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Abstract
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The oceanis highly stratified. Warm, fresh water sits on top of cold,
salty water, influencing vertical oceanic exchange of heat, carbon,
oxygen and nutrients. In this Review, we examine observed and
projected stratification shifts and theirimpacts. Changesin ocean
temperature and salinity have altered the ocean density field, leading
toa 0.8 +0.1% dec™ (90% confidence interval) increase in stratification
inthe global upper 2,000 msince the 1960s. These increases are most
pronounced inthe tropics and are primarily temperature driven. Model
simulations project ongoing stratification increases in the future, with
global 0-2,000 mstratificationincreasing 0.7[0.3,1.1;13-87% confidence
interval], 1.4 [0.9,1.8]and 2.9 [2.1,3.8]% dec by 2090-2100 relative to
2010-2020 under Shared Socioeconomic Pathways SSP1-2.6, SSP2-4.5
and SSP5-8.5, respectively; regional patterns of projected stratification
changes generally follow observed trends. These observed and projected
ocean stratification changes have important climate and ecological
consequences, including alterations in ocean heat uptake, ocean
currents, vertical mixing, tropical cyclone intensity, marine ecosystems
and elevation of marine extremes. Further research should better
quantify stratification change at critical layers and understand their
drivers and impacts.
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Introduction
Ocean stratification describes the layering of seawater, as dictated
by temperature, salinity and thereby density (Fig. 1). Warmer, fresher
(less dense) water sits atop cooler, saltier (denser) water. As stratifica-
tionstrength changes with depth, several distinct layers form' (Fig. 1):
amixed layer, with vertically homogeneous density (very weak strati-
fication) that directly experiences the effects of air-sea exchanges;
a‘barrier layer’, separating a shallow salinity-dominated mixed layer
from adeeper isotherm layer; and thermocline, halocline and pycno-
cline that separate the upper mixed layer and deeper ocean, marked
by pronounced vertical gradients in temperature, salinity and density,
respectively (Fig. 1). This stratification establishes stable conditions,
limiting convection and acting as a barrier to vertical mixing?, in turn
regulating exchange of heat, momentum, carbon, oxygen and nutrients.
There are many ways that stratification can be defined. The most
commonis the Brunt-Viisili frequency (NV?), representing the intrinsic
frequency of adisplaced water parcel. Itis calculated as:

2 _ _ l aO'n

o))
where p, 0, and g denote seawater density, local potential density
anomaly and gravity acceleration, respectively. The more stratified
the water column, the higher the static stability and the higher the
buoyancy frequency. V? can be calculated over different layers. Other
definitions or indices have also been used, either for simplicity or to
highlight different dynamical conditions. These include: temperature
or density difference between the surface and 200 m depth®*; N aver-
aged from 0t02,000 m (ref.5); density difference at the bottom of the
mixed layer® (pycnocline); or potential energy anomaly’, defined by
vertical integral of density anomalies (relative to a vertical mean den-
sity) over a certain depth. There is no complete consistency among
these definitions™.

Given stratification sensitivity to temperature and salinity, anthro-
pogenically forced climate changes have driven regional and global
shiftsinstratification. Indeed, stronger surface-level warming relative
todeeper layers" ", coupled with changes in salinity associated with an
amplified global hydrological cycle ™, hasresultedin arobustincrease
in stratification; ocean dynamics (circulation, eddies and mixing)
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Fig.1| Explaining ocean stratification. A schematic representation of the
processes and features of ocean stratification. Ocean stratification arises from
many dynamic and thermodynamic processes, creating stable ocean conditions
that limit vertical mixing.

and Earth system interactions have also contributed. Since 1970, this
increase has been ~0.8-1.0% dec™at 0-200 m depth''®, a change that
isalso expectedinto the future*. However, as the upper ocean responds
faster than the deeper ocean to greenhouse gas forcing, and in ways
that are nearly irreversible'**°, asynchronous changes in the surface
and subsurface oceans are expected.

Thisincrease in ocean stratification has numerous climate impli-
cations. Higher stratification results in decreased ocean mixing” and
oceanventilation, in turn reducing vertical exchange of ocean heat**?,
carbon®*, nutrients” and oxygen®. The reduced ocean vertical heat
and carbon exchange leads to more heat piled up in the near-sea-
surface layer and more CO, in the air, thereby exacerbating the speed
and magnitude of Earth’s surface warming. These processes provide
critical feedback to climate change®. The increased stratification also
reduces vertical oxygen exchange and exacerbates deoxygenation, put-
ting ocean life at risk*”*%, In particular, the oxygen minimumzones are
expandinginthetropical and North Pacific, NorthIndian and equatorial
Atlantic oceans”, compressing the habitats of macro-organisms, with
negative impacts for fisheries®, and also enhancing the production
of nitrous oxide, astrong greenhouse gas®. Thus, understanding how
and why ocean stratification changes is vital for constraining climate
change and supporting climate action.

In this Review, we outline how ocean stratification has varied,
and will vary, with a warming climate. We begin by outlining the basic
structure of ocean density, stratification, and its seasonal and regional
variations. We next outline contemporary global and regional changes
from observational products, before discussing future projected
changes from climate models. The far-reaching consequences of ocean
stratification change on Earth’s physical and biological systems are
subsequently discussed. We close with a discussion of the remaining
challenges and research needs. Throughout, stratification is defined
by the Brunt-Viisala frequency (except pycnocline stratification,
which is defined as density gradient 15 m below the bottom of mixed
layer, asinref. 6).

The regional and seasonal variation

of ocean stratification

Ocean stratification forms a distinct vertical feature depending on
the structure of temperature, salinity and density. Global-mean ocean
density increases from ~24.3 kg m~ (density values are subtracted
by 1,000 throughout this paper) near the surface to ~27.1 kg m™> at
500 m, with the strong gradient occurring within ~20-200 m (the
pycnocline). The numbers correspond to a positive N, with a peak
of ~2.2 x10™*s7? (Fig. 2a-c). Thus, stratification of the upper ocean
(0-200 m; Fig. 2a) is generally stronger than that of the deep ocean
(200-500 m; Fig. 2b). Such vertical stratification is dominated by
temperature structure decreasing from ~19 °C at the sea surface to
~8°Cat500 m (Fig.2c). Above -150 m, the salinity structure reinforces
this thermal effect because of the fresher water near the surface,
but from ~150 to 500 m, salinity structure compensates the thermal
stratification (Fig. 2c).

Ocean stratification is also characterized by prominent regional
differences (Fig. 2): N* for the upper 200 m is stronger in the tropical
regions than middle and high latitudes, whereas N* for 200-500 m is
strongestinthe subtropics, bothassociated with the location of pycno-
cline (Fig.2a,b). The tropics generally feature strong stratificationin the
upper-200 m (Fig.2a,b). Inall tropical regions, asharp thermoclineand
pycnocline are present owing to surface solar heating and upwelling
of cooler subsurface waters. The absent seasonality in solar heating
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(the Sun always moves between the tropics of Cancer and Capricorn)
translates to minimal stratification seasonality’.

Within the tropics, differences in stratification characteristics
emerge from contrasting drivers and mechanisms. In the tropical
Pacific, for example, the thermocline and pycnocline are typically
deeper in the west (100-200 m; Fig. 2d) than in the east (<100 m;
Fig. 2e), causing shallower but stronger N> maximum (-7 x10™*s™2 at
<100 m) in the East Pacific (Fig. 2d,e). This difference is shaped by the
trade winds which drive strong cold-water upwelling in the East Pacific
confronting the near-surface warm water — a process critical in regu-
lating characteristics of the EINifio-Southern Oscillation (ENSO)*>*,
Specifically, the strength and depth of the thermocline and pycnocline
arekey factors determining the ocean-atmosphere coupling strength,
forinstance through the thermocline feedbacks™.

