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ABSTRACT: The subtropical oceans between 358 and 208S in the Southern Hemisphere (SH) have exhibited prevailingly
rapid sea level rise (SLR) rates since the mid-twentieth century, amplifying damages of coastal hazards and exerting in-
creasing threats to South America, Africa, and Australia. Yet, mechanisms of the observed SLR have not been firmly
established, and its representation in climatemodels has not been examined. By analyzing observational sea level estimates,
ocean reanalysis products, and oceanmodel hindcasts, we show that the steric SLRof the SH subtropical oceans between 358
and 208S is faster than the global mean rate by 18.2% 6 9.9% during 1958–2014. However, present climate models—the
fundamental bases for future climate projections—generally fail to reproduce this feature. Further analysis suggests that the
rapid SLR in the SH subtropical oceans is primarily attributable to the persistent upward trend of the southern annular
mode (SAM). Physically, this trend in SAM leads to the strengthening of the SH subtropical highs, with the strongest
signatures observed in the southern Indian Ocean. These changes in atmospheric circulation promote regional SLR in
the SH subtropics by driving upper-ocean convergence. Climate models show systematic biases in the simulated structure
and trendmagnitude of SAMand significantly underestimate the enhancement of subtropical highs. These biases lead to the
inability of models to correctly simulate the observed subtropical SLR. This work highlights the paramount necessity of
reducing model biases to provide reliable regional sea level projections.
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1. Introduction

Estimates from tide gauge records and sea level recon-
structions suggest that the global mean sea level has risen at an
average rate of;1.5mmyr21 since the early twentieth century,
owing to ocean thermal expansion and land ice mass loss as-
sociated with anthropogenic greenhouse gas warming (e.g.,
Oppenheimer et al. 2019; Hay et al. 2015; Dangendorf et al.
2019; Frederikse et al. 2020), and is projected to rise further
into the future (e.g., Jevrejeva et al. 2014; Slangen et al. 2017;
Oppenheimer et al. 2019). The rate of sea level rise (SLR) is
geographically heterogeneous as a result of regional processes
such as alterations in atmospheric and oceanic circulations
(e.g., Han et al. 2010, 2014; Stammer and Hüttemann 2008;
Milne et al. 2009; Qiu and Chen 2012; Merrifield 2011;
Thompson and Merrifield 2014). An enhanced regional SLR
severely worsens the damages of coastal hazards, increasing
the risks of permanent and irreversible inundation, land ero-
sion, soil and groundwater salinization, property and infra-
structure destruction, and storm surge inland penetration in
low-lying coastal zones (e.g., Oppenheimer et al. 2019; Hauer
et al. 2020). Therefore, scientific attribution of the observed
regional SLR is pivotal to better support prediction and ad-
aptation efforts.

Several recent studies have reported the prevailingly large
SLR rates in the Southern Hemisphere (SH) subtropical
oceans between 358 and 208S during the past two to three de-
cades (e.g., Jyoti et al. 2019; Qu et al. 2019; Qiu and Chen 2006;
Roemmich et al. 2016). Longer records from tide gauge and sea
level reconstructions also suggest an overall rapid subtropical
SLR between 358 and 208S since the mid-twentieth century
(Han et al. 2010; Meyssignac et al. 2012; Kumar et al. 2020;
Frederikse et al. 2020). In combination with extreme weather
hazards, the enhanced regional SLR in the SH has entailed
striking life and economic losses along the coasts of South
America, Africa, and Australia (e.g., Oppenheimer et al. 2019;
Duvat 2019). The 358–208S band is also where the subtropical
circulation gyres are located, and the regional SLRs have im-
plications for changes of these circulation gyres. However, in
comparison with other regions such as the tropics, the northern
Pacific and Atlantic Oceans, and the Southern Ocean south of
358S, this latitude range has received relatively less attention
from the sea level research community, and as a result the
mechanisms have not been firmly established.

Existing studies have suggested strongmodulation effects by
tropical climate variability modes such as El Niño–Southern
Oscillation (ENSO) on the subtropical oceans of the SH (e.g.,
Alexander et al. 2002; Lee and McPhaden 2008), and recent
studies have underpinned an important role played by in-
terbasin climate interactions through both atmospheric and
oceanic teleconnections (e.g., Cai et al. 2019; Wang 2019).Corresponding author: Yuanlong Li, liyuanlong@qdio.ac.cn
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Particularly, low-frequency variability of the Indonesian
Throughflow (ITF), as dictated by ENSO and its decadal
modulation, can induce prominent sea level changes in the
subtropical southern Indian Ocean (SIO) (e.g., Feng 2004;
Schwarzkopf and Böning 2011; Trenary andHan 2013; Zhuang
et al. 2013; Li et al. 2017; Jyoti et al. 2019; Volkov et al. 2020;
Zhang et al. 2018; Lee et al. 2015; Nagura and McPhaden
2021). Recent studies have also revealed a notable forcing ef-
fect by the Southern Ocean climate, with the southern annular
mode (SAM) as the leading variability mode (Trenberth 1979),
on multidecadal changes of subtropical ocean circulation and
sea level (e.g., Qu et al. 2019; Roemmich et al. 2016; Yang et al.
2020). There are also model-based results showing that sto-
chastic processes, such as atmospheric weather perturbations
and oceanic internal instabilities, may also leave considerable
rectification effects on sea level variations on decadal and
longer time scales in the subtropics, particularly in eddy-rich
frontal zones under high storm-track activities (e.g., Qiu et al.
2015; Li and Han 2015; Sérazin et al. 2016). Under the above-
mentioned candidate influences, causes for the regional SLR in
the SH subtropics are difficult to fathom. Compared with the
SLR of the southern Pacific and Atlantic Oceans reported by a
number of recent studies (e.g., Vianna and Menezes 2013;
Roemmich et al. 2015, 2016; Llovel and Terray 2016; Volkov
et al. 2017; Frederikse et al. 2021), the SLR of the SIO is more
complex in dynamics owing to the modulation effect from
the Pacific via the ITF (e.g., Jyoti et al. 2019; Sprintall et al.
2014; Schwarzkopf and Böning 2011) and requires in-depth
investigation.

The representation of long-term SLR in climate models is
crucial for the prediction and adaptation of climate change
(e.g., Oppenheimer et al. 2019; Hauer et al. 2020). Research
efforts have been devoted to the evaluation of the climate
models in simulating sea level climatology, sea level changes
induced by anthropogenic forcing and natural climate vari-
ability, large-scale features of SLR, and related changes in
ocean temperature, salinity, and atmospheric circulation (e.g.,
Cai et al. 2010; Bouttes et al. 2012; Pierce et al. 2012;
Frankcombe et al. 2013; Lyu et al. 2020; Knutson and Ploshay
2021). For instance, Cai et al. (2010) suggested that climate
models can capture the deep-reaching ocean warming in the
508–358S band throughout the latter half of the twentieth
century that are associated with changes in surface heat flux
and westerly winds over the Southern Ocean; Frankcombe
et al. (2013) showed that regional sea level trends from climate
model simulations are broadly consistent with satellite obser-
vation in spatial pattern for the period of 1993–2007, with en-
hanced regional SLR in the midlatitude band of 508–308S.
Nevertheless, the rapid SLR within the subtropical band of
358–208S has received less attention, and whether climate
models can faithfully represent the underlying mechanism is
unknown.

The present study aims to investigate the characteristics
and mechanisms of the regional SLR in the SH subtropical
oceans between 358 and 208S and evaluate its representations
in climate models. By analyzing multiple observation- and
model-based datasets and performing model experiments, we
demonstrate that the rapid regional SLR of the SH subtropics

was primarily caused by the persistent upward trend of the
SAM since the mid-twentieth century. It is also found that
the state-of-the-art climate models significantly underestimate
the observed subtropical SLR owing to systematic biases in the
simulated structure and trend magnitude of SAM. The rest of
the paper is organized as follows. Section 2 describes the data
and methodology. Section 3 compares the regional SLR in the
SH subtropics in observation and models, explores the dy-
namical processes causing the SLR, and assesses the simulating
biases in climate models. Section 4 summarizes the primary
findings of this study and provides discussions.

