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The loss of oxygen from the ocean due to warming is not ubiquitous. In the
Atlantic Ocean above 1 km depth, there is oxygen loss at subpolar latitudes,

but there has been no oxygen loss or gain in the subtropics over the past
six decades. Here we show that the amplification of the hydrological

cycle, aresponse to climate change that results in a ‘salty-get-saltier,
fresh-get-fresher’ sea surface salinity pattern, influences ocean ventilation
and introduces a spatial patternin the rate of climate change-driven oxygen
lossin an Earth system model. A salinification enhances ventilation of
(already salty) mode waters that outcrop in the subtropics and opposes
warming-driven oxygen loss, while a freshening reduces ventilation

of (already fresh) deep waters that outcrop at subpolar latitudes and
accelerates oxygen loss. These results suggest that climate change
introduces patterns of oxygenation through surface salinity changes,

key to understanding observed and future regional changes.

The oceans lose oxygen in response to global warming. This loss is
attributed to the rise in ocean temperature, which decreases oxygen
solubility and increases upper-ocean stratification. The increased
stratification slows the supply of well-oxygenated waters from the
surface to the ocean interior (by both mixing and transport), a pro-
cess called ocean ventilation''°. This ocean deoxygenation has the
potential to enhance the production of nitrous oxide, a potent green-
house gas"'*, and compress the habitat of macro-organisms, with
possible negativeimpacts for valuable fisheries®*". Observations and
modelling studies suggest that the globally integrated ocean oxygen
content has declined by about 2% since the 1960s (for example, refs.
4,16) and that this loss could reach 6% in 2100 if emissions are not cur-
tailed""'®. Oxygen changes are, however, highly variable in space, with
regions losing oxygen at rates up to 40-50% while others are weakly
gaining oxygen'%,

Regional patterns in oxygen changes are particularly strongin the
Atlantic Ocean'*”??, As shown in Fig. 1, observations over the past six

decades suggest that subpolar and tropical regions have lost oxygen
(rates down to -1to -3 umol kg™ decade™), while subtropical regions
have gained oxygen or experienced very weak changes (rates up to
+1.5 pmol kg decade™, mean trends over the surface to 1,000 m
depth and 1950-2016). Ref. 21 showed that the rather unexpected
oxygenation or near-zero change observed in the northern subtropi-
cal Atlantic Ocean was contained largely within salty water masses
called mode waters that ventilate the subsurface oceanlayers (typically
200-1,000 m). By contrast, they find astrong oxygen lossin fresh deep
waters that form in the subpolar North Atlantic and then flow equa-
torward beneath mode waters. This contrast between oxygen changes
in deep and mode waters is also present in the historical and future
response of Earth system models to anthropogenic forcing (Fig. 2c).
These models simulate weak oxygen changesorevenanincreaseinsalty
North Atlantic Mode Waters, but particularly strong deoxygenation
infresher and deeper deep and bottom waters (see Fig.linref. 23 and
Fig. 13 in ref. 1). The presence of this (de)oxygenation pattern in both

'Atmospheric and Oceanic Sciences Program, Princeton University, Princeton, NJ, USA. >’Geosciences Department, Princeton University, Princeton, NJ,
USA. *High Meadows Environmental Institute, Princeton University, Princeton, NJ, USA. “Rosenstiel School of Marine, Atmospheric, and Earth Science,

University of Miami, Miami, FL, USA. [</e-mail: hogikyan@princeton.edu

Nature Climate Change | Volume 14 | January 2024 | 82-90

82


http://www.nature.com/natureclimatechange
https://doi.org/10.1038/s41558-023-01897-w
http://orcid.org/0000-0002-5984-7471
http://orcid.org/0000-0002-1212-3943
http://orcid.org/0000-0002-5085-224X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41558-023-01897-w&domain=pdf
mailto:hogikyan@princeton.edu

