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Abstract: The second version of the Chinese Academy of Sciences Earth System Model, CAS-ESM2-
0, is a newcomer that contributes to Coupled Model Intercomparison Project simulations in the
community. We evaluated the model’s performance in simulating the salinity for climatology, seasonal
cycles, long-term trends, and time series of climatic metrics by comparing it with the ensemble mean
of available gridded observations. The results showed that CAS-ESM2-0 could reproduce large-scale
patterns of ocean salinity climatology and seasonal variations, despite the fresh biases in the low- and
mid-latitudes for climatology, stronger seasonal variation of sea surface salinity within 20◦ S–20◦ N,
and large uncertainty with the zonal-band structure for 0–1000 m averaged salinity. For long-term
changes, the model revealed increased contrast between the salinity of the Atlantic and Pacific basins.
However, regional differences in locations and strengths for salinity pattern amplification suggest
substantial uncertainty when simulating regional multidecadal salinity changes. The simulated
variations in climate metrics for salinity pattern amplification are consistent with the observations
and will continue to intensify until the end of this century. Our assessment provides new features of
the CAS-ESM2-0 model and supports further studies on model development.

Keywords: ocean salinity; CAS-ESM2-0; Coupled Model Intercomparison Project Phase 6 (CMIP6)

1. Introduction

Ocean salinity is a key variable that drives ocean circulation and modulates the
living conditions of marine life, which has implications for global climate and marine
ecosystems [1,2]. For example, the Atlantic Meridional Overturning Circulation (AMOC)
is maintained and monitored by the temperature and salinity states of the surface waters
in the Subpolar North Atlantic Ocean. Additionally, the changes in ocean salinity have
been identified as an ideal indicator of the hydrological cycle because it is mainly balanced
by the surface freshwater fluxes, such as precipitation, evaporation, river runoff, sea ice
melting, and ocean dynamics [3]. Therefore, simulating the ocean salinity accurately is
important for monitoring and predicting changes in the climate and Earth systems.

The Coupled Model Intercomparison Project (CMIP) is an important evaluation tool
that combines Earth’s climate systems from worldwide institutions with a standard experi-
mental protocol and infrastructure [4]. The latest version is the CMIP6 (Phase 6), which
has made substantial improvements in model resolution, computational efficiency, and
the representation of physical and biochemical processes [4]. The Chinese Academy of
Sciences Earth System Model version 2 (CAS-ESM2-0) was recently launched as a new-
comer to the CMIP6 models. It has been developed as an Earth system model to simulate
the physical climate system, global environmental processes of air pollution, and carbon
cycle [5]. Previous studies have assessed its performance by comparing it with observations
and other CMIP5/6 models [5–9]. For instance, the CAS-ESM2-0 model indicates smaller
biases than many other CMIP6 models in simulating cloud-radiation forcing and tropical

Atmosphere 2023, 14, 107. https://doi.org/10.3390/atmos14010107 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos14010107
https://doi.org/10.3390/atmos14010107
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-9854-0392
https://doi.org/10.3390/atmos14010107
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos14010107?type=check_update&version=3


Atmosphere 2023, 14, 107 2 of 14

precipitation, which contributes to the largest modeling uncertainty [10]. The advantages
of the CAS-ESM2-0 ocean component in simulating the horizontal heat transport, sea
surface height, and AMOC vertical structure have been demonstrated [11,12]. The El
Niño-Southern Oscillation (ENSO) is one of the most important interannual variabilities
in the Earth’s climate system [13]. While the CAS-ESM2-0 model is at the forefront of the
CMIP6 members in its simulation and prediction [14], it still shows a stronger amplitude of
the simulated ENSO [5]. Several essential variables have been systematically examined in
previous studies, including precipitation, sea ice, East Asian summer monsoon, SST, and
so on. However, few studies have assessed the performance of the CAS-ESM2-0 model in
simulating ocean salinity change. They did not fully consider its capability to stimulate
the different temporal and spatial salinity variabilities and predict the salinity response
in future climate change. However, the model performance of ocean salinity exerts an
important influence on the ocean dynamics and the accuracy of climate predictions [15].
For instance, the salinity change is closely related to the ENSO, Indian Ocean Dipole (IOD),
and other climate variabilities by modulating the upper ocean circulation [16–19]. The
prediction of ENSO based on the close relationship between mixed-layer salinity (MLS)
tendency and Niño3.4 index tends to be less effective due to the salinity biases [20]. Thus,
it is the starting point of our analysis.

