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Abstract We analyze projected tropical sea surface salinity (SSS) changes in 32 CMIP6 models' historical
and SSP5-8.5 scenario simulations, examining both the multi-model mean (MMM) and inter-model diversity.
By 2100, MMM inter-basin contrasts strengthen, with freshening in the tropical Indian Ocean (TIO) and
equatorial-northern Pacific (ENPO), and saltening in the southern Pacific (SPO) and tropical Atlantic (TAO).
Basin-scale future SSS changes are primarily driven by surface freshwater fluxes, with lateral advection
redistributing anomalies within each basin. Precipitation dominates the freshwater flux changes, except in the
tropical Atlantic where evaporation plays a key role. Two uncorrelated indices, contrasting SPO versus TIO and
TAO versus ENPO, explain 76% of the variance across models. Physically, stronger relative warming of the
Northern Hemisphere enhances rainfall over the TIO monsoon region (freshening) while suppressing rainfall
along the South Pacific Convergence Zone (saltening). The increasing TAO-ENPO contrast arises from two
distinct mechanisms: in the Pacific, an enhanced El Nifio—like warming pattern reduces atmospheric stability,
intensifying rainfall and freshening ENPO; in the Atlantic, saltening reflects stronger evaporation under warmer
conditions, though at a weaker rate than predicted by Clausius—Clapeyron scaling (~4.2 vs. ~7% K~). Previous
studies linked strengthening of inter-basin salinity gradients to a thermodynamically intensified hydrological
cycle. Our analysis highlights a more nuanced picture: Atlantic saltening reflects this thermodynamic control,
while SSS changes elsewhere are mainly driven by atmospheric circulation and rainfall changes tied to uneven
SST warming. The CMIP6 statistical analyses highlight dynamical mechanisms that motivate further testing
through targeted ocean simulations.

Plain Language Summary Observations and climate models show that sea surface salinity (SSS)
contrasts between tropical ocean basins are increasing under climate change. This pattern is often interpreted as
a fingerprint of an intensifying hydrological cycle: wet regions getting wetter, dry regions getting drier. We test
this idea using projections from 32 climate models. At the scale of entire ocean basins, SSS changes generally
track rainfall, except in the Atlantic where evaporation dominates. Yet the story is more complex than a simple
intensification of the hydrological cycle. Where the oceans warm the most also matters: stronger warming
reduces atmospheric stability, making it easier for air to rise and produce rainfall. As a result, Indo-Pacific
regions that warm most tend to freshen, while regions that warm least tend to become saltier. The Atlantic, by
contrast, becomes saltier mainly because warming enhances evaporation, consistent with the “wet-gets-wetter,
dry-gets-drier” view. Overall, our results confirm that basin-scale salinity changes act as “nature's rain gauge,”
recording long-term shifts in rainfall and evaporation. They also reveal that different mechanisms drive salinity
changes across basins: hydrological cycle intensification in some regions, and rainfall shifts linked to uneven
ocean warming in others.

1. Introduction

Anthropogenic radiative forcing, mainly from rising atmospheric greenhouse gas concentrations, has caused a
global mean surface warming of more than 1.2 K by 2020 relative to pre-industrial levels IPCC, 2021). Over 90%
of the associated excess heat has been absorbed by the oceans, driving ocean warming, sea level rise, and sea ice
loss IPCC, 2021). Climate change also affects ocean salinity, which matters because salinity influences seawater
density and upper-ocean stratification (Capotondi et al., 2012). This can, for instance, impact the strength of the
Atlantic Meridional Overturning Circulation (e.g., He & Clark, 2022; Manabe & Stouffer, 1995; Rahm-
storf, 1995) and induce a weak negative feedback on global warming (Williams et al., 2007). In addition, long-
term changes in sea surface salinity (SSS) provide a valuable fingerprint of shifts in rainfall under climate change:
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salinity effectively acts as “nature's rain gauge” (Cravatte et al., 2009; Curry et al., 2003; Durack et al., 2012;
Durack & Wijffels, 2010; Helm et al., 2010; Hosoda et al., 2009; Schmitt, 2008; Skliris et al., 2014; Terray
et al., 2012; Yu, 2011).

Many studies of salinity changes under global warming have focused on high latitudes, particularly the Arctic
(e.g., Khosravi et al., 2022; Shu et al., 2018), where salinity exerts a strong control on stratification (Capotondi
et al., 2012). Yet salinity is also important in the tropics, where it can influence the development of high-impact
climate phenomena such as El Nifio (e.g., Vialard & Delecluse, 1998; Wang et al., 2024) and tropical cyclones
(e.g., Balaguru et al., 2020). Rainfall shifts in the tropics under climate change could affect billions of people, and
SSS provides a powerful means to monitor these changes as “nature's rain gauge” (e.g., Durack et al., 2012;
Terray et al., 2012).

