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A B S T R A C T   

The realistic simulation and projection of the Amundsen Sea Low (ASL) are essential for understanding the 
Antarctic climate and global climate change. Using 14 models that participated in phase 6 of the Coupled Model 
Intercomparison Project (CMIP6), this study evaluates the climatological characteristics of ASL with comparison 
to the ERA5 reanalysis and their CMIP5 versions and assesses the future change of ASL under 1.5 ◦C–4 ◦C global 
warming. The climatological spatial distribution of ASL is captured reasonably but with underestimated intensity 
by CMIP6 multi-model ensemble (MME). Among the CMIP6 models, EC-Earth3 has most accurate representation 
of ASL according to the pattern correlation and biases. The seasonal variation of the ASL depth and location are 
found to be reasonably reproduced by the CMIP6 models. CMIP6 MME has higher skills in simulating the sea
sonal cycle of absolute depth and zonal migration of the ASL center. The relative central pressure of ASL is 
underestimated in all seasons and there is a 4-degree northward shift bias of the ASL center in austral winter, 
which were also evident in the CMIP5. The semiannual cycle of ASL absolute depth with two deepest pressure in 
April and October is also captured by CMIP6 MME. However, the observed peak of pressure between the two 
months occurs in June, while it delays one month and appears until July in CMIP6 MME. Compared with CMIP5, 
CMIP6 MME exhibit evident reduced uncertainties and overall improvement in simulating absolute depth and 
location of the ASL center, which might be attributed to models’ capability of representing the location of 
Southern Hemisphere westerlies, while the biases in relative depth become even large in CMIP6 MME. In 
response to future warming from 1.5 ◦C to 4 ◦C above pre-industrial levels, the absolute depth of ASL will very 
likely deepen with larger amplitude in all seasons, while the relative depth might enhance only under high-level 
warmer world in austral autumn to winter. The CMIP6 MME also projects that the ASL will shift poleward 
constantly in austral summer and migrate southwestward during austral autumn with the rising global mean 
temperature. Among all the seasons, the most prominent future changes in intensity and location of ASL are 
found in autumn. The enhancement and poleward movement of ASL could also be identified during the Ross Sea 
ice advance season under 1.5 ◦C–4 ◦C global warming. The results reveal the potential of CMIP6 models in the 
ASL study and the impact of ASL on Antarctic climate under different global warming levels.   

1. Introduction 

Amundsen Sea Low (ASL) is a climatological low pressure system 
located in the latitude band 60–70◦S over Pacific sector of the Southern 
Ocean, which comprises the Ross Sea, Amundsen Sea and Belling
shausen Sea (Raphael et al., 2016). Different from Southern Annular 

Mode (SAM), which is the dominant mode around Antarctica describing 
the north-south pressure gradient, ASL is a nonzonal circulation induced 
by the interaction of the mean westerly flow with the high orography of 
Victoria Land. It has profound impacts on climate of West Antarctica 
through modifying meridional winds, including sea ice concentration, 
temperature, and precipitation (e.g., Hosking et al., 2013; Raphael and 
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Landrum, 2019; Wang et al., 2020a, 2020b). Since the Antarctic climate 
plays an important role in Earth’s system (e.g., Bronselaer et al., 2018; 
Roussel et al., 2020), the realistic simulation, prediction and projection 
of ASL is critical for understanding and projecting Antarctica climate 
change. 

Coupled global climate model is one of the primary tools used in 
studies of climate dynamics and change, as well as the Antarctic climate 
(e.g., Gao et al., 2016; Jun et al., 2020; Luo et al., 2020; Shu et al., 2020). 
Numerous models were convened to better understand and project the 
climate under the coordination of Climate Model Intercomparison 
Project (CMIP). Hosking et al. (2013) evaluated the ASL characteristics 
simulated by 17 CMIP5 models with a focus on the annual cycle of 
relative depth and longitude of the ASL center and reported that ma
jority of them have substantial biases. Currently, the Intergovernmental 
Panel on Climate Change (IPCC) is working on the Sixth Assessment 
Report which will be drafted referring to results of the sixth phase of 
CMIP (CMIP6). After nearly a decade of model development relative to 
CMIP5, three aspects of improvement were noticed in CMIP6, including: 
(1) there are new modelling centres registered to provide simulations, 
(2) coupled global climate models were designed with finer resolution 
and improved physical processes, and (3) the Shared Socio-economic 
Pathways (SSP) combined with the Representative Concentration 
Pathways of CMIP5 are used as the new future scenarios for climate 
change projection (The CMIP6 landscape, 2019). The newly released 
output of CMIP6 experiments offer us a great opportunity to examine 
whether the CMIP6 models have a better performance in simulating 
ASL. 

Antarctic climate has gained a widely attention because of the high 
albedo of the ice and large potential source for global sea-level rise (e.g., 
Garbe et al., 2020; Jun et al., 2020). Recent studies found that the ASL is 
deepening during 1979–2006, which plays an important role in the 
increasing trend of sea ice concentration over the Ross Sea (Turner et al., 
2009). Furthermore, the models’ capability of representing west Ant
arctic climate was reported to be determined by their skills in simulating 
ASL (Hosking et al., 2013). The close linkage between ASL and Antarctic 
climate makes assessing the future change of ASL crucial for under
standing Antarctic climate variability, especially sea ice. 