This study aims to evaluate the ability of the CAS-ESM2-0 model to simulate ocean
salinity variability over the near-historical period (1960–2014) and twenty-first-century
projection period (2015–2100) under the strongest future climate scenarios by assessing
its performance using several temporal and spatial variabilities, including climatology,
seasonal cycles, long-term linear trends, time series of climate index, and future patterns in
salinity. The remainder of this paper is organized as follows. Section 2 describes the data
and methods used in this study. Section 3 presents the results of the simulated performance,
and Section 4 summarizes the findings.

2. Materials and Methods
2.1. CAS-ESM2-0

The CAS-ESM2-0 model is a fully coupled earth system model produced by the
Institute of Atmospheric Physics, Chinese Academy of Sciences (IAP, CAS). Compared
with the previous version of CAS-ESM1-0 released in 2015, the CAS-ESM2-0 model has
improved codes and parameterization schemes for most components and new schemes
for atmospheric convection and clouds [6]. It has five main climate components of the
atmosphere, ocean, land, and sea ice, including the fifth generation of the IAP Atmospheric
General Circulation Model, Climate System Ocean Model version 2 [21], Los Alamos
Sea-Ice model version 4 [22], Beijing Normal University/IAP Common Land Model [23],
and Weather Research and Forecast Model [24]. These components were coupled by
model coupler 7 through the infrastructure of the Community Earth System Model. Other
components included IAP dynamic vegetation, fire, and ocean biogeochemistry models.

Here, we evaluated the performance of ocean salinity for the CAS-ESM2-0 historical
simulation over 1960–2014, as well as the ScenarioMIP concentration-driven simulations
of the 21st century (2015–2100) according to the strongest forcing trajectory in the Shared
Socioeconomic Pathways (SSP5-8.5). They were performed in line with the CMIP6 reference
protocols [4,25], which are obtained from the Earth System Grid Federation (ESGF) archives
(https://esgf-node.llnl.gov/search/cmip6, assessed on 1 September 2022). The absolute
salinity was used in the study with the unit of g kg−1.

2.2. Observations

We used four observational datasets to evaluate the performance of the CAS-ESM2-0
models by comparing the different salinity variabilities with their ensemble mean. The
salinity datasets include Institute of Atmospheric Physics (IAP) data [26], EN4 from the
Met Office Hadley Centre [27], National Centers for Environmental Information (NCEI)
data [28,29], and Ishii from the Japan Meteorological Agency [30]. These data were objec-
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tively analyzed based only on salinity observations and had the same 1◦ × 1◦ horizontal
resolution, spanning from 1960 to 2020. The IAP, EN4, and Ishii data provided monthly
gridded analyses, and the NCEI data were calculated from the 5-year smoothing mean. The
key advantage of the analyzed data is the application of an advanced and systematically
evaluated mapping scheme to fill the data gaps based on the sparse salinity observations.
These datasets adopt different mapping methods, and their ensemble mean helps hidden
errors to obtain the robust signal in observations. For a fair comparison, they have also
been interpolated into 41 levels at depths of 0–2000 m vertically, which is the same as the
IAP data. The calculation of the ensemble mean from these datasets provided an advanced
and careful evaluation of CAS-ESM2-0 performance.

For the ocean components, the CAS-ESM2-0 model had a nominal resolution of
1◦ with a finer meridional spacing near the equator. To facilitate intercomparison and
validation against the observations, the CAS-ESM2-0 model was also spatially remapped
to a horizontal resolution of 1◦ × 1◦ using bilinear interpolation and 41 vertical levels
at depths of 0–2000 m, consistent with the resolutions of the IAP gridded dataset. The
mean state was calculated by the annual mean within the 1990–2010 baseline, and the
seasonal variation was averaged by the 12-month climatological mean from 1990 to 2010.
The monthly salinity anomaly was obtained by removing the climatological means. An
ordinary least squares linear regression was used to calculate the linear trends, with the
error bar (1-sigma confidence level) accounting for the reduction in the degrees of freedom
due to the temporal correlation of the residuals based on the autoregressive moving average
model [31]. For the uncertainty level of the linear trends, the 95% confidence interval was
presented throughout this study. For the projection analysis, the period of 2020–2040 was
adopted as the near-term future and 2080–2100 as the long-term future to investigate the
future changes in ocean salinity under different periods of human-forced climate change.

