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Abstract The ocean is inhomogeneous in hydrographic properties with diverse water masses. Yet, how

this inhomogeneity has evolved in a rapidly changing climate has not been investigated. Using multiple
observational and reanalysis datasets, we show that the spatial standard deviation (SSD) of the global ocean has
increased by 1.4 + 0.1% in temperature and 1.5 + 0.1% in salinity since 1960. A newly defined thermohaline
inhomogeneity index, a holistic measure of both temperature and salinity changes, has increased by 2.4 + 0.1%.
Climate model simulations suggest that the observed ocean inhomogeneity increase is dominated by
anthropogenic forcing and projected to accelerate by 200%—300% during 2015-2100. Geographically, the rapid
upper-ocean warming at mid-to-low latitudes dominates the temperature inhomogeneity increase, while the
increasing salinity inhomogeneity is mainly due to the amplified salinity contrast between the subtropical and
subpolar latitudes.

Plain Language Summary The ocean's inhomogeneity, quantified by the spatial standard deviation
(SSD) of the global water mass, is closely linked to the global ocean's physical and biogeochemical processes.
Although previous studies have reported various aspects of the long-term ocean changes, the change of the
global ocean inhomogeneity as an integral measure of the water-mass diversity remains unknown. Our study
shows that the overall inhomogeneity has increased by 1.4 + 0.1% in temperature and 1.5 + 0.1% in salinity
since 1960. The observed ocean inhomogeneity increase is attributed to anthropogenic forcing and projected

to accelerate in the future. The increase in temperature inhomogeneity is mainly due to the rapid upper-ocean
warming at mid-to-low latitudes. The amplified salinity contrast between the subtropical and subpolar latitudes
contributes to the salinity inhomogeneity increase.

1. Introduction

The ocean is intrinsically inhomogeneous in temperature and salinity. This inhomogeneity fundamentally influ-
ences physical and biogeochemical processes of oceans (e.g., DeVries et al., 2017; Fu et al., 2016), causing
mixing of water masses, shaping three-dimensional geostrophic circulations through the thermal-wind relation
(e.g., Talley, 2008), and giving rise to overturning circulations that regulate the global climate through heat and
freshwater transports (e.g., Broecker, 1987; Rintoul, 2018). The ocean inhomogeneity ultimately determines
marine biodistribution, ecosystem structure and functioning (Wernberg et al., 2013), and marine biodiversity.
With these regards, it is imperative to properly quantify the global ocean inhomogeneity and explore how it has
evolved in a changing climate.

Recently, there have been renewed interests in spatial patterns of climate change. Owing to nonuniform radia-
tive forcing and heat redistribution, ocean heat uptake is geographically uneven with some regions exhibiting
enhanced warming trends while others experiencing significant cooling trends (Johnson & Lyman, 2020), such
as the asymmetric warming trends between the Southern and Northern Hemispheres (Rathore et al., 2020). The
global hydrological cycle has strengthened in response to greenhouse-gas warming (e.g., Allan et al., 2014),
resulting in amplified geographical salinity contrasts in a so-called “salty gets saltier, fresh gets fresher” pattern
(e.g., Durack et al., 2010). These changes in oceans have been linked to extreme climate events, such as marine
heat waves (e.g., Holbrook et al., 2019; Marin et al., 2021; Oliver et al., 2021) and cold spells, with adverse conse-
quences to marine ecosystems (e.g., Kerr, 2011; Wernberg et al., 2013, 2016).
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How the changing climate affects ocean inhomogeneity is difficult to fathom. The “salty gets saltier, fresh gets
fresher” pattern may enhance the global ocean inhomogeneity, whereas the overall decrease in meridional surface
temperature gradient due to the Arctic amplification (e.g., Cohen et al., 2014; Holland & Bitz, 2003; Meredith
et al., 2019) may reduce the inhomogeneity. In this study, we introduce a robust measure to quantify the global
ocean inhomogeneity and its spatial-temporal changes and unravel the underlying processes. The rest of the paper
is structured as follows. Section 2 introduces data and methods used in our study. Section 3 describes the time
evolution of global ocean inhomogeneity and explores the underlying processes. We will summarize and discuss
our findings in Section 4.