2. Data and methods

a. Datasets

Five observational datasets, four ocean reanalysis products,
and three ocean general circulation model (OGCM) hindcasts
are utilized to characterize the sea level trends since the mid-
twentieth century. The five observation-based datasets are
the sea level estimate of Frederikse et al. (2020) (referred to as
F20 hereinafter) for 1958–2018, the Institute of Atmospheric
Physics (IAP) ocean analysis product for 1958–2017 provided
by the Chinese Academy of Sciences (CAS) (Cheng et al.
2016, 2017), the World Ocean Atlas (WOA) product
for 1958–2016 provided by the National Oceanic and
Atmospheric Administration (NOAA)’s National Centers for
Environmental Information (Levitus et al. 2012), the EN4
analysis (Good et al. 2013) for 1958–2019, and the Ishii data
(Ishii et al. 2017) for 1958–2018. For F20, we use the steric sea
level, which includes both thermosteric and halosteric com-
ponents of the full-depth ocean but not ocean mass changes
induced by changes in glaciers, ice sheets, and terrestrial water
storage. For IAP, WOA, EN4, and Ishii, we analyze the steric
sea level of 0–2000m calculated using 18 3 18, standard-level
temperature, and salinity fields, which does not take into ac-
count the contribution from the deep ocean below 2000m and
ocean mass change. Steric sea level data of IAP and WOA are
available for direct downloading, while EN4 and Ishii are cal-
culated following themethods of Llovel et al. (2013) and Llovel
and Lee (2015). We also computed the steric sea level of 0–
700m for comparison, which is more reliable over the historical
period, and achieved similar results.

The four ocean reanalysis products are the 18 3 18European
Centre for Medium-Range Weather Forecasts (ECMWF)
Ocean Reanalysis System 4 product (ORA-S4) (Balmaseda
et al. 2013) for 1958–2017, the 0.258 3 0.258ORA-S5 (Zuo et al.
2019) for 1958–2018 including the ORA-S5 backward exten-
sion for 1958–78, the 18 3 18 German contribution to the
Estimating the Circulation and Climate of the Ocean project
ocean synthesis version 3 (GECCO3) (Köhl 2020) for 1958–
2018, and the 0.258 3 0.48 Simple Ocean Data Assimilation
version 2.2.4 product (SODA2.2.4) (Giese and Ray 2011) for
1958–2010.

There are three oceanmodel simulations: theOGCM for the
Earth Simulator (OFES) (Sasaki et al. 2008) for 1958–2017
provided by the Japan Agency for Marine-Earth Science and
Technology, the Laboratory of Atmospheric Sciences and
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Geophysical Fluid Dynamics (LASG)/IAP Climate Ocean
Model, version 3 (LICOM3–0.18) for 1958–2010 provided by
theCAS, and LICOM3–18 for 1958–2014 provided by the CAS,
as a member of phase 2 of the Ocean Model Intercomparison
Project (OMIP2) (Griffies et al. 2016). LICOM3–0.18 and
OFES are eddy-resolving simulations with a resolution of
;0.18. Prior to the 1958–2010 period of our reanalysis, the two
models have been integrated for 123 (65 years of spinup plus
1900–57 hindcast) and 50 (spinup) years, respectively. Yet, a
model drift may still exist in the 1958–2010 output, given
that eddy-resolving simulations could take a long time to
stabilize. LICOM3–0.18 is forced by ECMWF Twentieth
Century Reanalysis (ERA-20C) (Poli et al. 2016) for 1900–2010.
LICOM3–18 is forced by the Japanese Meteorological Agency
55-year dataset for driving ocean–sea-ice models (JRA55-do;
Tsujino et al. 2018), based on the JRA-55 (Kobayashi et al. 2015),
and it integrates for the six cycles of the 1958–2018 period, the last
cycle is used. In the model configuration, LICOM3–18 is quite
similar to the CAS-LICOM3_low described in Li et al. (2020),
while LICOM3–0.18 is the same as the eddy-resolving simu-
lation of CAS-LICOM3 for OMIP2 [CAS-LICOM3_High in
Li et al. (2020)]. For detailedmodel configurationsofLICOM3–18
and LICOM3–0.18 see Lin et al. (2020) and Li et al. (2020),
respectively. Because these ocean model simulations adopt vol-
ume conservation and preclude global-mean thermal expansion
and ocean mass change, the sea level from LICOM3–0.18, OFES,
and LICOM3–18 is dynamic sea level after subtracting the global
mean (e.g., Yin 2012), which is close to regional sea level.

The 0.258 3 0.258, monthly satellite altimeter sea surface
height data of Archiving Validation, and Interpretation of
Satellite Oceanography (AVISO) (Le Traon et al. 1998) since
1993 are also used for comparison. For our analysis, all the
above-mentioned datasets are resampled to 18 3 18 (without
any form of prior smoothing, which may lead to aliasing of
eddy variability), annual-mean sea level fields.

Four atmospheric reanalysis products are used to explore
multidecadal trends in surface atmospheric conditions. They
are the NOAA Twentieth Century Reanalysis version 2
(NOAA20CR) (Compo et al. 2011) for 1958–2012, the JRA-55
product for 1958–2014, the ERA-20C product (Poli et al. 2016)
for 1958–2010, and the ORA-S4 product merged of ERA-40
(Uppala et al. 2005) for 1958–88 and ERA-Interim (Dee et al.
2011) for 1989–2014. The monthly surface winds and sea level
pressure (SLP) of these products are interpolated to 18 3 18 for
our analysis.

b. CMIP6 and CMIP5 models

To examine the simulated SLR in climate models, we ana-
lyze historical simulations of 42 models from phase 6 of the
Coupled Model Intercomparison Project (CMIP6) for 1958–
2014 (Eyring et al. 2016) and 35 models from phase 5 (CMIP5)
(Taylor et al. 2012) for 1958–2005. Information of these models
is shown in Table 1. These historical runs are forced by the
same forcing fields associated with greenhouse gases, ozone,
aerosols, and solar cycle based on observation. There are
subtle differences among CMIP5 and CMIP6 models numeri-
cal schemes and parameterizations, which may also contribute
to the intermodel differences, in addition to internal climate

variability. Note that CMIP5 and CMIP6 sea level fields are
also the dynamic sea level.

c. Ocean model experiments

To explore mechanisms of the rapid SLR in the subtropical
SIO, we perform sensitivity experiments using two ocean
models, the Hybrid Coordinate Ocean Model (HYCOM)
version 2.2.18 (Bleck 2002) and a 1.5-layer nonlinear reduced-
gravity ocean model (RGOM). The HYCOM simulation
covers the Indo-Pacific Oceans within 558S–508N, 198E–688W
(Li et al. 2017; Y. Li et al. 2018). The horizontal resolution is
1/38 3 1/38 in the Indo-Pacific warm pool region (258S–258N,
708–1708E) and gradually degrades to 18 3 18 in other areas,
and there are 35 hybrid vertical layers. Five-degree sponge
layers are applied to the northern and southern open-ocean
boundaries, where the simulated temperature and salinity are
relaxed to climatology. A weak sea surface salinity nudging
toward monthly climatology is applied to suppress the long-
term drifting of model salinity, with an e-folding scale of
;135 days.

After a 30-yr climatological spinup run, HYCOM is inte-
grated forward from 1940 to 2010 under daily surface atmo-
spheric fields of ERA-20C, which is named the Control run
(HYCOM-CTRL). In HYCOM, the prescribed daily ERA-
20C surface atmospheric forcing fields include surface wind
stress, 10-m wind speed, shortwave, and longwave radiations,
precipitation, and 2-m air temperature and humidity, while tur-
bulent heat fluxes (latent and sensible heat fluxes) and evapo-
ration are calculated online with model surface temperature
using the Coupled Ocean–Atmosphere Response Experiment
version 3.0 algorithm (Fairall et al. 2003; Kara et al. 2005). In
addition to HYCOM-CTRL, two other experiments were
performed for the 1940–2010 period (Table 2). The Pacific run
(HYCOM-PAC) uses daily forcing in the Pacific Ocean but
monthly climatologic forcing in the Indian Ocean. HYCOM-
PAC is used to evaluate the impact of the Pacific Ocean cli-
mate change on the Indian Ocean through the Indonesian
Throughflow (ITF). The wind stress run (HYCOM-WND) is
forced with daily surface wind stress, but other forcing fields are
fixed to monthly climatology. HYCOM-WND is used to eval-
uate the effect of wind-driven ocean dynamics on SLR. The
difference between HYCOM-WND and HYCOM-PAC (i.e.,
HYCOM-WND minus HYCOM-PAC) roughly reflects the ef-
fect of local wind forcing on the Indian Ocean SLR, given that
the Pacific winds largely control the ITF change (Li et al. 2017;
Y. Li et al. 2018).