3. Results
3.1. Mean State
3.1.1. Spatial Distribution

Figure 1 shows the spatial distribution of the annual mean sea surface salinity (SSS)
and 0–2000 m averaged salinity (S2000) for the observations and CAS-ESM2-0 model.
A basin-scale consistency of salinity patterns is located between CAS-ESM2-0 and the
observations, with a high spatial correlation coefficient of 0.92 for SSS fields (Figure 1a,c)
and 0.86 for S2000 fields (Figure 1b,d). The pattern correlation of SSS fields is larger than
other CMIP6 members (mostly between 0.912–0.917) and CMIP5 models (mostly < 0.9) [32],
indicating its better performance for CAS-ESM2-0 in SSS simulation. For the SSS fields,
the subtropical oceans in all three basins exhibit high values of salinity (>35 g kg–1), and
the fresh pools are mainly located in the tropical and subpolar oceans, with a low value
of salinity (<34 g kg–1) in the eastern and western regions in the tropical Pacific, North
Pacific, and Arctic Ocean. The large-scale SSS pattern shows a high resemblance to the
distribution of freshwater flux (evaporation minus precipitation) on the sea surface as the
oceanic tracker of the global hydrological cycle [26,33]. For S2000, the salinity distribution
is responsible for the combination of surface freshwater forcing and ocean dynamics [26].
The salinity contrast between the salty Atlantic Ocean and the fresher Pacific and Indian
Ocean is also apparent in the CAS-ESM2-0 model.

Figure 1e,f also demonstrates the differences between the model and observations for
SSS and S2000, respectively, identifying the model biases in the CAS-ESM2-0. For the SSS
(Figure 1e), the fresh bias for CAS-ESM2-0 is found in most parts of the global ocean, and
strong negative values (<−0.5 g kg–1) are mainly located in the Southern Hemisphere and
North Indian Ocean. The Pacific Ocean demonstrates large fresh errors in the subtropical
south and east (<−1 g kg–1), with an overall small positive bias in the subtropical south and
along the equator to the central Pacific, corresponding to the pattern of the precipitation
bias for CAS-ESM2-0 [5]. The excessive wet bias of simulated precipitation on both sides of
the drier equatorial Pacific can be attributed to the double Intertropical Convergence Zone
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(ITCZ) bias for CAS-ESM2-0, which is apparent in climate models but has been improved
from the previous version of the CAS-ESM model [5,34]. Ref [5] also shows a large positive
precipitation bias in the Southwest Pacific (20◦ S–30◦ S), locally different from the smaller
negative SSS bias. This implies the modification of ocean transport from fresher waters in
the tropics.
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Figure 1. Global climatology of (a) the sea surface salinity (SSS) and (b) 0–2000 m averaged salinity
(S2000) for the ensemble means of the four observational products, (c,d) for the CAS-ESM2-0 model.
The difference between the model and observational mean is shown in (e,f), respectively.

In the Indian Ocean, the dipole pattern of the SSS with the saltier water in the Arabian
Sea (AS) and fresher in the Bay of Bengal (BoB) was expressed in both the model and
observations. The opposite signals are due to the different dominance of atmospheric
processes (rainfall or evaporation) and oceanic transport of saltier/fresher water [35]. The
CAS-ESM2-0 model shows fresh biases in the whole of the North Indian Ocean and stronger
errors in the BoB, which is different from the fresh (salty) bias in the AS (BoB) shown in the
ensemble mean of CMIP5 and CMIP6 models [32], and the basin-scale positive salinity bias
over the northern BoB and south eastern AS (SEAS)presented in the Coordinated Ocean-ice
Reference Experiments interannual protocol (CORE-II) [36]. The magnitude of fresh bias
in the North Indian Ocean (<−1 g kg–1) is also stronger than previous estimates in other
simulations [37,38]. This weaker zonal contrast of the SSS is generally consistent with the
precipitation bias distribution [5]. The freshening in AS and BoB may be attributed to the
weaker wind and shortwave radiation forcings in the model simulations [38]. The Atlantic
Ocean shows a large portion of fresh bias except in the North of the Gulf of Mexico and its
extensions, similar to the results of other CMIP6 models [32].

For the S2000 bias (Figure 1f), the fresh bias of CAS-ESM2-0 with the global mean
of –0.056 g kg–1 is more spatially consistent in the Indian and Pacific Oceans, indicating
an overall negative bias in the subsurface layer. The largest negative bias of CAS-ESM2-0
(<−0.3 g kg–1) occurs in the North Indian Ocean, leading to unidentified salty regions for
observations (Figure 1b). This implies the persistence of a large fresh bias in the subsurface
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ocean. The Atlantic Ocean and Southern Ocean show an overall salty bias, particularly in
the subpolar North Atlantic and tropical Atlantic, different from the SSS biases (Figure 1e)
and precipitation bias [5], indicating that ocean dynamics such as AMOC play a more
important role.