2. Data and Methods
2.1. Datasets

We utilize five global observational datasets of ocean temperature (7) and salinity (S) with 1° X 1° horizontal
resolution: the gridded Argo data product during 2001-2018 (Hosoda et al., 2009); the Institute of Atmospheric
Physics (IAP) ocean analysis during 1960-2019 (Cheng et al., 2020); the Ishii data during 1960-2018 (Ishii
et al., 2017); the EN4.2.0 during 1960-2016 (Good et al., 2013); the pentad mean World Ocean Atlas 2018
(WOA18) during 1960-2015 (Locarnini et al., 2019; Zweng et al., 2019). In addition, two ocean reanalysis prod-
ucts for the full-depth ocean are used: the 0.5° X 0.5° SODA2.2.4 for 1960-2010 (Smith et al., 1992); and the
1° x 1° ORAS4 for 1960-2017 (Balmaseda et al., 2013). It is worthy to mention that the data after 2005 are far
more reliable than those before due to the advent of Argo. The detailed information for these datasets is listed in
Table S1 in Supporting Information S1.

Spatial-temporal changes of global climate arise from a combination of anthropogenic forcing, solar and volcanic
forcing, and internal climate variability (Wills et al., 2018). To determine the relative roles of external forcing
and internal variability, we used 37 models of Coupled Model Intercomparison Project Phase 6 (CMIP6) histor-
ical simulations (1850-2014) and 13 projection simulations under the Shared Socioeconomic Pathways (SSP)
2-4.5, which is a scenario combining SSP2-based socioeconomic and RCP4.5-based energy-emissions-land use
scenarios (2015-2100) (Eyring et al., 2016; O'Neill et al., 2016; Table S2 in Supporting Information S1). The
multi-model mean (MMM) represents the externally forced variability, while the inter-model spread represents
internal climate variability and model structural difference.

These data products cover different periods with different spatial and temporal resolutions. All the original data
were interpolated onto 1° X 1° horizontal grids and same depth levels. They are 2-year low-pass filtered using a
Hanning-window filter and anomalies are relative to the 1960—1980 baseline (Argo are relative to a 1960—1980
average of IAP) (Supplementary Note 1 for further details of data processing and analyses).

2.2. The Spatial Standard Deviation (SSD)

To quantify the spatial inhomogeneity of a property A, such as 7 and S, we compute its 3-dimensional volume-
weighted SSD (SSD,) over a target region/depth range as follow:

n — 2
SSDA®) = \/ TSI NRTCR > { G320 = A0 wix,y, z)} )

where x, y, z, and ¢ represent longitude, latitude, depth, and time, respectively, w is the volume at a given grid
point (x, y, z) that is in the space center, which is used as the weight for averaging, » is the number of grid points
in the target region/depth range, and . indicates the spatial summation over the target region/depth range. A
represents the volume-weighted spatial averaged value of A,

Zx‘,\uz A(X, Y, z, I)LU(X, Y, Z)

AN =
( ) ZXAV.Z W(X, Y Z)

(@)
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SSD, = 0 indicates that property A is spatially homogeneous. Here, the target region/depth range for the global
volume-weighted SSD spans 0°-360°E, 70°S-70°N (the Arctic Ocean is excluded), and the upper 2000 m. The
global SSD measures the integral degree of dispersion relative to the global-mean value at a given time.

There exist large spatial spreads for the deviation from the global-mean value, implying the spatially diverse
contribution to global ocean inhomogeneity. For the water column at a given horizontal grid point (X, Y), the
“local” SSD relative to the global-mean value A is defined as

SSDaxy(X,Y n AX,Y a0 wx.y 3
axr (XY, 0= (n—l)zzw(X,Y,z)Zz{[ (XY, 2,0 = A0 wx, ,z>} 3)

which represents the contribution of the water column from this geographical location to the global SSD,. Like-
wise, for a given layer with a fixed central depth of Z, the “layer” SSD relative to A can be expressed as

SSDa(Z. 1) = n 3 { [A(x Z.0 —Z(t)]zw(x Z)} ()
AZ ) - (n — ]) Zx‘y LU(X, y, Z) Xy B y? B ) y’

which represents the contribution of this layer to the global SSD,. SSD, y,(x.y, 1) and SSD, ,(z, 1) can effectively
quantify the relative contribution of water properties at each geographical location and layer to global ocean
inhomogeneity, respectively.

2.3. The Thermohaline Inhomogeneity (THI) Index

A new quantity, potential spicity (x), is a fundamental thermodynamic variable that is orthogonal to potential
density (o), providing important thermohaline information independent and supplementary to potential density
(Huang et al., 2018; Supplementary Note 2). Potential density and potential spicity share the same unit and have
equal weight in quantifying the climate variations, which can be used to quantify the overall ocean thermohaline
changes together (Huang, 2020; Huang et al., 2018). In o-z space (Figure Sla in Supporting Information S1;
Huang et al., 2018; Huang, 2020), we propose the THI index to represent the combined effects of temperature
and salinity on the global ocean inhomogeneity. THI index is defined as the volume-weighted root-mean-square
water mass distance (Huang, 2020; Huang et al., 2018) as follows:

)

