

Platt, 1997; Heymsfield et al., 2003).

In turn, characteristics of precipitation regime chan-

ge will help to understand the process of surface-

atmo sphere interaction and possible melt events en-

hanced with extreme precipitation (Wille et al., 2022).

2 Methodology

Simulations data from the Coordinated Regional Down-

scaling Experiment – Arctic and Antarctic Domains 

(Polar CORDEX) remain one of the best tools that 

allow scientists to assess long-term variations in the 

Antarctica climate. We use the same initial data from 

Polar CORDEX, methodological approach, and pe-

riods as in Parts I and II of the research (Chyhareva 

et al., 2019a; 2019b). Note that clouds and precipita-

tion considered in the presented study could connect 

our understanding between temperature and wet/dry 

regimes analyzed in the previous parts of the study.

The study used two regional climate models 

(KNMI-RACMO21P and DMI-HIRHAM5) from 

the Antarctic-CORDEX initiative. They were forced 

by two global driving models (MOHC-HadGEM2-

ES and ICHEC-EC-EARTH), both from Coupled 

Model Intercomparison Project 5th Phase (CMIP5) 

and formed an ensemble of three datasets in total in 

the same way as in the previous parts of the study.

The spatial resolution of a grid used was 0.44° over 

the Antarctic Peninsula region (lon1 = –85, lon2 = 

= –50, lat1 = –75, lat2 = –60). In our assessment of 

climate evolution, we used IWP, CWP, precipitation, 

and near-surface air temperature during two future 

periods (2041–2060, 2081–2100), with respect to the 

historical period 1981–2005 according to represent-

ative concentration pathway scenarios RCP 4.5 and 

RCP 8.5. Data were processed with CDO (Climate 

data operators) and Python 3 software. This paper 

analyses the relative rate of chosen parameter chang-

es as the best way to represent the projected climate 

dynamic in the region.

In this research, definitions of IWP and CWP are 

used regarding the Climate and Forecast models 

Metadata Conventions (Hassel et al., 2017). IWP is 

the integral from the surface to the top of the atmos-

phere of the ice water content per unit area. CWP is 

the integral from the surface to the top of the atmos-

phere of the liquid and ice phase of cloud water con-

tent per unit area. Liquid cloud water is cloud drops 

with an upper diameter limit of 0.2 mm. For the IWP 

and CWP, multi-year mean yearly sums based on 

yearly sums for each period and model were calcu-

lated. For each model, a change for future periods 

was assessed. These changes were calculated as dif-

ferences between the future and historical period 

multi-year mean of yearly sums.

We define amounts of liquid precipitation and their 

change over time, assuming that liquid precipitation 

appears when the near-surface air temperature is over 

0 °C. For this task, chosen days with positive tem-

peratures for daily data for each period created an ap-

propriate mask and applied it to daily data of total 

precipitation. Obtained liquid precipitation was summed 

for each year and averaged over chosen periods. The 

same algorithm was applied to ERA5 reanalysis data to 

verify the rain share in the total precipitation and rain 

multi-year sum retrieved from the Polar CORDEX 

ensemble mean for the historical period 1986–2005. 
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Figure 1. Ensemble multi-year mean change (%) over 1986–2005 of atmosphere cloud ice content (a, b, e, f) and condensed 

water content (c, d, g, h) for 2041–2060 (a, c, e, g) and 2081–2100 (b, d, f, g) according to RCP 4.5 (a–c) and RCP 8.5 (e–h)
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Based on daily precipitation sums, the percentage 

of wet days with total precipitation higher than 95 

percentile of the reference period for future periods 

and values of 95 percentile for all chosen periods were 

calculated. Algorithms of calculation can be found in 

the Climate Data Operator (CDO) software descrip-

tion (CDO, https://code.mpimet.mpg.de/projects/cdo/

embedded/index.html).