The 1.5-layer RGOM is used to simulate the first-mode
baroclinic oceanic variability in response to surface wind
forcing. Previous studies have shown that this model is able to
capture the large-scale features of interannual and multi-
decadal sea level variations over the Indo-Pacific Oceans (e.g.,
Qiu and Chen 2012; Duan et al. 2020). In this study, we con-
figure RGOM to the global tropical and subtropical oceans
between 458S and 458N with horizontal resolutions of 0.258 3
0.258. The land–sea distribution is based on the 200-m isobath
of ETOPO5 bathymetry. Manual modifications are applied to
the land geometry in the Indonesian seas to ensure realistic
pathways of the ITF. The governing equations of themodel are
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TABLE 1. 42 CMIP6 and 35 CMIP5 models used in this study.

Institution
CMIP6 [typical horizontal resolution

of ocean model (lon 3 lat)]

CMIP5 [typical horizontal
resolution of ocean model

(lon 3 lat)]

Commonwealth Scientific and Industrial Research
Organisation, Australian Research Council Centre
of Excellence for Climate System Science
(CSIRO-ARCCSS)

ACCESS-CM2 (360 3 300) ACCESS1.0 (360 3 300)
ACCESS-ESM1-5 (360 3 300) ACCESS1.3 (360 3 300)

Alfred Wegener Institute, Helmholtz Centre for Polar and
Marine Research (AWI)

AWI-CM-1-1-MR (830305)

Beijing Climate Center (BCC) BCC-CSM2-MR (360 3 232) BCC-CSM1-1 (360 3 232)
BCC-ESM1 (360 3 232) BCC-CSM1-1-M (360 3 232)

Chinese Academy of Sciences (CAS) CAS-ESM2-0 (360 3 196)
National Center for Atmospheric Research, Climate and
Global Dynamics Laboratory (NCAR)

CESM2 (320 3 384) CCSM4 (320 3 384)
CESM2-FV2 (320 3 384) CESM1-BGC (320 3 384)
CESM2-WACCM (320 3 384)
CESM2-WACCM-FV2 (320 3 384)

Centre National de Recherches Meteorologiques; Centre
Europeen de Recherche et de Formation Avancee en
Calcul Scientifique (CNRM-CERFACS)

CNRM-CM6-1 (362 3 294) CNRM-CM5 (362 3 292)
CNRM-ESM2-1 (362 3 294) CNRM-CM5-2 (362 3 292)

Canadian Centre for Climate Modeling and
Analysis, Environment and Climate Change
Canada (CCCma)

CanESM5 (360 3 291) CanESM2 (256 3 192)
CanESM5-CanOE (360 3 291)

Centro Euro-Mediterraneo per I Cambiamenti
Climatici (CMCC)

CMCC-CESM (182 3 149)
CMCC-CM (182 3 149)
CMCC-CMS (182 3 149)

Australian Commonwealth Scientific and Industrial
Research Organization (CSIRO) Marine and
Atmospheric Research in collaboration with the
Queensland Climate Change Centre of
Excellence (QCCCE)

CSIRO-Mk3.6.0 (192 3 189)

Lawrence Livermore National Laboratory; Argonne
National Laboratory; Brookhaven National Laboratory;
Los Alamos National Laboratory; Lawrence Berkeley
National Laboratory; Oak Ridge National Laboratory;
Pacific Northwest National Laboratory; Sandia National
Laboratories (E3SM-Project)

E3SM-1-0 (360 3 180)
E3SM-1-1 (360 3 180)
E3SM-1-1-ECA (360 3 180)

AEMET; BSC; CNR-ISAC; DMI; ENEA; FMI; Geomar;
ICHEC; ICTP; IDL; IMAU; IPMA; KIT, Karlsruhe;
KNMI; Lund University; Met Eireann; NLeSC; NTNU;
Oxford University; surfSARA; SMHI; Stockholm
University; Unite ASTR; University College Dublin;
University of Bergen; University of Copenhagen;
University of Helsinki; University of Santiago de
Compostela; Uppsala University; Utrecht University;
Vrije Universiteit Amsterdam; Wageningen University
(EC-Earth-Consortium)

EC-Earth3 (362 3 292)
EC-Earth3-Veg (362 3 292)

The state key Laboratory of numerical modeling for
Atmospheric Sciences and Geophysical fluid dynamics
(LASG), Institute of Atmospheric Physics (IAP),
Chinese Academy of Sciences (CAS)

FGOALS-f3-L (360 3 218)
FGOALS-g3 (360 3 218)

First Institute of Oceanography, Ministry of Natural
Resources; Qingdao National Laboratory for Marine
Science and Technology (FIO-QLNM)

FIO-ESM-2-0 (320 3 384)

National Oceanic and Atmospheric Administration,
Geophysical Fluid Dynamics Laboratory
(NOAA-GFDL)

GFDL-CM4 (1440 3 1080) GFDL CM3 (360 3 200)
GFDL-ESM4 (720 3 576) GFDL-ESM2G (360 3 210)

GFDL-ESM2M (360 3 200)
Goddard Institute for Space Studies (NASA-GISS) GISS-E2-1-H (360 3 180) GISS-E2-R (288 3 180)

GISS-E2-R-CC (288 3 180)
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where h is the upper-layer thickness (ULT) anomaly, H 5
350 m is the initial ULT; u and y are the zonal and merid-
ional velocity components, respectively; f is the Coriolis
parameter; r 5 1025 kg m23 is seawater density; g0 is the
reduced-gravity acceleration; AH is the coefficient of
horizontal eddy viscosity, which is 2000 m2 s21 between
358S and 258N and increases to 8000 m2 s21 near model
domain boundaries; and tx and ty are zonal and meridional
components of surface wind stress. Within this framework,
the ULT anomaly is a good proxy of dynamic sea level
anomaly, and its unit is meters.

After a spinup of 20 years, the Control run (RGOM-CTRL)
is performed under monthly surface winds of ERA-20C for
1958–2010. Similar to HYCOM experiments, the Pacific run
(RGOM-PAC) uses monthly ERA-20C winds in the Pacific
Ocean (58S–458N, 1058E–708W plus 458–58S, 1408E–708W) but
the monthly climatological winds in the Indian and Atlantic
Oceans. Similarly, in the Indian Ocean run (RGOM-IND),

realistic monthly winds are used only in the Indian Ocean
(58S–458N, 308–1058E plus 458–58S, 308–1408E), and climato-

logical winds are used elsewhere. These two experiments can

isolate the effects of Pacific and Indian Ocean winds, re-

spectively. In addition, to examine the sensitivity to different

atmospheric forcing fields, we also repeated the above ex-

periments with winds of NOAA 20CR, ORA-S4, JRA-55,

and CMIP6 ensemble mean.

d. Regional sea level trend

The sea level anomaly (SLA) discussed here is the regional
SLA with the global-mean sea level removed. The linear trend

of 1958–2014 is estimated using a least squares fitting. As such,

positive and negative trends indicate faster and slower rising of

regional sea level than the global mean, respectively. The

ending year of 2014 is dictated by the historical simulation of

CMIP6 models. The standard deviation of different observa-

tional andOGCMdatasets or different model members is used

to quantify the uncertainty of the ensemble-mean trend. The

95% confidence interval for the linear trend of the individual

dataset is computed using an F test. Significances of linear

trends and correlations are determined by the Mann–Kendall

test and the two-tailed t test, respectively. The HYCOM sim-

ulation does not cover the Atlantic Ocean, and its global-mean

SLR is computed by adoptingORA-S4 sea level in theAtlantic

TABLE 1. (Continued)

Institution
CMIP6 [typical horizontal resolution

of ocean model (lon 3 lat)]

CMIP5 [typical horizontal
resolution of ocean model

(lon 3 lat)]

Met Office Hadley Centre (MOHC) HadGEM3-GC31-LL (360 3 330) HadGEM2-CC (360 3 216)
HadGEM3-GC31-MM (1440 3 1205) HadGEM2-ES (360 3 216)

Institute for Numerical Mathematics, Russian Academy of
Science (INM)

INM-CM4-8 (360 3 180) INM-CM4 (360 3 340)
INM-CM5-0 (360 3 180)

Institut Pierre Simon Laplace (IPSL) IPSL-CM6A-LR (362 3 332) IPSL-CM5A-LR (182 3 149)
IPSL-CM5A-MR (182 3 149)
IPSL-CM5B-LR (182 3 149)