THIG - Y [DGx,y, z, D w(x, y, 2)
B Zx.v.z LU(X, Y, Z)

Here, D is the water mass distance in o-7 space and is defined as follows:

D(x,y,z,t) = \/(o‘l(x, v, zZ,1) — 0'_1(1‘))2 + (m(x, v, Z,1) — 75_1(1))2, (6)

where o, and &, are potential density and potential spicity relative to 1000 dbar reference level since we are
focused on the upper 2000 m, o7 and 7 are the global-mean potential density and potential spicity. The full-depth
global THI index is also calculated using ¢, and &r;. D represents the deviation of water thermohaline property
from the global mean. The smaller the water mass distance, the more similar the water parcel's thermohaline
property is to the global mean property (Figures S1b and Slc in Supporting Information S1). Therefore, THI
index has the same statistical meaning as global SSD of a single variable, but represent the overall combined
thermohaline information, and thus acts as a comprehensive measure for global water mass thermohaline prop-
erty inhomogeneity.

3. Results
3.1. Increasing Inhomogeneity

The SSD of global ocean temperature (SSD;) in 0-2000 m derived from multiple observational and reanalysis
datasets uniformly exhibit a persistent upward trend since the mid-20"™ century (Figure 1a). The ensemble mean of
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Figure 1. (a) Changes of the 3-dimensional volume-weighted spatial standard deviation (SSD) of global ocean temperature (SSD; unit in °C) for 0-2000 m derived
from Argo, IAP, Ishii, EN4.2.0, WOA18, SODA2.2.4, and ORAS4. The black thick curve and the gray shading denote the ensemble-mean and one standard deviation
range of the 7 datasets, respectively. The inset shows evolutions for the full-depth SSD,. (from the surface to bottom) from EN4.2.0, SODA2.2.4, and ORAS4. Here
SSD, is shown as a 2-year low-pass filtered anomaly relative to the 1960—1980 average baseline (anomaly of Argo is relative to the 1960—-1980 average of IAP). The red
triangles denote major volcanic eruptions. (b) Percent change of 0-2000 m SSD,.in 1960-2010 relative to the 1960—1980 average value. The error bars denote the 95%
confidence interval. (c), (d) and (e), (f) are the same as (a), (b), but for the salinity SSD (SSDy; unit in psu) and the thermohaline inhomogeneity (THI) index (kg m~3),
respectively.

all datasets yields a baseline value of 5.36°C for 1960-1980 and a trend of 0.015 + 0.001°C decade™ throughout
1960-2010 that indicates an increase of 1.4 + 0.1% (Figure 1b). There were several temporary decreases of global
SSD,. following major volcanic eruptions of the 1963 Mount Agung, 1982 EI Chichén and 1991 Mount Pinatubo
(Figure la). Against a backdrop of anthropogenic warming, volcanic eruptions temporarily cooled the surface
temperature (Gleckler et al., 2016), reduced the vertical temperature difference that is the main component for the
SSD,. (figure not shown), and thus eased the upward trend in SSD,. Ocean surface warming is likely an important
contributor to the temperature inhomogeneity increase.

These datasets also suggest a robust increase in the 0-2000 m salinity SSD (SSD,) (Figure 1c). The ensemble-mean
value of SSD, during 1960-1980 is 0.64 psu. Based on the mean value, SSDg has increased by 1.5 =+ 0.1% by
2010 (Figure 1d), corresponding to an upward trend of 2.0 + 0.1 X 1073 psu decade™" during 1960-2010. Note
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that the global SSDy is similar to the Salinity Contrast (SC) index proposed by Cheng et al. (2020), defined as
the difference between high- and low-salinity regions. The substantial increases in both SSD and SC are likely
linked to the amplification of climatological salinity patterns in a warming climate (e.g., Cheng et al., 2020). In
accordance with the increasing inhomogeneity in both temperature and salinity, similar increases are seen in the
inhomogeneity of potential density and potential spicity (Figure S2 in Supporting Information S1).

As a holistic measure of water mass thermohaline inhomogeneity, the global THI index has also increased at
an ensemble-mean rate of 8.0 + 0.3 X 103 kg m~3 decade™! since 1960 (Figure le), yielding a total increase of
2.4 + 0.1% by 2010 relative to the 1960—1980 mean value of 1.72 kg m=3 (Figure 1f). Note that changes in the
THI index are larger than those of SSD, and SSDy, owing to nonlinearity. The contribution from temperature to
THI index increase is much larger than salinity (Supplementary Note 3), 8.2(+0.5) x 1073 versus 1.3(+0.3) x
103 kg m~3 decade™! (Figure S3 in Supporting Information S1). We also computed these measures for the full-
depth ocean using a subset of the datasets and obtained similar results (insets in Figure 1). The full-depth ocean
inhomogeneity increase is weaker in magnitude than that of 0-2000 m (by 60% for SSD, 42% for SSD, and 52%
for THI index), consistent with the stronger spatial variations in the upper ocean (Rathore et al., 2020).