3 Results

3.1 Cloud condensed water and ice paths

According to projections based on RCP 4.5 and RCP 8.5, 

IWP and CWP (Fig. 1) will increase over the studied 

region during the century. However, projected chang-

es of CWP are much greater than IWP, meaning that 

the relative part of the liquid phase of water in clouds 

will increase. The most significant changes for both 

parameters are over Palmer Land, and the lowest chan-

ges are over the Antarctic Peninsula’s northern tip.

Noticeably, IWP did not change much during the 

century according to both scenarios for the AP north-

ern tip. At the same time, CWP is projected to change 

by 10%, according to RCP 4.5, and from 10% to 30%, 

accor ding to RCP 8.5, during the century, which 

again demonstrates the increase of liquid phase share 

in clouds.

For Palmer Land, CWP increased by 20–25% and 

20–50% according to both scenarios, respectively, 

during the century (Fig. 1c, d, g, h). Also, a change of 

IWP of over 40% is projected according to the RCP 

8.5 scenario during the end of the century for El-

lsworth Land (Fig. 1f). CWP is projected to increase 

by 20–30% (Fig. 1c, d) according to RCP 4.5 and by 

25–55% according to RCP 8.5 (Fig. 1g, h) over the 

Palmer Land.

Changes in IWP over the South Pacific Ocean have 

zonal distribution and increase up to 15% during the 

middle of the century according to both scenarios 

Figure 2. Share of rain fraction in the total precipitation yearly amount (a, b, c) and rain multi-year 

sum (d, e, f) for 1986–2005 for Antarctic Peninsula (a, d) and the Northern Tip of AP (b, c, e, f), 

according to CORDEX historical period (a, b, d, e) and ERA5 (c, f)
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(Fig. 1a, e). Over the Weddell Sea, changes are more 

remarkable than over the Bellingshausen Sea and 

reach up to 25% until the end of the century, accord-

ing to the RCP 8.5 scenario (Fig. 1f). Over the South 

Pacific Ocean and the Weddell Sea, the cloud condensed 

water path will increase by 10–25% according to RCP 

4.5 and 15–50% according to RCP 8.5 during the 

century (Fig. 1d, h). Changes are similar to IWP zon-

ally distributed over the South Pacific Ocean and 

mainly parallel to the AP over the Weddell Sea.

Based on the analysis of the results, we can assume 

that not only the total cloud fraction will increase over 

the studied region but also liquid to total cloud fraction 

according to changes in the ratio of IWP to CWP.

3.2 Rain fraction of precipitation

Total precipitation and other wet/dry indices have 

been analyzed in Chyhareva et al. (2019b). Since we 

found that water clouds will increase and expected 

more liquid phase precipitation with further warming 

even in Antarctica (Vignon et al., 2021), we calcu-

lated the rain share of total precipitation for the con-

sidered domain. First, we analyzed historical values 

for 1986–2005 for the share of rain in total precipita-

tion and in multi-year annual sums (Fig. 2).

The liquid fraction of total precipitation is about 

fifty per cent on the northern and northwestern wind-

ward side of the AP (Fig. 2b). It is lower for the south-

western windward side of the AP – up to 30% over 

the western slopes of Alexander Island (Fig. 2a). Rain 

fraction is about 10% over the AP mountains, Palmer 

Land and south of the Weddell Sea. The precipitation 

fraction is comparatively low to the east of the AP 

over the Weddell Sea (Fig. 2a). It is about 40% for the 

northern tip of AP, where Esperanza and Petrel sta-

tions are situated, and about 20% for the James Ross 

Island, where Mendel station is situated (Fig. 2b).

The highest amount of multi-year liquid precipita-

tion was found in the region where Vernadsky and 

Rothera stations are located, between islands Anvers 

and Adelaide on the northwest of AP (Fig. 2d, e). 

There is higher than 600 mm of annual liquid pre-

cipitation, with a maximum over Anvers Island of 

more than 700 mm for the historical period (Fig. 2e). 