The United Nations Framework Convention on Climate Change 
proposed to limit the increase in the global mean temperature rise in 
order to reduce the impacts and risks brought by climate change in the 
Paris Agreement in 2015, which are devoted to hold the increase in 
global temperature to below 2 ◦C above pre-industrial levels and pursue 
efforts to limit the global-mean temperature increase to below 1.5 ◦C by 
the end of 21st century (United Nations Framework Convention on 
Climate Change, 2015). From that time forward, the possible future 
climate change and its impacts under 1.5 ◦C and 2 ◦C warming thresh
olds were widely explored and summarized by IPCC Special Report on 
the impacts of global warming of 1.5 ◦C above pre-industrial levels 
(IPCC, 2018; King and Harrington, 2018; Su et al., 2018). However, 
Raftery et al. (2017) have pointed out the range of global temperature 
increase might be 2.0–4.9 ◦C in 2100 and there is only a 5% chance that 
it will be controlled below 2 ◦C. To make better preparation for climate 
change adaption, climate tipping points have drawn extensive attention, 
by which increasing numbers of studies focus on climate change under 
more serious warming levels including 3 ◦C and 4 ◦C (Dosio and Fischer, 
2018; Lenton et al., 2019). Based on Representative Concentration 
Pathway experiments in CMIP5, Raphael et al. (2016) have found that 
the relative depth of ASL will likely become deeper in all seasons except 
for summer with increasing radiative forcing. Meanwhile, ASL will likely 
migrate poleward in austral summer and autumn, and eastward in 
autumn and winter during the second half of the 21st century (Hosking 
et al., 2016). However, the possible changes of ASL under different 
global warming thresholds would allow us to identify the climate 
tipping points and define the climate emergency and strengthens that we 
remain unclear. 

The aims of this study are to (1) evaluate the models’ capabilities in 

Table 1 
A brief description of CMIP5 and CMIP6 models used in this study.  

Institute, Country CMIP5 CMIP6 

Models Horizontal 
Resolution 
(lat*lon) 

Models Horizontal 
Resolution 
(lat*lon) 

Commonwealth 
Scientific and 
Industrial Research 
Organization/ 
Bureau of 
Meteorology, 
Australia 

ACCESS1.0 145 × 192 ACCESS- 
ESM1–5 

145 × 192 

Beijing Climate 
Centre, China 
Meteorological 
Administration, 
China 

BCC- 
CSM1–1 

64 × 128 BCC- 
CSM2-MR 

160 × 320 

Canadian Centre for 
Climate Modelling 
and Analysis, 
Canada 

CanESM2 64 × 128 CanESM5 64 × 128 

National Centre for 
Atmospheric 
Research, USA 

CESM1- 
WACCM 

96 × 144 CESM2- 
WACCM 

192 × 288 

Irish Centre for High- 
End Computing, 
Netherlands/Ireland 

EC-Earth 160 × 320 EC-Earth3 256 × 512 

National Oceanic and 
Atmospheric 
Administration, 
Geophysical Fluid 
Dynamics 
Laboratory, USA 

GFDL- 
ESM2M 

90 × 144 GFDL- 
ESM4 

180 × 288 

National Aeronautics 
and Space 
Administration- 
Goddard Institute 
for Space Studies, 
USA 

GISS-E2-R 90 × 144 GISS- 
E2–1-G 

90 × 144 

Russian Academy of 
Sciences, Institute of 
Numerical 
Mathematics, Russia 

INMCM4.0 120 × 180 INM- 
CM5–0 

120 × 180 

Institut Pierre Simon 
Laplace, France 

IPSL- 
CM5A-LR 

96 × 96 IPSL- 
CM6A-LR 

143 × 144 

Atmosphere and 
Ocean Research 
Institute (The 
University of 
Tokyo), 
National Institute 
for Environmental 
Studies and Japan 
Agency for Marine- 
Earth Science and 
Technology, Japan 

MIROC5 128 × 256 MIROC6 128 × 256 

Max Planck Institute 
for Meteorology, 
Germany 

MPI-ESM- 
MR 

96 × 192 MPI- 
ESM1–2- 
HR 

192 × 384 

Meteorological 
Research Institute, 
Japan 

MRI-ESM1 160 × 320 MRI- 
ESM2–0 

160 × 320 

Bjerknes Centre for 
Climate Research, 
Norwegian 
Meteorological 
Institute, Norway 

NorESM1- 
M 

96 × 144 NorESM2- 
LM 

96 × 144 

Institute of 
Atmospheric 
Physics, Chinese 
Academy of 
Sciences, China 

/ / FGOALS- 
f3-L 

180 × 288  
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(a) Absolute depth of ASL-ERA5

(b) Absolute depth of ASL-CMIP5

(c) Absolute depth of ASL-CMIP6

(d) Relative depth of ASL-ERA5

(e) Relative depth of ASL-CMIP5

(f) Relative depth of ASL-CMIP6

Fig. 1. (a-c) Actual mean sea level pressure and (d-f) relative mean sea level pressure (hPa) averaged in DJF, MAM, JJA, and SON during 1979–2005 in (a)/(d) ERA5 
reanalysis, (b)/(e) CMIP5 MME and (c)/(f) CMIP6 MME, respectively. The yellow rectangles in (a)-(c) and the yellow crosses denote the ASL regions and centers, 
respectively. 
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simulation climatological features of ASL and examine whether the 
current-day climate models improve their skills, and (2) assess how the 
ASL will change under 1.5 ◦C–4 ◦C global warming above pre-industrial 
levels using 14 newly released CMIP6 models. The remainder of this 
paper is organized as follows. A detailed description of the models, data 
and methods used is given in section 2. The evaluation of historical 
simulations in climatological characteristics of ASL against the obser
vation and the comparison between the performance in CMIP6 and 
CMIP5 models are presented in section 3. Section 4 assesses future 
changes of ASL under 1.5 ◦C–4 ◦C warming scenarios. Discussion and 
conclusion are presented in sections 5. 

