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Abstract
This study presents near future (2020–2044) temperature and precipitation changes over the Antarctic Peninsula under 
the high-emission scenario (RCP8.5). We make use of historical and projected simulations from 19 global climate models 
(GCMs) participating in Coupled Model Intercomparison Project phase 5 (CMIP5). We compare and contrast GCMs projec-
tions with two groups of regional climate model simulations (RCMs): (1) high resolution (15-km) simulations performed 
with Polar-WRF model forced with bias-corrected NCAR-CESM1 (NC-CORR) over the Antarctic Peninsula, (2) medium 
resolution (50-km) simulations of KNMI-RACMO21P forced with EC-EARTH (EC) obtained from the CORDEX-Antarctica. 
A further comparison of historical simulations (1981–2005) with respect to ERA5 reanalysis is also included for circulation 
patterns and near-surface temperature climatology. In general, both RCM boundary conditions represent well the main circu-
lation patterns of the historical period. Nonetheless, there are important differences in projections such as a notable deepening 
and weakening of the Amundsen Sea Low in EC and NC-CORR, respectively. Mean annual near-surface temperatures are 
projected to increase by about 0.5–1.5 ◦ C across the entire peninsula. Temperature increase is more substantial in autumn 
and winter ( ∼ 2 ◦C). Following opposite circulation pattern changes, both EC and NC-CORR exhibit different warming rates, 
indicating a possible continuation of natural decadal variability. Although generally showing similar temperature changes, 
RCM projections show less warming and a smaller increase in melt days in the Larsen Ice Shelf compared to their respective 
driving fields. Regarding precipitation, there is a broad agreement among the simulations, indicating an increase in mean 
annual precipitation ( ∼ 5 to 10%). However, RCMs show some notable differences over the Larsen Ice Shelf where total 
precipitation decreases (for RACMO) and shows a small increase in rain frequency. We conclude that it seems still difficult 
to get consistent projections from GCMs for the Antarctic Peninsula as depicted in both RCM boundary conditions. In addi-
tion, dominant and common changes from the boundary conditions are largely evident in the RCM simulations. We argue 
that added value of RCM projections is driven by processes shaped by finer local details and different physics schemes that 
are introduced by RCMs, particularly over the Larsen Ice Shelf.
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1 Introduction

West Antarctica, especially the Antarctic Peninsula ( ∼ 63 to 
70 ◦ S, Fig. 1a), has been one of the fastest warming regions 
on Earth since the 1950s (Marshall et al. 2006; Ding et al. 
2011; Bromwich et al. 2013, 2014; Cape et al. 2015; Turner 
et al. 2016). This long-term warming trend has caused abrupt 
changes in the Peninsula’s ecosystem and cryosphere (e.g., 
Scambos et al. 2004; Rignot et al. 2004; Convey and Smith 
2006). On the other hand, due to the natural variability of 
climate, some parts of Antarctica including the Antarctic 
Peninsula, have experienced a cooling trend since the late 
1990s (Carrasco 2013; Turner et al. 2016, 2020b; Oliva 
et al. 2017; Jones et al. 2019). Nonetheless, even during this 
recent cooling period, some parts of the Antarctic Peninsula 
exhibited persistent warming trends particularly in autumn 
season that can have an important effect on the fate of ice 
sheet surfaces in the warming areas (Bozkurt et al. 2020). 
In addition, Turner et al. (2020a) showed that in 2016/17 
the extent of summer sea ice in the Weddell Sea dropped to 
a near-record level in the satellite era, which starts in late 
1978. Therefore, the question of how the climate conditions 
of the Antarctic Peninsula will change in the near future 
needs to distinguish between long-term anthropogenic cli-
mate change signal and short term fluctuations due to natural 
variability.

In spite of the importance of such distinction between 
long- and recent-term climate variability, efforts to conduct 
future climate projections on the Antarctic Peninsula remain 
largely incomplete. Most of the climate change studies are 
based on continental scale projections obtained from the 

global climate models (GCMs) with coarse spatial resolu-
tions ( ∼ 100 to 200 km). Based on these projections, there 
is a consensus among the GCMs from the Coupled Model 
Intercomparison Project phase 5 (CMIP5) (Taylor et al. 
2012) that suggests a very likely increase in near-surface 
temperature on the Antarctic continent under the RCP8.5 
scenario. A further increase of 0.5 ◦ C beyond the present-
day average global surface temperature will lead to dramatic 
impacts on a variety of organisms in western Antarctic Pen-
insula (Hoegh-Guldberg et al. 2018). On the other hand, 
Jones et al. (2019) showed that the CMIP5 models warm 
Antarctica too rapidly (factor of 1.5–2 times, depending on 
analysis approach) indicating substantial uncertainty in these 
projections although multidecadal variability adds uncer-
tainty. Projected warming is likely to lead to an increase in 
precipitation in Antarctica (Bracegirdle et al. 2008; Frieler 
et al. 2015; Palerme et al. 2017). However, models differ 
widely in their projections of temperature and precipitation. 
For that reason, there are inconsistencies and uncertainties 
between the models that prevent a correct reproduction of 
some regional impacts such as surface mass balance of West 
Antarctica (e.g., Naughten et al. 2018). The degree of these 
inconsistencies and uncertainties can get worse when going 
from regional to local scales such as Larsen Ice Shelf in the 
Antarctic Peninsula.

On one hand, GCMs are the main tool for climate change 
and future projections of the Antarctic continent by having 
the capability to resolve different components of the climate 
system as well as important large-scale circulation patterns 
such as El Niño–Southern Oscillation (ENSO) and Southern 
Annular Mode (SAM). On the other hand, GCMs generally 

Fig. 1  a Study region of the Antarctic Peninsula. The red and blue 
dashed lines correspond to the windward and leeward sides of the 
peninsula, respectively. The black dashed border identifies the Larsen 

Ice Shelf for melt days and rain days analysis. b Domain setup at 15 
km resolution (d02, white border) used for PWRF simulations
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tend to have large uncertainties in reproducing atmospheric 
teleconnection patterns such as the South Pacific telecon-
nection (e.g., Wilson et al. 2016). In addition to large-scale 
uncertainties, GCMs largely fail to represent regional to 
local-scale features due to their coarse spatial resolutions. 
For instance, the north-south mountain range in the Antarc-
tic Peninsula acts as an orographic obstacle to the westerlies, 
which leads to a relatively mild and humid marine climate 
on the west coast and a cooler continental climate on the east 
coast (King and Turner 2009). In a similar manner, due to the 
orographic effect, the west coast of the Peninsula receives 
greater precipitation compared to the rest of the Peninsula. 
In addition, due to the presence of the orographic barrier, the 
eastern coasts of the Peninsula can be affected by dry and 
warm descending winds (Elvidge et al. 2015). Given these 
important local-scale features, the GCMs can miss consider-
able climate gradients imposed by the topography over the 
Peninsula. In this respect, dynamical downscaling efforts via 
regional climate models (RCMs) using the GCMs (or other 
source such as reanalysis) as lateral boundary conditions 
can provide added value since RCMs incorporate physical 
processes that are typical of the regional scale, allowing the 
diagnosis of climatic phenomena and their change in com-
plex and extreme regions such as the Antarctic Peninsula.