At the same time, the share of rain in total precipita-

tion is evenly distributed with a gradual decrease to 

the southeast over the studied region. Such distribu-

tion confirms that the region between islands Anvers 

and Adelaide has the highest amount of precipitation 

during the historical period. Such a precipitation dis-

tribution could be explained by a combination of the 

orographic effect and prevailing atmospheric flow 

from the ocean with high moisture content. At the 

same time, the northern tip of AP has lower moun-

tains, which are more parallel to the moist atmos-

pheric flows that smooth the orographic effect. The 

frequency of heavy precipitation events could be low-

er to the south of AP.

Rain share and multi-year liquid precipitation sums 

for the CORDEX historical experiment (Fig. 2b, e) 

were verified by ERA5 reanalysis data (Fig. 2c, f) for 

the northern part of the studied domain where a ma-

ximum rain yearly amount was found. Overall both 

characteristics in the CORDEX historical experiment 

are higher over ERA5 reanalysis data.

It should be noted that ERA5 has a higher grid 

resolution of 0.25° × 0.25° and better represents re-

gional features of liquid precipitation distribution. It 

shows the almost absent liquid precipitation over the 

Northern tip Mountains and leeward slopes.

Projected results of the CORDEX ensemble show 

that the liquid precipitation fraction will increase all 

over the studied region according to both scenarios 

during the 21st century compared to the current his-

torical period (Fig. 3). The greatest changes are over 

the oceans, and the lowest – are over the continent 

further south of the 65 parallel. Changes, projected 

by scenarios RCP 4.5 and RCP 8.5, are similar in 

pattern and magnitude for the middle of the century: 

10–15% over the South Pacific Ocean and windward 

slopes of the AP, up to 5% over the vast majority of 

the AP and 5–15% over the Weddell Sea (Fig. 3a, c) 

and differ significantly for the end of the century 

(Fig. 3b, d). Three regions can be distinguished for 

liquid precipitation fraction changes: South Pacific 

Ocean, the AP, and the Weddell Sea.

Over the South Pacific Ocean, rain share will in-

crease to 15–20% according to RCP 4.5 (Fig. 3a, b) and 

up to 35% between 65° and 72° parallels according to 
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RCP 8.5 (Fig. 3c, d) scenarios during the century. Si mi-

lar precipitation ratio changes are projected for the 

northern tip and northern windward side of the AP.

Projected rain changes to total precipitation ratio 

are lower over the Weddell Sea compared to the South 

Pacific Ocean. They vary from 5% to 15% for the mid-

dle of the century according to both scenarios and 

from 5% to 30% to the end of the century according 

to the RCP 8.5 scenario (Fig. 3d).

The lowest liquid precipitation changes are about 

5%, projected for the AP mountains, Palmer Land, 

Ellsworth Land, and part of the Weddell Sea. It is ex-

pected that the west part of the Weddell Sea and the 

leeward coast of the Antarctic Peninsula will undergo 

lower changes because of the lowest yearly total pre-

cipitation amount in the studied region (see Chy-

hareva et al., 2019b).

The papers (Chyhareva et al., 2019a; 2019b) proposed 

zoning of the Antarctic Peninsula based on studied chan-

ges in temperature and precipitation regime. To continue 

the previous study, we choose five points of interest. Ba-

sed on their detailed analysis, we could quantitatively 

summarize projected changes in liquid precipitations 

over the AP region in five Points of Interest (POI). They 

are: Vernadsky station which represents windward slopes 

of mountain ridges (POI-1); the point over the former 

Larsen B Ice Shelf is for the leeward slopes of mountain 

ridges (POI-5); point 70°S, 65°W represents the condition 

over the Antarctic Peninsula ridge (POI-3); and two 

points 70°S, 80°W (POI-2) and 70°S, 60°W (POI-4) are 

for Bellingshausen and Weddell seas, respectively. The 

distribution of annual liquid precipitation amounts and 

their share in total precipitation are shown in Figure 

4a and 4b, with those five POIs from left to right.