2. Data and methodology 

2.1. Data 

Due to the lack of long-term in-situ observations over the Amundsen, 
Bellingshausen and Ross Seas, the monthly mean sea level pressure with 
a horizontal resolution of 0. 25◦ spanning 1979–2014 from the latest 
version of reanalysis dataset produced by the European Centre for 
Medium-Range Weather Forecasts (ERA5), was used to identify the 
observed ASL features (Hersbach et al., 2020). 

The performance of newly released global climate models in the ASL 
simulation participating in CMIP6 were evaluated against ERA5 and 
compared to their CMIP5 versions to lay a baseline for assessing future 
changes (Eyring et al., 2016; see Table 1 for detailed information). Only 
the first ensemble member (r1i1f1p1) from one model with available 
monthly mean sea level pressure from each institute was selected and 
total 14 models were used in this study. The monthly mean sea level 
pressure during 1979–2014 and 1979–2005 were obtained from the 
historical run of the CMIP6 and CMIP5 models, respectively. The future 
projections were performed by using monthly mean sea level pressure 
for 2015–2100 under SSP1–1.9, SSP1–2.6, SSP2–4.5, SSP3–7.0, 
SSP4–6.0, SSP5–8.5 scenarios from abovementioned models and 
FGOALS-f3-L provided by the Scenario Model Intercomparison Project 
(ScenarioMIP) belonging to CMIP6 (O’Neill et al., 2016) (Table S1). The 
monthly mean surface air temperature during 1850–2014 from histori
cal run and 2015–2100 under SSPs scenarios were also used to identified 
the timings of the 1.5 ◦C-4◦Cwarming levels. All the analysis in this 
study were based on the first ensemble member of all experiments 
derived from both CMIP5 and CMIP6. 

2.2. Methodology 

2.2.1. ASL indices 
According to Hosking et al. (2013), four indices were used to 

describe ASL features, including Actual Central Pressure (ACP), Relative 
Central Pressure (RCP), longitude (LON) and latitude (LAT). The ACP 
and RCP are the pressure of the ASL center, which refer to the minimum 
values of actual and relative pressure over the region spanning 
62◦W–170◦E (170–298◦E), 80–60◦S, respectively (Hosking et al., 2016). 
Since ASL is influenced by but separable from large-scale variability, the 
RCP was intentionally defined to remove signals such as the SAM across 
the ASL sector region. Thus, the relative pressure was calculated by 
subtracting representative background pressure averaged over the 
abovementioned domain from actual mean sea level pressure. The 
location of ASL was quantified by the longitude and latitude of ASL 
center. 

This study mainly focuses on the ASL characteristics in four seasons. 
Austral summer, autumn, winter, and spring refer to December-January- 
February (DJF), March-April-May (MAM), June-July-August (JJA), and 
September-October-November (SON), respectively. Since sea ice plays 
an important role in the Earth’s climate system and is significantly 
related with ASL over the Ross Sea in the sea ice advance season, the 
evolution of ASL during the Ross sea ice advance period defined as 
March to August were further analyzed purposely (Raphael and 

Landrum, 2019). 

2.2.2. Definitions of 1.5 ◦C, 2 ◦C, 3 ◦C and 4 ◦C warmer worlds 
For each of the model runs under each scenario, the periods of 1.5 ◦C, 

2 ◦C, 3 ◦C and 4 ◦C warming levels above the preindustrial levels 
(1850–1900) were identified using 20-year running average global 
mean surface air temperature from spliced historical run-SSPs simula
tions before 2100 (IPCC, 2018; Zhang et al., 2018). As a result, 68, 59, 36 
and 16 20-year running averages were selected as 1.5 ◦C, 2 ◦C, 3 ◦C and 
4 ◦C warming levels periods, respectively (Table S2). 

2.2.3. Data processing and statistical analysis 
All calculations based on the CMIP model outputs were conducted on 

native grids in the models except when spatial patterns are shown 
(Zhang et al., 2018). The spatial distribution of ASL was obtained after 
the data were interpolated into a uniform resolution 2.5◦ × 2.5◦. The 
multi-model ensemble (MME) was calculated by averaging the results of 
each model using equivalent weights. 

To have a straight comparison of the ASL simulated by CMIP6 models 
and their CMIP5 versions, the Taylor diagram showing pattern corre
lations (R) and the ratios of the normalized standard deviation of CMIP 
models against observation (SDR) was applied (Taylor, 2001). The skill 
score proposed by Chen et al. (2013) given by the following formula was 
further used to obtain a simple and intuitionistic expression of CMIP6 
models’ abilities in reproducing ASL with taking both spatial distribu
tion and magnitude into consideration: 

Skill Score =
(1 + R)2

(

SDR + 1
SDR

)2.

Thus, the perfect model’s skill score is 1. The closer the skill score is 
to 1, the better the model’s performance. Then we ranked all the CMIP6 
models on the basis of their skill scores of ASL in all seasons from 1 to 14 
and calculate a comprehensive rating index (CRI) following Jiang et al. 
(2015), 

CRI = 1 −
1

nm

∑n

i=1
ranki,

where m is the number of models, n the number of seasons. Corre
spondingly, the closer to 1 the value of CRI, the higher the skill of the 
simulation. 