3.1.2. Zonal Mean

Figure 2 illustrates the pattern of global zonal-mean salinity from the surface to 2000 m
to evaluate its performance in simulating subsurface change. The observational mean
shows a high-salinity bowl extending to the upper 400 m within 30◦ S–30◦ N, caused by
salty surface water and its subduction in subtropical gyre regions. The observed low-
salinity intermediate waters extend to 1000 m and are originated from high latitudes [39].
The CAS-ESM2-0 model reproduces the large-scale salinity distribution in the vertical
structure consistent with the observations but with differences in strength and location
(Figure 2b). Compared with the observations, the high-salinity bowl in the mid-latitudes is
fresher and shallower in the Southern Hemisphere, and the subducted low-salinity waters
in the Southern Ocean are much stronger. The model bias for freshwater extends to 500 m
in the mid and low latitudes, particularly in the Southern Hemisphere (<−0.5 g kg−1). This
implies stronger ventilation of fresher waters in the CAS-ESM2-0 model.
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Meanwhile, the CAS-ESM2-0 model shows a better illustration of the subsurface
salinity in the Northern hemisphere than other CMIP6 models because it does not show
the common fresh bias extending to 350 m [32]. A positive bias also occurs north of 40◦ N,
extending to 2000 m. This may have been induced by the weaker freshwater in the North
Pacific and subpolar North Atlantic Ocean and the greater injection of salty Mediterranean
water below 100 m in the models. Moreover, the tropical fresh pool is broader and stronger
in CAS-ESM2-0 than in the observations (Figure 2a,b), corresponding to the higher rainfall
biases outside the equator associated with the double ITCZ bias [5].

3.2. Seasonal Variation

Following the study of [32], we evaluated the seasonal variations in global zonal means
of SSS and 0–1000 m averaged salinity (S1000) for the CAS-ESM2-0 model performance
(Figure 3). For the observations (Figure 3a), the tropical SSS within 5◦ N–20◦ N (20◦ S–5◦ N)
increases (decreases) in the first half year and tends to be fresher (saltier) in the second
half year. This opposing change in the SSS is linked to the seasonal shift in the ITCZ [40].
The mid- and high-latitudes (outside of 30◦ N/S) also show significant seasonal variations,
with the strongest magnitude occurring north of 60◦ N (>0.8 g kg−1). The CAS-ESM2-0
model shows a seasonal cycle of the SSS similar to the observations but with differences
in magnitude (Figure 3a,c). For instance, the magnitude of the seasonal cycle within
20◦ S–20◦ N and south of 60◦ S is stronger than the observational results with more than
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0.1 g kg−1 (Figure 3e). The SSS seasonal variation north of 60◦ N tends to be weaker than
that in observations (>0.2 g kg−1). The CAS-ESM2-0 shows a similar seasonal evolution
with the ensemble mean of other CMIP6 models, but the magnitude of its variation seems
to be stronger [32].
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The seasonal variations in observational S1000 also show strong magnitude in polar
oceans of both hemispheres (Figure 3b), and their distributions are similar to those in
SSS (Figure 3a). The CAS-ESM2-0 shows a good large-scale pattern consistent with the
observations, such as the shift from the positive phase in the first half-year to the nega-
tive phase in the second half-year within 65◦ N–80◦ N and a transfer from the positive
phase (April to September) to the negative phase (October to March) within 5◦ N–20◦ N.
The opposite seasonal variations of SSS in the tropics are diminished by an average of
0–1000 m, implying modulations in ocean dynamics. The S1000 bias indicates many zonal
bands and fine structures, and it reaches a similar magnitude for both the model and obser-
vations (Figure 3f). The largest errors are found in the polar regions, associated with limited
observations of the polar subsurface ocean. These results provide low confidence in assess-
ing the seasonal variation of subsurface salinity for the CAS-ESM2-0 model, particularly at
high latitudes.