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

MIROC-ES2L (360 3 256) MIROC-ESM (256 3 192)
MIROC-ESM-CHEM (256 3 192)
MIROC4h (1280 3 912)
MIROC5 (256 3 224)

Max Planck Institute for Meteorology (MPI-M) MPI-ESM1–2-HAM (256 3 220) MPI-ESM-LR (256 3 220)
MPI-ESM1–2-HR (802 3 404) MPI-ESM-MR (182 3 149)
MPI-ESM1–2-LR (256 3 220) MPI-ESM-P (256 3 220)

Meteorological Research Institute (MRI) MRI-ESM2-0 (360 3 363) MRI-CGCM3 (360 3 368)
MRI-ESM1 (360 3 368)

Nanjing University of Information Science and
Technology (NUIST)

NESM3 (362 3 292)

Center for International Climate and Environmental
Research; Norwegian Meteorological Institute; Nansen
Environmental and Remote Sensing Center; Norwegian
Institute for Air Research; University of Bergen;
University of Oslo and Uni Research (NCC)

NorCPM1 (320 3 384) NorESM1-M (320 3 384)
NorESM2-LM (360 3 385) NorESM1-ME (320 3 384)
NorESM2-MM (360 3 385)

Seoul National University (SNU) SAM0-UNICON (320 3 384)
Research Center for Environmental Changes, Academia
Sinica (AS-RCEC)

TaiESM1 (320 3 384)

Met Office Hadley Centre (MOHC) UKESM1-0-LL (360 3 330)

1 DECEMBER 2021 DUAN ET AL . 9405

������������������
�����������������������������
	



Ocean. To obtain the regional SLR of HYCOM, RGOM, and
CMIP5/6 models, the global mean sea level change has been
subtracted from each model.

3. Results

a. Observed and simulated SLR in the SH subtropics

Wefirst look at the updated steric sea level reconstruction of
F20. After removal of the global-mean rate of F20 steric sea
level, the regional SLRover the wide latitude range of 558–208S
is prevailingly positive in the SH during 1958–2014, with the
Southern Ocean exhibiting the largest rates between 558 and
358S (Fig. 1a). The SH subtropical oceans between 358 and
208S, including all of the Indian, Pacific, and Atlantic sectors,
show basinwide positive regional SLR rates, albeit with a few
negative trends in the southeastern Pacific between 1108 and
758W which has been attributed to the boundary forcing of the
South American coast (Qiu and Chen 2006). Although CMIP6
and CMIP5 models can reproduce well the largest SLR rates
between 558 and 358S, there is no evident basin-scale SLR be-
tween 358 and 208S in the ensemble means of CMIP6 (Fig. 1b)
andCMIP5 (Fig. 1c), and the underestimation is more evident in
CMIP6 than in CMIP5. The robust data–model discrepancies
within this latitude band demand investigation.

We further compare the zonal-mean (08–3608E) sea level
trends of F20 and CMIP6 since 1958, 1980 (the atmospheric
satellite era), and 1993 (the altimeter era) (Fig. 1d). Since 1980
or 1993, ocean datasets (including observational reconstruc-
tions, ocean reanalysis products, and ocean model hindcasts)
are better constrained by atmospheric and oceanic observa-
tions. The ending year of 2014 is dictated by the availability of
CMIP6 historical simulations. Considering the sparsity of his-
torical ocean observational data in the twentieth century, the
zonal-average SLR may be of smaller uncertainties than the
SLR rates at each grid point. CMIP6 models have under-
estimated the SLR between 358 and 208S, with F20 andAVISO
falling out of the one standard deviation range of 42 model
members for 1980–2014 and 1993–2014, respectively; actually,
the ensemble-mean trends of CMIP6 were negative for all the
three periods. For 1993–2014, the F20 steric sea level trend falls
in the one standard deviation range of CMIP6, which may

be related to the strong internal variability during this period
(Cai et al. 2019). Hereafter we focus on the 1958–2014 trend
that is less influenced by internal climate variability, as indi-
cated by the narrower intermember spread of CMIP6, and
more suitable for representing the long-term SLR under cli-
mate change. In contrast, negative regional sea level trends
(slower than the global-mean SLR) emerge in the tropics and
subpolar North Pacific and Atlantic (Fig. 1a), which are also
seen in the CMIP6 and CMIP5 models (Figs. 1b,c). During the
altimeter era since 1993, strong sea level falling trends are
observed in the Northern Hemisphere and the high-latitude
Southern Ocean south of 558S. CMIP6 and CMIP5 have also
underestimated the regional SLR between 308 and 408N in the
Northern Hemisphere, which beyond the scope of the present
study. In the following, we focus on the SLR in the SH sub-
tropical band of 358–208S.

Similar to F20, other datasets (IAP, WOA, EN4, Ishii,
ORA-S4, ORA-S5, GECCO3, SODA2.2.4, LICOM3–18,
OFES, and LICOM3–0.18) all exhibit larger SLR trends in the
358–208S band than the global mean (Fig. 2), albeit with de-
tailed differences in magnitude and spatial structure. Among
them, SLR trends from IAP, WOA, EN4, and Ishii are rela-
tively weaker (Figs. 2a–d) because they are steric sea level
trends based on temperature and salinity of 0–2000m without
taking into account the deep-ocean contribution and ocean
mass changes. In addition, the weaker SLR between 358 and
208S of SODA2.2.4 may be related to its negative sea level
trend in the Atlantic Ocean, which is different from other
datasets. Note that the OGCM hindcasts are forced by at-
mospheric datasets (JRA-55, NCEP–NCAR, and ERA-20C
for LICOM3–18, OFES, and LICOM3–0.18, respectively)
without assimilation of ocean observational data, and they
provide independent assessments of the ocean state change
from observation-based datasets. Therefore, albeit with un-
certainties among different products, the 12 datasets reach
consensus in suggesting enhanced regional SLR in the SH
subtropics.

Despite substantial interannual and decadal fluctuations, the
average regional sea level of the SH subtropics shows a sig-
nificant upward trend of 0.146 0.05mmyr21 for the 1958–2014
period in F20 (Fig. 3a). Relative to the 1.63 6 0.16mmyr21

global-mean trend for total sea level provided by F20, the SLR
in the SH subtropics is faster by 8.4%6 0.3%. The trend shows
considerable sensitivity to the choice of the time period.
Shifting the start time to 1980 or 1993 alters the trend values to
0.22 6 0.10 and 0.15 6 0.22mmyr21, respectively. Positive
trends are also obtained in other observation-based datasets
(IAP, WOA, EN4, Ishii, ORA-S4, ORA-S5, GECCO3, and
SODA2.2.4) and OGCM hindcasts (LICOM3–18, OFES, and
LICOM3–0.18), the difference from the global-mean SLR rate
ranges from 6.6% to 35.7% in these datasets. Based on all 12
datasets, the SLR in the SH subtropics is faster than the global-
mean trend by 18.2% 6 9.9%. By contrast, ensemble-mean
trends of climate models are tiny and insignificant, which
are20.096 0.13mmyr21 for 1958–2014 in CMIP6 and 0.006
0.21mmyr21 for 1958–2005 in CMIP5, respectively (Fig. 3b).
Given that assessments, predictions, and projections of climate
change rely considerably on these models, these remarkable

TABLE 2. A list of the ocean model experiments analyzed in
this study.

Experiment Forcing

HYCOM-CTRL Daily ERA-20C forcing
HYCOM-WND Daily wind stress, other fields fixed to

climatology
HYCOM-PAC Daily forcing in Pacific, climatologic

forcing in the Indian Ocean
RGOM-CTRL Monthly wind forcing
RGOM-PAC Monthly winds in Pacific, climatologic

winds in Indian and Atlantic Oceans
RGOM-IND Monthly winds in the Indian Ocean,

climatological winds in Pacific and
Atlantic
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discrepancies are noteworthy. These discrepancies may arise
from natural climate variability on decadal and interdecadal
time scales (e.g., Chambers et al. 2012), which has been
predominately averaged out in the CMIP5/6 ensemble
mean. Alternatively, most models may contain common
biases that lead to the underestimation of SLR rates over the
SH subtropical oceans. Our analysis presented below sup-
ports the latter.