Elsewhere in the tropics, the Intertropical Convergence Zone
(ITCZ) and monsoon regions are characterized by near-surface salinity
stratification. In such regions of heavy rainfall and terrestrial runoff,
a salt-stratified boundary layer — typically several to tens of metres
in thickness and uniform in temperature — forms beneath the mixed
layer®?°, Thus, upper ocean N?structure in the western tropical Pacific
(Fig.2d), the Bay of Bengal® (Fig. 2f) and the Amazon plume® (Fig. 2g)
correspond more strongly to salinity than to temperature. Maximum
N?canreach-8 x10™*s2in the Amazon plume near the surfacein boreal
summer because of the river discharge. By inhibiting vertical exchange
between the warm mixed layer and the cold waters below the thermo-
cline waters, the barrier layer maintains the warmtropical sea surface
temperature (SST) and amplifies its variability® .,

Unlike in other tropical regions, however, semiannual variations
in stratification characteristics are evident in the ITCZ and monsoon
regions. For example, the mixed layer in the Bay of Bengal (Fig. 2f) is
relatively deep during the summer and winter monsoons but shallow
ininter-monsoonseasons*-*, as regulated by wind-driven near-surface
turbulent mixing. Inaddition, monsoons also affect ocean salinity strat-
ification through surface freshwater fluxes (rainfalland river discharge)
and freshwater transport by monsoonal ocean circulations*>*,

In the mid-latitude oceans, stratification is regulated by the sea-
sonal mitigation of surface solar radiation. Thus, near-surface strati-
fication strengthens in summer and weakens in winter, as seen in the
Gulf Stream (Fig. 2h) and Northwest Pacific (Fig. 2i). This feature is
discernible in the evolution of the mixed-layer depth, which is typi-
cally large in late winter®, and the subsequent shoaling of mixed-layer
depth detrains the mixed-layer water with surface propertiesinto the
subsurface ocean*® — a process known as subduction that governs the
formation of water masses*. Associated with the seasonal changes
of the mixed layer, the seasonal pycnocline forms beneath the mixed
layer in summer in the mid and high latitudes and is likely to merge
intermittently with the permanent pycnocline in winter (Fig. 2h). The
thermocline and pycnocline have essential roles in configuring the
wind-driven circulation of the upper ocean***. They affect the heat
and material (for instance, freshwater, carbon and oxygen) budgets
of the mixed layer via entrainment — a process involving mixed-layer
deepening and merging cold and nutrient-rich thermocline waters
into the mixed layer.

In the high latitudes, ocean salinity is vital for ocean stratifica-
tion. Antarctic (Fig. 2j) and Arctic (Fig. 2k) waters are predominantly
stratified by salinity and feature a halocline rather thana thermocline:
relatively cold, fresh water tops warmer, salty subsurface water™.
Brineisrejected as seaice forms, leaving saltier, denser waters behind;
waters are correspondingly freshened as sea ice and icebergs melt®.

The salinity-governed high-latitude stratification tends to suppress
upward heat transport to the surface and thereby modulates local
interactions between air and seaice. The melting and freezing of seaice,
therefore, regulate the high-latitude water cycle and mediate effects
of the wind stress acting at the surface®’, shaping the seasonality of
regional stratification. In marginal seas of the subpolar Atlantic and
around Antarctica, weak winter stratification coupled with mixed-layer
depths reaching thousands of metres facilitates deep convection.
These characteristics in stratification enable the formation of North
Atlantic Deep Water and Antarctic Bottom Water — primary drivers
of the Atlantic Meridional Overturning Circulation (AMOC)*> and the
global conveyor belt*.

Observed stratification changes

Marked stratification changes have been observed since 1960 (Fig. 3).
Several gridded datasets are available to quantify these changes, includ-
ing those of Cheng® %, Ishii*®, Levitus*, Sallée® and Yamaguchi®. Given
theirimproved subsurface dataand processing methodologies'?, subse-
quentdiscussion focuses onthe average of the Cheng, Ishii and Levitus
datasets to examine global and regional ocean stratification changes.
Unless otherwise stated, uncertainty represents 90% confidence inter-
vals, summer represents August-October in the Northern Hemisphere
andJanuary-Marchin the Southern Hemisphere®, and winter represents
August-October in the Southern Hemisphere and January-March in
the Northern Hemisphere.

Observed global stratification changes

Asaglobalaverage, stratification hasrobustly increased across all levels
(Table 1and Fig. 3). This enhanced stratification arises from stronger
warming near the sea surface compared with the deep ocean®'%.
The magnitude of the changes, however, varies depending on the
stratification layer considered, as well as the season.

Notable changes are apparent for stratification defined over
0-200 m depth (Fig. 3a). From 1960 to 2024, stratification increased
by 6.9 +1.5x107°s? (or 1.1 £ 0.2% dec™, where the percentage change
is relative to a 2005-2020 climatology) as an average of the three
datasets*****’ (Table 1); individual dataset trends are consistent (Sup-
plementary Table 2). This trend is larger than the 0.78-0.86% dec™ previ-
ouslyreported” (Supplementary Table 3), largely owing to differencesin
dataselection (EN4 dataused inref.17 underestimate long-term ocean
warming®°?) and the time period examined (1970-2017). Additional
estimates with different approachesbased onindividual profiles rather
than gridded datasets are broadly similar at 0.6-1.1% dec™ (ref. 3) and
1.3+0.3% dec™ (ref. 6) (Supplementary Table 3), the differences again
largely reflecting contrasting methodologies. Seasonally, the absolute
changes from1960 to 2024 are more pronounced in summer than winter
(8.8+1.7x10*s2versus 4.9 + 1.5 x10°s?) but the percentage increases
relative to 2005-2020 are broadly consistent (1.2 + 0.2% dec™ versus
1.0 + 0.3% dec™) because of stronger climatological stratification in
summer (Table 1, Supplementary Table 2 and Supplementary Fig. 1).

Stratification over 0-2,000 m, representing the contrast of surface
and deep water, has also increased. Since 1960, annual mean strati-
fication increased 0.9 + 0.1x10°s2 or 0.8 + 0.1% dec™ (Table 1 and
Fig.3b), with estimates again consistent across datasets’ (Supplemen-
tary Table 2). In absolute terms, seasonal changes are much smaller
relative to 0-200 m (Table 1), but the percentage increases are fairly
consistentat 0.9 + 0.1% dec™ for summerand 0.8 + 0.2% dec ™ for winter
(Supplementary Table 2 and Supplementary Fig. 2). No other estimates
of changesat 0-2,000 mhave been evaluated (Supplementary Table 3).
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Fig.2| Global and regional ocean stratification. a, Stratification (the square
of the buoyancy frequency; N?) at 0-200 m depth. b, As in panel a, but for
200-500 m depth. c-e, Annual-mean temperature (7), salinity (S), density

(p) and stratification (N?) profiles averaged over the globe (panel ), the West
Pacific (panel d; boxed arealabelled ‘d’) and the East Pacific (panel e; boxed area
labelled ‘e’). f-k, Seasonal-mean T, S, p and N? profiles averaged over the Bay of
Bengal (panel f; boxed arealabelled ‘f’), the Amazon Plume (panel g; boxed area
labelled ‘g’), the Gulf Stream (panel h; boxed arealabelled ‘h’), the Northwest

Pacific (panel i; boxed arealabelled ‘'), the Southern Ocean (panel j; boxed area
labelled §’) and the Arctic Ocean (panel k; boxed arealabelled ‘k’). Seasonal
means are calculated over June-August (JJA; solid lines) and December-February
(DJF; dashed lines), except for the Bay of Bengal where DJF is replaced with
September-November (SON). All panels represent the average of two observational
products™*° over 2005-2020. Stratification tends to decrease with depth, but there
is marked regional variability.

Comparatively larger-magnitude stratification changes are
apparent in the seasonal pycnocline. Defined as N> computed from
density gradient over the 15-m layer directly below the mixed-layer
base®, stratification in the pycnoclineincreased by 16.8 + 3.2 x 10 ®s™
or 1.8 + 0.3% dec™ for the ensemble average of the three gridded
datasets (Table 1, Fig. 3c and Supplementary Table 2). However, an
individual estimate based on in situ profiles and a linear regression
method suggests a substantially larger increase of 8.9 +2.7% dec™
(ref. 6). This diversity highlights substantial uncertainty in estimating
pycnocline stratification, largely related to inadequate spatiotem-
poral datasampling® and estimates of pycnocline depth®. Stronger
seasonal pycnocline stratification occurs in summer (1.7 £ 0.4% dec™)
compared with winter (1.0 + 0.7% dec™) (Table 1, Supplementary
Table 2 and Supplementary Fig. 3), with large wintertime uncer-
tainty linked to the difficulty in determining the pycnocline. In all
layers, these seasonal differences in stratification trends are linked
to human-induced amplification of the SST annual cycle outside of
the tropics: in summer, decreasing mixed-layer depth leads to more
efficient heat trapping in the upper ocean, yielding alarger SST and
stratificationincrease thanin winter® >, Changesin the seasonal cycle
of precipitation (linked to both water vapour and atmospheric circu-
lation changes®*) could also be important, although observational
evidence isincomplete®.