Figure 4 further denotes the spatial distributions of the magnitude of seasonal variation
of SSS and S1000 to indicate the strength of seasonal salinity change. The SSS observations
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show the high magnitude of the seasonal cycle in ITCZ regions, the Arctic Ocean, and some
coastal regions, such as the Gulf of Mexico and its extensions and the tropical western
Atlantic. Although the patterns of CAS-ESM2-0 indicate a good similarity with observations,
the model displays a stronger magnitude in the tropical ocean (>0.4 g kg−1), corresponding
to the large positive (negative) errors in the summer (winter) season (Figure 4e,g). This
symmetric distribution of the SSS bias banded along the equator may be due to the double
ITCZ bias in models [41]. In the Indian Ocean, the contrasting salinity pattern in the AS
and BoB has been detected in previous studies, which is controlled by the combination
of surface freshwater forcings, river runoff, and other ocean processes [15,36,40]. The
magnitude of variation in the CAS-ESM2-0 model is similar to that in the observations
(Figure 4a), but the largest errors are found in winter, with the positive bias in SEAS and
negative bias in southern BoB (Figure 4g). For the S1000, the CAS-ESM2-0 model shows
a larger magnitude of variation (>0.02 g kg−1) in the tropical Pacific (Figure 4d), than
that in observations (Figure 4b). This bias is also found in other CMIP6 models, which is
probably linked to the stronger simulated rainfall and its penetration into the subsurface
ocean [32,42]. Compared with the observations, the weaker magnitude of variation in the
CAS-ESM2-0 model is found in the North Indian Ocean, Antarctic Circumpolar Current
(ACC) regions, and the West Atlantic Ocean (Figure 4f). The mean differences in winter and
summer seasons show an overall opposite pattern in the global ocean, and the largest errors
are mostly located in the tropical Pacific and Indian Oceans. There are some patchy or
spotty distributions in the seasonal differences, which is likely due to the large uncertainty
in observations [27,29].
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Figure 4. Seasonal variation magnitudes of the (a) sea surface salinity (SSS) and (b) 0–1000 m averaged
salinity (S1000) for the observational mean, (c,d) for the CAS-ESM2-0 model. Mean differences
between the model and observational mean in summer and winter for the (e,g) SSS and (f,h) S1000.
The monthly anomalies are obtained from the 12-month climatological means, which has removed
the annual mean during 1990–2010. The magnitude of seasonal variation is defined by the standard
deviation of time variation. The averages of summer and winter are obtained for June-July-August
and December-January-February, respectively.
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3.3. Long-Term Linear Trends over the Past Decades

Long-term linear trends in surface and subsurface salinity are well-indicated for the
intensification of the global water cycle [26,35]. Here, we investigated the geographic
distribution of the linear trends in SSS and S2000 during 1960–2020, as shown in Figure 5.
For the SSS change, the observations show an amplified pattern of SSS climatology with
saltier (fresher) water in already salty (fresh) regions. The notable features include the
salinity increase in the subtropical gyre, the West Indian Ocean, and the Atlantic Ocean,
and freshening in the tropical western and eastern Pacific and North Pacific. As indicated
in Figure 5c, the CAS-ESM2-0 model reveals the increased salinity contrast between the
saltier Atlantic and fresher Pacific Ocean, similar to observations owing to the intensified
inter-ocean transport of water vapor [43,44]. However, the model shows a much stronger
freshening in the Indian Ocean and much larger salinity increases in the West and North-
west Pacific than in observations. Compared with the CMIP6 multi-model mean of SSS
trends over the 1950–2019 period, the CAS-ESM2-0 model shows a good similarity for the
large-scale pattern and magnitude, although it shows a stronger freshening in the whole
North Indian Ocean and a weaker salinity increase in the subtropical South Pacific [42].
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Figure 5. Linear trends of the (a) sea surface salinity (SSS) and (b) 0–2000 m averaged salinity (S2000)
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anomalies are relative to the 1990–2010 baseline. The stippling indicates the regions with statically
significant signals (95% confidence level). Mean differences between the model and observational
mean for the (e) SSS and (f) S2000.

The S2000 for both the model and observations also indicates an increased salinity
contrast between the two basins (Figure 5b,d). The observational S2000 increase (decrease)
in the North Indian (North Pacific) Ocean is seen where the salinity climatology is high
(low) (Figure 5b), while the model shows a different change in these regions. The Atlantic
Ocean indicates observational freshening of salinity in the subpolar North Atlantic Ocean,
with positive trends elsewhere. However, for CAS-ESM2-0, a broader and stronger salinity
increase is found in most regions of the Atlantic Ocean, associated with a greater simulated
AMOC transport than the observational estimates [41]. Moreover, the Southern Ocean
(south of 40◦ S) in the CAS-ESM2-0 model is apparent with a larger and broader increasing
salinity trend than that in the observations.
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A comparison of linear trends in the global zonal mean of salinity over 1960–2020
between the models and observations is also illustrated in Figure 6. As indicated in
the observations, the linear trends in salinity also show the amplification of the mean
salinity pattern, with the high-salinity bowl in the upper 300 m within 35◦ S–30◦ N and the
freshening of low-salinity intermediate waters along the subducted pathway towards 30◦ N
within 500–1000 m (Figure 6a). The CAS-ESM2-0 pattern is similar to large-scale salinity
trends, but they also have remarkable differences. For instance, simulated freshening in
tropical oceans is broader and deeper than observations. The largest increase in salinity in
the Northern Hemisphere is further north, and the southern hemisphere does not exhibit an
increase in salinity within the subtropical regions. The surface salinity in the Pacific Ocean
shows an overall increasing trend south of 60◦ S (Figure 5c), inducing different salinity
increases in the intermediate layer (below 700 m, Figure 6b), drastically different from the
results of the observations (Figure 6a).