The simulated dynamic SLR trends from 42 CMIP6 models
show a quasi-normal distribution centered at a negative value
with all the nine observation-based datasets and three OGCM
hindcasts plotting on its positive flank (Fig. 3c). The ORA-S5,
LICOM3–0.18, and OFES achieve stronger trends than other
datasets (0.58 6 0.10, 0.44 6 0.08, and 0.47 6 0.10mmyr21;
Table 3), which climate models can scarcely achieve even
under extreme scenarios of natural variability. The model
drift due to insufficient spinup may contribute to the strong SLR
in LICOM3–0.18 and OFES, and the usage of ORA-S5 back-
ward extension for 1958–78 may enhance SLR in ORA-S5. A
comparison with AVISO satellite data suggests that ORA-S5,
LICOM3–0.18, and OFES show realistic SLR rates since 1993
without significant overestimation (Fig. 4). The data–model
contrasts are discernible in all of the southern Indian Ocean

(358–208S, 508–1108E), Pacific (358–208S, 1508E–1308W), and
Atlantic (358–208S, 408W–08) basins (Figs. 3d–f), over which
the 12 datasets show mean trends of 0.48 6 0.32, 0.40 6 0.19,
and 0.36 6 0.28 mm yr21 versus ensemble-mean trends of
20.11 6 0.23, 0.01 6 0.24, and 20.05 6 0.24 mm yr21 from
CMIP6 models. Among the three ocean basins, the SIO shows
the largest data–model contrast in the ensemble-mean sense
(0.48 vs20.11mmyr21), and its sea level dynamics is subjected
to a larger degree of complexity owing to the strong modula-
tion effect from the Pacific via the ITF (e.g., Jyoti et al. 2019;
Sprintall et al. 2014; Schwarzkopf and Böning 2011). Hereafter
we adopt the SIO as an example to explore the mechanisms
responsible for the enhanced SLR in the SH subtropics
without the loss of generality for the three ocean basins.
Worthy of note is that data–model differences in three ba-
sins are all statistically significant at the 95% confidence
level based on the t test, with p values of 0.004, 0.015, and
0.028 for SIO, southern Pacific Ocean, and the southern
Atlantic Ocean, respectively.

b. Causes for the SLR

Several recent studies have explored the long-term regional
SLR in the southern Pacific and Atlantic Oceans (e.g., Vianna

FIG. 1. Regional sea level trend patterns from observation and climate models. Linear sea level trends (mm yr21)
for 1958–2014 based on (a) F20 steric sea level and (b) the ensemble mean of 42 historical simulations of CMIP6
models. (c) As in (a), but for the ensemble-mean sea level trend for 1958–2005 based on 35 historical simulations of
CMIP5 models. To obtain the regional sea level, the global-mean sea level time series has been removed, such that
positive (negative) trends indicate regionally faster (slower) SLR than the global mean. The black lines indicate the
latitudinal range of the SH subtropics (358–208S). Stippling indicates significant trends at the 95% confidence level
based on a Mann–Kendall test. (d) Zonal-mean (08–3608E) sea level trends in the SH for the periods of 1958–2014,
1980–2014, and 1993–2014 derived from F20, CMIP6, and satellite altimeter data of AVISO. The global-mean sea
level change has been removed from F20, CMIP6, and AVISO. The blue shading denotes one standard deviation
range of 42 CMIP6 models. Note that CMIP5/6 sea level is dynamic sea level.
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and Menezes 2013; Roemmich et al. 2015, 2016; Llovel and
Terray 2016; Volkov et al. 2017; Frederikse et al. 2021), while
the mechanism for SLR in the SIO has not been firmly estab-
lished. Existing studies have emphasized the essential role played
by the ITF in driving the overall sea level changes in the SIO on
decadal and longer time scales (e.g., Jyoti et al. 2019; Sprintall
et al. 2014; Schwarzkopf and Böning 2011), while there are
other studies suggesting the importance of local wind forcing
in determining the SLR pattern (e.g., Lee and McPhaden
2008; Han et al. 2010; Li andHan 2015; Volkov et al. 2020). To
evaluate the relative importance of these two processes, we

perform sensitivity experiments using the HYCOM and the
1.5-layer RGOM.

The control runs of the two models, HYCOM-CTRL and
RGOM-CTRL, robustly capture the rapid SLR in the SIO
over 1958–2010 (Fig. 5). As referenced to F20, the control runs
show realistic evolutions of the sea level in the SIO (Fig. 5a).
The correlations of HYCOM-CTRL and RGOM-CTRL with
F20 are 0.59 and 0.47, respectively. HYCOM-WND, which
retains only the surface wind stress variability while fixing the
other forcing fields (e.g., heat and freshwater fluxes) to cli-
matology, produces results rather close to those of HYCOM-

FIG. 2. Regional sea level trends of the SH in observation-based datasets and OGCM hindcasts. Linear sea level trends (mm yr21) for
1958–2014 derived from (a) IAP, (b) WOA, (c) EN4, (d) Ishii, (e) ORA-S4, (f) ORA-S5, (g) GECCO3, (i) LICOM3–18, and (j) OFES.
(h),(k) As in (a), but for 1958–2010 based on SODA2.2.4 and LICOM3–0.18, respectively. The global-mean SLR has been removed. The
black lines indicate the latitudinal range of the SH subtropics (358–208S). Stippling indicates significance at the 95% confidence level based
on a Mann–Kendall test.
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CTRL (Figs. 5a–c), confirming the dominance of surface wind
forcing in driving the regional SLR.HYCOM-PAC, which uses
time-varying winds in the Pacific Ocean and climatologic winds
in the Indian Ocean, cannot reproduce the observed changes
(Fig. 5d), yielding a sea level falling of20.066 0.21mmyr21 in
the SIO (i.e., slower than the global mean). This result elimi-
nates the ITF as the primary driver of the SLR in the SIO. The
difference between HYCOM-WND and HYCOM-PAC (i.e.,
HYCOM-WND minus HYCOM-PAC) can represent the
forcing effect of local winds in the Indian Ocean. It shows an
SLR rate of 0.766 0.23mmyr21 in the SIO (Fig. 5e), implying
the dominance of the local wind forcing. HYCOM results are
confirmed by RGOM experiments. The RGOM-PAC and
RGOM-IND runs forced by time-varying Pacific and Indian
Ocean winds simulate ULT trends of 0.01 6 0.02 and 0.21 6
0.03m yr21 in the SIO, respectively (Figs. 5g,h). We also re-
peated the RGOM experiments using three other atmospheric
datasets (NOAA 20CR, ORA-S4, and JRA-55) as the forcing

fields, and results are consistent with those forced by ERA-20C
in suggesting the dominance of local winds in causing the SLR
in the SIO (Figs. 6a–f). These results underpin the importance
of local wind forcing within the Indian Ocean in driving the
regional SLR.

Note that some regions show considerable sensitivity to the
choice of wind forcing, particularly in the South Pacific. Although
coarse-resolution models are not able to fully represent the
complicated ITF pathways and variabilities, the control runs
of HYCOM and RGOM can, to some extent, capture the ITF
transport variability on interannual-to-interdecadal varia-
tions (figures not shown), showing a variability amplitude of
;5 Sv (1 Sv [ 106m3 s21), and correlated with ENSO. The
modeled ITF also shows a strengthening trend since the early
1990s. These changes in model simulations are generally
consistent with observation-based ITF studies estimates (e.g.,
Meyers 1996; Sprintall et al. 2009; Sprintall and Révelard
2014; Liu et al. 2015; Susanto and Song 2015).

FIG. 3. SH subtropical (358–208S) sea level changes from observation-based datasets, OGCMhindcasts, and climatemodels. Annual sea
level anomalies (SLAs) averaged over the SH subtropics (358–208S) derived from (a) the nine observation-based datasets (F20, IAP,
WOA, Ishii, EN4, ORA-S4, ORA-S5, GECCO3, and SODA2.2.4) and three OGCM hindcasts (LICOM3–0.18, OFES, and LICOM3–18)
since 1958 and from (b) historical simulations of CMIP6 models (blue) for 1958–2014 and CMIP5 models (yellow) for 1958–2005. The
ensemble-mean SLA of 12 datasets for 1958–2014 is also shown in (b). Shadings show the standard deviation ranges of climate models.
Probability density distributions of the 1958–2014 sea level trends for (c) the subtropics of the SH, (d) the southern Indian Ocean (SIO;
358–208S, 508–1108E), (e) the southern Pacific Ocean (358–208S, 1508E–1308W), and (f) the southern Atlantic Ocean (358–208S, 408W–08)
derived from CMIP6 simulations. SLR derived from the nine observation-based datasets and three OGCM hindcasts can be obtained
from Table 3.
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Given the dominance of local wind forcing, we next explore
changes in surface atmospheric circulation. The ERA-20C
reanalysis, as the forcing fields for LICOM3–0.18, HYCOM,
and RGOM, exhibits anticyclonic (counterclockwise) surface
wind trends over the SIO during 1958–2010, with southeasterly
trends over 308–108S and northwesterly trends south of 408S
(Fig. 7a). Anticyclonic winds favor upper-ocean convergence
through downward Ekman pumping (Han et al. 2010), which is
largely responsible for the rapid SLR in the SIO. These wind
trends correspond to a strengthening of the Mascarene high
(Xue et al. 2003) that manifests as positive SLP trends in the
SIO. Actually, the three subtropical highs in the SH were all
strengthened, accompanied by anticyclonic wind trends in
all the SH ocean basins. These features, along with the cir-
cumpolar westerly winds in the Southern Ocean, greatly
resemble the positive phase of SAM. Similar wind and SLP
trend patterns are seen in three other atmospheric rean-
alyses (Figs. 7b–d).