Observations also reveal remarkable interannual and decadal
variationsin global upper-oceanstratification (Fig. 3). Thisinterannual
variability is dominant in the tropics and shows positive correlations
with ENSO (Fig. 3a, inset); ENSO strongly alters global ocean tempera-
ture, salinity, mixed layer, boundary layer and thermocline®® %, How-
ever, stratification variability in the North Indian Ocean is negatively
linked to the Indian Ocean Dipole®®’°. Globally, decadal variations are
correlated with Atlantic Multidecadal Variability and Pacific Decadal
Variability (PDV), largely through changes in seasurface properties>>”
(Supplementary Fig.4), but the North Atlantic Oscillationisimportant
indriving decadal stratification variability in the North Atlantic Ocean’.

Observed regional stratification changes
Strengthened stratification is not just a feature of global mean, but a
pervasive signal observed across much of the oceans (Fig. 4). Indeed,
~82.6% and ~92.0% of global ocean grids (at 1° x 1°) show enhanced
stratification since 1960 for the 0-200 m and 0-2,000 m layers,
respectively’ (Fig. 4a,f); in the pycnocline, this value is lower at ~75.7%,
associated with its dynamical complexity (Fig. 4k). In most cases,
temperature changes dominate the observed stratification signals
(Fig. 4b,g,l), contributing 85.2%, 97.2% and 65.3% of the increases at
0-200 m, 0-2,000 mand the pycnocline, respectively. Salinity changes
have a secondary role (Supplementary Fig. 5), but can be important
locally (Fig. 4c,h,m).

More regionally, strong differences in stratification are appar-
ent across all levels, particularly between lower and higher latitudes.

Generally, stratification increases are larger in the tropics compared
withthe middle and high latitudes (except the Arctic) inall three major
basins**® (Fig. 4a,f,k and Supplementary Fig. 6). Tropical stratifica-
tion increases are mainly associated with contrasting temperature
trends between surface and deep layers (Fig. 4a,f, kand Supplementary
Fig. 6). Specifically, this enhanced stratification represents the effects
of near-surface warming (driven by strong anthropogenic heat gain
and intensified subtropical gyres’) and near-thermocline cooling®
(driven by enhanced Ekman pumping’ and anomalous advection™);
wind stress and buoyancy forcing are both important for shoaling the
equatorial thermocline”’.

Of course, more localized differences are also evident, high-
lighting the varied contributions of temperature and salinity. For
instance, pronounced and significant stratification increases in the
West Pacific Warm Pool at 0-200 m and 0-2,000 m (Fig. 4a,f) are
largely temperature-driven (Fig. 4b,c,g,h) through intensified trade
winds””’%, In contrast, tropical eastern Pacific and Atlantic stratification
increases (also statistically significant) mainly occur in the pycno-
clinelayer (Fig. 4k), where the temperature and salinity contributions
are comparable (Fig. 41,m). Here, salinity reinforces the temperature
effects because of increased precipitation minus evaporation, and
surface ocean freshening'*".

Compared with the tropics, stratification changes in the extra-
tropics tend to be smaller (Fig. 4a,f,k and Supplementary Fig. 6).
In the Atlantic, upper 200 m stratification since 1960 varies from
7.7 £5.5x107°s2 (0.7 £ 0.5% dec™) in the tropics (10°S-10° N) to
3.8+1.8x107°s2(0.8 + 0.4% dec™) in the mid-latitudes (10-50° N/S).
For 0-2,000 m stratification, the increase in the tropics is
1.1+0.6 x107°s2(0.7 £ 0.4% dec™) since 1960, also larger than in the
mid-latitudeswith 0.7 £ 0.1x107°s2(0.8 + 0.1% dec™). These changes —
which are typically weaker than those in other basins — highlight the
offsetting effects of temperature and salinity. For instance, within
50° S to 50° N of the Atlantic Ocean, salinity changes offset ~31.1% of
the temperature-induced stratification increase for the 0-2,000-m
average’® (Fig. 4f-h). Salinity changes in these regions are primarily
caused by increased evaporation-minus-precipitation associated with
an amplified water cycle’®, although salt redistribution by changes
in ocean circulation (such as the AMOC) and water masses are also
important’®®. In the Pacific Ocean, tropical stratification at 0-200 m
and 0-2,000 msince 1960 are 11.1 +4.7 x10°s (1.2 + 0.5% dec™) and
1.3+ 0.4 x107°s2(0.8 £ 0.2% dec™), respectively, slightly larger than
the extratropics (for 0-200m 4.8 +1.0 x107°s? or 1.5+ 0.3% dec’;
for0-2,000m0.9+0.2 x10*s?or1.2 + 0.2% dec™). The difference is
primarily because of the strong temperature contribution and second-
ary salinity contributionin the tropical West, Northeast and Northwest
Pacific (Fig.4b,g 1), different from the Atlantic where salinity dominates
(Fig.4c,h,m). However, for all basins, the percentage change is always
largerinthe extratropics than the tropics because of the much stronger
mean stratificationin the tropics (Fig. 2).
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a Observed and projected stratification change (0-200 m)
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Fig.3|Observed and projected global ocean stratification changes.

a, Stratification time series at 0-200 m depth from various observational
products®°**” and CMIP6 simulations’® under different Shared Socioeconomic
Pathways (SSPs), all relative to a2005-2020 baseline. For projections, the bold
line represents the ensemble mean and shading the model spread (+10). The inset
displays the observed detrended stratification time series alongside the oceanic
Nifi03.4 index (ONI)*%. b, As in panel a, but for stratification at 0-2,000 m depth.

¢, Asin panel a, but for stratification change at the pycnocline. d, Global-mean
and ensemble-mean stratification changes relative to 2005-2020 (left) and
2050-2060 (right) for SSP1-2.6. e, As in panel d but for SSP2-4.5. f, As in panel
dbut for SSP5-8.5. Note the different colour bar scales in panels d-f. Observations
indicate arobust increase in ocean stratification, but its continued evolution
depends on the emissions pathway.

Therearealso strong contrastsin stratificationsignals between the
northernand southern high latitudes. Overall, pronounced stratifica-
tionincreases are evidentin the Arctic Ocean (north of 70° N) inall lev-
els (Fig.4a,fk):7.6 £7.5x107°s2(0.7+ 0.7% dec ) and 1.3 £ 1.2 x 10™°s
(0.7 £0.7% dec™) for 0-200 mand 0-2,000 m, respectively. Here, the
increases are dominated by salinity changes (Fig. 4c,h,m and Supple-
mentary Fig. 6), specifically freshening associated with sea-ice and
land-ice melt®**. In the Southern Ocean (south of 50° S), by contrast,
changes are far more subdued, with pockets of statistically significant
decreasesinstratification since 1960 (Fig. 4a,f k). These stratification

decreases largely reflect temperature effects (Fig.4b,g,1), notably sur-
face cooling and subsurface warming'>%%, that reduce stratification.
The absence of near-surface warmingis attributed to continuous north-
ward heat transport and wind-driven upwelling of unmodified water
from depth®>*. Subsurface warming is associated with the subduction
and advection of warmwaters® and the reduced formation rate of the
bottom water®**¢, Moreover, wind-driven northward transport of sea
ice and freshwater increases salinity stratification, reduces vertical
mixing, and contributes to surface and subsurface temperature trends,
especially around West Antarctica®.
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In general, stratification changes are consistently stronger and
more statistically significant in local summer (Fig. 4d,i,n) compared
with winter (Fig. 4e,j,0 and Supplementary Fig. 6). These characteris-
tics are particularly observable outside the tropics given limited sea-
sonal changesin climatological mixed-layer depths within the tropics.
The most notable seasonal change occurs in the North Pacific, where
much stronger summer pycnocline stratification (84.1+24.4 x107s™
or 2.9+ 0.8% dec™ within 30-60° N) occurs relative to winter
(9.3+4.0x107°s20r3.5+1.5% dec™). The Gulf Stream and its extension
regions alsoshow strong seasonal differences. These changes are mainly
caused by the amplification of the SST seasonal cycle inthe mid-latitudes
associated with large summertime SST increases and stronger decreases
of the summer mixed-layer depth relative to winter®*’,