Following the latest IPCC report which used 1986–2005 as baseline 
(IPCC, 2018), the baseline is updated from 1995 to 2014 in this study. To 
remove the system bias of the CMIP6 models, the changes of ASL in the 
future were calculated by subtracting ASL indices simulated in the 
baseline from the projections under different warming levels based on 
CMIP6 output. The changes were considered significant when the 
changes of MME are significant at 95% confidence level based on Stu
dent’s t-test and more than 70% of the model runs agree on the sign of 
MME (Dosio and Fischer, 2018; Wang et al., 2020). 

3. Historical fidelity of ASL simulated by CMIP6 models and 
their CMIP5 versions 

The performance of ASL was comprehensively evaluated in the 13 
CMIP6 models and their CMIP5 versions and FGOALS-f3-L model 
against observation, with a focus on the depth and location of ASL. 

3.1. Spatial distribution 

Fig. 1a-c shows the spatial distribution of observed and simulated 
ASL based on actual sea level pressure averaged in DJF, MAM, JJA and 
SON during 1979–2005. The observed absolute mean sea level pressure 
in the high latitude shows a strong north-south pressure gradient. ASL is 
the deepest of three pressure centers around Antarctica, especially in 
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austral spring. Overall, both of CMIP5 and CMIP6 MME could reproduce 
this feature reasonably. The depth of ASL simulated by CMIP5 MME is 
underestimated in all seasons, but it has been improved by CMIP6 MME. 
The obvious westward shift of the ASL center from the Bellingshausen 
Sea in austral summer across the Amundsen Sea to the Ross Sea in winter 
is also captured by CMIP models. To separate the signal of ASL from 
atmospheric large-scale variability in the background, the relative sea 
level pressure was also investigated (Fig. 1d-f). In contrast to actual 
pressure, the relative pressure in the ASL sector region is generally 
captured but underestimated around the ASL center by both of CMIP5 
and CMIP6 MME. 

The Taylor diagram was further applied to examine the CMIP 
models’ skills in simulating the spatial distribution of ASL in terms of 
pattern correlations and the ratios of the normalized standard deviation 
between models and observation. There are two prominent features 
identified from Fig. 2. One is that dots representing CMIP6 models locate 
closer to the ERA5 than CMIP5, indicating higher pattern correlations 
and less biases. The other is that CMIP MMEs show higher skills in 
reproducing the spatial distribution of ASL than individual models. The 
pattern correlation coefficients of relative pressure in ASL sector be
tween each CMIP5 models and ERA5 vary between 0.51 and 0.94, 
0.48–0.93, 0.41–0.95 and 0.54–0.97 in DJF, MAM, JJA and SON, while 

Fig. 2. Tylor diagram of ASL in CMIP5/CMIP6 models against the ERA5 dataset. Red rhombbuses and dots denote results of individual CMIP5 models and CMIP5 
MME during 1979–2005, respectively. Blue rhombbuses and dots denote results of individual CMIP6 models and CMIP6 MME during 1979–2005, respectively. The 
purple dot represents CMIP6 MME during 1979–2014. 
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the coefficients between their CMIP6 versions and observation are 
0.65–0.98, 0.8–0.99, 0.58–0.95 and 0.84–0.95, respectively. The cor
relation coefficients between CMIP MME and observation increase from 
0.91, 0.93, 0.96 and 0.94 in CMIP5 to 0.95, 0.98, 0.97 and 0.97 in 
CMIP6 during four seasons. In contrast, the biases defined as the dis
tance of SDR from 1 derived from CMIP5 models spread from 0.04–0.47, 
0.01–0.24, 0.01–0.41, 0.01–0.26, and turns into 0.03–0.46, 0–0.22, 
0.02–0.29,0–0.43 in CMIP6. That means that biases increase from 0.15, 
0.2 and 0.11 in CMIP5 MME to 0.21, 0.25 and 0.13 in CMIP6 MME 
during DJF, JJA and SON, except for that in MAM decrease from 0.1 to 

0.05. Although the ratios of variance become larger in austral spring, 
summer, and winter, the statistical bias based on Taylor diagram ac
cording to the combined results of pattern correlation and variance of 
CMIP6 MME during 1979–2005 is smaller than that in CMIP5. Briefly, 
the spatial distribution of ASL simulated by CMIP6 models are in better 
agreement with observation than CMIP5 models. Among all the seasons, 
CMIP6 models make largest improvement in reproducing ASL in MAM, 
which results in the best ability of CMIP6 MME in austral autumn. In 
addition, we also intentionally checked the simulation of relative pres
sure in ASL sector during the recent decade based on the CMIP6 MME 
from 1979 to 2014, which indicates different target periods of evalua
tion barely influences the result. 

We further ranked the CMIP6 models according to the skill scores by 
taking their performances in all seasons during 1979–2014 into account 
to quantify their capabilities in capturing spatial distribution of ASL 
(Fig. 3). Thus, the CMIP6 models were sorted by their performance of 
reproducing ASL, which are EC-Earth3, BCC-CSM2-MR, IPSL-CM6A-LR, 
CESM2-WACCM, FGOALS-f3-L, NorESM2-LM, INM-CM5–0, MRI- 
ESM2–0, CanESM5, GFDL-ESM4, MPI-ESM1–2-HR, ACCESS-ESM1–5, 
GISS-E2–1-G and MIROC6 from best to relatively poor skills based on 
their first ensemble member, respectively. 