For instance, Bozkurt et al. (2020) demonstrated the 
added value introduced by the high resolution (15 km) RCM 
in capturing the recent temperature trends over the Antarctic 
Peninsula. In addition, by using a 14 km resolution RCM 
simulation Van Lipzig et al. (2008) showed the formation 
of precipitation shadow on the eastern side of the Antarctic 
Peninsula due to the significant orographic barrier (dryness 
due to adiabatically descending air in the lee side), which 
is not captured at 55 km resolution (Van Den Broeke and 
Van Lipzig 2004). Nonetheless, despite the improvements 
and added value, the RCMs tend to inherit systematic errors 
through the boundary conditions. Furthermore, the complex-
ity of climate features shaped by both large- and local-scale 
factors can increase the uncertainties in the GCM-RCM 
model chain. This is particularly important for the Antarc-
tic Peninsula, because the large-scale climate component of 
the Antarctic Peninsula is largely controlled by westerlies 
(e.g., SAM) as well as mid-latitude baroclinic systems and 
even remote tropical sea surface temperature (SST) forcing 
(Marshall et al. 2006; Bromwich et al. 2013; Hosking et al. 
2013; Clem et al. 2019). Therefore, a comprehensive evalu-
ation and comparison of the GCM-RCM chain is important 
to assess the robustness of climate change projections over 
the Antarctic Peninsula.

Given that little attention has been paid to assess regional 
climate change projections of the Antarctic Peninsula and to 
compare GCM and RCM based climate change projections, 
our main objective is twofold: first, to provide near future 
(2020–2044) temperature and precipitation projections of 

the Antarctic Peninsula under RCP8.5 scenario obtained 
from 19 GCMs participating CMIP5 and 2 RCMs at high 
(15 km) and medium resolution (50 km); second to compare 
GCMs and RCMs as well as RCMs and their driving fields 
in order to assess the robustness of the projections. This 
study also evaluates the historical simulations with respect 
to ERA5 for the period 1981–2005 in terms of circulation 
patterns and near-surface temperature. Section 2 provides 
a description of the data and methodology used in this 
study. Section 3 presents the results in three aspects: (1) a 
brief evaluation of the historical simulations, (2) projected 
changes in circulation patterns, temperature and precipita-
tion, and (3) projected changes in extreme days (i.e., melt 
days and rain days). Sections 4 and 5 discusses and sum-
marizes the results, respectively.

2  Data and methodology

2.1  Reanalysis

In this work, we used the European Centre for Medium-
Range Weather Forecasts (ECMWF) ERA5 reanalysis that 
combines large amounts of historical observations into 
global estimates using advanced modeling systems and 
data assimilation, i.e., Integrated Forecasting System (IFS) 
CY41R2 (C3S 2017; Hersbach et al. 2020). ERA5 has a spa-
tial resolution of 0.25 ×0.25◦ ( ∼ 30 km) and vertical resolu-
tion of 137 levels from the surface to a height of 80 km. The 
reanalysis data extend from 1979 to the present, and in order 
to have the consistency with the historical simulations, we 
used the period 1981–2005 for the analysis. We used near-
surface air temperature data to contrast the simulations for 
the historical period. In addition, we included mean sea level 
pressure (MSLP) and 850 hPa zonal winds in the analysis in 
order to compare circulation patterns with the simulations.

Although reanalysis data yield complete and continu-
ally updated global gridded climatic data, they can still 
suffer from important biases over the remote regions such 
as Antarctica. Nonetheless, previous studies reported some 
improvements in the performance of ERA5 over ERA-
Interim as well as other reanalysis datasets in representing 
surface climate characteristics of the Antarctic continent, 
particularly in the Antarctic Peninsula (e.g., Tetzner et al. 
2019; Gossart et al. 2019; Liu et al. 2019; Bozkurt et al. 
2020). For instance, Bozkurt et al. (2020) noted that on 
the leeward side of the central Peninsula, ERA5 exhibits a 
reduction in warm bias of mean annual near-surface tem-
perature ( + 2.9 ◦ C) compared to that in ERA-Interim ( + 5.4 
◦ C) at the Larsen Ice Shelf station for the period 1995–2012. 
Similarly, in a recent study, using 30 manned meteorologi-
cal and 26 automatic weather stations, Dong et al. (2020) 
showed that ERA5 has the best performance for the monthly 
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averaged wind speed magnitude and the interannual vari-
ability of the near-surface wind speed in Antarctica for the 
period 1980–2018.

In addition to these evaluations, we evaluated ERA5 
temperature data with the available observation stations in 
the Antarctic Peninsula (see Fig. S1). It can be stated that 
ERA5 shows an overall good skill in capturing temperature 
variability and trends for most of the stations, except for a 
notable warm bias at the Larsen Ice Shelf station. Given 
that ERA5 captures reasonably well the temperature vari-
ability of the other leeward stations (Marambio and Butler 
Island), we suspect that ERA5 might have difficulties to cap-
ture snow pack properties at the surface of the Larsen Ice 
Shelf, which might be more pronounced during melt events. 
Similar issues were reported over the Greenland Ice Sheet 
(Delhasse et al. 2020). Due to the overall good match with 
observational temperature datasets, ERA5 can reasonably 
be considered as a reference.

2.2  Global and regional climate model simulations

We used daily and monthly mean temperature and precipi-
tation obtained from 19 GCM simulations participating the 
CMIP5 (see Table S1 for the list of models). The dataset 
consists of one ensemble member (r1i1p1) from each CMIP5 
model with a baseline period (1981–2005, ALL forcing his-
torical) and near future period (2020–2044) under RCP8.5 
scenario that corresponds to a future with no control policies 
of greenhouse gases.

We also performed high resolution RCM simulations 
using Polar Weather Research and Forecasting Model (Polar-
WRF version 3.9.1) (Hines and Bromwich 2008; Bromwich 
et al. 2009; Hines et al. 2011) which is a polar-optimized 
version of the WRF model (Skamarock et al. 2008). The 
model includes modified land-surface model sea ice rep-
resentation, allowing the specification of variable sea ice 
thickness, sea ice fraction and snow depth over sea ice. 
These modifications also include optimal values of snow 
thermal properties and improved heat flux calculations. The 
modeling experiment was conducted over the Antarctic Pen-
insula with two nested domains at 0.4◦ ( ∼ 45 km) and 0.13◦ 
( ∼ 15 km) spatial resolutions on a polar stereographic pro-
jection (Fig. 1b). In this study, we used only high-resolution 
simulation results from the inner domain (d02, see Fig. 1b), 
which is centered on the Antarctic Peninsula and Larsen Ice 
Shelf, and has 208 × 190 grid cells. This domain employs 
61 vertical levels between the surface and the model top at 
10 hPa. More information about the model, simulation set 
up and physical configuration can be found in Bozkurt et al. 
(2020).

Polar-WRF was used to downscale global bias-corrected 
climate model output data from version 1 of National 
Center for Atmosphere Research’s (NCAR) Community 

Earth System Model (CESM1) that participated in CMIP5. 
The reason for choosing NCAR-CESM1-CORRECTED 
(NC-CORR, hereafter) model outputs to force Polar-
WRF (PWRF-NC-CORR, hereafter) for the baseline and 
near future periods was merely based on data availability 
and file format. Within this dataset, there was only one 
ensemble member (r6i1p1) available to drive the Polar-
WRF model, belonging to Mother of All Runs (MOAR). 
Initial and boundary conditions for the historical simula-
tions (1976–2005) and RCP8.5 scenario (2006–2044) were 
acquired from the https ://rda.ucar.edu/datas ets/ds316 .1/. 
We used the same baseline period (1981–2005) and near 
future period (2020–2044) for the comparisons. The bias-
corrected dataset (0.9◦ × 1.25◦ spatial resolution) consists 
of 26 pressure levels and contains all the variables needed 
for the initial and boundary conditions (6-h intervals) for 
PWRF simulations such as upper level fields (winds, geo-
potential heights, temperature, humidity) and surface vari-
ables (temperature, sea level pressure, winds). The variables 
were bias-corrected using the ECMWF Interim Reanalysis 
(ERA-Interim) fields for 1981–2005. The bias correction 
method corrects the mean state while retaining synoptic and 
climate scale variability. These bias-corrected variables do 
not include precipitation, therefore, we used precipitation 
from the raw NC simulations. More information about NC-
CORR is available in Bruyére et al. (2015). A comparison 
of the bias-corrected NC-CORR with the raw NC shows 
that westerlies and MSLP are improved in the bias-corrected 
fields with a much closer pattern to those in ERA5 (see Fig. 
S2). Particularly, the raw NC exhibits unrealistically strong 
westerlies and deep low-pressure centers within the westerly 
belt (i.e., polar vortex).