Projected stratification changes

With observationsindicating robust increases in stratification across
theglobal oceans, itis prudent to assess how stratification might evolve
furtherintothe future. Doing so requires the use of model simulations,
with Coupled Model Intercomparison Project Phase 6 (CMIP6)°° models
being the most comprehensive and complete. Although suffering from
biases (Supplementary Figs.1-3, 6-9), CMIP6 models tend to perform
well in simulating ocean stratification change in the upper 2,000 m
since1960 and some key spatial features. Focusing on robust features
inthe multimodel mean, stratification changes at 0-200 m,0-2,000 m
and the pycnocline are now assessed up to 2100 under different Shared
Socioeconomic Pathways, including SSP1-2.6 (alow-emission scenario),
SSP2-4.5 (amoderate-emission scenario) and SSP5-8.5 (a high-emission
scenario)'®.,

Projected global stratification changes

The CMIP6 multimodel mean suggests that the observed increase
in ocean stratification will continue into the twenty-first century
(Fig. 3). These increases are consistent with previous-generation cli-
mate models***?2, Across all definitions, the stratification increases
up to 2050-2060 regardless of the emission scenario (Fig. 3a—c). For
instance, relative to 2010-2020, 0-200 m stratification changes are 1.0
[0.6,1.4],1.7[1.2,2.1]1and 2.5[2.0,3.11% dec* for SSP1-2.6, SSP2-4.5 and
SSP5-8.5, respectively (Table1). Changes for 0-2,000 m stratification
(1.2[0.8,1.6],1.7[1.2,2.1] and 2.3 [1.7,2.8]% dec™) and the pycnocline
stratification (1.0 [0.5,1.5],1.6 [1.1,2.1] and 2.2 [1.5,3.1]% dec™) are also
similar (Table 1and Fig. 3).

After 2050, however, divergent trajectories of future stratifica-
tion emerge. For instance, under SSP1-2.6, changes by 2090-2100
(relative to 2050-2060) are —0.3[-0.5,0.01% decat 0-200 mand 0.1
[-0.2,0.5]% dec™at 0-2,000 m, revealing a stabilization of stratification
changes after the 2050s (Fig. 3b). This change relates to the different
response times of upper and deep ocean: fast upper and slow deep
ocean responses””*. Whereas mixed-layer temperature stabilizes
in the middle of this century (Fig. 3d and Supplementary Fig. 9), the
deep ocean continues absorbing heat because of a remaining energy
imbalance, producing a warming contrast between the upper and
deep ocean®.

Yet, under moderate and high-emission scenarios, stratification
at0-2,000 m continues. Indeed, within2090-2100 (relative to 2050-
2060), stratification increases at this level reach 1.2[0.7,1.6]% dec™and
3.6 [2.5,4.8]% dec™ for SSP2-4.5 and SSP5-8.5, respectively (Table 1).
Relative t0 2010-2020, the total 0-2,000 mstratification at2090-2100

Table 1| Observed and projected stratification changes in the global ocean

N?(0-200m) N?(0-2,000m) N?(pycnocline)
Units 10572 %dec™ 10572 %dec™ 10572 %dec™
Observations (annual mean, 1960-2024)** 6.9+1.5 11+£0.2 0.9+01 0.8+01 16.8+3.2 1.8+0.3
Observations (summer, 1960-2024)>" 8.8+17 1.2+0.2 1.2+0.2 0.9+01 25.2+5.2 17+0.4
Observations (winter, 1960-2024)*" 4.9+15 1.0+0.3 0.8+0.2 0.8+0.2 5.9+3.9 1.0+0.7
Projections (annual mean, SSP1-2.6, 3.9[2.2,5.4] 1.0[0.6,1.4] 0.9[0.51.2] 1.2[0.8,1.6] 8.6[3.713.5] 1.0[0.51.5]
2050-2060)*¢
Projections (annual mean, SSP2-4.5, 6.4[4.5,8.5] 1.7[1.2,21] 1.2[0.9,1.5] 1701.2,21] 14.3[7.9,20.3] 1.6 [11,2.1]
2050-2060)°¢
Projections (annual mean, SSP5-8.5, 9.5[7.311.5] 2.3[1.72.8] 1.7[1.3,2.0] 2.3[1.7,2.8] 20.0[12.3,29.6] 2.2[1.5,31]
2050-2060)°¢
Projections (annual mean, SSP1-2.6, 2.9[0.6,5.9] 0.4[0.1,0.7] 1.0 [0.5,1.6] 0.7[0.311] 71[1.713.8] 0.4[0.1,0.8]
2090-2100)°
Projections (annual mean, SSP2-4.5, 9.5[6.4,121] 1.3[0.91.5] 2101.4,2.7] 1.4[0.91.8] 20.9[10.8, 32.4] 1.2[0.71.7]
2090-2100)°
Projections (annual mean, SSP5-8.5, 22.0[15.2,29.9] 3.1[2.2,41] 41[275.3] 2.9[21,3.8] 45.7[27.5,68.8] 27[1.8,37]
2090-2100)>¢
Projections (annual mean, SSP1-2.6,2090-2100 -1.0[-2.0,-0.1] -0.3[-0.5,-0.0] 0.1[-01,0.3] 0.1[-0.2,05] -15[-3.3,0.6] -0.2[-0.4,01]
minus 2050-2060)"
Projections (annual mean, SSP2-4.5,2090-2100 3.1[1.5,4.4] 0.8[0.411] 0.9[0.51.2] 1.2[0.71.6] 6.7[2.811.2] 0.7[0.41.2]
minus 2050-2060)"°
Projections (annual mean, SSP5-8.5,2090-2100 13.6[9.0,18.7] 3.6[2.5,5.0] 2.6[1.73.4] 3.6[2.5,4.8] 27.8[14.0,40.9] 31[1.74.4]

minus 2050-2060)

2Observational ocean stratification estimates are based on three datasets®™ "/, with trends calculated by applying ordinary least squares regression to the ensemble-mean time series of the
three datasets. For the summer and winter changes, only data from refs. 55,56 are used because of data availability. "90% confidence intervals for trends are given, whereby uncertainty is
quantified by t-test analysis considering the reduction in degree of freedom. °Calculated as the difference relative to 2010-2020. “Model uncertainty is given for the 13-87% range.
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Fig. 4| Observed regional stratification changes. a-e, Stratification changes August-October in the Southern Hemisphere). Stippling indicates regions with
and contributions’ at 0-200 m depth over 1960-2024 from various statistically insignificant changes at the 90% confidence level. f-j, As in panels
observational products®***¥, including: the annual N? change (panel a), the a-ebut for stratification changes and contributions at 0-2,000 m. k-0, Asin
contribution of temperature to the annual change (panel b, calculated as panels a-e but for changes and contributions at the pycnocline. Note the
N2,=ga®0,), the contribution of salinity to the annual change (panel c, different scales for the colour bars. Temperature and salinity changes contribute
calculated asN25A= - gﬁes 4,) summertime changes (panel d; August-October in to observed regional ocean stratification changes, which feature strong seasonal
the Northern Hemisphere and January-March in the Southern Hemisphere) and differences.

wintertime changes (panel e; January-March in the Northern Hemisphere and
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is1.4 [0.9,1.81% dec™' for SSP2-4.5 and 2.9 [2.1,3.81% dec™ for SSP5-8.5,
~2 and -4 times the change for SSP1-2.6 (0.7 [0.3,1.1]% dec™) (Fig. 3b).
This ongoing stratification reflects continuation of strong upper
warming and moderate deep ocean warming up to 2100 (Fig. 3e,fand
Supplementary Fig. 9). Diverging stratification responses post-2050
are also evident for 0-200 m and pycnocline definitions (Table 1 and
Fig.3a,c,d,f). Moreover, because these contrasting future projections
under different scenarios are consistent with physical understanding
of oceanresponses, they are deemed to be robust.