3.2. Annual cycle of ASL depth and location 

A well-defined annual cycle of ASL could be found in Fig. 1. Hence, 
four indices, including ACP, RCP, LAT and LON, were used to quantify 
the seasonal evolutions of ASL (Fig. 4). Distinct features of ASL intensity 
are identified based on two types of indices, which are the absolute and 
relative pressure of the ASL center, respectively. Compared to ACP, RCP 
is separable from large-scale variability such as SAM and El Niño- 
Southern Oscillation (ENSO) since the representative background pres
sure averaged over the ASL sector region has been subtracted (Hosking 
et al., 2016). In observation, the absolute depth of ASL is 983.2 hPa in 
austral summer, then deepens gradually with seasons and reaches its 
lowest pressure of 976.3 hPa in the following spring (Fig. 4a). By 
contrast, the relative depth of ASL shows a maximum and minimum in 
austral summer and winter, which is − 4.8 hPa and − 7.8 hPa, respec
tively (Fig. 4b). In general, the seasonal evolution of ASL depth is well 
represented by CMIP5 and CMIP6 MME. But the simulation skills of 
CMIP models in capturing ACP is higher than that of RCP, because the 
RCP is underestimated by CMIP5 and CMIP6 models in all seasons, 
especially the pressure in austral winter. 

The latitude and longitude of ASL center were also analyzed based on 
LAT and LON because previous studies pointed out that the location of 
ASL has a tremendous impact on Antarctic climate (Hosking et al., 
2013). According to ERA5, the ASL center locates at its northernmost 
point of 68◦S in austral summer, moves southward gradually and 

Fig. 3. Ranks of skill scores of ASL spatial distribution in four seasons and CRI 
during 1979–2014 derived from individual CMIP6 models. 

(a) ACP                               (b) RCP                               (c) LAT                                 (d) LON

(°W)(°S)(hPa)(hPa)

Fig. 4. Seasonal evolution of the (a) ACP, (b) RCP, (c) LAT, and (d) LON of ASL observed in ERA5 reanalysis (black), CMIP5 MME (red) and CMIP6 MME (yellow) 
during 1979–2005, respectively. The vertical lines show the band of ASL indices in individual models. 
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reaches its most southerly position at 77◦S in winter (Fig. 4c). Mean
while, ASL appears over the Bellingshausen Sea with center at 94.25◦W 
in austral summer and shifts westward to the Ross Sea with center 
persisting around 146.25◦W-141.75◦W during autumn to the following 
spring. CMIP MME exhibits reasonable representation of the seasonal 
evolution of ASL location, although the ASL center shifts 4 degree to the 
north of that in observation. 

As illustrated in Fig. 4, the main features of the ASL annual cycle 
simulated by both CMIP5 and CMIP6 MME are consistent with obser
vation, except for the relative depth and latitudinal location of ASL 
center in austral winter. Compared to CMIP5, the ACP, LAT, and LON 
are better represented in CMIP6 MME. Furthermore, the dispersion of 
ACP, LAT, and LON simulated by CMIP6 models are much smaller than 

their CMIP5 versions, which indicates the decreasing uncertainties of 
ASL simulation in CMIP6 models. Although obvious underestimated 
RCP and northward shift of ASL could be noticed in JJA, the most sig
nificant improvement of simulated uncertainty shown as the band be
tween the maximum and minimum of each ASL index appear in this 
season. 

It is natural to ask which models participating the CMIP6 are 
improved in depicting ASL from their CMIP5 versions. In order to 
quantify the improvement, the absolute values of differences between 
four ASL indices in each model and observation were first calculated, 
then the biases in CMIP5 models were subtracted from that in their 
CMIP6 versions. Thus, the positive values indicate that the certain 
CMIP6 model has better skill in ASL representation than its CMIP5 
version, and vice versa. In contrast to CMIP5, the simulation skills of 
CMIP6 MME in reproducing absolute depth and location of ASL center 
increase and some models exhibit significant improvements in simu
lating ASL characteristics during some seasons (Fig. 5). However, indi
vidual models’ performances differ from each other. More concretely, 
five CMIP6 models including EC-Earth3, GFDL-ESM4, GISS-E2–1-G, 
INM-CM5–0 and IPSL-CM6A-LR have made great improvement 
compared with their CMIP5 versions. They have better performance in 
capturing ASL features during more than two seasons, though some 
models even exhibit lower simulation skills. 

Different from RCP/LAT/LON, the absolute depth of ASL center ex
hibits a notable semiannual cycle, with the lowest pressures in April/ 
October and two peaks in January/June, which is consistent with pre
vious studies (e.g., Turner et al., 2013) (Fig. 6). Therefore, whether 
CMIP models could reproduce this unique feature were further investi
gated based on monthly ACP. The results show that the semiannual cycle 
is well reproduced by CMIP models, although the pressure in April is 
overestimated and the peak of ACP between April and October in CMIP 
MME and most of individual models delay for one month compared to 
observation where the peak appears in July. Among all the CMIP6 
models, IPSL-CM6A-LR, INM-CM5–0, MRI-ESM2–0, GISS-E2–1-G and 
MIROC6 make apparent progresses in reducing the relative biases 
against observation over their CMIP5 versions. The great improvement 
of these models might also contribute to the raising skills of CMIP6 
MME. The current inaccuracy of CMIP6 models is the systematic over
estimation/underestimation shown in BCC-CSM2-MR, IPSL-CM6A-LR, 
CESM2-WACCM, NorESM2-LM, INM-CM5–0, GFDL-ESM4 and MPI- 
ESM1–2-HR and biases in pressure peaks and valleys shown by ACCESS- 
ESM1–5, CanESM5, EC-Earth3, GISS-E2–1-G, INM-CM5–0, MIROC6, 
MRI-ESM2–0 and FGOALS-f3-L. 