Only a handful of studies have examined how tropical SSS responds to anthropogenic forcing using the Coupled
Model Intercomparison Project (CMIP) database, and they consistently report Indo-Pacific freshening and
Atlantic saltening (Capotondi et al., 2012; Li et al., 2023; Sathyanarayanan et al., 2021; Sun & Du, 2023). This
corresponds to a strengthening of inter-basin salinity gradients—a saltier Atlantic and a fresher Indo-Pacific—
commonly interpreted as a fingerprint of changes in the hydrological cycle (Cravatte et al., 2009; Curry
et al., 2003; Durack et al., 2012; Durack & Wijffels, 2010; Helm et al., 2010; Hosoda et al., 2009; Schmitt, 2008;
Skliris et al., 2014; Terray et al., 2012; Yu, 2011). At the basin scale, those SSS trends generally track freshwater
flux (evaporation minus precipitation, hereafter E-P) changes (Sathyanarayanan et al., 2021; Sun & Du, 2023),
but regional patterns can be modified by lateral advection (Vinogradova & Ponte, 2013; Yu, 2011), circulation
shifts (Ge et al., 2023), and internal variability (e.g., Du et al., 2015; Sun et al., 2021). In addition, upper-ocean
warming increases vertical stratification, amplifying the salinity response to E-P anomalies (Zika et al., 2018).

E-P responds to two key mechanisms, often referred to as “wet gets wetter” and “warmer gets wetter” (Allan
et al., 2020; Zaitchik et al., 2023). The “wet gets wetter” (and “dry gets drier”) response follows from the basic
thermodynamics of a warmer atmosphere (Clausius—Clapeyron), neglecting circulation changes. A warmer at-
mosphere increases evaporation at 7% K~' in the absence of wind or relative humidity changes (Allen &
Ingram, 2002; Huntington, 2006; Roderick et al., 2015), leading to saltening where evaporation dominates
(“dry gets drier”). It also strengthens horizontal humidity gradients, enhancing rainfall in already wet regions and
suppressing it in dry ones (Held & Soden, 2006). CMIP6 high-emission simulations (SSP5-8.5) indeed project
increased evaporation over the tropical oceans (Figure 1c) and a tendency toward more rainfall in wet regions and
less in dry ones (Figure 1b), commonly interpreted as hydrological cycle intensification (Allan et al., 2020; Allen
& Ingram, 2002; Chou & Neelin, 2004; Held & Soden, 2006), based on 2071-2100 changes relative to the 1985—
2014 climatology.

This framework, however, neglects circulation changes tied to sea surface temperature (SST) patterns—a
mechanism termed “warmer gets wetter” (Chou & Neelin, 2004; Xie et al., 2010). Relative SST (RSST, SST
minus its tropical mean) provides a useful proxy for atmospheric stability and its changes (Izumo et al., 2020; Xie
et al., 2010). Precipitation tends to increase where RSST is positive and decrease where it is negative (Figures 1a
and 1b), as seen in CMIP6 projections of enhanced equatorial Pacific warming and rainfall. On larger scales,
stronger Northern Hemisphere warming shifts the Intertropical Convergence Zone (ITCZ) northward to maintain
hemispheric energy balance (Bollasina et al., 2011; Chung & Ramanathan, 2006; Friedman et al., 2013; Guilbert
et al., 2024; Kang, 2020; Liu & Chiang, 2012), analogous to its seasonal migration in monsoon regions. In what
follows, we refer to rainfall responses to both regional RSST anomalies and the interhemispheric RSST gradient
as “warmer gets wetter.” In practice, “wet gets wetter” (thermodynamic intensification of evaporation and
moisture gradients) and “warmer gets wetter” (circulation and moisture transport changes linked to SST patterns)
operate together; although effects of circulation changes usually dominate changes in rainfall (Allan et al., 2020;
Zaitchik et al., 2023).

Earlier CMIP studies focused on single models, small ensembles, or idealized abrupt-4xCO2 experiments (e.g.,
Capotondi et al., 2012; Li et al., 2023; Sathyanarayanan et al., 2021; Sun & Du, 2023). They did not explore more
realistic scenarios or the inter-model diversity of future SSS changes. Because projected rainfall shifts—and
hence E-P—uvary greatly across models, understanding the sources of this diversity is key to interpreting SSS
responses. Here we analyze tropical SSS changes in 32 CMIP6 models under historical and SSP5-8.5 forcing,
with a focus on the processes that control inter-model diversity. Specifically, we ask: (1) Are basin-scale SSS
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Figure 1. Projected CMIP6 changes. CMIP6 multi-model mean (MMM)
annual-mean projected changes (shading) and present-day values (contours)
for: (a) relative SST [RSST, defined as SST minus the tropical mean over
20°S-20°N] (°C; contour interval 1.5 °C), (b) precipitation (mm day_l;
contour interval 1.5 mm day™"), and (c) evaporation (mm day~"; contour
interval 0.5 mm day™"). Present-day values are defined as the 1985-2014

average of historical simulations. Projected changes are calculated as the future
average under the SSP5-8.5 scenario (2071-2100) minus present-day values.
Dots mark regions where 75% of the models agree with the sign of the MMM

change.

2.2. Analysis Methods

linked to SST (and RSST) through the “wet-gets-wetter” and “warmer-gets-
wetter” mechanisms? and (4) Does the strengthening of inter-basin tropical
SSS contrasts reflect an intensification of the hydrological cycle?

Section 2 describes the data and methods. Section 3 presents the multi-model
mean (MMM) SSS changes and introduces four analysis regions: the tropical
Indian Ocean (TIO), southern Pacific Ocean (SPO), equatorial-northern
Pacific Ocean (ENPO), and tropical Atlantic Ocean (TAO) (Figure 2). We
then define two uncorrelated inter-basin contrast indices—SPO-TIO and
TAO-ENPO—that together account for 76% of the inter-model variance.
The distinct SSS changes captured by these indices are analyzed in Section 4
(TIO vs. SPO) and Section 5 (ENPO vs. TAO). Section 6 summarizes the
results and places them in the context of previous studies.