Projected regional stratification changes

As in observations, enhanced stratification is a pervasive feature of
the global oceans, albeit with temporal, scenario and seasonal vari-
ability. For SSP1-2.6,94.0% of ocean grids (at 1° x 1°) exhibit enhanced
0-200 m stratification during 2050-2060 (Supplementary Fig. 10a),
decreasingto 85.5% during 2090-2100 (Supplementary Fig.10d). Yet,
for SSP5-8.5, the area experiencing stratification increases remains
fairly stable at 94.5% and 94.0% during the two time periods (Supple-
mentary Fig.10g,j). Most of these changes are associated with tem-
perature (Fig. 5b,g and Supplementary Fig.10), but asin observations,
salinity is also regionally important* (Fig. 5¢c,h and Supplementary
Fig.10). For example, temperature change contributes 66.3% of the
projected 0-200 m stratification increases (2.6 [1.2,4.5]1 x 10 ®s2or 0.7
[0.3,1.11% dec™) during 2050-2060 and 38.8% (1.1[-0.6,3.4] x 10 ®sor
0.1[-0.1,0.51% dec™) during 2090-2100, respectively, under SSP1-2.6.
For SSP5-8.5, however, thermal stratification dominates the projected
0-200 m stratification change, contributing 82.6% of the increase
(7.8[6.3,9.2] x10"*s2 or 2.1[1.7,2.5]1% dec™) during 2050-2060 and
80.0% (17.6 [12.7,23.6] x 10 °s?or 2.3[1.7,3.1]% dec™) during 2090-2100,
respectively. Likewise, regardless of the scenario, stratification differ-
ences are more pronounced in local summer than winter (Fig. 5d,e,i,j
and Supplementary Figs. 10-13), consistent with the projected shal-
lowing of mixed layer and amplified SST annual cycle®?. These projec-
tions are consistent for the 0-2,000 m (Supplementary Figs.11,14) and
pycnocline definitions (Supplementary Figs. 12, 15).

Strong regional variability in stratification projections and their
contributions are also evident. The largest stratification increases
in the upper 200 m are projected to occur in the tropical and sub-
tropical regions (within 20° S to 20° N), especially in the Pacific
(9.6[5.7,16.0]1 x10°s2 or 0.7 [0.4,1.11% dec™ for SSP1-2.6, and 44.3
[31.5,60.1] x 10°s2 or 3.3 [2.6,4.3]1% dec™* for SSP5-8.5) and Indian
Oceans (7.8 [2.5,12.91x10"*s20r 0.5[0.2,0.91% dec* for SSP1-2.6, and
36.0[21.9,53.1]1 x10*s or 2.6 [1.8,3.6]% dec™ for SSP5-8.5) within
2090-2100 relative to 2010-2020 (Fig. 5a,f). Temperature contributes
most strongly to these changesinboth scenarios, although signals are
amplified by salinity change (Fig. 5b,c,g,h). For instance, an adjusted
water cycle in tropical convection zones, manifesting as near-surface
freshening”, contributes to enhanced stratification. These changes
are particularly apparent in the West Pacific and East Indian Warm
PoolandITCZ regions”.

Stratification in the Arctic Ocean also experiences a sustained
increase. Indeed, projected changes at 0-200 m are 2.1 [-6.6,
14.1]1 x10°s2 (0.8 [-0.8,2.11% dec™) and 10.3 [-5.6,35.6] x 10 ®s™
(2.1[-0.7,6.3]1% dec™) within 2090-2100 (relative to 2010-2020) for
SSP1-2.6 and SSP5-8.5, respectively (Fig. 5a,f). This enhancement is
probably contributed by salinity changes (Fig. 5c,h), where the loss
of sea ice has a dominant role’®. Contrasting surface and subsur-
face warming trend also have a role via increases in poleward heat
transport”. However, substantial model biases in Arctic temperature

and salinity'°°"%* (Supplementary Figs. 10-12) mean that the rela-
tive contributions of temperature and salinity are uncertain in this
location'®. Similarly, the projected substantial stratification increase
inthe mid-latitude Atlantic Oceanrelated to salinity changesis likely to
be a product of strong model salinity biases in this region'%'%*,

Another consistent regional change is the projected decline in
stratification in the subtropical gyres, especially in the Southeast
Pacific and middle latitudes of the Atlantic Ocean (Fig. 5a,f). Different
from other regions, there is no significant difference in magnitude
of stratification changes in these regions between low-emission and
high-emission scenarios, mainly because of the strong cancelling
effects between temperature and salinity changes (Fig. 5b,c,g,h).
Indeed, the salinity changes drive stratification decreases in the sub-
tropical gyreregions, because the continuousincreasing evaporation
duetothe water cycle amplificationincreases the near-surface salinity
(Fig. 5c,h).

Consequences of long-term stratification changes
Observed and projected ocean stratification changes have substan-
tial Earth system consequences. Amongst other facets, these include
impacts on physical ocean attributes (ocean circulation, tides and
mixing, marine heatwaves), biogeochemical ocean attributes (green-
house gas fluxes, biogeochemical changes) and attributes that are more
climatic (Earth surface warming, climate modes, tropical cyclones and
tipping points), all of which are now discussed (Fig. 6).

Ocean heat uptake and surface warming

Ocean stratification influences the rate of global surface warming
under greenhouse gas forcing**"'%, Stronger stratification tends to
be associated with enhanced surface layer warming relative to lay-
ers below the permanent pycnocline and, hence, lower efficiency of
ocean heat uptake, through reduced vertical mixing?'°® (Fig. 7a). Such
near-surfaceintensified warming, in turn, furtherincreases stratifica-
tion, amplifying theimpact onocean heat uptake, reflecting a positive
feedback. Regional stratification changes have different rolesin surface
temperature changes. For instance, surface salinification driven by
the amplified water cycle reduces the upper-ocean stratification in
subtropical oceans and therefore strengthens ocean heat uptake — a
negative feedback to surface warming?.

The strength of upper-ocean stratification is also important in
determining the intensity of vertical mixing, which, in turn, affects
the development of the mixed layer and the entrainment process at
thebase of the mixed layer. For example, in the Arabian Sea, enhanced
near-surface stratification contributes to the increased radiative
forcing-induced sea surface warming by inhibiting vertical mixing'®”".
In the Arctic, upper-ocean stratification dominated by freshwater
input shoals the mixed layer, limiting heat flux from the deeper ocean
to the surface layer®*. At the high latitudes of the Southern Ocean,
surface freshening induced by meltwater and precipitation increases
near-surface stratification, reducing convective overturning and
the entrainment of relatively warm subsurface waters into the sur-
face layer, cooling the ocean surface. These cooling signals enhance
sea-ice coverage'”®'°’ and promote earlier sea-ice advance"*™, with
corresponding impacts on regional and remote surface temperature'?,

Future stratification changes exert a furtherimpact on ocean heat
uptake and surface temperature changes. These influences, however,
depend on the relative importance of fast and slow ocean responses.
In low-emission scenarios, upper-ocean stratification increases first,
further enhancing surface warming. After ~2050-2060, stratification
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Fig. 5| Future stratification change sensitivity to
emissionscenario. a-e, Ensemble-mean
stratification changes for 0-200 m by 2090-2100
relative to 2010-2020 in CMIP6 models’ forced with
SSP1-2.6, including: the annual N’ change (panel a),
the contribution of temperature’ to the annual
change (panel b, calculated as N, = ga ©0,), the
contribution of salinity® to the annual change (panel
¢, calculated asNZSA = —gﬂeSAz), summertime
changes (panel d; August-October in the Northern
Hemisphere and January-March in the Southern
Hemisphere) and wintertime changes (panel e;
January-Marchin the Northern Hemisphere and
August-October in the Southern Hemisphere).
Stippling indicates where the multimodel mean
anomaly is less than the intermodel standard
deviation. f-j, As in panels a-e but for SSP5-8.5.
Projected ocean stratification change is unevenly
distributed, with future change dependent on
socioeconomic scenarios.