Figure 3. Change of rain fraction in the total precipitation yearly amount for 2041–2060 (a, c) and 

2081–2100 (b, d) over 1986–2005 according to RCP 4.5 (a, b) and RCP 8.5 (c, d)
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Precipitation characteristics vary a lot across the 

AP region. Higher liquid precipitation yearly amounts 

and their share in total precipitation are to the west, 

and lower is to the east of the AP. The lowest values 

are projected for the mountain region (Figs. 2–4).

The largest yearly liquid precipitation is over the 

Vernadsky station region (POI-1). It is about 310 mm 

for the 1986–2005 period (Fig. 2d), increasing to 700 mm 

and 1100 mm by the end of the century, according to 

RCP 4.5 and RCP 8.5, respectively (Fig. 4a). For the 

historical period, rain fraction is about 17% in total 

precipitation (Fig. 2b). It is projected that this share will 

increase up to 30% based on the RCP 4.5 scenario 

and up to 42% based on the RCP 8.5 scenario (Fig. 4b).

The point that indicates the Bellingshausen Sea 

(POI-2) shows a lower yearly liquid precipitation 

amount compared to the Vernadsky station region. 

Rain yearly amounts are about 250 mm for 1986–

2005, 400 mm and 600 mm for RCP 4.5 and RCP 

8.5, respectively, by the end of the century (Fig. 4a). 

However, the fraction of liquid precipitation over the 

Bellingshausen Sea is much higher than over the Ver-

nadsky station region. It consists of 35% for the his-

torical region, 45–49% according to RCP 4.5, and 

51–64% according to RCP 8.5 during the 21st cen-

tury (Fig. 4b).

Over the Weddell Sea (POI-4) and Larsen B region 

(POI-5), projected yearly rain amounts will mostly 

stay the same. Gain values vary from 50 mm during 

the historical period to 95 mm until the end of the 

century, based on the RCP 8.5 scenario for the Weddell 

Sea region (Fig. 4a). This will consist of rain fraction 

Figure 4. Distribution of liquid precipitation yearly sum (a) and their share in total precipitation 

yearly sum (b) over the Antarctic Peninsula region according to 3 RCMs’ ensemble for RCP 4.5 and 

RCP 8.5 scenarios in 5 Points of Interests (POI) to the end of the century
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Figure 5. Value of multi-year daily precipitation 95 percentile (a, b, e, f) and percent of time per wet days (when daily sum at least 

1 mm/day) where daily precipitation amount of a wet day is above a reference historical value (c, d, g, h). Results presented for 

2041–2060 (a, c, e, g) and 2081–2100 (b, d, f, h) according to RCP 4.5 (a–d) and RCP 8.5 (e–h)
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change from 8% to 17% (Fig. 4b). The Lar sen B region’s 

projected yearly amount of rain would increase from 

10 to 70 mm (or from 3 to 10% of rain share), accord-

ing to historical and RCP 8.5 scenarios, respectively.

According to the results, there was not much rain 

over the mountain region (POI-3) during the histori-

cal period, and it will not increase by the end of the 

century (Fig. 4).

3.3 Extreme precipitation of 95 percentiles

We calculated future values of the 95 percentile of 

daily precipitation distributions and their changes 

against historical ones as an indicator of the heavy 

precipitation regime during the 21st century by two 

scenarios (Fig. 5a, b, e, f).

The 95 percentile for precipitation varies much 

around the AP region. Higher values are obtained 

over the west windward side of the AP comparatively 

to the east leeward side of the Peninsula and the Wed-

dell Sea, which demonstrates the effect of the en-

hancement of precipitation orographically due to the 

AP mountain ridge. The highest values of 95 percen-

tile, 20–40 mm per day, are obtained over the west 

coast of the Antarctic Peninsula from 64°S to 70°S, 

Palmer and Ellsworth Lands around 72°–74°S. The 

lowest precipitation values for the 95 percentile, up 

to 15 mm per day are over the ocean. The distribution 

of high precipitation amounts of the 95 percentile 

does not change much until the end of the century.