In addition to Polar-WRF simulations, we used the Royal 
Netherlands Meteorological Institute (KNMI) Regional 
Atmospheric Climate Model (KNMI-RACM021P) model 
outputs forced with ICHEC-EC-EARTH (EC, hereafter, 
1.1215 ◦ × 1.125◦ spatial resolution) (Hazeleger et al. 2008). 
RACMO simulations (RACMO-EC, hereafter) were per-
formed by the KNMI and obtained from the Coordinated 
Regional Climate Downscaling Experiment (CORDEX) 
(Giorgi et al. 2009) dedicated to the Antarctic domain at 
0.44◦ ( ∼ 50 km) spatial resolution and 40 vertical levels. 
RACMO model (v2.1) was built on the ECMWF physics 
package (cycle CY23R4). The reason for choosing this simu-
lation is merely based on the availability of data and the 
completeness of the simulations. More information about 
the model and its application on polar regions can be found 
in Van Meijgaard et al. (2008), Lenaerts et al. (2012) and 
Van Wessem et al. (2016).

A summary of the reanalysis and simulations used in this 
study is given in Table 1.

https://rda.ucar.edu/datasets/ds316.1/
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2.3  Methodology

Given the different climate characteristics at each side of 
the mountain barrier, we assessed the results dividing the 
Peninsula into windward and leeward sides (see Fig. 1a). 
We also defined a Larsen Ice Shelf area to focus on changes 
in melt and rain days. Shapefiles of windward and leeward 
regions as well as Larsen Ice Shelf were used for mask-
ing, and only grid points within the shapefiles were used 
for spatial-average comparisons. Due to the different spatial 
resolutions of the GCMs used in this study, all the models 
were interpolated onto a common grid of 1.5 ×1.5◦ using 
bilinear interpolation for temperature. In terms of precipi-
tation, we used first order conservative remapping method 
that conserves the total area integral of the precipitation 
(Jones 1999). This technique is assumed to be appropriate 
for analysis of precipitation fluxes at different resolution 
grids (e.g., Di Luca et al. 2013; Guttler et al. 2015). The 
use of multimodel climate simulations has the advantage 
of providing an uncertainty range. For instance, the range 
of individual models are shown by the box-plot whiskers in 
the box plots and depict the maximum and minimum values 
of the individual CMIP5 models. With the same approach, 
the boxes in box plots correspond to the 25th and 75th per-
centiles of the individual CMIP5 models. This allows us 
to show the uncertainty range of the historical simulations 
and projections together with dynamically downscaled 
products. We focused on annual, summer (December–Janu-
ary–February, DJF), autumn (March–April–May, MAM), 
winter (June–July–August, JJA), spring (September–Octo-
ber–November, SON) and monthly time scales.

In addition, we calculated melt days that are defined as 
the days when near-surface temperature is above 0 ◦ C for 
each simulation for the Larsen Ice Shelf. We also calculated 
rain days that are defined as the days when daily precipita-
tion ≥ 1 mm on melt days. This calculation was performed 
by determining the days when near-surface temperature was 
above 0 ◦ C for at least 50% of grids within the Larsen Ice 
Shelf. Then, the indices of these days were used to extract 

the rain days ( ≥ 1 mm) for at least 50% of grids within the 
Larsen Ice Shelf.

3  Results

3.1  Evaluation of the circulation patterns 
for historical simulations

Figure 2 shows spatial distribution of MSLP for 1981–2005 
period obtained from ERA5, CMIP5 ensemble mean, EC, 
RACMO-EC, NC-CORR and PWRF-NC-CORR. Overall, 
both boundary conditions show similar MSLP patterns with 
ERA5 and CMIP5 ensemble mean (Fig. 2a–d). In particular, 
NC-CORR shows a very similar MSLP pattern with ERA5, 
and exhibits a slightly deeper MSLP over the Amundsen 
Sea than that in EC and CMIP5 (Fig. 2d). This is reasonable 
given the fact that NC-CORR was bias-corrected using the 
ECMWF ERA-Interim reanalysis fields. The Amundsen Sea 
sector shows a notable interannual variability in each prod-
uct, however, NC-CORR yields a slightly larger interannual 
variability than other simulations as well as ERA5, since the 
bias correction method corrects only the mean state. Both 
dynamically downscaled simulations show a very similar 
synoptic pattern to that of their respective boundary condi-
tions (Fig. 2e, f). 

Given that the climate of the Antarctic Peninsula is 
known to be sensitive to the strength and position of the 
westerlies, we also compare representation of the westerly 
winds (850 hPa) in the boundary conditions with ERA5 and 
CMIP5 models (Fig. 3). EC and NC-CORR have a good 
representation of the westerlies with respect to ERA5. None-
theless, NC-CORR represents the westerlies a little stronger 
with a slightly larger interannual variability compared to the 
other simulations and ERA5 (Fig. 3d). Regarding the posi-
tion of the westerly winds maximum, ERA5 and NC-CORR 
show a very similar position of the westerly winds maximum 
( ∼ 52 ◦ S) (Fig. 3e). CMIP5 ensemble mean and EC yield a 
bit more northern ( ∼ 50 ◦ S) and southern ( ∼ 54 ◦ S) position 

Table 1  List of the reanalysis and simulations used in this study

Source Lateral boundary conditions Resolution Period

ERA5 − 0.25 ×0.25◦ ( ∼ 30 km) 1981–2005
19 GCMs (CMIP5, r1i1p1) − Varying: interpolated to a common 1981–2005

grid of 1.5 ×1.5◦ ( ∼ 170 km) 2020–2044
RACMO21P (CORDEX) EC-EARTH (r1i1p1) 0.44 ×0.44◦ ( ∼ 50 km) 1981–2005

2020–2044
Polar-WRF NCAR-CESM1-CORRECTED (r6i1p1) 0.13 ×0.13◦ ( ∼ 15 km) 1981–2005

2020–2044



 D. Bozkurt et al.

1 3

(a) (b)

(c) (d)

(e) (f)
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of the westerly winds maximum, respectively, compared to 
the ERA5 and NC-CORR. 

Near-surface zonal wind climatology over the Antarc-
tic Peninsula obtained from the boundary conditions and 
dynamically downscaled simulations indicates that both 
simulation pairs show very similar patterns of near-surface 
zonal winds (Fig. S3). Different from the boundary con-
ditions, both RCMs, particularly PWRF-NC-CORR, yield 
stronger wind patterns on the leeward side, highlighting the 
potential role of the resolution and topography.

3.2  Projections

3.2.1  Circulation patterns

Figures 4 and 5 show projected mean annual changes in 
MSLP patterns and westerlies, respectively, for CMIP5 
ensemble mean, boundary conditions and RCM outputs 
(only for MSLP pattern). Overall, CMIP5 ensemble mean 
shows deepening of low-pressure systems around the Ant-
arctic continent and strengthening of anticyclonic conditions 
over the mid-to-higher latitudes accompanied with strength-
ening of the westerlies that are also shown by previous stud-
ies (Figs. 4a, 5a) (e.g., Bracegirdle et al. 2008; Zheng et al. 
2013; Marshall et al. 2017; Screen et al. 2018). CMIP5 
ensemble mean and EC yield a slight northern and south-
ern shift of the position of the westerly winds maximum, 
respectively, while NC-CORR yields no change (not shown). 