4. Future projection of ASL under 1.5 ◦C-4◦Cwarming levels 
based on CMIP6 models 

Both the simulated spatial distribution and annual cycle indicate that 
ASL representation is improved in CMIP6 MME compared to their pre
vious versions and CMIP6 models have a reasonable historical fidelity in 
capturing climatological features of ASL. Using the improved CMIP6 
results, we examined how the ASL features will respond to the global 
warming. The intensity and location of ASL in the future were investi
gated based on the ScenarioMIP experiments. The most remarkable 
feature is the deepening of absolute intensity of ASL in all seasons with 
degree of global warming (Fig. 7a). The most significant deepening of 
ASL will occur in austral autumn by around 0.84 hPa, 1.28 hPa, 2.06 hPa 
and 3.09 hPa from 1.5 ◦C–4 ◦C global warming above preindustrial level. 
Under 3 ◦C and 4 ◦C warming worlds, the changes of ACP in all the 
seasons are significant, which will become 1.08 hPa/2.06 hPa/1.46 
hPa/1.08 hPa and 1.47 hPa/3.09 hPa/2.09 hPa/1.63 hPa deeper in DJF/ 
MAM/JJA/SON than the 1995–2014 baseline, respectively. By 
removing the signal of ASL from atmospheric variability in the back
ground, similar features could be identified in the RCP (Fig. 7b). How
ever, the deepening of ASL relative intensity is only prominent in austral 
autumn and winter. The relative pressure drops by 0.27 hPa/0.48 hPa/ 

*    *                      *    *           *    *                *    *

*    *                *     *    *          *    *                 *    *

     *                *     *    *           *    *          *          *

*    *                *    *     *          *    *           *    *     *

     *     *                      *          *          *    *           *

           *                      *                            *         

     *                            *                            *    *     *

           *                *     *                           *     *    *

     *                *                      *     

     *                                        *          *    

     *     *                                 *    

     *           *               *     *    *                *    

           *    *    

           *    *          *           *    *                      *     

                 *          *           *   

Fig. 5. Differences of the absolute values of seasonal mean biases relative to 
ERA5 in (a) ACP, (b) RCP, (c) LAT, and (d) LON between CMIP5 and CMIP6 
models and MME (CMIP5 minus CMIP6) during 1979–2005, respectively. The 
stars denote the differences significant at 95% confidence level. 
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0.58 hPa in MAM when the global warming reaches 2 ◦C/3 ◦C/4 ◦C and 
by 0.39 hPa/0.54 hPa in JJA for 3 ◦C/4 ◦C warming thresholds, 
respectively. 

The ASL is simulated to be shifted poleward during austral summer 
and autumn under high-level warming scenarios (Fig. 7c). Compared to 
the baseline, the ASL will move southward by 0.67◦ in DJF under 3 ◦C 
global warming and 0.58◦, 0.81◦ and 1.41◦ in MAM under 2 ◦C, 3 ◦C and 
4 ◦C future warming worlds, respectively. Longitudinally westward shift 
of ASL around 2.94◦ in MAM under 4 ◦C warming scenario is expected, 
but no significant changes in ASL meridional displacement are projected 
during other seasons (Fig. 7d). 

Sea ice plays an important role in the Earth’s climate system through 
ocean-atmosphere heat, mass, and momentum transportation (e.g., Shu 
et al., 2020). The increasing sea ice trend over the Ross Sea in the sea ice 
advance season (March–August) during recent decades has attracted 
extensive attention, because it is counterintuitive to the increase in 
greenhouse gases. Previous studies have ascribed the sea ice increase 
over the Ross Sea to the influences of ASL via controlling the meridional 
wind field (Turner et al., 2009; Hosking et al., 2013; Raphael and 
Landrum, 2019). Therefore, the ASL indices in sea ice advance season 
under different warming levels were further examined. The projection 
shown in Fig. 8 indicates that both of the absolute and relative depth of 
ASL will deepen in the future. The intensity of ACP will increase from 
0.66 hPa, 0.99 hPa, 1.86 hPa to 2.69 hPa with global mean temperature 
rising from 1.5 ◦C to 4 ◦C, and the RCP will enhance significantly from 
0.28 hPa, 0.5 hPa to 0.67 hPa under 2 ◦C to 4 ◦C warming levels, 
respectively. The evident poleward shifts of ASL center around 0.42◦ and 
0.66◦ relative to the baseline are obtained under 2 ◦C and 4 ◦C global 

warming, while the longitudinal change represented by LON is not 
significant with a large uncertainty during sea ice advance season. 

5. Discussion and summary 

5.1. Discussion 

5.1.1. The possible reasons for the improvement of ASL in CMIP6 models 
According to evaluation in Section 3, the simulation skills in ASL 

mean state of CMIP6 MME have been improved compared to CMIP5. 
Baines and Fraedrich (1988) found that the formation of ASL could be 
ascribed to the interaction of the mean westerly flow with the high 
orography of Victoria Land via a rotating tank experiment. Therefore, to 
understand why the improvement happens, the Southern Hemisphere 
westerlies were examined in simulation based on 850 hPa zonal winds 
from two aspects (Bracegirdle et al., 2017). Fig. 9a and b show the biases 
of mean westerly flow simulated by CMIP models. Compared to the 
observation, the simulated westerlies in both of CMIP5 and CMIP6 MME 
shift equatorward because the zonal winds are significantly under
estimated in the areas between 50◦S and 70◦S but overestimated in the 
regions around 40◦S-50◦S, which might relate to the northward 
displacement of ASL centers in CMIP MME found in Fig. 4c. As a result, 
the intensity of westerlies in the most of ASL sector were under
estimated, which might be responsible for the biases of the ASL depth in 
CMIP MME shown as Fig. 4a and b. Furthermore, Fig. 9c indicates that 
the biases of seasonal mean westerly flow simulated by CMIP6 MME 
against ERA5 are smaller than in CMIP5 MME. This improvement is 
particularly notable in the ASL sector, suggesting that the skill in 