3.2. Cause of the Increasing Inhomogeneity

The ongoing anthropogenic warming has resulted in robust temperature and salinity changes (e.g., Johnson &
Lyman, 2020; Rathore et al., 2020; Durack et al., 2010) and thereby altered ocean inhomogeneity. We compare the
ensemble-mean changes in SSD and THI index from observational and reanalysis datasets (collectively addressed
as “observation” hereafter) and CMIP6 historical simulations to examine whether the observed inhomogeneity
increase arises from natural variability or anthropogenic forcing. Albeit with large inter-model spreads due to
internal climate variability and structural differences among models (Plesca et al., 2018), the MMM of 37 CMIP6
historical simulations well reproduces the observed increases in SSD;, SSD,, and THI index (Figures 2a—2c).
In particular, the linear trends of SSD,. and THI index during 1960-2014 from the CMIP6 historical MMM are
statistically indistinguishable from the observed trends at 95% level (insets in Figures 2a and 2c). This consist-
ency between observation and CMIP6 MMM points to anthropogenic forcing, rather than internal variability,
as the dominant driver of the increasing ocean inhomogeneity. However, the simulated long-term increases of
SSD¢ during 19602014 in CMIP6 historical MMM are weaker than those in observation, and the difference
is statistically significant (inset in Figure 2b). The global SSD, trend diagnosed from CMIP6 MMM accounts
for only ~60% of the observed trend. This could be related to model biases in the simulated subsurface salinity
changes (Durack et al., 2012). Besides, the internal variability, which is mostly canceled out in the CMIP6 MMM
by definition, may also cause the observation-model discrepancy. As in Figure 1, signatures of volcanic effects,
characterized by temporary drops, are discernible in SSD; and THI index (Figures 2a and 2c), suggesting that the
short-lived natural radiative forcing operates in the same way as the long-term anthropogenic forcing for ocean
inhomogeneity.

Projections by climate models provide an assessment of whether the increase in ocean inhomogeneity would
continue in the future. Based on CMIP6 simulations under the SSP2-4.5 future scenario, the global SSD, and
SSDq, as well as THI index, are all projected to further increase in the 21st century, and the trends are greater by
2-3 folds than those observed in 1960-2014 (insets in Figures 2a-2c). By 2100, the SSD,, SSD,, and THI index
would be increased by 7.7 + 0.4%, 5.8 + 0.2%, and 13.3 + 0.4%, respectively, relative to 1960—1980.

The inter-model spread is used to further understand the ocean inhomogeneity change. All CMIP6 models show
a significant warming trend in the global mean sea surface temperature (GMSST), accompanying the overall
increasing SSD,. with a large spread (Figure 2d). There is a clear inter-model correspondence between the surface
warming trends and the SSD;. increase; the inter-model correlation is 0.79, significant at 99.5% level. This result
further supports our inference hereinbefore that the surface warming under anthropogenic forcing is the primary
cause for ocean temperature inhomogeneity increase.

We further explore the inter-model relationship between the changes in global salinity inhomogeneity and salinity
pattern (Figure 2e). In observation, the surface salinity change pattern is approximately consistent with that of the
0-2000 m average salinity change (Cheng et al., 2020). Here, we use the surface salinity contrast (SSC) as a proxy
for the pattern, defined as the surface salinity difference between the saltier subtropical regions (20°-35°N and
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Figure 2. Evolutions of SSD, (a), SSD, (b), and THI index (¢) of the 0-2000 m global ocean derived from CMIP6 models (37 models for historical simulations of
1850-2014 and 13 models for SSP2-4.5 projections of 2015-2100), shown as the anomalies relative to the 1960-1980 baseline. The multi-model mean (MMM) is

plotted as a thick curve (black for 1850-2014 and red for 2015-2100), and their one standard deviation ranges are plotted as the shading. Thick blue curves denote the
ensemble mean of observational and reanalysis datasets from Figure 1. The red triangles in a denote the major volcanic eruptions. The inset compares the 1960-2014
linear trend from observations (blue), the 1960-2014 linear trend from CMIP6 historical MMM (black), and the 2015-2100 linear trend from CMIP6 SSP2-4.5 MMM

(red), respectively, with the error bars showing 95% confidence intervals. (d) The inter-model relationship between global mean sea-surface temperature (GMSST)

trend and 0-2000 m SSD;, trend during 1960-2014. The correlation coefficient R with its p-value and the linear fit (blue solid line) are shown. (e) As in (d), but for the
inter-model relationship between the surface salinity contrast (SSC) trend and 0-2000 m SSD trend during 1960-2014. The model names are listed in corresponding

colors.