gradually decreases owing to slow deep ocean warming and decreased
greenhouse gas emissions, limiting temperature increases’ "> (Fig.3
and SupplementaryFig. 9). By contrast, in mid-emission or high-emission
scenarios, stratification continuesincreasing throughout the twenty-first
century, associated with an amplified effect on surface warming.
Stratification changes are strongly relevant to the occurrence and
magnitude of marine heatwaves. Indeed, stratificationis animportant
precondition for marine heatwaves™ ", decreasing entrainment of
cool water from below, and reducing the thickness of the surface layer

that absorbs heat from the atmosphere, making the surface ocean
easier to warm"®", The expected future increase in stratification
will therefore further increase the intensity and frequency of marine
heatwaves, causing severe biological impacts, including mass mortal-
ity and habitat shifts"*?". These impacts could occur in ecosystems
historically insulated from surface ocean heating by the cooling effects
of internal waves'?,

However, weak ocean stratification can also have a detrimen-
tal effect on marine heatwaves. For example, in coastal waters off
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southeastern Australia, weak ocean stratification allows wind-driven
downwelling of warm water, extending the heatwave below the
mixed later>'>*'**, Such sub-mixed-layer marine heatwaves tend
to last longer than surface heatwaves'**'* owing to possible sea-
sonal re-emergence of subsurface anomalies that drive multiyear
eventsllb,llS,le*lZS‘

Oceancirculation

Vertical stratification changes crucially modulate ocean circulation
responses in many regions'>>"*°, For instance, enhanced vertical strati-
fication causes shoaling of subtropical gyre depth, in turn, driving
the spin-up of the subtropical upper circulation'**'"* Similarly, the
Equatorial Undercurrentintensifies asit shoals under stronger vertical
stratification induced by surface warming'*"*°. In the Northwest Pacific,
strengthened ocean stratification enhances eddy kinetic energy in the
downstream Kuroshio extension region, intensifying the recircula-
tion gyre to its south, further accelerating the Kuroshio extension'.
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Fast surface warmingand corresponding enhanced ~200-400 m strati-
fication also cause an onshore intensification of Western Boundary
Currents™ (Fig. 7b).

Yet many other circulation systems weaken because of stratifica-
tion changes. For instance, strong freshening in the subpolar North
Atlantic in a warmer climate enhances vertical stratification, reduc-
ing the formation of North Atlantic Deep Water and thus slowing the
AMOCP?89 Indeed, with rising atmospheric CO, concentrations,
AMOC periodicity and amplitude tend to decline, largely related to a
morestratified subpolar North Atlantic that changes the characteristics
of westward-propagated oceanic baroclinic Rossby waves'*'*., The
weakened AMOC decelerates the Gulf Stream™® and remotely reduces
theIndonesian Throughflow transport throughinterbasin Kelvin-wave
propagation along the coastal-equatorial waveguide™*"* Although
stratification in the North Atlantic is pivotal, palaeoclimate evidence
indicates that AMOC stability during the last deglaciation is mostly
determined by salinity stratification at ~34° S (refs. 142,143) (Fig. 7c).
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Fig. 6| Ocean stratification impacts on physical and biogeochemical ocean
systems. The observed’ mean N? trend for 0-2,000 m (upper), meridional
N?trend within 20° S to 20° N (front), and zonal mean N? trend (right), with
icons demonstrating theirimportance in the global climate system. Ocean
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stratification change is a pervasive feature and has importantimpacts on the
climate system. ACC, Antarctic Circumpolar Current; AMOC, Atlantic Meridional
Overturning Circulation; £, evaporation; ENSO, EI Nifio-Southern Oscillation;
ITF, Indonesian Throughflow; P, precipitation; PDV, Pacific Decadal Variability.
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Fig.7| Quantifying the impact of stratification on the climate system.

a, Intermodel relationship between ocean heat uptake efficiency (k) and globally
averaged vertical stratification change (the temperature difference between
0-100 mand1,500-2,000 m) in CMIP6 historical simulations’ from 1900 to
2014; asinref. 22. b, Intermodel relationship between onshore velocity trends
of Western Boundary Currents and changes in oceanic stratification averaged
between200-400 min five subtropical basins (both representing the difference
between 2015-2050 (SSP5-8.5) and the 1950-2014 (historical simulation)
periods, scaled by the global-mean sea surface temperature difference between
the projected mean and the historical mean) in seven CMIP6 models; asin
ref.137. ¢, Intermodel relationship between the Atlantic Meridional Overturning
Circulation (AMOC) abyssal cell strength anomalies (defined as the absolute
value of the most negative global meridional overturning stream function below
adepth of 1,000 m) and the Southern Ocean stratification index (defined as
SI=)p(z) - p(z,), where z,is the seasurfaceand z;=z,, + 200 fori=1,...,10, at
upper 2,000 m Southern Ocean within 45° Sto-90° S). The AMOC anomalies are
the difference between the mid-Pliocene warm period and preindustrial period
inthe second phase of Pliocene Model Intercomparison Project (PlioMIP2)
simulations'*. d, Relationship between global-averaged Mode-1 internal tide
phase speed (c,,) viasolving the Taylor-Goldstein equation, and the maximum
vertical buoyancy frequency (V) in CMIP6 simulations from 1901 to 2100 for
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historical and SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 simulations (each dot
isoneyear); asinref.155. e, Intermodel relationship between changes in the
predictability time of the Pacific Decadal Variability (PDV, defined as alead

time when the PDV can be predicted at a certain confidence level, with negative
anomalies indicating reduced predictability) and changes in ocean stratification
(the mean N? of the upper 400 m ocean averaged over the North Pacific sector,
30-60° N, 120° E-140° W) in CMIP5 simulations, with change representing the
difference between Representative Concentration Pathways (RCP2.6, RCP4.5 and
RCP8.5) from 2006-2099 and the PiControl (last 294 years of each model); after
ref.205.f, Intermodel relationship between the wind-ocean coupling (quantified
by awind projection coefficient associated with the first three baroclinic

modes to characterize the mean thermocline shape, depth and intensity) and
changes in equatorial ocean stratification (the difference between the mean
temperature over the upper 75 m and the temperature at 100 m averaged over
150° Eto140° W) in historical and RCP8.5 simulations of CMIP5 models, with
values representing anomalies between future (2000-2099) and present-day
(1900-1999) climates; as inref. 211. The dashed lines represent linear regression.
Oceansstratification and its change intervene in the dynamics of ocean and
air-seainteraction, and thus become a controlling factor of the future climate
responses.

Thus, thisenhanced stratificationin the Southern Ocean would reduce
Antarctic Deep Water formation and, in turn, reduce anthropogenic
ocean CO, uptake!*>1*4,

Additionally, enhanced vertical stratification decelerates deep
ocean currents. Strengthened stratification with warming decreases
the available potential energy stored in the large-scale ocean
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circulation, reducingits conversioninto eddy kinetic energy and lead-
ing to a more quiescent deep ocean'®. Sensitivity experiments reveal
thatenhanced vertical stratificationincreases upper-ocean circulation
but systematically decreases deep ocean currents™®.

Surface and internal tides

Barotropic surfacetides (the rise and fall of sea levels caused by gravi-
tational forces exerted by the Moon and Sun) and internal tides (gen-
erated by barotropic tidal currents flowing over rough topographic
features) are both altered by increasing stratification. These tide
changes directly influence interior ocean mixing*’**%, thereby affecting
vertical heat, freshwater and carbon exchanges.

Enhanced stratification influences barotropic tides differently
in the open ocean and marginal seas. For example, observed strati-
fication increases are believed to have caused a -0.1to -0.5 mm yr™
decline in global open-ocean barotropic M, tidal amplitudes during
1993-2020 (refs. 70,149-152). In shallow marginal seas, by contrast,
stratificationincreases canenhance barotropictides. Inthe East China
and Yellow Seas', surface-warming-related thermal stratification
stabilizes barotropicrotary flows through turbulent dissipation; such
hydrodynamic stabilization manifests as positive M, tidal amplitude
trends of 1.0-1.5 mm yr™ (refs. 149,154). Complementary amplification
mechanisms operate in estuarine systems, where pronounced haline
stratification diminishes the bottom drag effect, thereby enhancing
local barotropic tidal amplitudes™*.