By calculating the SAM index andMascarene high intensity,
we further evaluate their relationship. Among them, the SAM
index is calculated as the zonal-mean SLP difference between
408 and 658S (Gong and Wang 1998), and the Mascarene high
intensity is defined as the SLP anomaly averaged over the re-
gion of 358–208S, 508–1108E. As shown in Fig. 8, the trends of
Mascarene high intensity and SAM bear correspondence
among four atmospheric datasets, with significant instanta-
neous correlations of 0.51, 0.39, 0.32, and 0.50 for ERA-20C,
NOAA 20CR, ORA-S4, and JRA-55, respectively. In addi-
tion, we have also checked the relationship between the SAM
and the SLP difference between the Mascarene high and its
poleward neighboring region (708–508S, 508–1108E), and sig-
nificant instantaneous correlations of 0.74, 0.69, 0.59, and 0.72
for ERA-20C, NOAA 20CR, ORA-S4, and JRA-55, respec-
tively, are found. The long-term correlation implies the impor-
tance of SAM in driving the atmospheric and oceanic changes in
the SH subtropics, as speculated by a few recent studies (e.g., Qu
et al. 2019; Roemmich et al. 2016; Yang et al. 2020).

In addition to the influence of the Southern Ocean climate,
the Mascarene high changes may also originate from the
tropics (Lau and Kim 2015). In particular, the persistent
warming of the tropical Indian Ocean (TIO) (e.g., Roxy et al.
2014; Du and Xie 2008) may have enhanced the local SLP
depression and thereby strengthened the Indian OceanHadley
cell (Han et al. 2010) along with its descending branch—the
Mascarene high. Given this, we next estimate the potential
impacts from the TIO. Following Nguyen et al. (2013), we
define the Hadley cell intensity of the SIO as the vertically
averaged maximum value of zonal-mean meridional mass
streamfunction between 900 and 200 hPa. The mass stream-
function is defined as

c(P, y)5
2pR cos(y)

g

ðPs

P

V(P, y) dP, (4)

where V is the 408–1108E mean meridional component of the
total wind, R is the average radius of Earth, g is the gravita-
tional acceleration, y latitude, P is pressure, and PS is surface
pressure. For the TIO low-pressure intensity, the SLP anomalyT
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averaged over the 208S–208N, 408–1108E is used as a proxy.
However, since the SLP depression was weakened in three out
of four atmospheric datasets, and the trend of Hadley cell in-
tensity is hard to determine (e.g., Mitas 2005) (Fig. 7e), an
evident forcing effect from the tropical climate seems unlikely.
By contrast, the SAM and the Mascarene high exhibit robust
positive trends, and a stronger trend in the former generally
warrants a stronger trend in the latter. Linear regression
analysis also suggests that the SAM-induced SLP anomalies

are stronger than those associated with TIO change in the SH
subtropics and greatly resemble the observed SLP trends in
spatial structure (Fig. 9). Overall, the SAM represents the
primary driver of surface atmospheric changes over the SIO,
while the influence from the TIO seems weak.

c. Biases in climate models

We then turn our focus to climate model simulations. CMIP6
models produce very weak surface atmospheric changes in the

FIG. 4. Sea level trends in OGCM hindcasts and AVISO satellite observation. Linear sea level trends (mm yr21)
derived from (a) ORA-S5 for 1993–2014, (b) OFES for 1993–2014, (c) LICOM3–0.18 for 1993–2010, and
(d) AVISO for 1993–2014. The global-mean SLR has been removed. Stippling indicates significance at the
95%confidence level basedon aMann–Kendall test. Three boxes denote the SIO (358–208S, 508–1108E), southernPacific
Ocean (358–208S, 1508E–1308W), and southern Atlantic Ocean (358–208S, 408W–08). (e) Monthly SLAs (in mm) aver-
aged over the SH subtropics (358–208S) derived from theORA-S5, OFES, LICOM3–0.18, andAVISO.All variables are
smoothed with a 6-month window to reduce the seasonal cycle effect.
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FIG. 5. Effects of surface wind forcing on SLR in the SIO. (a) Annual SLAs and the ULT anomaly averaged over
the subtropical SIO derived from F20, HYCOM-CTRL, HYCOM-WND, and RGOM-CTRL. All variables are
normalized by their standard deviations. Linear sea level trends (mm yr21) for 1958–2010 derived from
(b) HYCOM-CTRL, (c) HYCOM-WND, (d) HYCOM-PAC, and (e) HYCOM-WND minus HYCOM-PAC.
(f)–(h) As in (b), (d), and (e), but for the ULT trends (m yr21) derived from (f) RGOM-CTRL, (g) RGOM-PAC,
and (h) RGOM-IND. The global-mean SLR has been removed. The black box denotes the SIO (358–208S,
508–1108E). Stippling indicates significance at the 95% confidence level.
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SIO, and the SAM-related positive SLP trends are basically
confined to the Southern Ocean south of 358S (Fig. 10a). Most
models obviously underestimate the observed enhancement
of the Mascarene high (Fig. 10b); the trends of three of the at-
mospheric datasets fall entirely out of the climate model spread,
and the average trend (2.03 6 1.03Payr21) of the four atmo-
spheric datasets exceeds all members. Meanwhile, although

climate models also show positive trends in SAM, the mag-
nitudes are generally weaker than in observation (Fig. 10c).
The SAM-related SLP trends in observation vary from neg-
ative to positive at ;458S, with the maximum positive trend
at ;408S (Fig. 10d). Model simulations produce broadly
similar SLP trends, but the maximum trend is shifted south-
ward as compared to reanalysis products. As quantified by

FIG. 6. Ocean response to different atmospheric datasets in the 1.5-layer RGOM. Linear ULT trends
(m yr21) derived from (a) CTRL and (b) IND runs forced by NOAA 20CR winds for 1958–2012. Other
panels are as in (a) and (b), but forced by (c),(d) ORA-S4 winds, (e),(f) JRA-55 winds, and (g),(h) CMIP6
ensemble-mean winds for 1958–2014. Stippling indicates significance at the 95% confidence level based on a
Mann–Kendall test.
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the maximum trend of the ensemble-mean SLP, this mis-
match is as large as ;88. Despite considerable differences
among atmospheric reanalysis products, the ensemble-
mean SLP of CMIP6 is shifted to the south as referenced
to any of the four reanalysis products. As such, climate
models produce the opposite scenarios to observation;
that is, models tend to generate easterly wind trends near
358S on the northern flank of the positive SLP maximum
(Fig. 10a), and cyclonic wind trends act to hinder the sub-
tropical SLR. This explains the negative regional sea level
trend (slower than the global-mean SLR) in the CMIP6
ensemble-mean (20.11 mm yr21; Fig. 3d). We also per-
formed RGOM experiments using CMIP6 ensemble winds
(Figs. 6g,h), and the results confirm that the CMIP6 winds
cannot give rise to enhanced SLR in the SH subtropics.
Similarly, CMIP5 models also show systematic biases in
simulating the trends of SAM and its SLP signatures (figures
not shown). These biases in the simulated atmospheric changes

likely lead to the missing SLR features in the SH subtropical
oceans.