2. Data Sets and Methods
2.1. Data

We used CMIP6 historical and SSP5-8.5 scenario simulations (Eyring
etal., 2016). The SSP5-8.5 scenario reflects a high-end scenario with little-to-
no mitigation, fossil fuel-reliant pathway, leading to a radiative forcing of 8.5
W m~2 by 2100. We used the first ensemble member (rlilplfl) for each
CMIP6 model to ensure consistency across the analysis. An assessment using
all seven IPSL-CM6A-LR members—representative of the behavior seen in
other models with multiple realizations—shows that the forced SSS response
is highly robust across ensemble members (Text S1 and Figure S1 in Sup-
porting Information S1), indicating that internal variability does not signifi-
cantly affect the projected SSS pattern. 32 CMIP6 models listed in Table 1
were employed in the study, selected based on the availability of required
variables when initiating this study. Monthly SST, SSS, precipitation rate,
evaporation rate, and near-surface currents were averaged annually. In this
study, surface freshwater flux is represented by E-P; river runoff from major
tropical rivers (e.g., Amazon, Congo, Ganges) is not included, as its influence
is mainly confined to coastal regions near the river mouths (e.g., Akhil
etal., 2016; Hochet et al., 2025; Thouvenin-Masson et al., 2024). To compare
the models at the same spatial scale, all data were regridded to a common
resolution of 0.5°. Throughout the paper, differences between the time av-
erages of the 2071-2100 (i.e., future climate state derived from SSP5-8.5
output) and 1985-2014 (i.e., present-day climate state derived from historical
simulations) periods are referred to as projected changes (noted A). “MMM”
refers to the multi-model mean of the 32 CMIP6 models used in this study.

Statistical significance is tested using Student's #-test for regressions and correlations with the degrees of freedom

estimated as N — 1, where N is the number of models. We use pattern correlation based on Spearman's rank

correlation coefficient to examine the monotonic relationship between two different maps.

To examine the inter-model spread of projected SSS change, we apply a multiple linear regression to separate and
quantify the relative contributions of inter-basin SSS contrast across distinct regions. Two independent indices

(justified in Section 3) are defined to represent inter-basin SSS contrasts: (a) the SPO-TIO SSS contrast index
(Ispo_110), defined as the normalized difference in SSS change between the SPO [145°E-70°W, 30°S—10°S]
(green box on Figure 2a) and the TIO [40°E-100°E, 10°S-30°N] (orange box on Figure 2a) [that is,
ASSSspo — ASSS70]; (b) the TAO-ENPO SSS contrast index (I740_gypo), defined in the same way as Ispo_710,
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i ASSS (MMM) but using the TAO [60°W-20°W, 15°S—15°N] (white box on Figure 2a) and
30°N j the ENPO [120°E-70°W, 10°S-30°N] (black box on Figure 2a) [i.e.,
15°N F ASSS7ta0 — ASSSEnpol- The bilinear regression model is formulated as.

0° ASSSg(s,m) = bl(s) X Ispo_rio(m) + b2(s) X Ippo—pnpo(m) + a +
15°S b (s, m)

3005 LZ . Y i A : A where ASSSg, is the fitted SSS change as a function of space (s) and model
sl 60°E  120°E | 180"WI 120°W| 60°W (m). The indices Ispo_rj0 and Ir4o_gypo are normalized so that the regression
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versity and can be directly compared. The constant term a represents the
intercept of the regression and e is the residual term.

RSST is defined as SST minus its tropical [180°W-180°E, 20°S—20°N] mean,
as suggested by previous studies (e.g., [zumo et al., 2020; Van Oldenborgh
et al., 2021). Two climate indices are defined in our analysis: (a) the tropical-
mean warming index is calculated as the SST change averaged over tropical
oceans; (b) the interhemispheric RSST gradient index is defined as the dif-

[psu] I

ference in RSST change between the Southern [180°W-180°E, 30°S—10°S]

0 01 02 03 04 05 06 07 08 09 1

and Northern [180°W-180°E, 10°N-30°N] tropics (i.e., ARSST g, —
ARSSTw,,41,), based on Figure 5d.

Figure 2. Projected CMIP6 SSS changes. (a) MMM annual-mean projected

changes (shading) and present-day values (contours) for SSS (psu; contour
interval 0.5 psu), using the same definitions as in Figure 1. Boxes in

(a) denote the tropical Indian Ocean (TIO; 40°E-100°E, 10°S-30°N;

orange), the southern Pacific Ocean (SPO; 145°E-70°W, 30°S—10°S; green),
the equatorial-northern Pacific Ocean (ENPO; 120°E-70°W, 10°S-30°N;
black) and the tropical Atlantic Ocean (TAO; 60°W-20°W, 15°S—15°N; white).
(b) Inter-model standard deviation (STD) of projected SSS changes (psu) across

32 CMIP6 models (see Table 1).

3. Tropical Projected SSS Change and Its Diversity

The CMIP6 MMM under the SSP5-8.5 scenario projects an enhanced SSS
contrast with a fresher TIO and ENPO, and a saltier SPO and TAO
(Figure 2a). This “fresh gets fresher” pattern is consistent with previous
studies (Sathyanarayanan et al., 2021; Sun & Du, 2023). The signal is robust,
with over 75% of models agreeing on the sign of change across most of the
tropics (dots in Figure 2a). Despite this agreement, inter-model spread is
substantial (Figure 2b): while the MMM change typically reaches 0.5 psu, the inter-model standard deviation
exceeds 0.3 psu in many regions. We refer to this spread as “inter-model diversity” and analyze its structure
below.