Atmosphere 2023, 14, x FOR PEER REVIEW 10 of 16 
 

 

 

Figure 6. Linear trends of the globally zonal-mean salinity anomalies during 1960-2020: (a) for the 

ensemble means of the four observational products, (b) for CAS-ESM2-0 model. The unit of salinity 

is g kg−1 per year. The anomalies are relative to the 1990–2010 baseline. The stippling indicates the 

regions with statically significant signals (95% confidence level). 

3.4. Salinity Contrast Metrics 

Salinity contrast metrics have been proposed to estimate the amplification of the sa-

linity pattern [26,45], which is calculated by the monthly difference between the salinity 

average over high- and low-salinity regions. The SSS-contrast (SC0) and S2000-contrast 

(SC2000) indices were calculated for any ocean volume over the sea surface and 0–2000 m 

depth, respectively. These metrics allowed us to better indicate and quantify changes in 

the global hydrological cycle. Here the long-term evolutions of salinity contrast metrics 

were examined by using the IAP data, which has been proven to provide more accurate 

quantifications of the salinity pattern amplification [26]. Figure 7 illustrates the global an-

nual mean SC0 and SC2000 anomalies with respect to the 1990–2010 period. The observed 

SC0 and SC2000 increased substantially from 1960 to 2020, with large trends of 0.179 ± 

0.033 g kg–1 century–1 and 0.029 ± 0.004 g kg–1 century–1, respectively. The salinity variations 

of the CAS-ESM2-0 simulation compared satisfactory with the observational results, with 

a highly significant linear trend of 0.091 ± 0.005 g kg−1 century−1 for SC0 and 0.030 ± 0.0003 

g kg–1 century–1 for SC2000 over the 1960–2020 period, respectively. The simulated SC0 

variations corresponded to a lower rate than that of observations, possibly because the 

negative values of CAS-ESM2-0 were slightly smaller before 1980. The mean difference of 

SC0 during 1960–1980 between the CAS-ESM2-0 simulation and observations is 0.035 g 

kg−1. For the SC2000 variation, the CAS-ESM2-0 model has a high correlation coefficient 

of 0.94 with the observations over the 1960–2010 period. Future projections indicate a 

steady amplification of the mean salinity pattern under the SSP5-8.5 pathway throughout 

the 21st century. The projected CAS-ESM2-0 results show an increasing trend of 0.113 ± 

0.006 g kg–1 century–1 for SC0 and 0.046 ± 0.001 g kg–1 century–−1 for SC2000 within 2020–

2100, respectively. The SSS pattern amplification is stronger than the SC2000 changes and 

demonstrates more rapid fluctuations attributed to the atmospheric forcing and transient 

response near the surface [46]. Compared with the simulated trends during 1960–2020, 

the projected trends for SC0 and SC2000 have increased by 24% and 53%, respectively. As 

an integrated subsurface metric, the SC2000 shows a more robust increase because it is 

less impacted by the short-term fluctuation of ocean salinity, such as interannual variabil-

ity [26]. These results indicate that the CAS-ESM2-0 model can reproduce the hydrological 

cycle amplification during the historical period and portends the persistent intensification 

of the water cycle under anthropogenic warming. 
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regions with statically significant signals (95% confidence level).