The persistent upward trend of SAM has been attrib-
uted primarily to the stratospheric ozone depletion over
the Antarctic (e.g., Cai and Cowan 2007; Thompson et al.
2011) and secondary to greenhouse gas forcing (e.g., Swart
and Fyfe 2012). Yet, present climate models are unable
to accurately take into account the effect of ozone loss;
some models use prescribed monthly, zonally symmetric
ozone concentrations (e.g., Eyring et al. 2013, 2016). It
has been suggested that models without interactive at-
mospheric chemistry tend to severely underestimate the
magnitude of ozone variability and its impact on atmo-
spheric circulation (e.g., Neely et al. 2014; Waugh et al.
2009). Also, the chemistry models have shown biases in
reproducing the observed ozone concentration (Stevenson
et al. 2013). In addition, considerable model biases exist in
the climatology of the high-latitude surface–atmosphere flux

FIG. 7. Changes of surface atmospheric circulation in atmospheric datasets. Linear trends of the sea level
pressure (SLP; color shading; in Pa yr21) and wind stress (arrows; in Pa yr21) derived from (a) ERA-20C for
1958–2010, (b) NOAA 20CR for 1958–2012, (c) ORA-S4 for 1958–2014, and (d) JRA-55 for 1958–2014. Zonal
wind stress trends below the 90% confidence level are plotted as gray arrows, and the values on land are not
shown. (e) Trends of the Mascarene high intensity, SAM index, tropical Indian Ocean SLP (TIO-SLP), and
Hadley cell intensity derived from the four atmospheric datasets (ERA-20C for 1958–2010, NOAA 20CR for
1958–2012, ORA-S4 for 1958–2014, and JRA-55 for 1958–2014). The ORA-S4 product is the combination of
ERA-40 for 1958–88 and the ERA-Interim for 1989–2014. Asterisks denote below the 95% confidence level.
All trends are normalized by the standard deviation.
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(Hwang and Frierson 2013), possibly linked to the surface
warming bias in the Southern Ocean (Wang et al. 2014). All
the deficiencies likely contribute to the weaker (Fig. 10b)
and southward-shifted SLP trends associated with SAM in
models (Fig. 10d).

Owing to natural climate variability, a few models replicate
the SLR in the SIO with adequate magnitudes (Fig. 3d).
However, these SLR trends are not driven by local atmo-
spheric changes as reality; the SLR does not show cross-
member correspondence with the SAM change (Fig. 10e).
Rather, they are largely forced remotely by the Pacific Walker
circulation, as evidenced by the significant negative cross-
member correlation between the Pacific Walker circulation
proxy and the SIO SLR (Fig. 10f). Enhancement of the Pacific
Walker circulation arising from natural climate variability can
cause the SIO SLR by strengthening the ITF transport—a
mechanism operating on the decadal time scale (Jyoti et al.
2019). Yet, the Pacific Walker circulation was not enhanced
but instead slightly weakened over the central and eastern
Pacific basin since the mid-twentieth century (e.g., Tokinaga
et al. 2012; Vecchi et al. 2006) according to atmospheric
datasets (Figs. 7a–d), and there is no observational evidence
to suggest a persistent enhancement of the ITF transport
since the mid-twentieth century (e.g., M. Li et al. 2018).
There is a negative correlation (20.49) between the SLR
and theMascarene high intensity in CMIP6 (Fig. 10g), which
is contrary to the observed relationship. Since the SAM-
related subtropical atmospheric changes are too weak in
models to dictate the SIO sea level change (Figs. 10b,d), the
tropical Pacific forcing becomes dominant. Therefore, al-
though some model members parallel the observation, the

underlying mechanisms differ due to systematic biases in the
simulated SAM.

4. Summary and discussion

Decadal and interdecadal sea level changes over the SH sub-
tropical oceans between 358 and 208S have been reported, but the
long-term SLR since the 1950s in this latitude band has not fully
comprehended, which most state-of-the-art climate models have
significantly underestimated. Our work reveals the critical im-
pacts of the human-induced SouthernOcean climate on the rapid
SH subtropical SLR and links the failure of climate models in
reproducing observed SLR to the underestimation of the SAM
trend and the bias in SAM trend position, highlighting the ur-
gency for improving the model simulation of the SH climate.

Observation-based andOGCMdatasets reveal that the SLR
of the SH subtropics (358–208S) is faster than the global mean
rate by 18.2% 6 9.9% for the 1958–2014 period. This rapid
SLR is primarily attributable to the persistent upward trend of
the SAM, while the influence of tropical climate variability is
minimal in the SIO. The upward trend of SAM gave rise to
enhancements of the subtropical highs in the SH, which is fa-
vorable for regional SLR by driving upper-ocean convergence.
Systematic biases are detected in the simulated structure and
trend magnitude of the SAM in climate models, with a robust
underestimation of the SAM’s signatures in the SH subtropics.
These systematic biases of climate models are the key to the
underestimated SLR. As a result, climate models are not able
to correctly simulate the observed SLR between 358 and 208S.

The intermodel spread of CMIP6 is used to assess the in-
fluence of internal variability. Our results show that few

FIG. 8. SAM and Mascarene high in atmospheric datasets. Monthly SAM index (hPa) and Mascarene high
intensity anomaly (hPa) derived from (a) ERA-20C for 1958–2010, (b) NOAA 20CR for 1958–2012, (c) ORA-S4
for 1958–2014, and (d) JRA-55 for 1958–2014, with a 6-month smoothing to reduce the effect of the seasonal cycle.
Straight lines denote their linear trends based on the least squares fitting.
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CMIP6 models can reach the SLR rates in the SIO as in ob-
servational datasets such as F20, IAP, WOA, EN4, and Ishii
(Fig. 3d), and the Mascarene high trends from three atmo-
spheric reanalyses fall out of the range of the 42 CMIP6
members (Fig. 10b). Considering that the spread of CMIP6
still contains the effect of the difference in model configura-
tions, we also analyzed the large ensemble simulations of the
NCARCommunity Earth SystemModel version 1 (CESM-LE)
(Hurrell et al. 2013; Kay et al. 2015) and obtained similar re-
sults (figures not shown). CESM-LE has 40 ensemble members
with the same model configuration and same external forcing.

As such, the intermember difference arises merely from in-
ternal climate variability. These comparisons indicate that the
trends in the SIO cannot be explained by internal climate
variability.

Although mechanisms of the SLR and origins of model er-
rors are established in the SIO, the understanding may also
apply to the South Pacific and Atlantic. We performed similar
RGOexperiments to those of Fig. 5 and found that the regional
SLR trends in the South Pacific and Atlantic Oceans were also
driven by local forcing of subtropical highs (figures not shown).
Yet, the specific mechanisms working in the South Pacific and

FIG. 9.Multiple linear regressions of SLP andwind stress on the SAMandTIO-SLP.Multiple linear regression of
SLP (color shading; in hPa) andwind stress (arrows; in Pa) anomalies on the SAM index derived from (a) ERA-20C
for 1958–2010, (b) NOAA 20CR for 1958–2012, (c) ORA-S4 for 1958–2014, and (d) JRA-55 for 1958–2014. (e)–(h)
As in (a)–(d), but regressed on the TIO-SLP index. Zonal wind stress trends below the 90% confidence level based
on an F test are plotted as gray arrows, and the values on land are not shown. An 8-yr low-pass Hanning filter is
applied to anomaly fields and indices to reduce the interannual variability effect.
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Atlantic may differ from that of the SIO and demands
particular investigations. The underestimation of SLP
trends is seen in the entire SH subtropical band (Fig. 11),
which is the primary cause for the overlooked regional
SLR in climate models (Fig. 1). Among the three basins,

the trends in the South Atlantic Ocean are subjected to a
larger degree of uncertainty. There is a notable spread of
the SLP trends among atmospheric reanalysis datasets, and
the trends from NOAA 20CR and JRA-55 are weaker than
that of the CMIP6 ensemble mean (Fig. 11c). The large

FIG. 10. Trends of SLP and surface winds in climate models. (a) Linear trends of surface wind stress (arrows; in Pa yr21) and SLP (color
shading; in Pa yr21) for 1958–2014 based on the ensemble mean of CMIP6. Zonal wind stress trends below the 90% confidence level are
plotted as gray arrows, and the values on land are not shown. Probability density distributions of the (b) Mascarene high trend and (c) SAM
trend (Pa yr21) for 1958–2014 based onCMIP6 simulations. Straight linesmark the trends derived fromatmospheric datasets. (d)Zonal-mean
(08–3608E) SLP trends for 1958–2014 derived from climate models and atmospheric datasets. Trends from ERA-20C and NOAA 20CR are
for 1958–2010 and 1958–2012, respectively. Scatterplots of (e) the SIO SLR (mm yr21) vs SAM trends, (f) the SIO SLR vs the western Pacific
zonal wind stress (tx; 208S–208N, 1208E–1808; as a proxy for the PacificWalker circulation) trends, and (g) the SIOSLRvs theMascarene high
trends. Results from ERA-20C, ORA-S4, and JRA-55 are also shown in (g) and the SIO SLR rates for ERA-20C and JRA-55 are based on
LICOM3–0.18 and LICOM38–18, respectively. The significance of the correlation is determined by a two-tailed t-test.
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uncertainty in atmospheric datasets makes it more difficult
to quantify model errors.