Fig. 6. The ACP derived from ERA5 reanalysis (black), (a) ACCESS1.0/ACCESS-ESM1–5, (b) BCC-CSM1–1/BCC-CMS2-MR, (c) CanESM2/CanESM5, (d) CESM1- 
WACCM/CESM2-WACCM, (e) EC-Earth/ EC-Earth3, (f) GFDL-ESM2M/GFDL-ESM4, (g) GISS-E2-R/GISS-E2–1-G, (h) INMCM4.0/INM-CM5–0, (i) IPSL-CM5A-LR/ 
IPSL-CM6A-LR, (j) MIROC5 and MIROC6, (k) MPI-ESM-MR/MPI-ESM1–2-HR, (l) MRI-ESM1/MRI-ESM2–0, (m) NorESM1-M/NorESM2-LM, (n) FOGALS-f3-L, and 
(o) CMIP5 MME/ CMIP6 MME from January to December during 1979–2005, respectively. The results obtained from CMIP5 models and their CMIP6 versions are 
shown as yellow and red lines. 
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capturing westerlies might play a fundamental role in generating the 
ASL in models. The better skills in reproducing the westerlies over ASL 
sector of EC-Earth3 than MIROC6, which are the best and relative poor 
performance in representing ASL in CMIP6 models according to Fig. 3, 
further proves the important contribution of simulated westerlies 
(Fig. 9d). Meanwhile, compared to other seasons, the largest improve
ment of CMIP6 MME in simulating westerlies appears in MAM, which is 
consistent with the models’ most prominent increasing skills in repro
ducing the spatial distribution of ASL in the same season (Fig. 2b). Since 
many modelling centers participating CMIP6 developed the dynamic 

core and used the new generation of models (e.g., Krasting et al., 2018; 
Boucher et al., 2020), the underlying causes remains still unclear and are 
worth investigating further. 

Fig. 4a and b show that CMIP6 models tend to have better skills in 
capturing the absolute depth of ASL than relative depth. Theoretically 
speaking, the absolute depth of ASL differs from relative depth because 
it incorporates the influence of largescale atmospheric mode such as 
SAM and ENSO while the relative depth doesn’t. For instance, since SAM 
as the dominant mode around Antarctica describes the north-south 
pressure gradient (Thompson and Wallace, 2000), it could strongly 
modulate the absolute pressure over ASL region. During ENSO events, 
ENSO-induced Rossby wave train in the mid-to-high southern latitudes, 
which is known as the Pacific-South American pattern, places positive or 
negative geopotential height anomalies over ASL sector (Fogt et al., 
2011; Irving and Simmonds, 2016). Through examining the correlation 
coefficients between monthly ASL central pressure and SAM/ENSO from 
1990 to 2000, Hosking et al. (2013) proved that the ACP is significantly 
related with these broad-scale variabilities, while the correlation co
efficients are insignificant between SAM/ENSO and RCP, indicating the 
influence of atmospheric large-scale variabilities lessened in the RCP 
after the averaged background pressure is removed. The better repre
sentation of the ACP seasonal cycle than that of RCP found in CMIP6 
MME further confirms that the impact factors on the absolute and 
relative depth of ASL might be different (Fig. 4). Why the CMIP6 MME 
improves simulation skills and reduces uncertainties of ACP but not RCP 
and whether this is related to the performance of simulated ENSO in 
CMIP6 models or not deserves further investigation. The reason for the 
notable bias of latitude of ASL center in austral winter relative to other 
seasons displayed in Fig. 4c is also worthwhile to be examined in the 
future. 

5.1.2. The possible impact of future ASL change 
The projections of future ASL based CMIP6 models in Section 4 in

dicates that ASL will deepen and shift southwestward in some seasons. 
According to the composite analysis of local atmospheric circulation, 

* * *
*
*

*
*

* * *
*

* * * * *

* * *
*

*

Fig. 7. Projected changes of ASL indices 
including (a) ACP, (b) RCP, (c) LAT, and (d) 
LON during DJF, MAM, JJA, and SON in 
different warming levels relative to the 
reference period, respectively. Negative 
values in (c) and (d) indicate southward and 
westward shifts of ASL, while positive 
values indicate northward and eastward 
shifts, respectively. The black lines show the 
band of values in each ensemble. The color 
bars with black stars denote the changes of 
CMIP6 MME are significant at 95% confi
dence level and more than 70% of ensemble 
members agree on the sign of MME.   