The reference value of extreme precipitation in-

creases during future periods versus the historical pe-

riod was assessed (Fig. 5c, d, g, h). The most signifi-

cant change is obtained over the Weddell Sea and 

leeward slopes of the Antarctic Peninsula. In this re-

gion, the percentage of days with precipitation higher 

than the 95 percentile during the historical period 

will increase by 12–20%. For the end of the century, 

according to the RCP 8.5 scenario, these changes 

will be more significant than 20% of the Weddell Sea 

and North Ronne Ice Shelf (Fig. 5g, h).

The lowest increase of days with extreme precipi-

tation is over the Pacific Sector of the Southern 

Ocean and the northern tip of the Antarctic Penin-

sula. Nevertheless, they are 10–12% during both pe-

riods until the end of the century. However, changes 

over the Bellingshausen Sea will be more significant, 

namely 10–16% according to RCP 4.5 (Fig. 5c, d) 

and 10–18% according to RCP 8.5 (Fig. 5g, h).

The percentage of days with precipitation higher 

than values of the historical 95 percentile varies a lot 

over the Antarctic Peninsula, where two zones could 

be distinguished: 64°S–70°S with an increase of 8– 

14% and 70°S–76°S with an increase from 14% to 

more than 20%.

The amount of extreme precipitation will increase 

over the whole studied area until the end of the cen-

tury according to both scenarios compared to the his-

toric period.

4 Discussion and conclusion

Assessment of projected changes in polar clouds and 

precipitation regime is an important part of under-

standing the climate system and future challenges as-

sociated with climate change. Atmosphere processes 

over Antarctica remain understudied due to the lack 

of direct measurements and difficulty with remote 

sensors’ data processing over Antarctica.

In the presented research, we offered an extension 

of the previous assessment of temperature and preci pi-

tation projections; based on the considered variables, 

we can describe possible changes in clouds’ phase 

state, liquid precipitation share, and extreme precip-

itation in the AP region. This can be the basis for fur-

ther study of the surface energy budget and surface 

mass balance, both highly impacted by macrophysi-

cal and microphysical processes in polar clouds.

Previous studies of climate change suggested that 

future warming will result in higher rates of evapora-

tion from the ocean with higher amounts of clouds in 

polar regions (Pӧrtner et al., 2019). Our estimation of 

condensed and ice water paths has shown that not 

only the total cloud fraction will increase over the 

stu died region but also liquid to total cloud fraction 

according to changes in the ratio of IWP to CWP. 

Qua litatively, IWP is projected to increase mostly zo-

nally, with the biggest changes over the Palmer Land 

between 70°S and 75°S to the south of the studied 

region. CWP changes more meridionally with the grea-
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test changes over the Palmer Land and Alexander I 

Island, comparatively lower changes to the east of the 

Weddell Seas, and the minimum is over the eastward 

slopes of AP. Our quantitative estimations of IWP 

and CWP should be considered with caution since we 

did not verify model results against any measurements 

in the historical period. The global model HadGEM2 

from CMIP5 initiatives (used as driving for RCM 

KNMI-RACMO21P in this study) underestimates 

the liquid water path over the Antarctic ice sheet and 

Southern Ocean (Figure S4 in Lenaerts et al., 2017). 

Nonetheless, in our analysis in Fi gures 1 and 2, we used 

the ratio (change in %) of projected vs. past values, which 

means we excluded most of the possible systematic 

biases in estimating both cloud characteristics.