20°-30°S) and the fresher subpolar regions (40°-60°N and 40°-60°S) (Figure S4 in Supporting Information S1).
The SSC increase indicates amplification of the climatological salinity pattern potentially linked to the strength-
ening global hydrological cycle. 28 out of 37 CMIP6 models show both an increased SSC and an increased SSDg
during 1960-2014. The inter-model correlation coefficient is 0.53, also significant at 99.5% level. Therefore, the
increasing salinity inhomogeneity, to some extent, reflects the amplification of the climatological salinity pattern

(e.g., Cheng et al., 2020).
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Figure 3. (a) Horizontal distributions of SSD;, trend during 1960-2019. (b) As in (a), but for 0-2000 m average temperature trend. Gray contours in a and b show
the climatological temperature deviation 67 (°C) from the global mean temperature for 1960-2019. Stippling indicates the insignificant trends at 95%. (c) Vertical
distributions of SSD;, trend during 1960-2019. (d) As in (c), but for horizontally averaged temperature trend. The shadings denote the 95% confidence interval. The
blue curves in ¢ and d denote the climatological global-mean 67 profile. All results are based on IAP data.

3.3. Geographical Distributions

The inhomogeneity change discussed so far is based on the three-dimensional integral measures over the global
ocean. To understand the underlying processes, it is instructive to assess the contribution of regions to global
inhomogeneity increase and identify potential “hotspots”. First, we use the “local” temperature SSD (SSD,) to
quantify the regional contribution to global SSD,. Figure 3a shows the geographical distribution for linear trends
of 0~2000 m SSD;,. More than 90% of the global ocean exhibits significant SSD,,, increases. In particular, the
subtropical gyres show prevailing strong trends with the regional maxima along the subtropical western boundary
currents and their extensions, particularly the Gulf Stream. Besides, some local “hotspots” with trends exceed-
ing 0.06°C decade™! are concentrated in the shallow marginal seas such as the North Sea and Indonesian Seas.
There are also negative contributions, that is, SSD;, trends <0, from parts of the Southern Ocean and subpolar
marginal seas of the Northern Hemisphere.

To understand the SSD;, trend pattern, we also plot the climatological temperature deviation (67) from the glob-
al-mean temperature as gray contours in Figures 3a and 3b. There is an overall similarity between the patterns of
SSD .y trend and climatological 67, both with prevailing positive over mid-to-low latitudes and negative at high
latitudes. This pattern indicates that the climatologically warmer region is warming at faster rates (Figure 3b),
thus enhancing the global SSD,. Considering the negative 67, the cooled subpolar North Atlantic also contributes
to the global SSD,.increase, while the enhanced warming in the Southern Ocean (Boning et al., 2008; Gille, 2002)
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Figure 4. Same as Figure 3, but for horizontal distributions of SSDy y, trend (a) and 0-2000 m average salinity trend (b), and vertical distributions of SSDy , trend (c)
and horizontally averaged salinity trend (d). Grey contours in a and b show the climatological salinity deviation dS (psu) from the global mean salinity. The blue curves
in ¢ and d denote the climatological global-mean &S profile.

attenuates the spatial temperature contrast and reduces the global SSD,. The “hotspots™ of increasing SSD;, in
the Gulf Stream are owing to strong local warming trends.

Next, we use the “layer” SSD of temperature (SSD;,,) to examine contributions from different depths. The SSD,,
change shows a vertical sandwiched structure: strong increasing trends in the upper 400 m with the maximum
near the surface, weak decreasing trends between 400 and 800 m, and sizable increasing trends below 800 m
(Figure 3c). This vertical structure can be understood again by considering the vertical structure of the climato-
logical 6T and the warming trend together (Figure 3d). The strong warming trends in the upper 400 m coincide
with the positive 67, thus further warming over the already warmer part enhances the temperature contrast and
contributes to SSD,, increase. The upper-ocean warming under greenhouse gas forcing leads to rapid warming
of global-mean temperature. As a result, the slower warming in the 400-800 m (relative to global-mean warming
pace) attenuates the global SSD,. In the deeper layers (800—2000 m), the warming rates are much slower than the
global-mean rate, along with negative 67, contributing positively to global SSD, increase. These results reveal
the importance of the rapid upper-ocean warming over mid-to-low latitudes, particularly in the Atlantic, in the
amplification of temperature contrast patterns.