To characterize the large inter-model diversity of tropical SSS changes in CMIP6 projections, we define two
indices that track inter-basin contrasts: one between the SPO and TIO, and another between the TAO and ENPO.
These choices, directly guided by an Empirical Orthogonal Function analysis of inter-model diversity (Text S2 and
Figure S2 in Supporting Information S1) and the statistical independence of these inter-basin contrasts (Text S2
and Table S1 in Supporting Information S1), are supported by the strong anticorrelation between paired regions,
and by the fact that together they explain 76% of the inter-model variance in projected SSS changes (see below).
SPO and TIO changes are anticorrelated (r = —0.69, p <0.01), with SPO changes about half the amplitude of
those in the TIO (Figure 3a). Similarly, ENPO and TAO changes are anticorrelated (r = —0.60, p <0.01), with
ENPO changes about half the size of those in the TAO (Figure 3b). The two indices are independent (r = 0.02,
p = 0.9; Table S1 in Supporting Information S1) and thus capture regionally distinct aspects of SSS diversity.
Present-day basin-mean contrasts in the MMM are 0.29 psu (SPO-TIO) and 1.05 psu (TAO-ENPO); projected
changes strengthen these contrasts by 0.35 and 0.66 psu on average, respectively, but with wide spread across
models (Table 2). All models show an increased TAO-ENPO contrast ranging from O to 1.64 psu, whereas SPO—
TIO changes range from —0.3 to +1.3 psu, indicating large diversity in tropical SSS response.

We use a multiple linear regression model (see Section 2) to isolate the SSS patterns associated with the two
indices. Together, they explain 76% of the total inter-model variance. The reconstructed SSS changes correlate
above 0.7 with CMIP6 projections across most of the tropics (Figure 4a). The SPO-TIO index captures opposite
SSS changes between these two basins (Figure 4b), reflecting diversity in the MMM strengthening of their SSS
contrast. The TAO-ENPO index similarly represents a modulation of the MMM contrast between those two
regions (Figure 4c). Because the indices are independent and regionally distinct, this two-index framework or-
ganizes the diversity into physically interpretable Indo-Pacific and Atlantic-Pacific modes: Section 4 examines

PANG ET AL.

4 of 16



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Earth's Future

10.1029/2025EF007346

Table 1

List of CMIP6 Climate Models Considered in This Study

Horizontal resolution (lon X lat)

Label number Model name Modeling center, country Ocean Atmosphere
1 ACCESS-CM2 CSIRO-ARCCSS, Australia 360 x 300 192 x 144
2 ACCESS-ESM1-5 CSIRO, Australia 360 x 300 192 x 145
3 AWI-CM-1-1-MR AWI, Germany 830,305 wet nodes 384 x 192
4 BCC-CSM2-MR BCC, China 360 x 232 320 x 160
5 CanESM5 CCCma, Canada 360 x 291 128 x 64
6 CAS-ESM2-0 CAS, China 360 x 196 256 x 128
7 CESM2 NCAR, USA 320 x 384 288 x 192
8 CMCC-CM2-SR5 CMCC, Italy 362 x 292 288 x 192
9 CMCC-ESM2 CMCC, Italy 362 x 292 288 x 192
10 E3SM-1-0 E3SM-project, DOE, USA 30-60 km 110 km
11 E3SM-1-1 E3SM-project, DOE, USA 30-60 km 110 km
12 E3SM-1-1-ECA E3SM-project, DOE, USA 30-60 km 110 km
13 EC—Earth3 EC-Earth consortium, Europe 362 x 292 512 x 256
14 EC-Earth3-CC EC-Earth consortium, Europe 362 x 292 512 X 256
15 EC-Earth3-Veg EC-Earth consortium, Europe 362 x 292 512 x 256
16 EC-Earth3-Veg-LR EC-Earth consortium, Europe 362 x 292 320 x 160
17 FGOALS—f3-L CAS, China 360 x 218 288 x 180
18 FGOALS-g3 CAS, China 360 x 218 180 x 80
19 GFDL-CM4 NOAA-GFDL, USA 1440 x 1080 288 x 180
20 GFDL-ESM4 NOAA-GFDL, USA 720 x 576 288 x 180
21 IITM-ESM CCCR, India 360 x 200 192 x 94
22 INM-CM4-8 INM, Russia 360 x 318 180 x 120
23 INM-CM5-0 INM, Russia 720 x 720 180 x 120
24 IPSL-CM6A-LR IPSL, France 362 x 332 144 x 143
25 KACE-1-0-G NIMS-MKA, South Korea 360 x 200 192 x 144
26 MIROC6 MIROC, Japan 360 x 256 256 x 128
27 MPI-ESM-1-2-HR MPI, Germany 802 x 404 384 x 192
28 MPI-ESM-1-2-LR MPI, Germany 256 x 220 192 x 96
29 MRI-ESM2-0 MRI, Japan 360 x 363 320 x 160
30 NESM3 NUIST, China 362 x 292 192 x 96
31 NorESM2-LM NCC, Norway 360 x 385 144 x 96
32 NorESM2-MM NCC, Norway 360 x 385 288 x 192

SPO-TIO diversity linked to interhemispheric RSST gradients, while Section 5 analyzes TAO-ENPO diversity
tied to the amplitude and pattern of tropical warming.