3.4. Salinity Contrast Metrics

Salinity contrast metrics have been proposed to estimate the amplification of the
salinity pattern [26,45], which is calculated by the monthly difference between the salinity
average over high- and low-salinity regions. The SSS-contrast (SC0) and S2000-contrast
(SC2000) indices were calculated for any ocean volume over the sea surface and 0–2000 m
depth, respectively. These metrics allowed us to better indicate and quantify changes in
the global hydrological cycle. Here the long-term evolutions of salinity contrast metrics
were examined by using the IAP data, which has been proven to provide more accurate
quantifications of the salinity pattern amplification [26]. Figure 7 illustrates the global
annual mean SC0 and SC2000 anomalies with respect to the 1990–2010 period. The ob-
served SC0 and SC2000 increased substantially from 1960 to 2020, with large trends of
0.179 ± 0.033 g kg−1 century−1 and 0.029 ± 0.004 g kg−1 century−1, respectively. The salin-
ity variations of the CAS-ESM2-0 simulation compared satisfactory with the observational
results, with a highly significant linear trend of 0.091 ± 0.005 g kg−1 century−1 for SC0 and
0.030 ± 0.0003 g kg−1 century−1 for SC2000 over the 1960–2020 period, respectively. The
simulated SC0 variations corresponded to a lower rate than that of observations, possibly
because the negative values of CAS-ESM2-0 were slightly smaller before 1980. The mean
difference of SC0 during 1960–1980 between the CAS-ESM2-0 simulation and observations
is 0.035 g kg−1. For the SC2000 variation, the CAS-ESM2-0 model has a high correlation
coefficient of 0.94 with the observations over the 1960–2010 period. Future projections
indicate a steady amplification of the mean salinity pattern under the SSP5-8.5 pathway
throughout the 21st century. The projected CAS-ESM2-0 results show an increasing trend
of 0.113 ± 0.006 g kg−1 century−1 for SC0 and 0.046 ± 0.001 g kg−1 century−1 for SC2000
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within 2020–2100, respectively. The SSS pattern amplification is stronger than the SC2000
changes and demonstrates more rapid fluctuations attributed to the atmospheric forcing
and transient response near the surface [46]. Compared with the simulated trends during
1960–2020, the projected trends for SC0 and SC2000 have increased by 24% and 53%, re-
spectively. As an integrated subsurface metric, the SC2000 shows a more robust increase
because it is less impacted by the short-term fluctuation of ocean salinity, such as interan-
nual variability [26]. These results indicate that the CAS-ESM2-0 model can reproduce the
hydrological cycle amplification during the historical period and portends the persistent
intensification of the water cycle under anthropogenic warming.
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Figure 7. Time series of the global annual mean for (a) sea surface salinity (SSS) contrast and
(b) 0-2000 m averaged salinity (S2000) contrast metrics as monitored from the IAP observation
(solid black line) and as simulated by CAS-ESM2-0 in historical and SSP5-8.5 projections during
1960–2100 (solid red line). The gray shadings denote 2 times standard deviation of error range in IAP
mapping framework. The color lines are the time series after applying the LOWESS (locally weighted
scatterplot smoothing) smoother with a span width of 3 years.

3.5. Projection

To further investigate the regional response of ocean salinity for CAS-ESM2-0 in future
warming under SSP5-8.5, we assessed the spatial distribution of near-term (2020–2040)
and long-term (2080–2100) salinity anomalies relative to 1990–2010 mean values (Figure 8).
Both future changes in SSS indicate an overall amplified salinity pattern compared with
the 1990–2010 mean state, and the magnitude of the long-term salinity anomalies is much
stronger than the near-term projections. The inter-basin SSS contrast between the Atlantic
and Pacific continues to increase, indicating intensified water transport under global
warming (Figure 8a,b). At the end of this century, the greatest salinity increase is evident
in the entire Atlantic Ocean, except south of 40◦ S and the Gulf Stream extension regions
(~50◦ N). The signal of salinity increases extends to an 800 m depth within 30◦ N–60◦ N and
even reaches 2000 m north of 60◦ N. Near-term freshening is found in the tropical western
Pacific and northern Pacific Ocean (5◦ N–40◦ N) and becomes broader and stronger in the
end-of-century ocean salinity pattern. This freshening extends to the upper 300 m of the
low-latitude Pacific (5◦ S–30◦ N). The Pacific salinity increase in the long-term projections
moves poleward in both hemispheres, and the northern signal is negligible (Figure 8b,d).
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Figure 8. Projection of spatial patterns of period differences of sea surface salinity (SSS) anomaly
(left panels) and global zonal mean of subsurface salinity anomaly from the surface to 2000 m
(right panels) for CAS-ESM2-0 model under SSP5-8.5 between the period of 2020–2040 (a,c),
2080–2100 (b,d), and 1960–1980. The black contours denote CAS-ESM2-0 historical climatology
averaged between 1990–2010. Anomalies are the period’s mean values relative to the 1990–2010
baseline period.

4. Conclusions and Discussion

This study evaluated the performance of salinity for the coupled CAS-ESM2-0 model
at different time scales, including climatology, seasonal variation, long-term linear trends,
the projection of time series, and patterns in salinity, by comparing with the ensemble mean
of four observational datasets, namely, IAP, EN4, Ishii, and NCEI.