Similar to SSDyxys the “local” SSD of salinity (SSDy xy) has increased in most areas, and the strongest trends are
concentrated in the subtropical Atlantic Ocean especially along the Gulf Stream (Figure 4a). There are salini-
fication trends in the subtropical Pacific and Atlantic and the northern Indian Ocean, and freshening trends in
the subpolar North Pacific and the Southern Ocean. These trends act to amplify their climatological §S values
(Figure 4b) and lead to SSDy y increase. The southern Indian and western Pacific Oceans and the subpolar North
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Atlantic are of positive §S values and show freshening trends. However, the freshening in the southern Indo-Pa-
cific Oceans mainly occurs in the low-salinity Antarctic Intermediate Water between 500 and 1200 m (Wong
etal., 1999) where 6S is negative (Figure 4d), and thus SSDy ,, still increases there.

The “layer” SSD of salinity (SSDj ,) has increased at all depths of 0-2000 m (Figure 4c). Similar to SSD,.,, the
SSDy , trend is the largest near the surface, which confirms that the larger the depth integral, the weaker the
ocean inhomogeneity (Figure 1). The surface SSDy, change is probably owing to the spatially inhomogeneous
changes in the surface freshwater fluxes associated with the global hydrological cycle change. There is a close
resemblance between the vertical structure of S and salinity trend profiles (Figure 4d). The salinity maximum
in the high-salinity subtropical underwaters (100-300 m) and minimum in the low-salinity intermediate waters
(500-1000 m) are both strengthened and contribute to global SSD, increase. Therefore, global SSD; increase is
primarily due to the amplification of the 3-dimensional salinity pattern, which is likely attributed to the strength-
ening of the global water cycle.

4. Discussion

In this study, we investigate the long-term changes of global ocean inhomogeneity by computing SSD,, SSDy, and
THI index using multiple datasets and climate model simulations, showing a consensus on the increased global
ocean inhomogeneity over the past half-century. The global SSD,, SSD, and THI index in 0-2000 m increased by
1.4 +0.1%, 1.5 + 0.1% and 2.4 + 0.1% during 1960-2010 from 1960 to 1980 average, respectively. The global
ocean inhomogeneity increase is dominated by anthropogenic forcing and is projected to be accelerated by 2-3
times in the future (insets in Figures 2a-2c). Local SSD trend distributions suggest that global inhomogeneity
increase largely results from the amplification of the corresponding climatological contrast patterns. The rapid
upper-ocean warming over mid-to-low latitude dominates the SSD,. increase, while the amplification of the salin-
ity pattern, primarily in the subtropical Atlantic, causes increasing SSD.

Our quantifications of ocean inhomogeneity provide a novel perspective for understanding the ongoing climate
change in oceans. The largest contribution to the global inhomogeneity changes comes from regions of the strong-
est mean changes (Figures 3 and 4). Changes in inhomogeneity, if continued and amplified in the future, would
significantly affect local water mass properties, leading to the formation of new water-mass types (Figure S5 in
Supporting Information S1) and extreme climate events such as marine heat waves (e.g., Frolicher et al., 2018;
Talley, 2008; Marin et al., 2021; Holbrook et al., 2019; Oliver et al., 2021). The enhanced inhomogeneity may
also affect natural climate variability and vice versa, as suggested in Figures 2d and 2e, resulting in changes in
the climate variability modes and their inter-basin interactions (Cai et al., 2019; Wang, 2019). It also implies that
ocean temperature and salinity under rapid global warming are moving to a new equilibrium climate state with
larger hydrographic diversity, posing challenges for future climate prediction.

Global ocean inhomogeneity is intrinsically related to ocean dynamical and thermodynamic processes. A recent
study suggested that global mean ocean circulation may be accelerating (Hu et al., 2020). The baroclinic compo-
nent of large-scale circulations, which are predominantly geostrophic, is directly related to the density variation
or the inhomogeneity through the thermal-wind relation. Are circulation acceleration and inhomogeneity increase
two faces of the same coin? In addition to the thermohaline changes, inhomogeneities of other water properties,
including biogeochemical ones, may have also experienced long-term changes upon the thermodynamic adjust-
ment and need to be examined.

Increase in global inhomogeneity in response to the anthropogenic climate change is a surprising result, especially
as some aspects of the climate change seemingly suggest the opposite, for example, weakening of the equator-to-
pole surface temperature gradient due to the polar amplification (Holland & Bitz, 2003; Meredith et al., 2019).
While our study newly identified the increasing inhomogeneity in the global ocean, how does the anthropogenic
climate change drive the increase in the global inhomogeneity needs to be more thoroughly investigated in the
future, to obtain a more clear mechanistic understanding of this newly found phenomenon.
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reanalysis datasets used in this study. 7able S2 shows the CMIP6 models used
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statistical analysis in this study. Supplementary Note2 introduces the potential
spicity. Supplementary Note3 shows the calculation of contributions from the
temperature and salinity changes to the THI index. Figure S1 shows the
climatological volumetric distribution of water masses on the g;-7; diagram
and spatial maps of the water mass distance. Figure S2 shows the changes in
the inhomogeneity of global ocean potential density and potential spicity.
Figure S3 shows the changes in temperature and salinity components of the
THI index. Figure S4 shows the climatological zonal mean surface salinity in
CMIP6 models. Figure S5 shows the climatological volumetric distribution of

water masses on 6-S diagram and its changes.
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42 Table S1. Information of observational and reanalysis datasets used in this study.