Interestingly, EC model depicts a notable deepening of 
the Amundsen Sea Low and strengthening of anticyclone 
over the southwest-southern South America (Fig. 4b). This 
pattern has been shown to trigger moisture transport and 
warm air advection from the lower latitudes towards the 
Antarctic Peninsula by means of atmospheric rivers (Boz-
kurt et al. 2018; Wille et al. 2019). On the other hand, NC-
CORR shows an opposite pattern: decrease of the MSLP 
on both the windward and leeward sides of the Antarctic 
Peninsula and strengthening of anticyclonic conditions over 
the western sector of the Amundsen Sea (Fig. 4c). In addi-
tion, different from the EC and CMIP5 ensemble mean, 
NC-CORR shows weakening of the westerlies over a large 
part of the Peninsula, except the northernmost part (Fig. 5c). 
Both dynamically downscaled simulations show very simi-
lar projected changes to their driving models, indicating 
almost identical synoptic forcing in both GCMs and RCMs 

(Fig. 4d, e). However, PWRF-NC-CORR exhibits a slightly 
larger decrease of the MSLP compared to the its boundary 
conditions (Fig. 4e).

3.2.2  Temperature

Figure 6 shows the spatial pattern of projected changes in 
mean annual near-surface temperatures of CMIP5 ensemble, 
EC, RACMO-EC, NC-CORR, and PWRF-NC-CORR. It 
also shows differences between two RCMs and GCMs. Over-
all, temperatures are projected to increase by about 1.2–1.8 
◦ C across the entire Peninsula in the CMIP5 ensemble mean 
under the RCP8.5 scenario (Fig. 6a). The CMIP5 ensemble 
mean projections show that leeward side of the Peninsula is 
projected to have slightly larger temperature increases than 
that on the windward side. This might be associated with the 
potential amplified warming coming from the regional-scale 
features largely dominated by sea-ice loss over the leeward 
side. In this respect, as shown by Turner et al. (2013) many 
of the CMIP5 models have important biases in capturing 
reference period sea-ice characteristics that can potentially 
affect the projected changes. For instance, Turner et al. 
(2013) highlighted that negative trends in Antarctic sea ice 
extent in most of the model runs over 1979–2005 are not 
consistent with the observed increase over the last 30 years. 

EC model depicts larger temperature increases on the 
windward side especially over the Alexander Island ( ∼ 1.8 
to 2.4 ◦ C) (Fig. 6b). As shown in the circulation pattern 
changes, a potential increase in moisture transport and warm 
air advection in EC model seems to be a reason for larger 
temperature increases on the windward side. RACMO-EC 
follows a pattern similar to its driving fields, nonetheless, 
some geographical variations are notable in the dynami-
cally downscaled projections such as less warming on the 
leeward side, especially over the Larsen Ice Shelf and south-
west windward side where EC has notable warming (Fig. 6c, 
d). This might also indicate that GCMs can have amplified 
warming over the areas where sea-ice is more prevalent.

The impact of the driving model on the RCM simula-
tions is also dominant in the PWRF-NC-CORR (Fig. 6e, 
f). Similar to RACMO-EC, PWRF-NC-CORR also exhib-
its less temperature increases over the Larsen Ice Shelf 
and southwest windward side compared to the NC-CORR 
(Fig. 6f, g). Different from the EC and RACMO-EC paired 
projections, both NC-CORR and PWRF-NC-CORR project 
smaller temperature increases across the Peninsula (up to ∼ 
1.2 ◦C). It can be speculated that these differences are related 
to the weakening of the westerlies depicted in the NC-CORR 
(Fig. 5c) over a large part of the Antarctic Peninsula, which 
imply less southeastward advection of warm midlatitude 
air towards the windward side and therefore less adiabatic 
warming over the lee side.

Fig. 2  a Spatial distribution of mean annual mean sea level pres-
sure (shaded) for 1981–2005 period obtained from ERA5, b CMIP5 
ensemble mean, c EC-EARTH, d NCAR-CESM1-CORRECTED, e 
RACMO-EC-EARTH and f PWRF-NCAR-CESM1-CORRECTED. 
Contour lines correspond to interannual variability, i.e., standard 
deviation of mean sea level pressure (contour lines at every 0.5 mb)

◂
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In order to asses model uncertainties and to provide a 
context for future projections, Fig. 7 shows box plots of 
windward and leeward mean seasonal and annual near-sur-
face temperatures for the periods of 1981–2005 (circle) and 
2020–2044 (square) derived from the ERA5, CMIP5 mod-
els, EC, RACMO-EC, NC-CORR and PWRF-NC-CORR. 
On the windward side, the CMIP5 ensemble mean largely 
matches with the ERA5 in representing the climatology for 
DJF and MAM seasons (Fig. 7a). A large intermodel range 
on the windward side in JJA is notable. The EC model gen-
erally takes place in the upper limits of the CMIP5 models 
range, indicating a warmer reference period compared to 
the other simulations. Unlike the EC, RACMO-EC shows a 
closer near-surface climatology to ERA5, which can be asso-
ciated with RCM physics since RACMO model was built on 
the ECMWF physics package. 

PWRF-NC-CORR yields a colder climatology com-
pared to NC-CORR, although they exhibit almost identical 
synoptic conditions (see Fig. 2). In particular, PWRF-NC-
CORR yields relatively cold conditions over the windward 
side and Alexander Island (Fig. S4). We speculate that this 
can be related with the physical configuration of PWRF that 
can result in differences in radiative fluxes (e.g., King et al. 
2015; Listowski and Lachlan-Cope 2017). Indeed, Bozkurt 
et al. (2020) noted a similar colder climatology depicted in 
PWRF simulations driven by ERA-Interim reanalysis when 
comparing with RACMO simulations driven by the same 
reanalysis. In the same study, Bozkurt et al. (2020) high-
lighted that there was a deficit in the surface downwelling 
longwave radiation in PWRF compared to the RACMO, 
which might explain colder climatology introduced by 
PWRF, particularly on the windward side.

CMIP5 ensemble mean for the near future (2020–2044) 
shows pronounced increases in MAM and JJA ( + 1.2 to +  
2 ◦ C, respectively, see Table 2) on the windward side. The 
large intermodel range depicted in JJA for the historical 
period tends to persist in near future. Both RCMs show very 
close changes to those in the driving fields with less warm-
ing in NC-CORR and PWRF-NC-CORR compared to the 
other simulations, except for MAM (see Table 2). 

On the leeward side, the CMIP5 ensemble mean gener-
ally yields colder conditions, except for MAM, with respect 
to ERA5 (Fig. 7b). A large intermodel range exists among 

the CMIP5 models in MAM and JJA. Regarding the driving 
fields, NC-CORR tends to have a slight warmer condition 
with respect to the ERA5 for the historical period. Dynami-
cally downscaled simulations generally follow the driving 
fields in representing the climatology, nonetheless, some dif-
ferences are notable such as the existence of relatively cold 
conditions in PWRF-NC-CORR in MAM and JJA. Near 
future period shows more notable temperature increases in 
the CMIP5 ensemble mean for MAM and JJA ( + 2 ◦ C and 
+ 2.1 ◦ C, respectively, see Table 2). RACMO-EC generally 
indicates smaller temperature increases with respect to EC. 
PWRF-NC-CORR follows closely with NC-CORR except 
during JJA where NC-CORR shows a cooling signal relative 
to historical period (see Table 2).