* *
*
*

* ** * *

Fig. 8. Projected ASL indices including ACP, RCP and LAT with values in the 
left y axis and LON with values in the right y axis during sea ice advance 
seasons (March to August) in different warming levels relative to the reference 
period. Negative values of LAT indicate southward shifts of ASL, and positive 
values of LON indicate eastward shifts. The black lines show the band of values 
in each ensemble. The color bars with stars denote the changes of CMIP6 MME 
are significant at 95% confidence level and more than 70% of ensemble 
members agree on the sign of MME. 
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surface air temperature, and precipitation based on ASL indices (Hosk
ing et al., 2013), the westward movement of ASL strengthens the 
northerly winds over the Amundsen Sea-eastern Ross Sea, by which 
warmer and moister conditions extend from ocean to inland due to the 
advection of warm maritime air. Therefore, we assume that the west
ward migration of austral autumn ASL might lead to the onshore winds 
and enhance the warming over the Amundsen Sea-eastern Ross Sea 
including Ross Ice Shelf in the 4 ◦C world. Meanwhile, the deepening of 
RCP in austral winter might lead to a strengthening of northerly flow, 
which further induce more precipitation over the coastal margins of 
West Antarctica under high-level global warming scenarios. These re
sults indicate that stronger onshore and northerly winds will provide 
more heat and moisture to inland west Antarctica in the future. The 
contrast impact of ASL-associated heat and moisture on the ice sheet 

mass balance might make the meltwater and ice discharge of West 
Antarctic Ice Sheet under future global warming more complicated. 

Based on the ninth figure in the study of Raphael et al. (2019), during 
Ross sea ice advance season, the deepening ASL associated with ACP 
might contribute to the northward expansion of sea ice dynamically via 
the south/southwesterly flow and result in the increasing sea ice con
centration in the center Ross-Amundsen sea sector. By contrast, the RCP- 
related deeper ASL will lead to less sea ice at the ice edge in the northern 
and western Ross Sea during this season because it will melt when it is 
pushed towards the warmer north by southerlies. The role of ACP and 
RCP changes on the Ross Sea ice is complicated and needs further 
investigation. 

(a)

(b)

(d)

(c)

Fig. 9. The seasonal mean biases (relative to ERA5) of 850 hPa zonal winds (shadings: m/s) in (a) CMIP5 MME and (b) CMIP6 MME during DJF, MAM, JJA and SON 
from 1979 to 2005. The differences of biases in 850 hPa zonal winds (shadings: m/s) between (c) CMIP5 and CMIP6 MME (the absolute values of biases in CMIP5 
MME minus that of CMIP6) and (d) MIROC6 and EC-Earth3 (the absolute values of biases in MIROC6 minus that of EC-Earth3) in DJF, MAM, JJA and SON during 
1979–2005. Black and pink lines are seasonal mean 850 hPa zonal winds contours by 5 m/s, 10 m/s and 15 m/s that roughly represent location of westerlies in ERA5 
and CMIP MME, respectively. The black dots denote the results significant at 95% confidence level. Green rectangles show the ASL sectors. 
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5.2. Summary 

By using ERA5 reanalysis dataset and output of newly released 
CMIP6 models, this study first comprehensively evaluated the climato
logical characteristics of ASL against observation and compared the 
models’ performance to their CMIP5 versions. In observation, ASL is the 
deepest of three mean sea level pressure centers around Antarctica 
comprising the Ross Sea, Amundsen Sea, and Bellingshausen Sea. The 
spatial distribution of ASL is captured reasonably, but with under
estimated relative depth from CMIP6 MME. Among individual CMIP6 
models, EC-Earth3 shows the best representation of ASL in four seasons 
according to both of the pattern correlations and the biases against 
observation. Four indices, depicting the depth and location of ASL 
center, including ACP, RCP, LAT, and LON, were further examined to 
quantify the seasonal evolutions of ASL. The observed ACP reaches its 
highest/lowest pressure in austral summer/the following spring, while 
the RCP reaches minimum/maximum in austral winter/summer. In 
particular, the ACP shows a well-defined semiannual cycle with two 
deepest valleys in April and October in observation. The seasonal vari
ations of both the absolute and relative depth are well reproduced by 
CMIP6 MME, although there seems to be systematic biases of RCP in all 
seasons. CMIP6 MME also captures the seasonal variation of ASL 
meridional location with northernmost/southernmost points in austral 
summer/winter and zonal location with an abrupt westward shift in 
austral summer, except for the 4 degree bias in latitude of ASL center in 
austral winter. Compared with CMIP5, CMIP6 MME makes improve
ments in the climatological features of ASL center including absolute 
depth and location, but not the relative depth. About half CMIP6 models 
improve the simulation skills, especially the EC-Earth3, GFDL-ESM4, 
GISS-E2–1-G, INM-CM5–0 and IPSL-CM6A-LR, which results in a better 
performance of CMIP6 MME and reduced uncertainties. 

Based on the new future scenarios proposed in CMIP6, this study 
further found that the absolute intensity of ASL will very likely deepen 
with increasing amplitudes of global warming from 1.5 ◦C to 4 ◦C in all 
seasons, while the relative depth might only enhance under high-level 
global warming conditions in autumn spring. The ASL will also shift 
southward constantly in austral summer and autumn, when global 
warming becomes more serious. The significant westward migration of 
ASL occurs only during austral autumn in 4 ◦C world. Among all the 
seasons, the deepening and southwestward shift of ASL will most 
probably occur in austral autumn. During the Ross sea ice advance 
season, both of the absolute and relative ASL depths will deepen with 
increasing intensity and shift poleward under 1.5 ◦C–4 ◦C warming 
levels. 

In conclusion, the CMIP6 models reproduce the ASL features 
reasonably well in comparison to observation and better than CMIP 
models. In the future, the ASL is expected to deepen and migrate pole
ward that might influence the atmospheric circulation around west 
Antarctica and the surrounding ocean, possibly accelerating ice sheet 
and sea ice melting during some seasons. This study mainly focused on 
the climatological features of ASL. Since the significant impact of ASL 
variabilities on climate over West Antarctica has also been found in 
previous studies, the historical fidelity and future change of variabilities 
requires further analysis. 
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