We have found that in the historical period, liquid 

precipitation in CORDEX RCMs overestimated val-

ues obtained in ERA5 (Fig. 2). It is in line with the 

results of Palerme et al. (2017) where from Figure 3, 

almost all CMIP5 models, which are driving the ana-

lyzed here CORDEX RCMs, overestimated histori-

cal precipitation in comparison to the previous ver-

sion of reanalysis ERA-Interim for all considered in 

the paper domains. At the same time, for the AP re-

gion, the higher end of the standard deviation of the 

mean annual precipitation of the ensemble of all 

CMIP5 models corresponded to the Cloud Sat satel-

lite data. It was around 700 mm – the same value we 

obtained in Chyhareva et al. (2019b) for historical to-

tal precipitation. In our view, the conclusions of Pal-

erme et al. (2017) and our previous estimations allow us 

to have high confidence in our obtained results based 

on CORDEX RCMs driven by CMIP5, notwithstan-

ding we analyzed only the liquid share of total precipi-

tation. There was an increase of such liquid precipi-

tation in the AP region in previous warm events (e. g., 

Chyhareva et al., 2021; Wille et al., 2022) and expect-

ed with future warming based on an ensemble of the 

next-generation CMIP6 models (Vignon et al., 2021).

Nonetheless, Roussel et al. (2020) concluded that 

there was no clear overall improvement in the repre-

sentation of Antarctic precipitation in the CMIP6 en-

semble over the CMIP5 ensemble against Cloud Sat 

and ERA5, particularly with degradation for the AP 

region. Downscaling with RCMs provided a more 

detailed and generally improved representation of 

physical processes in the atmosphere, particularly in 

the highly heterogeneous AP region with mountains 

and fjords. Therefore, the next generation of RCMs, 

e.g., COSMO-CLM2 (Souverijns et al., 2019), and/or 

results of further international projects, e.g., PolarRES 

(Lee et al., 2022), would improve our understanding 

of Antarctic precipitation formation including liquid 

phase taking into account other drivers, e.g., strato-

spheric ozone recovery, the Southern Annular Mode 

(SAM) and the El Niño–Southern Oscillation (ENSO) 

climate modes and others that definitely have influ-

ence but are out of the scope of this study. What is clear 

at the moment from the estimation of the possible 

change in Antarctic climate based on the next genera-

tion of RCP scenarios – Shared Socio-economic 

Pathways realized in CMIP6 ensembles, projected 

changes over coastal Antarctica do not scale linearly 

with global warming (Bracegirdle et al., 2020).

Our results confirm previous findings that the pre-

cipitation amount and their liquid share will increase 

during the 21st century (Pӧrtner et al., 2019; Gutiér-

rez et al., 2021; Vignon et al., 2021). The greatest 

changes in annual liquid precipitation sums are west 

of the Antarctic Peninsula. Lower precipitation in-

creases are projected for the Weddell Sea and the east 

slopes of the Antarctic Peninsula. Over the moun-

tains of the Antarctic Peninsula, no significant liquid 

precipitation increase is projected.

The frequency of extreme precipitation (with a 

daily amount of precipitation higher than the pre-

cipitation’s value for the 95 percentile during the his-

torical period) will increase over the whole region. 

However, relative changes are more significant south-

east of the AP, where there were fewer such events in 

the historical period.

Overall changes for all considered parameters at 

the end of the century, according to scenario RCP 

4.5, are similar to changes during the middle of the 

century, according to scenario RCP 8.5.

We can further highlight for the regions distin-

guished previously in the Part I and Part II of this 

study (Chyhareva et al., 2019a; 2019b):

● The windward side of the northern Antarctic Pe-

ninsula between Vernadsky and Rothera stations has 
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the highest yearly liquid precipitation in the studied 

region. This will persist until the end of the century. 

There are the lowest changes in IWP and CWP over 

the region.

● The Palmer Land, Alexander I Island: lowest 

amount of precipitation and liquid fraction, no sig-

nificant changes in precipitation regime projected. 

There is the highest increase in IWP and CWP over 

the studied region.