Differing from the SIO, the model–data differences in the
Pacific and Atlantic Oceans may partly arise from internal
variability. For example, low-frequency natural variability of
the Atlantic climate, such as the Atlantic multidecadal oscil-
lation, may also play a role in dictating the observed SLP and
SLR trends in the SouthAtlantic since 1958.With regard to the
effects of the tropical Pacific andAtlantic Oceans, we have also
preliminarily examined the intensity changes of Hadley cells
(figures not shown) and found that Pacific Hadley cell shows
significant weakening (strengthening) trend in NOAA 20CR
(ERA-20C, ORA-S4, and JRA-55) and Atlantic Hadley cell
show significant (insignificant) strengthening trend in ORA-S4
and JRA-55 (ERA-20C and NOAA 20CR) at 95% confi-
dence. Due to these uncertainties and competing processes,
we are currently unable to draw conclusions for the Pacific
and Atlantic Oceans.

Our numerical experimental results show that local wind
changes are the dominant factor on the long-term SLR rates
(.50 years) in the SIO, which is not in conflict with previous
studies that attribute SLR to ITF changes (e.g., Zhuang et al.
2013; Lee et al. 2015; Li et al. 2017; Zhang et al. 2018; Jyoti et al.
2019; Nagura and McPhaden 2021). These studies mainly fo-
cused on interannual to interdecadal time scales. For example,
Nagura andMcPhaden (2021) found that sea level variability at
midlatitudes of the south Indian Ocean is mainly driven by
ENSO, in which SLAs are excited in the Pacific Ocean and
propagates into the SIO through the ITF; Jyoti et al. (2019)
found that the SLR in the SIO is faster than the global mean
sea level during 2000–15, and the enhanced ITF is the domi-
nator by transporting warm and freshwater anomalies into
the SIO.

It should be noted that oceanmass change (barystatic effect)
also affects regional SLR. Using the F20 steric and barystatic
(include effects of mass change for glaciers, Greenland and
Antarctic ice sheets, and terrestrial water storage) sea level

data, we examine the effect of barystatic component (Fig. 12).
The results show that although the barystatic effect is not
negligible for regional SLR, the steric component generally
dominates the regional SLR pattern, especially for the en-
hanced SLR in the SH subtropics. The barystatic effect on
regional SLR requires further investigation, particularly on
how to synthesize the observation-based barystatic sea level
change with the dynamical sea level change in models to
facilitate sea level prediction/projection. This study mainly
worked on basin-average SLR without appreciating the SLR
structure in each basin, which can, to some extent, reduce the
uncertainty in SLR estimation from observation data sampling.
However, our results also suggest discernible east–west con-
trasts in three basins (Figs. 1 and 2). For example, the SLR
trends are positive and negative in the western and eastern
Pacific basins, respectively. This may be related to the redis-
tribution by the subtropical gyre circulation and the eastern
boundary forcing (e.g., Qiu and Chen 2006; Roemmich et al.
2016). Our model experiments demonstrate that local wind
changes related to the SAM can induce the rapid rise of the
basin-mean sea level in the SH subtropics between 358 and
208S. Yet, the east–west contrast requires further investigation,
considering its linkages to ocean circulation and regional
climate.

Our results suggest that the observed SH subtropical SLR is
largely driven by the upward SAM trend associated with ozone
depletion (e.g., Cai and Cowan 2007; Thompson et al. 2011).
Given this, there might be mitigation of SLR over the coming
decades, owing to the recovery of Antarctic ozone depletion
(Polvani et al. 2011). Nevertheless, forced by the increasing
emissions of greenhouse gases, the future SLR is expected to
be continuously rapid in the SH subtropics, with increasing
severity and seriousness of the threat to surrounding countries.
The probabilistic prediction of regional SLR is essential for
formulating adaption strategies, which rely largely upon cli-
mate models (e.g., Oppenheimer et al. 2019; Slangen et al.
2017; Hauer et al. 2020). To improve the model representation

FIG. 11. SLP trends in climate models. Probability density distributions of the 1958–2014 SLP trends for (a) the subtropics of the SH
(358–208S), (b) the southern Pacific Ocean (358–208S, 1508E–1308W), and (c) the southern Atlantic Ocean (358–208S, 408W–08) derived
fromCMIP6 simulations. Straight lines mark the trends derived from atmospheric datasets. Trends fromERA-20C andNOAA 20CR are
for 1958–2010 and 1958–2012, respectively.
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of the SLR over the SH oceans, some steps seem to be requisite,
such as using more realistic ozone forcing (Neely et al. 2014),
reducing biases in the Southern Ocean climatology (Wang et al.
2014), better taking into account small-scale eddies (Böning
et al. 2008). Overall, these results have important implications
for understanding and predicting regional SLR in the ongoing
anthropogenic climate change, and this work contributes to
helping the hundreds of millions of people residing in coastal
areas of South America, Africa, and Australia adapt to future
global climate change, with implications for other areas of
the world.
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Data availability statement. F20 steric and barystatic sea level
anomalies and global-mean total sea level time series can be ob-
tained from https://zenodo.org/record/3862995#.X0eVdFlzaUm.
IAP steric sea-level anomaly data can be found at Lijing
Cheng’s website: http://www.ocean.iap.ac.cn/. WOA steric
sea-level anomaly data can be downloaded at https://
www.nodc.noaa.gov/OC5/indprod.html. Temperature and sa-
linity data of EN4 and Ishii are obtained from https://
www.metoffice.gov.uk/hadobs/en4/download-en4-2-1.html
and https://www.data.jma.go.jp/gmd/kaiyou/english/ohc/
ohc_global_en.html. Sea-level, wind data, and SLP data
of ORA-S4 are downloaded from http://apdrc.soest.hawaii.edu/
datadoc/ecmwf_oras4.php and https://apps.ecmwf.int/datasets/.
ORA-S5 and GECCO3 sea level can be downloaded at https://
www.cen.uni-hamburg.de/icdc/data/ocean.html. OFES sea level
can be found at http://apdrc.soest.hawaii.edu/datadoc/ofes/
ofes.php. LICOM3-18 sea level can be downloaded at http://
esg.lasg.ac.cn/thredds/fileServer/esg_dataroot/CMIP6/OMIP/
CAS/FGOALS-f3-L/omip2/r1i1p1f1/Omon/zos/gn/v20191104/
zos_Omon_FGOALS-f3-L_omip2_r1i1p1f1_gn_165301-201812.nc.
LICOM3-0.18 sea level data are available upon request (Pengfei
Lin; linpf@mail.iap.ac.cn). ERA-20C wind and SLP data are

FIG. 12. Regional sea level trend patterns from F20. Linear sea level trends (mm yr21) for 1958–2014 based on
(a) F20 steric sea level, (b) F20 barystatic sea level, and (c) the sum of steric and barystatic sea level. To obtain the
regional sea level, the global-mean sea level time series has been removed. The black lines indicate the latitudinal
range of the SH subtropics (358–208S). Stippling indicates significant trends at the 95% confidence level based on a
Mann–Kendall test. (d) Zonal-mean (08–3608E) sea level trends in the SH for the periods of 1958–2014, 1980–2014,
and 1993–2014 derived from steric sea level, barystatic sea level, and total sea level (steric plus barystatic) of F20.
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downloaded from https://apps.ecmwf.int/datasets/. Wind and
SLP data of NOAA 20CR are obtained from NOAA’s PSD
website at https://www.esrl.noaa.gov/psd/data/gridded/. JRA-55
wind and SLP data are downloaded at https://rda.ucar.edu/
datasets/ds628.1/#!description. CMIP6 datasets are available at
https://esgf-node.llnl.gov/projects/cmip6/. CMIP5 datasets can
be downloaded at http://cmip-pcmdi.llnl.gov/cmip5/. CESM-LE
simulations can be obtained from https://www.earthsystemgrid.org/
dataset/ucar.cgd.ccsm4.output.html. AVISO data are available at
https://www.aviso.altimetry.fr/en/home.html. Codes for HYCOM
can be downloaded from https:/www.hycom.org/. All codes for
analysis and figure creation are available upon request.
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