4. Tropical Indian Ocean and Southern Pacific Ocean SSS Gradient Diversity

The CMIP6 MMM projects an increasing SPO-TIO contrast, with the salty southern Pacific ocean become saltier
and fresh tropical Indian Ocean becoming fresher. In this section, we examine the diversity in this projected
contrast and its drivers. Associated changes in SSS, rainfall, evaporation, and RSST are identified through
regression on the normalized index (Figure 5). A stronger SPO-TIO SSS contrast (Figure 5a) is linked to an
enhanced interhemispheric RSST gradient, with relative cooling in the Southern Hemisphere and warming in the
Northern Hemisphere (Figure 5d). Previous studies show that such gradients drive a northward shift of rainfall
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Figure 3. Correlations of projected SSS changes between paired regions. Scatter plots of annual-mean SSS changes (psu):
(a) SPO versus TIO; (b) ENPO versus TAO. Each marker is one model. The black solid line shows the least-squares fit;
slope, inter-model correlation (r), and p value are indicated on each panel. Anticorrelations highlight opposing basin
responses central to the two-index framework.

bands toward the warmer hemisphere to restore the atmospheric energy balance (e.g., Friedman et al., 2013;
Guilbert et al., 2024; Kaufmann & Stern, 1997; Stouffer et al., 1989), which energetically favors a northward
displacement of tropical rainfall. Consistent with this, the SPO-TIO index is associated with intensified rainfall
under the Pacific ITCZ and Indian summer monsoon regions (Bay of Bengal, eastern Arabian Sea), and reduced
rainfall over the South Pacific Convergence Zone [SPCZ] (Figure 5b). Evaporation anomalies (Figure 5c) are
modest (~0.1 mm day™") compared to precipitation changes (~0.5 mm day™!), so inter-model E-P anomalies are
predominantly rainfall-driven. Below, we analyze mechanisms separately for the TIO and SPO.

In CMIP6, inter-model differences in TIO E-P changes are dominated by precipitation (r = —0.8, p <0.01; not
shown), while evaporation plays little role (r = 0.29, p = 0.1; not shown). Precipitation strongly controls TIO
SSS diversity (r = —0.69, p<0.01; Figure 6a), with increased rainfall over the northern Indian Ocean
(Figure 5b) driving the freshening. This robust correlation indicates that basin-scale TIO SSS changes are largely
rainfall-driven, with evaporation and oceanic processes such as advection and mixing playing secondary roles.
The freshening extends south of the rainfall maximum, suggesting that lateral advection by southward mean
surface currents (green arrows in Figure 5a showing the MMM present-day circulation) likely redistributes
freshwater within the basin. The rainfall increase itself scales with the tropical interhemispheric RSST gradient
(r = —0.62, p<0.01; Figure 6b), as relative Northern Hemisphere warming favors enhanced precipitation,
consistent with previous studies (e.g., Bollasina et al., 2011; Friedman et al., 2013; Kang, 2020).

SPO SSS changes are also strongly linked to local precipitation (r = —0.63, p <0.01; Figure 6¢), with saltening
reduced when rainfall increases. Evaporation plays little role (r = 0.12, p = 0.5; not shown). As in the TIO, SPO
precipitation changes scale with the tropical interhemispheric RSST gradient (» = 0.61, p <0.01; Figure 6d), and
southward mean surface currents export salinity anomalies away from the SPCZ drying core, spreading saltening
across the broader SPO (Figures 5a and 5b).
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Inter-basin contrasts MMM (psu) MIN (psu) MAX (psu) STD (psu)
SPO-TIO ASSS 0.35 -0.3 1.3 0.42
TAO-ENPO ASSS 0.66 0 1.64 0.36
SPO-TIO present-day SSS 0.29 - - -
TAO-ENPO present-day SSS 1.05 - - -

Note. MMM denotes the multi-model mean, MIN the minimum, MAX the maximum, and STD the standard deviation across
models. SPO-TIO denotes the SSS contrast between the southern Pacific (SPO) and the tropical Indian Ocean (TIO), while
TAO-ENPO denotes that between the tropical Atlantic (TAO) and the equatorial-northern Pacific (ENPO).

The CMIP6 MMM projects a stronger SSS contrast between a fresher TIO and a saltier SPO in 2071-2100
relative to the present-day climatology (1985-2014). We have shown that inter-model diversity in this contrast
correlates with interhemispheric RSST-gradient control of rainfall (ITCZ/monsoon intensification vs. SPCZ
weakening), whereas evaporation changes contribute only weakly to the freshwater budget. Southward ocean
currents then spread the resulting SSS anomalies, driving basin-wide freshening in the TIO and saltening across
the SPO. This RSST-gradient linkage to the SPO-TIO index is strong

] (r = —0.71, p <0.01; not shown), underscoring a common energetic driver
fit _ of Indo-Pacific SSS diversity.