● The Weddell Sea: has a parallel to the AP distri-

bution of IWP changes. The greatest changes are ex-

pected in the south of the sea. CWP changes vary 

from the maximum on the southeast to the minimum 

on the northeast of a sea. The value of the 95 percen-

tile is 5–10 mm per day until the end of the century 

for both periods over the Weddell Sea, with the lowest 

values to the south of the region. However, the south 

of the Weddell Sea is expected to have the biggest 

changes in the number of days with daily precipita-

tion amount higher than the mean 95 percentile value 

in the historical period with much fewer wet days than 

in other parts of AP region.
● The South Pacific Ocean: has a hight liquid year-

ly precipitation sum and the highest share of rain in 

total precipitation. Also, there is the highest increase 

in liquid precipitation fraction compared to the his-

torical period over this region.

Our results complement and extend previous re-

search on precipitation regime change in the AP re-

gion under future climate change. The novelty is par-

ticularly in more detailed estimations of liquid pre-

cipitation formation processes in clouds and changes 

in heavy rain- and snowfalls in projected warmer 

conditions. In particular, the change in clouds’ phase 

highly impacts surface energy balance while rain 

fraction in total precipitation – surface mass balance 

in the highly vulnerable to warming AP region.

There are a few possible ways for future research 

based on the results: to use the same methods for 

other RCM data from Antarctica CORDEX (e.g., 

Souverijns et al., 2019) and to obtain more robust es-

timations of analyzed characteristics; to estimate 

projections of other important processes, e.g., radia-

tion fluxes in the region for the same set of RCMs for 

consistency with previous parts of the study; do the 

same set of characteristics with the next generation of 

models and scenarios, e.g., from PolarRES project 

(Lee et al., 2022).
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Кліматичні проекції в районі Антарктичного півострова до кінця XXI століття.
Частина ІIІ: хмарність та екстремальні опади

Реферат. Потепління, що спостерігається в районі Антарктичного півострова, може серйозно вплинути на екосисте-

ми регіону та за його межами. У свою чергу, хмарність і режим опадів відіграють вирішальну роль у регіональній зміні 

клімату, особливо збільшення частки рідких опадів та зростання кількості випадків затоку вологого теплого повітря з 

субтропічних широт. У цьому дослідженні були розглянуті характеристики хмар та опадів в умовах зміни клімату 

впродовж 21 століття за двома сценаріями Representative Concentrations Pathways RCP 4.5 та RCP 8.5 на основі даних 

проекту Polar CORDEX. Подібний підхід раніше застосовувався для оцінки зміни температурного режиму (Части-

на І) та індексів режиму зволоження і посушливості (Частина ІІ) в районі Антарктичного півострова. Проаналізо-

вано інтегральний вміст льоду та сконденсованої води в атмосфері, просторовий розподіл рідких опадів та 95-ї про-

центилі сумарних опадів. Зміни розглянутих параметрів оцінено для майбутніх періодів, 2041–2060 та 2081–2100, у 

порівнянні з історичним періодом, 1986–2005. Найбільш значущі зміни прогнозуються для західного узбережжя 

Антарктичного півострова, тоді як майже не очікується змін в горах Антарктичного півострова. Очікується, що 

зросте частота випадків екстремальних опадів. Значення 95-ї процентилі добових опадів в межах північно-західного 

району півострова становитиме близько 30 мм на день до кінця 21-го століття, що складатиме зміни приблизно на 

10–12% відносно історичного періоду. Отримані результати свідчать про зростання загальної кількості хмар, їх вод-

ності, річної суми рідких опадів та повторюваності випадків екстремальних опадів у районі Антарктичного півост-

рова до кінця 21-го століття за розглянутими сценаріями RCP. Зміни неоднакові для різних областей досліджува-

ного регіону. Не дивлячись на те, що збільшення випадків екстремальних опадів зростатиме у всьому регіоні, най-

більші зміни очікуються в районі північно-західного схилу Антарктичного півострова, де розташована станція 

«Академік Вернадський».

Ключові слова: Polar CORDEX, Representative Concentrations Pathways, зміна клімату, інтегральний вміст води в ат-

мосфері, інтегральний вміст льоду в атмосфері, полярні хмари та опади



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Uncoated FOGRA29 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