Resolution
Datasets Time coverage References
Time Horizontal Vertical
Argo 2001-2018 Monthly 1°x1° 25 levels (0-2000 m) Hosoda et al., 2009
IAP 1940-2019 Monthly 1°x1° 41 levels (0-2000 m) Cheng et al., 2020
Ishii 1955-2018 Monthly 1°x1° 24 layers (0-3000 m) Ishii et al., 2017
EN4.2.0 1950-2016 Monthly 1°x1° 42 layers (full depth) Good et al., 2013
Locarnini et al., 2019;
WOAI18 1955-2015 Pentad 1°x1° 26 layers (0-2000 m)
Zweng et al., 2019
SODA2.2.4 1940-2010 Monthly ~ 0.5°x 0.5° 40 layers (full depth) Smith et al., 1992
ORAS4 1958-2017 Monthly 1°x1° 42 layers (full depth) Balmaseda et al., 2013
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Table S2. 37 models of Coupled Model Intercomparison Project Phase 6 (CMIP6)
historical simulations and 13 projection simulations under the Shared Socioeconomic
Pathways (SSP) 2-4.5. The historical models are forced with time-varying natural
(solar and volcanic) and anthropogenic (e.g., CO2, sulphate aerosols, and land use)
external radiative forcing. The SSP2-4.5 refers to a scenario combining SSP2-based

socioeconomic and RCP4.5-based energy-emissions-land use scenarios (Eyring et al.,

2016; O'Neill et al., 2016).

Historical Models
CAMS-CSM1-0 CAS-ESM2-0 CESM2-FV2  CESM2-WACCM CESM2
CNRM-CM6-1 CNRM-ESM2-1 CanESM5 E3SM-1-0 E3SM-1-1-ECA
EC-Earth3-Veg-LR EC-Earth3-Veg EC-Earth3 EC-Earth3-CC GFDL-CM4
FGOALS-f3-L GISS-E2-1-G-CC GISS-E2-1-G GISS-E2-1-H NorESM2-MM
HadGEM3-GC31-MM INM-CM4-8 INM-CMS5-0 IPSL-CM6A-LR MCM-UA-1-0
MPI-ESM-1-2-HAM ~ MPI-ESM1-2-LR  MRI-ESM2-0 NESM3 NorCPM1
HadGEM3-GC31-LL NorESM2-LM GFDL-ESM4 TaiESM1 UKESM1-0-LL

SAMO-UNICON FIO-ESM-2-0

SSP2-4.5 Models

CAMS-CSM1-0 CESM2-WACCM CESM2 CanESMS5 EC-Earth3-Veg
EC-Earth3 FGOALS-f3-L FIO-ESM-2-0 GFDL-CM4 GFDL-ESM4
GISS-E2-1-G MPI-ESM1-2-LR MRI-ESM2-0
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Supplementary Notes
Supplementary Notel: Statistical analysis.

The linear trends are computed using the ordinary least square fit, with the 95%
confidence interval for the uncertainty of the trends. For the observational and
reanalysis datasets, we show the linear trends during 1960-2010. To compare the
changes in observation and CMIP6 models, the linear trends of the observation and
historical multi-model mean (MMM) during 1960-2014, and SSP2-4.5 MMM during
2015-2100 are presented. For the local spatial standard deviation (SSD) of IAP, we
show the linear trends during 1960-2019. The per cent changes of the global ocean
inhomogeneity from six observational and reanalysis datasets (IAP, Ishii, EN4.2.0,
WOA18, ORAS4, and SODA2.2.4) from 1960 to 2010 are calculated based on their

climatological mean state of 1960-1980.
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Supplementary Note2: Potential spicity.