A more detailed analysis of the temperature projections 
can be obtained by looking at the annual cycle (Fig. 8). 
Overall, mean annual cycle climatology depicted in both 
RCMs follows closely those of the driving fields on both 
windward and leeward sides, except colder conditions in 
PWRF-NC-CORR with respect to NC-CORR in cold season 
months. Regarding the projected temperature changes, both 
driving fields and dynamically downscaled simulations yield 
very similar changes on both sides. On the windward side, 
NC-CORR and PWRF-NC-CORR show the largest increase 
in temperature in May ( + 3 ◦ C and + 3.5 ◦ C, respectively), 
whereas EC and RACMO-EC indicate the largest tempera-
ture increase in July ( ∼ + 2.5 ◦ C) (Fig. 8b). Unlike the EC 
and RACMO-EC, NC-CORR and PWRF-NC-CORR project 
a decrease in temperature in August.

On the leeward side, projected temperature changes 
derived from the CMIP5, RACMO-EC, and RACMO-EC 
EARTH simulations range from + 0.5 to + 2.1 ◦ C (Fig. 8d). 
On the other hand, NC-CORR and PWRF-NC-CORR 
largely differ from the other simulations from June to Octo-
ber with some temperature decreases. It can be speculated 
that, as shown before, a dipole-like pattern characterized 
by a decrease in MSLP over the northeast Peninsula and a 
notable weakening of the Amundsen Sea Low, might lead 
to weakening of the westerlies over the Antarctic Peninsula, 
and thus a prevailing colder continental climate in the winter 
season (see Fig. S5). A slightly larger warming in PWRF-
NC-CORR with respect to NC-CORR can be shaped by the 
RCM microphysics associated with the relatively cold his-
torical period climatology during the cold season, and thus, 
resulting in a larger warming rates in the projections.

3.2.3  Precipitation

Figure 9 presents the spatial pattern of projected relative 
changes in annual total precipitation in near future compared 
to the historical period. According to the CMIP5 ensemble 
mean, precipitation is projected to increase by ∼ + 5% across 

Fig. 3  a Spatial distribution of mean annual 850 hPa zonal wind 
speed (shaded) for 1981–2005 period obtained from ERA5, b CMIP5 
ensemble mean, c EC-EARTH and d NCAR-CESM1-CORRECTED. 
Contour lines correspond to interannual variability, i.e., standard 
deviation of 850 hPa zonal wind (contour lines at every 0.2 m s−1 ). 
e Also shown is reference period mean annual zonal mean 850 hPa 
westerly climatology over the southern Southwest Pacific (120 W–80 
W) obtained from ERA5 (black), CMIP5 ensemble mean (gray), EC-
EARTH (blue) and NCAR-CESM1-CORRECTED (red). Markers 
correspond to the latitudes of maximum wind speed
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the entire Peninsula (Fig. 9a). EC projects a pronounced 
precipitation increase over the southwestern part of the 
Peninsula, particularly around the Alexander Island ( ∼ + 
10 to + 15%), whereas a smaller precipitation increase is 
projected on the leeward side ( ∼< + 5%). It even projects 
a slight decrease of precipitation over the southern parts of 
the leeward side. Following this signal, RACMO-EC gives 
a similar spatial pattern of precipitation change on the wind-
ward side, nonetheless it shows larger increases ( ∼ + 12 to 
+ 20%), highlighting the role of a finer detailed topography 
and orographic influences, which is more pronounced in 
DJF. Although mean windward precipitation increase is also 
relatively large in SON (see Table 3), seasonal spatial pre-
cipitation changes highlight a more pronounced orographic 
barrier influence (i.e., a more increase in precipitation con-
fined to the cordillera) in DJF (not shown).  

A notable difference between the EC and RACMO-EC 
takes place on the leeward side where RACMO-EC mostly 
indicates decreases in precipitation (up to ∼ − 10%). This 
projected decrease in precipitation on the leeward side 
is more pronounced in DJF and MAM (Fig. S6, see also 
Table 3). On the other hand, in these seasons, RACMO-EC 
shows almost the same areas of the precipitation decreases 
with those in EC indicating the inherited influences of the 
boundary conditions on the RCM results. Nonetheless, 
RACMO-EC yields a more pronounced decrease in pre-
cipitation over these areas, which can be associated with 
the RCM physics. Yet, although finer-scale features (i.e., 
precipitation shadow) on the eastern side of the Antarctic 
Peninsula are not captured at 55 km resolution RACMO sim-
ulations (Van Den Broeke and Van Lipzig 2004; Van Lipzig 
et al. 2008), RACMO model can represent better the barrier 
effect of the topography compared to the coarse-resolution 
driving field, which can also result in more pronounced 
decrease in precipitation on the leeward side.

NC and PWRF-NC-CORR project similar spatial pattern 
of increases in precipitation over the northern Peninsula ( ∼ 
+ 5 to + 10%), however, unlike the NC, PWRF-NC-CORR 

Fig. 4  a Projected mean annual mean sea level pressure changes for 
2020–2044 period (under RCP8.5) with respect to 1981–2005 period 
obtained from CMIP5 ensemble mean, b EC-EARTH, c NCAR-
CESM1-CORRECTED, d RACMO-EC-EARTH and e PWRF-
NCAR-CESM1-CORRECTED

◂

Fig. 5  a Projected mean annual 
850 hPa zonal wind speed 
changes for 2020–2044 period 
(under RCP8.5) with respect 
to 1981–2005 period obtained 
from CMIP5 ensemble mean, b 
EC-EARTH, c NCAR-CESM1-
CORRECTED

(a)

(b) (c)
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indicates a decrease in precipitation ( ∼ − 5%) over the cen-
tral-southern parts of the inland territory of the Peninsula. 
This projected decrease in PWRF-NC-CORR might be more 
tied to microphysics schemes and a finer detailed topography 
as it coincides with the maximum of the topography over the 
central-southern parts of the inland territory of the Antarctic 
Peninsula (Fig. S7).

Regarding the monthly changes, both RACMO-EC and 
PWRF-NC-CORR match very closely with their boundary 
conditions, though RACMO-EC tends to exhibit slightly 
larger changes than EC on the windward side (Fig. 10a). 
RACMO-EC and EC have the largest precipitation 
increases in January ( ∼ + 25% and + 18%, respectively), 
whereas PWRF-NC-CORR and NC show the largest pre-
cipitation increases in May ( ∼ + 20% and + 23%, respec-
tively), in which the CMIP5 ensemble mean has the largest 

precipitation increase too ( ∼ + 10%). Similar to windward 
side, near future projections illustrate that RCMs largely fol-
low the boundary conditions in each month for the leeward 
side (Fig. 10b). Nonetheless, RACMO-EC almost system-
atically yields lower changes with respect to the boundary 
conditions, a difference that is more pronounced in summer 
and autumn seasons (also shown in Fig. S6). PWRF-NC-
CORR depicts a more increase in precipitation in October 
( ∼ + 30%) compared to NC ( ∼ + 15%). 

We close this subsection with bivariate climate change 
signal of mean annual temperature and total precipitation 
changes on the windward and leeward sides derived from the 
all simulations (Fig. 11). On the windward side, all CMIP5 
simulations exhibit temperature increases ( ∼ + 0.1 to + 2.5 
◦ C) accompanied with precipitation increases ( ∼ + 1 to + 
13%) (Fig. 11a). Both NC-CORR and EC projections are 

(b) (c)

(f)(e)

CMIP5

EC-EARTH RACMO-EC-EARTH

NCAR-CESM1-CORRECTED PWRF-NCAR-CESM1-CORRECTED

(a)

(d)

(g)

DIFF. (RCM - GCM)

DIFF. (RCM - GCM)

Fig. 6  a Projected mean annual near-surface temperature differences 
for 2020–2044 period (under RCP8.5) with respect to 1981–2005 
period obtained from CMIP5 ensemble mean, b EC-EARTH, c 
RACMO-EC-EARTH, d differences between RACMO-EC-EARTH 

and EC-EARTH, e NCAR-CESM1-CORRECTED, f PWRF-NCAR-
CESM1-CORRECTED and g differences between PWRF-NCAR-
CESM1-CORRECTED and NCAR-CESM1-CORRECTED
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very close to the CMIP5 ensemble mean changes. RACMO-
EC slightly increases the temperature and precipitation 
changes compared to the EC, whereas PWRF-NC-CORR 
slightly increases temperature changes and reduces precipi-
tation changes compared to the NC-CORR.