Article

https://doi.org/10.1038/s41558-023-01897-w

a b c
60°N 60° N 60° N
30°N 30°N 30° N [~
Lo} [0} [0}
° kel °
3 3 3
= = =
5 O g 0 5 ©
- \ ? { — —
ol ] A\ ] | :
30°S ﬁ . 30°S = 30° S
L S\
“' ’ \ N
NN
60°S 60°S R CSSERNNAN 60°S
& &
75° W 0° 75°W 0°
Longitude Longitude Longitude
33 34 35 36 37 -0.04 -0.02 O 0.02 0.04 -2 -1 0 1 2
Mean SSS (psu) SSS trend (psu decade™) 0, trend (pmol kg™ decade™)
d P>E P<E P>E e Fresher Saltier Fresher
fresh, fresher salty, saltier fresh, fresher weakened subduction  strengthened subduction  weakened subduction
F 1 | i — 1 | J 1 |
0 an 375 04 @
37.0 5
4 0.04 3
500 365 > 500 <
T 1000 3605 —= 1000 002 5
£ o E =}
= 35.5 =2 z a
2 303 £ o =
& 2000 3a5 < & 2000 e
) -0.02 o
340 g
3,000 335 c 3,000 + _0.04 %-
33.0 o,
4,000 4,000 T T T T -
40° S 20°S 0° 20°N 40° N 40°S 20° S 0° 20°N 40° N
Latitude Latitude

Fig.1|Historical observation-based changesin salinity and oxygenin the
Atlantic Ocean. a,b, Mean (a) and linear trend (b) in SSS from five observation-
based datasets (period 1968-2017): the European Centre for Medium-Range
Weather Forecasts ORASS5 (ref. 58), the National Centers for Environmental
Information’s objective analysis®*, Japan Meteorological Agency’s objective
analysis®, UK Hadley Centre’s objective analysis EN4 (ref. 66) and the Institute
of Atmospheric Physics’ objective analysis CZ16 (ref. 67). Hatching indicates
where not all datasets agree on the sign of the trend. ¢, Linear trend in average
oxygen concentration in the upper 1,000 m of the ocean from the annual-mean*

dataset (1950-2016 period). Stippling indicates where at least one depth level
(out of 47) has fewer than 20 years of data from which to estimate the trend.

d,e, Mean (d) and linear trend (e) in salinity in observation-based datasets along
mid-Atlantic depth section (-25° W, shown in a-¢,1968-2017 period). Only ORAS5
and EN4 extend below 2 km depth. Hatching as in b. Water masses outlined in
black (tropical, mode, intermediate and deep waters) are defined on the basis of
density and salinity criteria (see Methods for details). Schematicind,e points to
the contrast between salty-get-saltier and fresh-get-fresher regions.

observations and the forced response of Earth system models suggests
itis part of the response to climate change and not attributable to
natural variability, but the mechanisms responsible are still unknown.
In this Article, we show that the hydrological cycle amplification, a
response to global warming that strengthens patterns of evaporation
and precipitation® and sea surface salinity (SSS)***, can alter the sup-
ply of oxygento the oceaninterior by ventilation and help explain the
spatial pattern of oxygen changes in the Atlantic Ocean.

Mean global sea surface salinity (SSS) patterns have intensified
(salty waters tend to become saltier while fresh waters become fresher)
over the historical period, with the Atlantic becoming saltier and the
Pacific becoming fresher” %", Within the Atlantic Ocean, the contrast
betweenthesalty surface watersinthe subtropics and relatively fresher
waters in the tropical and subpolar regions has intensified (Fig. 1b),
although the details of this pattern amplification are subject to uncer-
tainty. Most notably, observation-based products disagree on whether
the SSS has increased or decreased in the fresh Labrador Sea over the
past five decades (for example, refs. 25,28,29,31,38 and hatching in Fig.
1b), despite the fact that longer-term observation-based reconstruc-
tions over the twentieth century (1890s to 2010s (refs. 32,33)) and Earth
systemmodels (for example, refs.36,39) agree that this region has and
will freshen in response to global warming, following the expected
fresh-get-fresher pattern.