5. Equatorial-Northern Pacific Ocean and Tropical
Atlantic Ocean SSS Gradient Diversity

The CMIP6 MMM projects a stronger TAO-ENPO contrast, with a saltier
tropical Atlantic and a fresher equatorial-northern Pacific. Below we examine
the diversity in this projected contrast and its drivers. Figure 7 shows the SSS,
0.6 0.8 1 rainfall, evaporation, and RSST changes regressed on the normalized

TAO-ENPO index. In the Pacific, evaporation anomalies are small (below

0.15 mm day~") compared to rainfall changes that exceed 1 mm day~! along

Reg coef [SPO-TIO index]

the equator (Figures 7b and 7¢). Over the Atlantic, rainfall changes are weaker
and of mixed sign, while evaporation consistently increases, therefore playing
a potential role in the freshwater budget (Figures 7b and 7c¢). Most rainfall
anomalies occur in near-equatorial Pacific regions and coincide with
enhanced equatorial warming (Figures 7b—7d), a pattern described in previous

60°E 126°E 180°W 120°W 60.°W do studies as “El Nifio—like” (Xie et al., 2010). In the following, we analyze the

mechanisms driving SSS diversity in the ENPO and TAO.

©

Reg coef [TAO-ENPO index]

The intensity of ENPO freshening is strongly correlated with rainfall in the

15°N | . 3 r . region across models (r = —0.79, p <0.01; Figure 8a). This indicates a
minor role for oceanic processes (advection, mixing) and a weak contribution

0° fo ! : ' of evaporation, as E-P changes are almost entirely controlled by precipitation
15°S R O . (r = =0.95, p <0.01; not shown), but they unexpectedly exhibit a negative
30°S “_ ("‘U\ - ) ) correlation with evaporation (r = —0.55; not shown). Large equatorial Pa-
60°E 120°E 180°W 120°W 60°W 0° cific rainfall anomalies account for about two-thirds of total ENPO rainfall

| — I ] changes (not shown). Previous studies have shown that a stronger “El Niflo—

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 like” RSST pattern enhances equatorial rainfall by destabilizing the atmo-

Figure 4. SSS patterns linked to two indices of inter-basin contrasts.
(a) Correlation map between projected SSS changes and the multiple-linear-
regression fit using the SPO-TIO (Ispp_7;0) and TAO-ENPO (I740—_gnro)

sphere (Clement et al., 2010; Meehl et al., 2007; Xie et al., 2010). Consis-
tently, ENPO rainfall is highly correlated with equatorial Pacific RSST
changes (r = 0.84, p <0.01; Figure 8b). Poleward surface currents in the

indices. (b, ¢) Regression coefficient maps for (b) Ispo_rzo and (¢) Irap_pvpo: ~ NOTthern Pacific likely spread the equatorial freshwater anomalies into the

coefficients represent the ASSS response per lo increase of the corresponding  subtropics, extending the ENPO freshening (Figure 7a).

index, enabling direct comparison of amplitude. Black frames mark the TIO/ . )
SPO boxes in (b) and ENPO/TAQ in (c). Correlations shown in (a) exceed ~0.7  In contrast to the SPO, TIO and ENPO regions, TAO SSS changes are driven

over much of the tropics, indicating strong reconstruction skill.

by evaporation (r = 0.6, p<0.01; Figure 8c) rather than precipitation
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Figure 5. Projected changes associated with the SPO-TIO SSS contrast. Inter-model regressions of the annual-mean (a) SSS (psu), (b) precipitation (mm day_l),

(c) evaporation (mm day’l), and (d) RSST (°C) changes onto Igpp_7j0. Dots indicate regression coefficients that are different from zero at the 95% confidence level.
Green arrows show MMM present-day near-surface oceanic currents, indicating pathways that redistribute freshwater anomalies. Black boxes denote TIO and SPO regions

used in Figure 6.

(r = 0.08, p = 0.67; not shown). The TAO is one of the few regions where evaporation dominates the inter-
model spread of E-P changes (r = 0.59, p <0.01; not shown). According to the Clausius—Clapeyron relation,
evaporation should rise by 7% K~ in the absence of wind or humidity changes (Allan et al., 2020; Zaitchik
et al., 2023), a scaling that we indeed find across the tropics (not shown). In the TAO, however, the increase is
weaker (4.2% K~'; Figure 8d), likely because circulation changes (e.g., surface winds) partly offset the ther-
modynamic effect. Overall, models with stronger warming produce larger evaporation increases, leading to
higher TAO SSS as evaporation outweighs precipitation in this region.

The CMIP6 MMM projects a stronger SSS contrast between a fresher ENPO and a saltier TAO. Inter-model
diversity reflects two distinct mechanisms— rainfall-driven freshening in ENPO (linked to equatorial “El
Niflo-like” RSST) and thermodynamic evaporation-controlled saltening in TAO. The equatorial Pacific pre-
cipitation increase scales with the enhanced equatorial “El Nifio—like” warming due to the “warmer gets wetter”
mechanism, and the resulting equatorial freshening expands northward due to poleward surface mean currents. In
the TAO, models that produce the largest warming also yield the largest evaporation and SSS increase through the
thermodynamical “dry gets drier” mechanism.