On the leeward side, projected changes in the CMIP5 
ensemble mean are very close to those on the windward 
side (Fig. 11b). Regarding the GCM and RCM comparison, 
the most notable difference exists between RACMO-EC and 

EC where RACMO-EC reduces the temperature change and 
shows an opposite sign of precipitation change to that of the 
EC, indicating the influence of the amplified decrease signal 
detected in DJF and MAM on the annual scale. PWRF-NC-
CORR yields very close projected changes to NC-CORR on 
the leeward side.

The sensitivity of precipitation increase to warming is 
4.8%K

−1 for CMIP5 ensemble mean on the windward side. 
RACMO-EC and PWRF-NC-CORR show almost the same 
sensitivity values ( ∼ 5%K

−1 ) with larger and lower values 
than their boundary conditions, respectively. As also indi-
cated by Palerme et al. (2017), the sensitivity of precipita-
tion increase to warming is expected to be much larger in 
Antarctica compared to the global mean, particularly by the 
end of the century. On the other hand, on the leeward side, 
simulations show less sensitivity values even negative sign 
(RACMO-EC), except NC-CORR and PWRF-NC-CORR 
which exhibit notably larger values ( ∼ 9%K

−1 ). These incon-
sistencies on the leeward side indicate that there are still 
considerable uncertainties of temperature and precipitation 
projections for the Antarctic Peninsula.

3.2.4  Melt days and rain days

Figure 12 presents projected changes in mean annual melt 
days for CMIP5 ensemble mean, boundary conditions and 
RCMs. Overall, CMIP5 ensemble mean shows that north-
ernmost part of the Antarctic Peninsula is projected to have 
the largest increases ( ∼ 20 days per year), whereas Larsen 
Ice Shelf shows increases between ∼ 4  and  12 days per year 
(Fig. 12a). Similar patterns are depicted in both boundary 
conditions, nonetheless, with more pronounced increases 
particularly on the windward side and Larsen Ice Shelf 
(Fig. 12b, d). Both RCM simulations show their largest 
increase over the northernmost part of the Antarctic Penin-
sula (Fig. 12c, e), and different from their driving fields, they 
show less increase in melt days, which is more prominent in 
the Larsen Ice Shelf. 

Figure 13 shows box plots of mean annual number of melt 
days changes in the Larsen Ice Shelf. As depicted in spatial 
map plot, RCMs project a smaller increase in the number of 
melt days per year (8 days for RACMO-EC and 5 days for 
PWRF-NC-CORR) compared to their boundary conditions 
(Fig. 13a). CMIP5 ensemble mean shows an increase in melt 
days ( ∼ 7 days per year), which is close to that in RCMs. 
Regarding the relative changes, RCMs project an increase 
by about 50% (RACMO-EC) and 40% (PWRF-NC-CORR). 
Interestingly, EC-EARTH shows a larger increase ( ∼ 75%) 
while NC-CORR has a smaller increase ( ∼ 25%) in relative 
changes. As noted by Bozkurt et al. (2020), ERA-Interim has 
some considerable biases in capturing recent temperature 
trends particularly over the Larsen Ice Shelf with a nota-
ble warm bias compared to the observations. Therefore, we 

DJF MAM JJA SON

DJF MAM JJA SON

ANN

ANN

(a)

(b)
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CMIP5
EC-EARTH
NCAR-CESM1-CORRECTED

RACMO-EC-EARTH
PWRF-NCAR-CESM1-CORRECTED

ERA5

Fig. 7  a Box plots of windward mean seasonal and annual tempera-
tures for the periods of 1981–2005 (circle) and 2020–2044 (square). 
Black and gray colors correspond to ERA5 and CMIP5 ensemble 
mean, respectively. The CMIP5 ensemble median is represented by 
the bar across the box and the box-plot whiskers represent the maxi-
mum and minimum values of the individual CMIP5 models. The box 
represents the 25th and 75th percentiles of the individual CMIP5 
models. Blue and light blue colors correspond to EC-EARTH and 
RACMO-EC-EARTH, respectively. Red and orange colors corre-
spond to NCAR-CESM1-CORRECTED and PWRF-NCAR-CESM1-
CORRECTED, respectively. b Same as a but for the leeward side. 
Note that due to the large temperature differences, the axis values and 
intervals are not the same for the windward and leeward sides. Note 
the overlaps between the points (e.g., NCAR-CESM1-CORRECTED 
and CMIP5 ensemble mean on the leeward side for MAM)
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suspect that as NC-CORR uses ERA-Interim for bias cor-
rection, it somehow inherited this warm bias, which can be 
reflected in the melt days projections. 

Finally, we present the same analysis of Fig. 13 but for 
rain days (Fig.  14). Each simulation indicates an increase of 
rain days. EC and NC-CORR show larger increases per year 
( ∼ 8.5 and 10.5 days, respectively) than CMIP5 ensemble 

(a) (b)

(c) (d)
LEEWARD

WINDWARD

CMIP5
EC-EARTH
NCAR-CESM1-CORRECTED

RACMO-EC-EARTH
PWRF-NCAR-CESM1-CORRECTED

ERA5

Fig. 8  a Reference period (1981–2005) windward mean annual cycle 
of near-surface temperature and b) absolute changes of near-surface 
temperature under RCP8.5 in near future (2020–2044). Black and 
gray lines correspond to ERA5 and CMIP5 ensemble mean, respec-
tively. Blue and light blue lines correspond to EC-EARTH and 

RACMO-EC-EARTH, respectively. Red and orange lines correspond 
to NCAR-CESM1-CORRECTED and PWRF-NCAR-CESM1-COR-
RECTED, respectively. Shading shows the range of individual mod-
els of the CMIP5. c, d Same as a, b but for the leeward side, respec-
tively

Fig. 9  a Projected mean annual precipitation differences for 2020–
2044 period (under RCP8.5) with respect to 1981–2005 period 
obtained from CMIP5 ensemble mean, b EC-EARTH, c RACMO-
EC-EARTH, d NCAR-CESM1 and e PWRF-NCAR-CESM1-
CORRECTED. Note that bias-corrected boundary conditions of 
NCAR-CESM1 do not include precipitation, therefore, we use raw 
NCAR-CESM1 precipitation for the comparisons

▸

Table 2  Mean seasonal and annual temperature changes ( ◦ C) on the windward side from CMIP5 ensemble mean, boundary conditions and 
regional climate model simulations in near future (2020–2044) with respect to 1981–2005 period

Changes on the leeward side are presented in parentheses

Temperature change ( ◦C) DJF MAM JJA SON ANN

CMIP5 (Ensemble) + 0.7 (+ 0.8) + 1.2 (+ 2) + 2 (+ 2.1) + 0.9 (+ 0.9) + 1.2 (+ 1.5)
EC-EARTH + 1 (+ 0.8) + 0.9 (+ 1.4) + 2.1 (+ 2) + 1.3 (+ 1.3) + 1.3 (+ 1.4)
NCAR-CESM1-CORRECTED + 0.7 (+ 0.6) + 1.6 (+ 1.2) + 0.4 (− 0.3) + 1 (+ 0.3) + 0.9 (+ 0.5)
RACMO-EC-EARTH + 0.9 (+ 0.5) + 1 (+ 1.3) + 2.3 (+ 1.5) + 1.3 (+ 0.8) + 1.4 (+ 1)
PWRF-NCAR-CESM1-CORRECTED + 0.6 (+ 0.3) + 2 (+ 1.4) + 0.7 (+ 0.4) + 0.9 (+ 0.2) + 1.1 (+ 0.6)
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mean ( ∼ 5.5 days) and RCMs ( ∼ 3 days). On the other hand, 
regarding the relative changes, CMIP5 ensemble mean 
shows an increase by around 90%, which seems to imply 
that the CMIP5 ensemble mean has too few melt days during 
the historical period. RCM simulations project an increase 
by about 40% (RACMO-EC) and 70% (PWRF-NC-CORR). 
A pronounced projected decrease in precipitation over the 