In contrast to the reduced open-ocean surface tides, internal
tides have generally increased as a result of stratification. Specifi-
cally, internal tidal-induced surface height has strengthened by -6%
since 1995 (ref. 151), a change that is expected to increase into the
future; under SSP5-8.5, internal tide generation and propagation
speed is projected to increase 8% and 10%, respectively, by the end of
the twenty-first century’®*#1%155, These changes are associated with
enhanced permanent pycnocline stratification; the increased vertical
density gradient strengthens conversion rates from barotropic tidal
energy to internal tidal energy at generation sites'*®, and accelerates
phase speeds of constant-frequency internal tides following the dis-
persion relationship™ (Fig. 7d). The enhanced and accelerated inter-
nal tides predominantly break near their generation sites, elevating
globally averaged mixing by -6%'**. However, pronounced regional
differences emerge in internal tide responses to a warming climate.
Forexample, inthe Luzon Strait, intensified upper-ocean stratification
causes the thermocline to shoal and become more stable, reducing
energy conversion efficiency and leading toa22.7% declineininternal
tide generation under SSP5-8.5 (ref. 156). In contrast, in the Andaman
Sea, increasing stratification deepens and sharpens the pycnocline,
facilitating more effective barotropic-to-baroclinic energy conversion,
and resulting in an 8% increase in internal tide generation’. These
contrasting responses primarily stem from how regionally varying
oceanographic conditions modulate the impact of enhanced stratifica-
tiononinternal tide generation and dissipation. In turn, the changing
internal tide dissipation could also influence ocean stratification via
interior mixing.

Biogeochemical and biological impacts

Stratification impacts the ocean’s carbonate system and physical
and biological carbon pumps, modulating climate change through
interlinked and nonlinear feedbacks™®. Increased upper-ocean strati-
fication reduces the transport of anthropogenic dissolved inorganic
carbon fromthe mixed layerinto the ocean’sdeeper layers and, hence,

anthropogenic CO, uptake”. Indeed, in combination with circulation
changes, stratification is believed to have reduced the oceanic sink of
anthropogenic carbon by 15% over1994-2004 and 25% over 2004-2014
(ref. 23). By contrast, rainfall can enhance ocean carbon uptake by
changing near-surface ocean turbulence associated with stratification
and winds, modulating the air-sea CO, concentration gradient'* ',

Ocean stratification also modifies the biological pump through
effects on primary production and ocean biomass®'®*. Increased
near-surface stratification reduces mixing, providing improved light
availability for photosynthesis'®. These effects are particularly impor-
tantin the high latitudes where phytoplankton are typically light lim-
ited. However, reduced mixing also decreases nutrient fluxes fromthe
deepinto the euphotic zone, enhancing nutrient limitations'**'® and
causing broad declinesin net primary production®*'*”', These nutri-
ent limitations are particularly apparent in tropical and mid-latitude
oceans, where phytoplankton nutrient stressis already worsened under
anthropogenic warming'®. Overall, the joint effects from enhanced
ocean stratification and changes in light, nutrients, grazing and SST
areprojected to decrease tropical net primary production by 7-16% by
2100 (refs.17,169,170) and global net primary production by 3.0-8.5%
depending onthescenario’, highlighting decreased efficiency of the
biological pump in sequestering atmospheric CO, (ref. 172). These
changes will have knock-on effects on ocean biomass and diversity,
including declinesin fisheries catch™7*7'7,

Methane (CH,) is also affected. Marine CH, emissions are from two
mainsources": sediments at the sea floor and organic matter cycling
inseawater'”’. In coastal or shallow seas, CH, from sediments can reach
the atmosphere through the stratified ocean directly via bubbles or
indirectly via vertical turbulent transport”®"”°. Thus, increased stratifi-
cationinhibits the penetration of dissolved gases into the near-surface
layer and hampers CH, fluxes to the atmosphere. Ocean temperature
changes at the bottom affect the stability of methane clathrates, and
possibly encourage methane release from marine sediments'”'*,
Also, ocean warming and upper-ocean stratification change affect
CH, through phytoplankton growth, zooplankton egestion and other
processes'”’.

Stratification further strongly influences ocean oxygen content.
Indeed, itis akey driver of ocean deoxygenation”""'®, contributing to
the observed ~0.5-2% decline of global open-ocean dissolved oxygen
from 1970 to 2010 (ref. 17). Thus, stratification prevents equilibra-
tion of the ocean interior with the atmosphere'®®'®?, Stratification
impacts on deoxygenation are also apparent regionally. In the Ara-
bian Sea, for example, upper-ocean stratification increases linked to
fast surface warming suppress ventilation of the intermediate ocean,
exacerbating suboxic conditions; over1982-2010, ocean oxygeninven-
tories north of20° Ndropped by 6% dec™ in the100-1,000 m layer'®,
Salinity stratification also has a role in some locations. For example,
upper-ocean salinification in the subtropical Atlantic Ocean weakens
upper stratification, increasing ventilation of mode waters and thus
subsurface oxygen content, opposing warming-driven oxygen loss'**,
By contrast, in the subpolar Atlantic Ocean, upper-ocean freshening
increases upper stratification, reducing ventilation of deep waters to

accelerate oxygen loss'™*.

Tropical cyclone intensity

Tropical cyclone development is critically sensitive to underlying
ocean conditions governed by stratification. Indeed, upper-ocean
stratification determines the efficiency of colder subsurface waters
being entrained to the surface and air-sea interaction strength, in
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combination with other upper ocean characteristics, such as
mixed-layer depth and mesoscale eddies'® ¥, These processes are
critical for the intensity of the tropical cyclones.

Stratification can either amplify or subdue tropical cyclone
intensification®®. For example, rising SST and ocean heat content
associated with enhanced stratification will provide more energy
to the cyclones™®*'®8, Increased stratification also inhibits diapycnal
mixing and reduces cyclone-induced surface cooling (cold wake)'®’.
Upper-ocean freshening caused by rainfall can also further intensify
tropical cyclones by increasing upper-ocean salinity stratification,
whichactstosuppress cyclone-induced surface cooling'>'*!, This effect
iseven pronounced whenthereisafreshwater-induced (rainfall or river
systems) barrier layer'*°, by increasing ocean stability and suppressing
storm-induced vertical mixing and cold wake. Thus, inawarming world
with enhanced stratification, these effects would cause anincrease in
cyclone intensity'”, as already apparent in observations'*>"*, albeit
with uncertainty.

However, stratification can also reduce cyclone intensifica-
tion. For instance, if tropical cyclone mixing is large enough to break
through the warm, upper stratified layer, a stronger cold wake'*'®
would decrease surface enthalpy flux, reducing cyclone intensity and
inner-core rainfall®®'*>*'° Moreover, internal tides can interact with
cyclone-generated oceanic near-inertial waves, and can amplify mixing,
weakening local stratification and causing strong ocean cooling, sup-
pressing tropical cyclone intensification?’’; these effects are observed
in the South China Sea. Allin all, the net effects of stratification on
tropical cyclones are sensitive to location and still debated.

Climate modes
Stratification changes also affect decadal modes of climate variability
such as PDV. This relationship occurs through stratification-related
impacts on Rossby-wave speed”’; the stronger the stratification, the
faster the Rossby-wave propagation*’. The westward propagation of
theRossby waveis akey process setting the decadal timescale of the PDV,
associated with the integration along Rossby-wave trajectories of sto-
chasticforcing due to internal atmospheric dynamics?*>***. Increased
stratification therefore actstoreduce the PDV lifespan through faster
propagation of extratropical oceanic Rossby waves in the Pacific'**%,
The faster propagation of Rossby waves also corresponds to a short-
ened growth time, so the PDV amplitudeis suppressed*”. Accordingly,
predictability of the PDVis reduced ina warming climate with stronger
stratification, as the dynamics of the Rossby-wave propagation is the
primary memory of PDV>%, The consequenceis aless-predictable global
decadal climate variability in the future, because PDV is a primary
climate variability on decadal timescale, which substantially affects
global-mean surface temperature and regional climate®**” (Fig. 7e).
In addition to PDV, stratification changes also have bearing on
ENSO. Generally, strong stratification favours an increase in air-sea
coupling strength (Fig. 7f) through enhanced intensity of the thermo-
cline response, because for the same atmospheric forcing the ocean
baroclinic modes trap more momentum?®*¢?°, These interactions
affect ENSO-related SST variability®”, driving increased frequency of
extreme EI Niflo”?, extreme La Nifia events®” and consecutive ENSO
events”*?“inthe future. Conversely, increased upper-ocean thermal
stratificationinhibits thermocline depth variations and nonlinear SST
responses, lowering the amplitude of weaker events”. As with the
PDV, stratification-related impacts on ocean wave propagation also
contribute to more rapid development and decay of ENSO eventsina
warming climate”®, These mechanismsalsoapply in the Indian Ocean,

potentiallyincreasing Indian Ocean Dipole variability in the twenty-first
century for warming levels higher than 1.5 °C (refs. 219,220). However,
as current generation models have limited capability in simulating
the mean state and variations of the tropical ocean*”"*??, stratification
influences on modes of variability are uncertain.