6. Summary and Discussion

Previous studies have documented an increasing salinity contrast between tropical basins in both observations
(Durack et al., 2012) and CMIP historical simulations (Terray et al., 2012). Consistent with earlier work based on
earlier or smaller CMIP subsets (Capotondi et al., 2012; Li et al., 2023; Sathyanarayanan et al., 2021; Sun &
Du, 2023), the CMIP6 MMM under SSP5-8.5 shows fresher TIO and ENPO and saltier SPO and TAO, but with
substantial inter-model spread that has received less attention. Here we addressed this gap by organizing diversity
with two independent inter-basin indices that together explain ~76% of the variance and by linking each index to
distinct physical controls. The first reflects opposing changes between the TIO and SPO (r ® — 0.7), while the
second captures opposite changes between the ENPO and TAO (r ¥ — 0.6). A schematic in Figure 9 summa-
rizes the mechanisms associated with these two indices.
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Figure 6. Mechanisms underlying inter-model spread in TIO and SPO. Scatter plots of annual-mean (a) TIO SSS change
[ASSS] (psu) versus precipitation change [AP] (mm day™"), (b) TIO precipitation change (mm day™") versus tropcial
interhemispheric RSST-gradient change (°C), and the same for SPO in (c, d). Each marker is one model. Black solid lines show
least-squares fits; slope, r and p values are given. Strong negative ASSS—AP correlations indicate rainfall-dominated freshwater
control; gradient links in (b, d) emphasize energetic control of ITCZ/SPCZ shifts. Refer to Figure 3 for correspondence between
CMIP6 models and symbols.

Diversity in the SPO-TIO contrast is tied to interhemispheric RSST-gradient changes (Figure 9a): relative
Northern-Hemisphere warming favors ITCZ/monsoon strengthening over the northern Indian Ocean and drying
over the SPCZ, with mean currents redistributing SSS anomalies basin-wide (freshening exported southward in
TIO; saltening spread across SPO). The strong anticorrelation between SPO and TIO SSS changes arises because
rainfall in both basins is tightly controlled by tropical-wide interhemispheric RSST gradients (r = 0.84 for Indian
Ocean and r = 0.95 for Pacific Ocean, p < 0.01; Figures 10a and 10b).

For the TAO-ENPO contrast, two pathways share a common driver—the amplitude of tropical-mean warming
(Figure 9b): in the Pacific, equatorial “El Nifio—like” RSST increases bolster local rainfall, producing freshening
that is exported poleward across the ENPO by mean currents, whereas in the Atlantic evaporation dominates and
scales at ~4.2% K~' (weaker than the ideal 7% K™'), yielding saltening in TAO. Local TAO warming is tightly
correlated with the tropical mean (r = 0.98, p <0.01; Figure 10d), and equatorial Pacific warming also scales
with it (r = 0.69, p <0.01; Figure 10c). This scaling may reflect either the influence of Pacific warming patterns
on clouds and the top-of-atmosphere radiation balance, thereby affecting climate sensitivity (Andrews
et al., 2022), or the general tendency for regional warming contrasts to grow with global warming. Thus, the
amplitude of tropical-mean warming emerges as a common driver of ENPO and TAO SSS changes acting through
different pathways (rainfall in the Pacific, evaporation in the Atlantic).

Overall, our study confirms that tropical SSS is a useful “natural rain gauge” for tracking changes in the hy-
drological cycle (Cravatte et al., 2009; Curry et al., 2003; Durack et al., 2012; Durack & Wijffels, 2010; Helm
et al., 2010; Hosoda et al., 2009; Schmitt, 2008; Skliris et al., 2014; Terray et al., 2012; Yu, 2011). Basin-scale
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Figure 7. Projected changes associated with the TAO-ENPO SSS contrast. Inter-model regressions of the annual-mean (a) SSS (psu), (b) precipitation (mm day_l),

(c) evaporation (mm day‘l), and (d) RSST (°C) changes onto I740_gypo- Dots indicate regression coefficients that are different from zero at the 95% confidence level.
Dots indicate regression coefficients that are different from zero at the 95% confidence level. Green arrows show MMM present-day near-surface oceanic currents,
indicating pathways that redistribute freshwater anomalies. Black boxes denote ENPO and TAO regions used in Figure 8.

SSS changes indeed generally mirror E-P, consistent with Sathyanarayanan et al. (2021) and Sun and Du (2023),
but advection by the mean circulation also plays a role by redistributing anomalies from localized freshwater
sources or sinks across entire basins, consistent with Vinogradova and Ponte (2013) and Yu (2011).

We now turn to the limits of interpreting stronger SSS gradients solely as evidence of hydrological cycle
intensification. Pattern correlations (Figure 11d) show that E-P changes—especially rainfall—align well with
SSS changes (r ~ 0.6), consistent with a “wetter gets fresher” response (AE-P vs. ASSS) at large scales. Present-
day SSS is also correlated with its projected change (r = 0.7), indicating that salty (fresh) regions tend to become
saltier (fresher) —the classical “fresh gets fresher” pattern (present-day SSS vs. ASSS). This signal is especially
pronounced for the Atlantic—Pacific contrast (r &~ 0.75; Figure 11c). However, enhanced “fresh gets fresher”
gradients alone do not necessarily imply thermodynamic intensification. In CMIP®6, rainfall and E-P changes bear
little resemblance to the present-day rainfall distribution (r < 0.2; Figure 11a), and instead correlate more strongly
with the warming pattern (r & 0.55; Figure 11b), consistent with the “warmer gets wetter’” mechanism (ARSST
vs. AE-P) highlighted in previous studies (Allan et al., 2020; Zaitchik et al., 2023).