Table 3  Mean seasonal and 
annual precipitation changes 
(%) on the windward side 
from CMIP5 ensemble 
mean, boundary conditions 
and regional climate model 
simulations in near future 
(2020–2044) with respect to 
1981–2005 period

Changes on the leeward side are presented in parentheses. Note that bias-corrected boundary conditions 
of NCAR-CESM1 do not include precipitation, therefore, we use raw NCAR-CESM1 precipitation for the 
comparisons

Precipitation change (%) DJF MAM JJA SON ANN

CMIP5 (Ensemble) + 5.5 (+ 5.5) + 7 (+ 5.9) + 6.6 (+ 7.3) + 3.3 (+ 3.9) + 5.7 (+ 5.6)
EC-EARTH + 5.1 (+ 3.1) + 1 (− 3.7) + 4.9 (+ 5.6) + 9.7 (+ 5.6) + 5.1 (+ 2.4)
NCAR-CESM1 + 11.7 (+ 6.8) + 5.6 (+ 2) + 1.3 (+ 4.6) + 9.2 (+ 6.8) + 6.8 (+ 4.8)
RACMO-EC-EARTH + 10.3 (− 0.5) + 4.6 (− 8.7) + 3.9 (+ 3.3) + 10.5 (+ 4.3) + 7.1 (− 1.2)
PWRF-NCAR-CESM1-

CORRECTED
+ 11.2 (+ 7.9) + 4.6 (+ 1.8) + 0.4 (+ 4.6) + 7.9 (+ 8.8) + 5.7 (+ 5.5)

CMIP5
EC-EARTH
NCAR-CESM1

RACMO-EC-EARTH
PWRF-NCAR-CESM1-CORRECTED

(a)

(b)

WINDWARD

LEEWARD

Fig. 10  a Windward mean relative precipitation changes under 
RCP8.5 in near future (2020–2044) with respect to reference period 
(1981–2005). Gray line corresponds to CMIP5 ensemble mean. Blue 
and light blue lines correspond to EC-EARTH and RACMO-EC-
EARTH, respectively. Red and orange lines correspond to NCAR-
CESM1 and PWRF-NCAR-CESM1-CORRECTED, respectively. 
Shading shows the range of individual models of the CMIP5. Note 
that bias-corrected boundary conditions of NCAR-CESM1 do not 
include precipitation, therefore, we use raw NCAR-CESM1 precipita-
tion for the comparisons. b Same as a but for the leeward side
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CMIP5-ENS: 4.8%K-1 (±7.9%K-1)
EC-EARTH: 3.8%K-1

NCAR-CESM1-CORR.: 7.4%K-1

RACMO-EC-EARTH: 5.1%K-1

PWRF-NCAR-CESM1-CORR.: 5.2%K-1

 

CMIP5-ENS: 3.8%K-1 (±2.4%K-1)
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Fig. 11  a Projected windward mean annual temperature and precipi-
tation differences for 2020–2044 period (under RCP8.5) with respect 
to 1981–2005 reference period. Gray color corresponds to CMIP5 
models and dark gray color shows the ensemble mean. Blue and light 
blue colors correspond to EC-EARTH and RACMO-EC-EARTH, 
respectively. Red and orange colors correspond to NCAR-CESM1-
CORRECTED and PWRF-NCAR-CESM1-CORRECTED, respec-
tively. b Same as a but for the leeward side. Note that bias-corrected 
boundary conditions of NCAR-CESM1 do not include precipitation, 
therefore, we use raw NCAR-CESM1 output for precipitation. The 
legend also includes the sensitivity of precipitation increase to warm-
ing (in % K−1 ) for CMIP5 ensemble mean (plus/minus standard devia-
tion of the individual models), EC-EARTH, RACMO-EC-EARTH, 
NCAR-CESM1-CORRECTED and PWRF-NCAR-CESM1-COR-
RECTED
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Larsen Ice Shelf in RACMO-EC might be the reason for a 
smaller increase in rain days compared to EC. Relatively 
high rain day climatology for the reference period in NC-
CORR yields a smaller increase of relative changes ( ∼ 30%) 
compared to the other simulations. 

4  Discussion

Based on the projection results presented in this study, it 
can be stated that CMIP5 models generally tend to have 
important uncertainties of the temperature increases, par-
ticularly over the leeward side of the Antarctic Peninsula. 
Given the influence by strong westerlies, mid-latitude baro-
clinic systems and moisture transport from the tropics, the 
complex interplay between important large-scale features 
such as SAM and ENSO tends to be a major source of 
uncertainty of the future climate projections. On one hand, 
a recent trend toward the positive phase of the SAM is 
projected to continue into the future, resulting in intensi-
fication of the westerlies and more warm moisture-laden 
air masses over the Antarctic Peninsula and other coastal 
areas (e.g., Bracegirdle et al. 2008; Zheng et al. 2013; Mar-
shall et al. 2017; Screen et al. 2018). On the other hand, 
regional weather and climate variability of the Antarctic 
Peninsula is also tied to large-scale meridional forcing that 
is largely controlled by Rossby-wave dynamics generated 
by the tropical SST variability at different time scales from 
intraseasonal (e.g., Rondanelli et al. 2019) to decadal (e.g., 
Grassi et al. 2006). In this respect, previous studies pointed 
out the greater uncertainty in climate change projections 
of West Antarctica due to the inadequate representation of 
tropical and polar teleconnections (e.g., Ding et al. 2011; 
Abram et al. 2014; Hosking et al. 2016; Marshall et al. 
2017).

Indeed, for instance, pronounced warming in the EC 
simulation seems to be shaped by the deepening of the 
Amundsen Sea Low and strengthening of anticyclone over 
the southwest-southern South America, which can poten-
tially trigger atmospheric rivers and warm air advection 
from the low latitudes (e.g., Bozkurt et al. 2018; Wille 
et al. 2019; Rondanelli et al. 2019). On the other hand, 
weakening of the Amundsen Sea Low and more cyclonic 
conditions around the Antarctic peninsula in NC-CORR 
simulation seem to hinder westerlies, and thus, prevent 
warm air advection and moisture transport towards the Ant-
arctic Peninsula, leading to smaller temperature increases 
in NC-CORR. This seems to be a possible continuation of 
short term natural interdecadal variability that still in the 
foreground. In this respect, previous studies highlighted the 
important role of natural variability and decadal changes 
in leading to recent cooling period ( ∼ 1990s to 2015) over 
the Antarctic Peninsula (e.g., Carrasco 2013; Turner et al. 

2016; Oliva et al. 2017). In particular, Turner et al. (2016) 
showed that more cyclonic conditions in the northern Wed-
dell Sea shaped by the natural interdecadal variability are 
associated with the recent cooling trend over the Antarctic 
Peninsula.