The coupled CAS-ESM2-0 model can reproduce the basin-scale ocean salinity changes,
such as the mean state of the SSS and S2000 patterns, subsurface salinity pattern, and
seasonal variation of SSS and S1000. The inter-basin salinity contrast between the fresher
Pacific and the salty Atlantic Ocean was also demonstrated. However, fresh biases for
the mean state occurred in most of the surface and subsurface layers of the global ocean,
particularly in the Southern Hemisphere. The large, fresher errors (>0.5 g kg–1) in the low-
and mid-latitudes in the Southern Hemisphere extended to the 500 m depth. The dipole
SSS pattern of the North Indian Ocean with saltier (fresher) water in the AS (BoB) and the
high salinity values for S2000 in the North Indian Ocean could not be indicated by the CAS-
ESM2-0 model because of the large fresh bias in the North Indian Ocean. The CAS-ESM2-0
model displayed a stronger seasonal variation of SSS than observations, particularly in
the tropics within 20◦ S–20◦ N and south of 60◦ S, while the variation is weaker north of
60◦ N. The seasonal variations of the simulated S1000 indicated a large uncertainty with
the zonal band and fine structures with a similar magnitude to the observational results.
The results suggest that the model still has low confidence in assessing seasonal variations
of subsurface salinity, particularly at high latitudes (north of 60◦ N), similar to the results
of other CMIP6 models [32].

In terms of the long-term linear trends, compared with the observations, the model
has a similar magnitude of SSS, S2000, and global zonal mean of salinity, and it captured
the increasing trends of the salinity contrast between the saltier Atlantic and fresher Pacific
Ocean. However, it also revealed some regional differences in locations and strengths from
the observations, such as the freshening in the North Indian Ocean, salinity increases in the
Northwest Pacific and Southern Oceans, and positive trends in the upper 700 m, suggesting
a negligible uncertainty in simulating and understanding regional variability.

We also investigated the performance of the CAS-ESM2-0 model in simulating and
predicting the salinity change in response to global warming, including the time variation
of climate metrics for salinity pattern amplification and the spatial pattern of projected
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salinity over the near-term (2020–2040) and long-term (2080–2100) period. The time se-
ries of the SSS-contrast and S2000-contrast indexes for the CAS-ESM2-0 model showed
good consistency with the results from observations and increased substantially over the
1960–2020 period. The projected variations in SSS and S2000 indicated the persistent in-
tensification of salinity pattern amplification until 2100. Highlighting the amplification
of the global hydrological cycle in the future under the strongest forcing of the SSP5-8.5
pathway. The spatial distribution of SSS and global zonal mean of subsurface salinity
over these two periods predicted an overall amplified mean salinity pattern compared to
the 1990–2010 mean state and simulated the large-scale features for the inter-basin SSS
contrast with broader and stronger freshening (more saline) in the Pacific (Atlantic) Ocean
at the end of this century. In the Pacific, the salinity increases for long-term projections
were predicted to move poleward in both hemispheres, and the salinity increase in the
subtropical northern Pacific was very weak, which differs from the amplified mean salinity
pattern. Our assessment provides new features of the CAS-ESM2-0 model and its errors in
simulating ocean salinity and supports further studies in model development.

Some key modifications in the CAS-ESM2-0 model have been described in previous
studies on ocean components, such as a new SSS boundary condition based on the physical
processes of air-sea flux exchange [47], a new formulation of turbulent air-sea fluxes [48],
and parameterization with a relatively more realistic sea ice salinity budget [49]. Therefore,
evaluating the model performance of ocean salinity at all time scales from seasonal to mul-
tidecadal scales provides a useful reference for understanding the ability and improvement
of CAS-ESM2-0 in simulating ocean salinity change and its relationship with the water
cycle and the air-sea freshwater fluxes.

In general, the coupled CAS-ESM2-0 model can reasonably reproduce the general features
of ocean salinity, along with common biases shared by most CMIP6 models. As a result of
the substantial uncertainties in observational datasets for the seasonal variations of S1000, the
regional signals of the long-term trend in surface and subsurface salinity, the CAS-ESM2-0
model cannot be fully evaluated in this study. Making a detailed diagnostic test for model
biases and comparing them with other CMIP6 model results would be an intriguing follow-
up study. In addition, the projected climate metrics and patterns for ocean salinity under
the SSP5-8.5 pathway indicate salinity mean amplification until 2100. Therefore, further
research is required to investigate future changes in ocean salinity under different pathways
to understand the response of the ocean state to climate change and its impact.
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