The Atlantic stands out as the only tropical basin where thermodynamics dominate: evaporation is the primary
driver of SSS change, and the magnitude of warming controls the strength of both enhanced evaporation and the
resulting saltening. By contrast, projected Indo-Pacific changes are governed mainly by rainfall anomalies that are
ultimately anchored to SST patterns (“warmer gets wetter”’). Consequently, the resemblance between the future
“fresh gets fresher” pattern and today's salinity climatology is only partly causal; it largely reflects a warming
pattern that intensifies rainfall over the already fresh equatorial-northern Pacific, deepening its contrast with the
Atlantic. We therefore view detectable SSS trends as fingerprints of hydrological-cycle change, while empha-
sizing that they reflect not only thermodynamic intensification but also substantial SST-pattern—driven circulation
and rainfall shifts.

Our inferences are statistical and intended to guide process-based testing. In reality, SSS changes reflect both
surface freshwater fluxes and circulation-driven processes. The lack of spatial collocation between E-P and SSS
changes in several regions (e.g., tropical Pacific and Indian Oceans; Figures 5 and 7) indicates a substantial role
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Figure 8. Mechanisms underlying inter-model spread in ENPO and TAO. Scatter plots for ENPO: (a) SSS change (psu)
versus precipitation change (mm day™! ), (b) precipitation change (mm day_l) versus equatorial-Pacific mean RSST change
(°C); for TAO: (c) SSS change (psu) versus evaporation change (mm day™! ), (d) (evaporation change/present-day evaporation)
(%) versus local SST change (°C). Each marker is one model. Black solid lines show least-squares fits; slope, r and p values are
given. Panels (b, d) diagnose, respectively, “warmer gets wetter” RSST control in the Pacific and sub-Clausius—Clapeyron
(~4.2% K1) evaporation scaling in the Atlantic. Refer to Figure 3 for correspondence between CMIP6 models and symbols.

for ocean dynamics in shaping the SSS changes. Changes in wind stress modify advection, upwelling, and mixing,
all of which influence SSS. Targeted ocean model experiments forced with projected surface-flux changes are
needed to quantify the relative roles of E-P versus circulation in shaping regional SSS responses. Complementary
atmospheric GCM experiments can separate sensitivity to warming patterns from mean tropical warming.
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Figure 9. Controls on inter-model diversity of tropical SSS changes (schematic). (a) Interhemispheric RSST-gradient control
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ITCZ rainfall (freshening) and weakening SPCZ rainfall (saltening); green arrows depict climatological surface currents that
spread anomalies. (b) Tropical-mean warming control: equatorial Pacific “El Nifio—like” RSST increases intensify rainfall

(ENPO freshening), while enhanced evaporation under warming raises TAO salinity. Red/blue shading denotes relative

warming/cooling; clouds/blue stipples indicate wetting/freshening; suns/orange

stipples indicate drying/saltening.
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Figure 10. Linkage with interhemispheric RSST gradient and tropical warming. Scatter plots of tropical interhemispheric
RSST-gradient change versus basin interhemispheric RSST-gradient change for the (a) Indian Ocean and (b) Pacific Ocean;
(c) tropical-mean warming (°C) versus equatorial-Pacific RSST change (°C); (d) tropical-mean warming (°C) versus TAO

SST change (°C). Each marker is one model. Black solid lines show least-squares fits; slope, r and p values are given. Local
TAO warming scales tightly with the tropical mean (r = 0.98; panel d), while equatorial-Pacific warming also scales with it
(r = 0.69; panel c), highlighting a common driver for the TAO-ENPO contrast. Refer to Figure 3 for correspondence between
CMIP6 models and symbols.
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Figure 11. Testing tropical SSS and E-P changes mechanisms. Each box plot represents the CMIP6 inter-model
distribution of tropical (within 30°S—30°N) pattern correlation between various quantities: (a) present-day freshwater flux
and its change (E-P vs. AE-P) for “wet gets wetter,” (b) RSST change and precipitation change (ARSST vs. AP) for “warmer
gets wetter,” (c) present-day SSS and its change (SSS vs. ASSS) for “fresh gets fresher,” (d) freshwater flux change and SSS
change (AE-P vs. ASSS) for “wetter gets fresher.” The central horizontal line of each box indicates the median, the box edges
the 25th and 75th percentiles and the whiskers the 10th and 90th percentiles. The red crosses indicate pattern correlations for the
CMIP6 MMM. In panel (c), the colored triangles correspond to correlations computed over the full tropical Pacific (yellow),
Atlantic (purple), Indian (green), and Pacific—Atlantic (blue) basins (30°S—30°N). These basin domains differ from the smaller
regional boxes used earlier. We include triangles only in panel (c) because this panel evaluates basin-scale “fresh gets fresher”
relationships. This representation clarifies that the dominant signal arises primarily from the Pacific—Atlantic contrast. Panels
(b—d) underscore that rainfall anomalies align more with RSST patterns (than with present-day rainfall), that present-day SSS
relates to its change (r = 0.7), and that ASSS tracks freshwater forcing (r ~ 0.6).
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