Beside from large- and synoptic-scale forcing, CMIP5 
models can have additional warming coming from the 
regional-scale features largely dominated by sea-ice loss 
particularly over the leeward side as many of the CMIP5 
models have important uncertainties in representing sea-
ice (Turner et al. 2013). These potential uncertainties at 
different spatial scales can result in different warming 
trends in the CMIP5 models not only for the observation 
period (e.g., Jones et al. 2019) but also for future projec-
tions. For instance, sea-ice extent with less than the “real-
ity” for the reference period depicted in the CMIP5 models 
might tend to decrease anomalously under the warming 
conditions in the near future, leading to amplified regional 
warming over the areas where sea-ice is more prevalent 
such as leeward side. In this respect, sea-ice behavior 
complicates temperature projections over the Antarctic 
Peninsula. Indeed, large inconsistencies on the leeward 
side indicate that there are still considerable uncertainties 
of temperature and precipitation projections for the Ant-
arctic Peninsula, highlighting the difficulties of achieving 
high quality and consistent projections from GCMs for the 
Antarctic Peninsula.

Regarding the RCM projections, we argue that RCMs 
are closely tied to the GCM fields since dominant and com-
mon changes from the boundary conditions are largely 
evident in the RCM simulations. This is consistent with 
previous studies that highlight the important role of the 
selection of GCM in shaping the RCM projections (e.g., 
Wilby et al. 2004; Graham et al. 2007; Niu et al. 2015; 
Addor et al. 2016). In particular, Liang et al. (2008) high-
lighted that a major portion of the present climate biases 
(either for RCM and GCM) are systematically propagated 
into future climate projections at regional scales. None-
theless, we also note some interesting differences in pro-
jected temperature and precipitation fields between GCM 
and RCM simulations. Given that synoptic conditions in 
the RCMs are very similar to those in their boundary con-
ditions, the added value of RCM projections can be found 
by the finer spatial detail at local-scale which can be asso-
ciated with the RCM topography and physics. However, 
Sørland et al. (2018) highlighted that the capability of the 
RCMs to modify the climate change signals of the driving 
GCMs can even exist on scales that are considered well 
resolved by the driving GCMs. In our study, we highlight 
that these GCM and RCM differences might make more 
sense at local-scale such as Larsen Ice Shelf, particularly 
for melt days and rain days.
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(a)

(b) (c)

(e)(d)

days per year

CMIP5

EC-EARTH RACMO-EC-EARTH

NCAR-CESM1-CORRECTED PWRF-NCAR-CESM1-CORRECTED

Fig. 12  a Projected mean annual number of melt days differences for 
2020–2044 period (under RCP8.5) with respect to 1981–2005 period 
obtained from CMIP5 ensemble mean, b EC-EARTH, c RACMO-

EC-EARTH, d NCAR-CESM1-CORRECTED and e PWRF-NCAR-
CESM1-CORRECTED. Melt days are defined as the days when near-
surface temperature is above 0 ◦C
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5  Summary and concluding remarks

In this study, we assessed the near future (2020–2044) tem-
perature and precipitation changes over the Antarctic Pen-
insula under the high-emission scenario (RCP8.5). We used 
historical and projected simulations from 19 global climate 
models (GCMs) participating in CMIP5. We compare and 
contrast GCMs projections with two groups of regional cli-
mate model simulations (RCMs): (1) high resolution (15-
km) simulations performed with Polar-WRF model forced 
with bias-corrected boundary conditions obtained from 
NCAR-CESM1-CORRECTED (PWRF-NC-CORR) over 
the Antarctic Peninsula, (2) medium resolution (50-km) 
simulations of KNMI-RACMO21P forced with EC-EARTH 
(RACMO-EC) obtained from the CORDEX-Antarctica. Our 
key results can be summarized as follows:

• Near future temperature projections indicate that mean 
annual temperatures are projected to increase by about 
0.5–1.5◦ C across the entire Peninsula. Temperature 
increase is more substantial in autumn and winter ( ∼ 2 ◦

C). The CMIP5 ensemble mean projects slightly larger 
temperature increases on the leeward side.

• Overall, RCM projections follow the same climate 
change signal depicted in the driving fields, except the 
NC-CORR and PWRF-NC-CORR paired simulations in 
winter on the leeward side, where PWRF-NC-CORR pro-
jects an increase in temperature unlike the driving field 
that shows a slight decrease signal.

• In terms of precipitation projections, there is a broad 
agreement among the simulations, indicating an increase 
in mean annual precipitation ( ∼ 5 to 10%) over the Ant-
arctic Peninsula. A more increase in summer precipita-
tion confined to the cordillera in the RCM projections 
highlights the role of a finer detailed topography and 
orographic influences.

• Overall, similar to the temperature projections, RCM pro-
jections reproduce similar projected changes of precipi-
tation to those in the driving fields. On the other hand, 
some differences such as opposite sign of the change 
between EC and RACMO-EC on the leeward side indi-
cate the existence of potential added values introduced by 
RCMs with different physical configuration and topogra-
phy.

• Each simulation projects increases in melt days in the 
Larsen Ice Shelf of about 4–20 days per year. Unlike the 
driving fields, both RCMs show smaller increases in melt 
days and rain days in the Larsen Ice Shelf.

C
ha

ng
e 

(%
)

C
ha

ng
e 

(N
um

be
r 

of
 d

ay
s 

pe
r 

ye
ar

)
CMIP5
EC-EARTH
NCAR-CESM1-CORRECTED

RACMO-EC-EARTH
PWRF-NCAR-CESM1-CORRECTED

(a) (b)

Fig. 13  a Box plot of absolute mean annual melt days changes for 
Larsen Ice Shelf. Gray color corresponds to CMIP5 ensemble mean. 
Blue and light blue colors correspond to EC-EARTH and RACMO-
EC-EARTH, respectively. Red and orange colors correspond to 
NCAR-CESM1-CORRECTED and PWRF-NCAR-CESM1-COR-
RECTED, respectively. The CMIP5 ensemble median is represented 
by the bar across the box and the box-plot whiskers represent the 
maximum and minimum values of the individual CMIP5 models. The 
box represents the 25th and 75th percentiles of the individual CMIP5 
models. b Same as a but for relative changes %. Note that five of the 
CMIP5 models were excluded in the relative changes plot as they 
have too few melt days per year for the reference period (i.e., melt 
days per year < 2 days) resulting in anomalously high projection val-
ues

C
ha

ng
e 

(%
)

C
ha

ng
e 

(N
um

be
r 

of
 d

ay
s 

pe
r 

ye
ar

)

CMIP5
EC-EARTH
NCAR-CESM1-CORRECTED

RACMO-EC-EARTH
PWRF-NCAR-CESM1-CORRECTED

(a) (b)

Fig. 14  a The same as Fig. 13 but for rain days. Rain days are defined 
as the days when daily precipitation ≥ 1 mm on melt days
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Further research is required to assess the physical reason-
ing of RCM and GCM differences at local-scale by delv-
ing deeper into physical processes such as impact of sea-ice 
feedback, radiative fluxes, precipitation shadow and rain/
snow ratio on the projections. Furthermore, given that RCM 
simulations are largely performed in stand-alone mode, 
reduced uncertainties of the sea-ice and SST fields in the 
GCMs can also contribute to have more robust assessments 
of the regional climate change projections.

Given the high computational costs of RCMs particularly 
over such complex terrain of Antarctica, development of 
CORDEX-like initiatives over the sub-Antarctic domains 
such as Antarctic Peninsula and West Antarctica can allow 
to implement different RCM strategies and model tuning, 
and thus, provide beneficial assessment strategies for the cli-
mate change projections at regional scales. Furthermore, as 
there are lack of high-resolution RCM projections over the 
Antarctic Peninsula, more RCM applications within these 
initiatives can improve the assessment of climate change 
uncertainties as well as our understanding of the added value 
introduced by the RCMs. Additional efforts such as evalu-
ation and subsetting of GCMs with the aim of dynamical 
downscaling (e.g., Agosta et al. 2015) would also contribute 
to have a more robust range of simulations matrices (i.e., 
different RCMs forced with different GCMs) that can reduce 
the potential uncertainties.

Supplementary Information The online version supplementary mate-
rial available at https ://doi.org/10.1007/s0038 2-021-05667 -2.
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