Tipping points and abrupt changes

Thechangeinoceanstratificationis considered to be critical to several
tipping pointsin the climate system; slow changes in one Earth system
component pass atipping point, after which impacts cascade through
coupled climate-ecological-social systems>?*%** Stratification could
hypothetically be relevant to two tipping points — the AMOC, and
Antarcticseaice —although the connections are currently speculative.

A key tipping point is the collapse of AMOC. Under high green-
house gas emission scenarios, warming and freshening could cause
convection in the Labrador Sea to collapse?*?*. This density-related
collapse could lead to a shutdown in the AMOC, with accompanying
abrupt changes in regional climate regimes?”**, Although models
consistently project moderate changes in AMOC under future warm-
ing scenarios, some suggest that model biases favouring an overly
stable AMOC might lead to an underestimation of the prospects for
AMOC weakening or shutdown?”. Palaeoclimate data spanning the
past millennium hint at this possibility as well**°.

An additional possible tipping point is focused on the Antarctic.
Palaeoclimate records indicate bimodal switches associated with a
feedback betweenseaice and ocean deep convection®'. Strong convec-
tionbrings warmwater to the surface (weak stratification), preventing
seaice from forming, allowing cooling of surface water and favouring
convection. Meanwhile, sea-ice formation and resultant brinerejection
reduce stratification, in turn, inhibiting the formation of sea ice?*.
Furthermore, when the sea surface is covered by perennial seaice,
much less brine formation occurs, favouring strong stratification and
enabling the formation of more sea ice””. Through these feedback
loops, stratification changes could potentially trigger abrupt Southern
Ocean changes.

Summary and future perspectives

Ocean stratification is an important oceanic process with substan-
tial climatic implications. Robust stratification increases have been
observed since the1960s, with rates of 1.1+ 0.2% dec™, 0.8 £ 0.1% dec™
and 1.8 + 0.3% dec™ for 0-200 m, 0-2,000 m and seasonal pycnocline
stratification, respectively (Table 1and Fig. 3); temperature contributes
moststrongly to these changes, butsalinity canbeimportantregionally.
These increases are most prominent in the tropics and during sum-
mer. Although climate models suffer from uncertainties and biases,
they project the increased stratification trend will continue (Fig. 3).
However, the magnitude of ongoing changes depends strongly on the
emission scenario and the timescale considered (Table1and Figs. 3, 5):
under a low-emission scenario (SSP1-2.6), 0-2,000 m stratification
increases up to~-2050-2060 (1.2[0.8,1.6]1% dec*relative to 2010-2020)
and stabilizes up to 2100 (0.7 [0.3,1.1]% dec™ relative to 2010-2020),
whereas for moderate and high-emission scenarios, it increases up
t0~2050-2060 (1.7 [1.2,2.1]% dec ™ and 2.3 [1.7,2.8]1% dec™ for SSP2-
4.5 and SSP5-8.5, respectively, relative to 2010-2020) and continues
t02100 (1.4 [0.9,1.8]% decand 2.9 [2.1,3.81% dec™ for SSP2-4.5 and
SSP5-8.5, respectively, relative to 2010-2020). This divergence has
importantimplications for future climate changes owing to the differ-
ent strengths of atmosphere-ocean and upper-deep ocean interac-
tions (Figs. 6,7). However, further researchis needed to better monitor,
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understand, simulate and project the changes in ocean stratification,
as now discussed.

Quantification of trends is sensitive to the definition of stratifica-
tion, leading to potential confusion. As ocean stratification changes
vary with depth, trends cannot be defined solely by characteristics in
one layer. For instance, the density gradient in the 15-m layer directly
below the mixed-layer base primarily defines seasonal pycnocline
stratification. Moreover, the different definitions represent different
dynamicregimesand, hence, might be relevant for some applications
compared with others. For example, stratification changes in the mixed
layer and seasonal pycnocline are relevant to tropical cyclones and
ocean production, whereas stratification changes in the permanent
pycnocline would be more relevant to effects on wind-driven circula-
tion, internal tides and climate modes. Hence, there is no single ‘best’
definition: the stratification layer always needs to be specified and
justified according to the relevance and dynamic considerations.

Stratification changes at or near critical layers need to be better
quantified and understood. These critical layers include the seasonal
and permanent pycnocline, as well as the mixed layer and barrier layer,
where substantial uncertainty exists®>>® owing to data limitations.
To better quantify these changes, efforts are needed to understand
underlying data quality and methodologies, including the impact of
temporal and spatial coverage, gap-filling and regression approaches;
andtodevelop methodologies to better detect the critical ocean layers
such as the pycnocline in middle and high latitudes. As stratification
is defined as the vertical gradient of ocean density, the observational
requirements are different for temperature and salinity?*>***. Thus, the
capability of the current observation system to quantify stratification
changes should also be evaluated.

In addition to improved observational systems, model develop-
ment and evaluation of ocean stratification is needed, highlighting
immediate priorities. Current-generation climate models contain
substantial biases that will affect the simulation of stratification and
thereby their projected trends. Important biases include SST****” and
its change patterns”****, subsurface temperatures' and salinity'%*,
and mixing and diffusion®"; the latter should be key targets to bet-
ter represent the vertical structure of ocean properties and ocean
circulations. In particular, climate models exhibit a large spread in
projecting ocean heat uptake efficiency?'°***?, primarily driven by the
intermodel spread of the middle-latitude ventilation associated with
the (permanent) pycnocline depth??, and also parameterization of
vertical mixing and diffusivity?>***. Therefore, constraining the model
spread in middle-latitude stratification by observations could help
to constrain the uncertainty in future projections of anthropogenic
carbon uptake*** and heat uptake'°***,

Beyond models, palaeo-observations of stratification changes
also hold promise but have not been examined in detail. Regional proxy
dataindicate a strong stratification in the deep ocean (cold and salty
water) during the Last Glacial Maximum (-21,000 years ago), leading to
anelevated oceanic carbon storage during this period and subsequent
release during the deglaciation when stratification decreased***. Dur-
ingthe Holocene (beginning ~11,700 years ago), stronger upper-ocean
stratificationin the tropical East Pacific favours more multiyear ENSO
events during that period because of more efficient ocean-atmosphere
coupling®®. These investigations suggest a crucial role of stratification
in palaeoclimate changes. Thus, linking modern climate observations
with palaeoclimate provides could offer critical insight into climate
systemresponsesinthe currentand future climate. Doing so requires
integrating all available proxy records, and developing more proxy

records over the world’s ocean, to better resolve the vertical structure
of stratification changes before the middle of the twentieth century.

Althoughitiswell accepted that ocean stratification hasincreased,
fundamental questions about the causes and impacts of these changes
remain. For instance, attribution of stratification changes is lacking,
necessitating investigationsinto the key mechanisms (winds, buoyancy
or ocean dynamics) and drivers (greenhouse gases, aerosols or cli-
mate variability) at global and regional scales. Dedicated model-based
analyses with single-forcing experiments (after properly accounting
for model biases in stratification) could contribute understanding.
Moreover, the impact of these stratification changes, particularly on
ecosystems and society, needs to be better quantified. Ocean strati-
fication is established as a crucial driver of deoxygenation, but the
magnitude of the contribution is little known'®’, Likewise, influences
on primary production, ocean biomass and the carbon cycle have not
been well quantified, nor have the compound effects of stratification
increasestogether with other ocean changes (such as warming, acidifi-
cationand deoxygenation). Finally, isolating the impacts of stratifica-
tion from other factors and phenomenais challenging — stratification
isnotanindependent variable. For example, the positive and negative
feedbacks of stratification change on tropical cyclones are mixed with
temperature and salinity effects, meaning that the direct net impact
cannot be quantified. New analysis approaches should be developed
to clarify these effects, including model experiments and theoretical
analyses linked to observations.
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