Potential spicity is a thermodynamic variable whose contours are orthogonal to
potential density contours in the potential temperature-salinity space, of which
concept has been discussed in many previous publications (e.g., Stommel, 1962;
Mamayev, 1975; Veronis, 1972; Munk, 1981; Huang et al., 2018). Previous studies
often used the variable potential spiciness (e.g. Munk, 1981), but the contours of the
potential spiciness are not strictly orthogonal to those of the potential density. On the
other hand, the recently defined potential spicity enforces the orthogonality in the
least square sense (Huang et al., 2018). The orthogonality between this variable and
potential density suggests that potential spicity provides important thermohaline
information independent and supplementary to potential density. Additionally, the
potential density and potential spicity are dimensionally homogenous, namely, they
share the same unit system kg m™. Besides, all the calculations of potential density and
potential spicity are based on the traditional equation of the state (UNISCO EOS-80), the
corresponding potential density and potential spicity calculation is based on the Matlab
codes provided by Huang et al. (2018).The detailed definition and calculation of

potential spicity can be referred to Huang et al. (2018).
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Supplementary Note3: the contributions from the temperature and salinity

changes to the Thermohaline Inhomogeneity (THI) index

The contributions from the temperature and salinity changes to the THI index

can be evaluated separately:

THI; =THI(T+T',S), (1)

THI; = THI(T,S + S, 2)

where THI; and THIs represent the THI index change due to the changes in
temperature and salinity, respectively (Figure S3). Overbars and primes denote the

climatological mean and the temporal deviations from the mean values.
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Supplementary Figures

(a) Volumetric distribution on the a-m, diagram
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(c) Zonal mean water mass distance
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Figure S1. (a) Climatological volumetric distribution of the global water masses in
logarithmic scale (logioV, m®) on the potential density-potential spicity (;-7/)
diagram in 0-2000 m during 1960-2019, with the potential density and potential
spicity bin sizes of 0.01 kg m™ and 0.01 kg m, respectively. The black dot denotes
the global mean potential density and potential spicity. (b) Geographical distribution
of 0-2000 m climatological mean water mass distance D (kg m~) during 1960-2019.
(¢) As in (b), but for the meridional-vertical distribution of the zonal-mean water mass
distance. Note that the vertical stripe at ~40°N in (b) is attributed to the salinity

structure. All panels are based on IAP data.
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Figure S2. (a) Time evolutions of the 3-dimensional volume-weighted spatial
standard deviation (SSD) of global ocean potential density (SSD, ; unit in kg m™) for
0-2000 m derived from Argo, IAP, Ishii, EN4.2.0, WOA18, SODA2.2.4, and ORASA4.
The black thick curve and the shading denote the ensemble-mean and one standard
deviation range of the 7 datasets, respectively. Here the SSD,, is shown as a 2-year
low-pass filtered anomaly relative to the 1960-1980 average baseline (anomaly of
Argo is relative to the 1960-1980 average of IAP). (b) Per cent change (%) of 0-2000
m SSDg,, in 1960-2010 relative to the 1960-1980 average value. The error bars
denote the 95% confidence interval. (¢, d) are the same as (a, b), but for the potential

spicity SSD (SSD,,_; unit in kg m?).
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Figure S3. Same as Figure S2a, but for (a) the temperature component of the THI
index (THIt; unit in kg m™*) and (b) the salinity component of the THI index (THIs;
unit in kg m3) for 0-2000 m. The linear trends for the ensemble mean of the datasets
during 1960-2010 are shown in the lower right corners of each panel. The red
triangles in a denote the major volcanic eruptions. See Data and Methods for the

definitions of THIr and THIs.
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127  Figure S4. Climatological zonal mean surface salinity (psu) derived from 37 CMIP6
128  historical models of 1960-2014. The black thick curve and the grey shading denote
129  the ensemble-mean and one standard deviation range of 37 CMIP6 models,

130  respectively. The red boxes denote the zones (20°N-35°N and 20°S-30°S) with high
131  surface salinity, and the blue boxes present the zones (40°N-60°N and 40°S-60°S)
132 with low surface salinity.
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Figure S5. (a) climatological volumetric distribution of the global water masses in
logarithmic scale (logioV, m®) on the potential temperature-salinity (6-S) diagram for
0-2000 m during 1960-2019, with potential temperature and salinity bin sizes of 0.1°C
and 0.01 psu, respectively. (b) As in (a), but for per cent change (%) of the volumes
between 1960-1989 and 1990-2019 relative to the climatological mean of 1960-2019.
At each horizontal grid point, each temperature and salinity profile were first
interpolated into 2 m intervals, so that each 3-dimensional grid cell has a size of 1° x
1° x 2 m. Some key water masses are indicated by black solid dots and labeled by the
acronym in a, including the Antarctic Bottom Water (AABW), Antarctic Intermediate
Water (AAIW), North Atlantic Deep Water (NADW), Eastern North Pacific
Transition Water (ENPTW), Mediterranean Water (MW), Bay of Bengal Water
(BBW), Arabian Sea Water (ASW), North Atlantic Surface Water (NASW), and

Subtropical Underwater (STUW). All panels are based on IAP data.
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