This ‘salty-get-saltier, fresh-get-fresher’ pattern is attributed
largely to anamplification of the hydrological cycle inthe atmosphere,
a robust response of climate models to global warming (specifically,
amplified moisture convergenceinthe atmosphere requires an amplifi-
cation of surface moisture flux?*). This mechanism largely explains the
SSS changes observed in the Atlantic Ocean as it causes salty regions,
where climatological evaporation exceeds climatological precipita-
tion, tobecomesaltier and fresh regions, where precipitation exceeds
evaporation, tobecome fresher (for example, ref. 40) (Fig.1a,b,e). This
SSS pattern amplificationis reinforced by increased upper-ocean strati-
fication due to global warming, which limits the exchanges between
ocean surface and interior, increasing the influence of mean air-sea
freshwater fluxes on surface waters™.

ChangesinSSSinfluence surface water density and therefore the
formation rate and transport (mixing, subduction and advection) of
the water masses that ventilate and supply oxygen to the ocean inte-
rior. As evidenced by five observation-based data products, surface
salinity changes in the Atlantic Ocean propagate into the ocean inte-
rior along the pathways of the main water masses (Fig. 1e). The salty
tropical and mode waters, which supply oxygen to the surface and
subsurface subtropical Atlantic Ocean down to 1,000 m depth, have
become saltier (water masses labelled in Fig. 1d,e). By contrast, the
fresher intermediate and deep waters, which are formed at subpolar
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Fig. 2| Salinity and oxygen changes simulated in response to total climate
effect and hydrological effect. a, Mean SSS in pre-industrial control simulation.
b,c, Climate effectin SSS (b) and upper 1,000 m oxygen concentration (c) (200 yr
trends in1%-to-doubling Standard experiment). d,e, Hydrological effectin

SSS (d) and upper 1,000 m oxygen concentration (e) (200 yr trend difference

0, trend (umol kg™ decade™)

between Standard and Fix-SSS experiments). Black contours denote surface
outcrop of water masses. Straight black line is the path of the depth section
followed in Figs. 3 and 5. DW, deep waters; MW, mode waters; TW, tropical waters;
IW, intermediate waters.

latitudes and supply oxygento the deep ocean underneathtropical and
mode waters, have become fresher or experienced marginal changes
insalinity (Fig.1d,e). The strong increase in salinity where mode waters
formwas shown to efficiently de-stratify the surface layer despite the
warming-driven stratificationinaglobal climate model*, which could
potentially lead to deeper mixed layers and enhanced formation and
ventilation of mode waters. The surface freshening at subpolar lati-
tudes can, by the same logic, be expected to enhance warming-driven
stratification and weaken the ventilation of deeper intermediate and
deep waters***®, The amplification of the hydrological cycle could
therefore alleviate the warming-driven deoxygenation in salty water
masses but reinforce it in fresher water masses, potentially explain-
ing the observed pattern of subtropical oxygenation and subpolar
deoxygenation (Fig. 1c).

Here we use a global Earth system model (ESM2M) to quantify the
effect of amplified SSS patterns on Atlantic Ocean deoxygenationinan
idealized global warming scenario. We compare a‘Standard’ warming
experimentinwhich the model evolves freely and SSS patterns amplify
in response to atmospheric CO, increase (1% yr CO, increase until
doubling, then held constant during a total of 200 simulation years)
witha ‘Fix-SSS’ experimentin which the same CO,increaseis prescribed
butSSS patterns donot respond and are instead restored towards their
pre-industrial climatological values (similarly to ref. 41; see details in
Methods). While warming occurs inboth experiments (Extended Data
Fig. 1), the ocean experiences hydrological cycle amplification only
in the Standard experiment (and not in Fix-SSS). In this comparison,
we emphasize the contrast between the salty mode waters and fresh
deep waters, which respond strongly to the surface salinity changes
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in their outcrop regions, and establish a mechanistic link among
hydrological cycle amplification, salinity changes and patterns of
ocean deoxygenation.

Amplification of salinity patternsinresponse to
warming
The Earth system model ESM2M projects an amplification of salinity
patterns in response to global warming (Fig. 2), consistent with the
robust response identified previously in climate models***"*¢, We briefly
compare the amplification of the salinity patternsinresponse to climate
change, or total ‘climate effect’,in the ESM2M model (200 yr trend aver-
aged across five ensemble members of the Standard 1%-to-doubling CO,
increase experiment) and in a set of five observation-based datasets
(1950s-2010s trends), emphasizing the range across the datasets. The
surface salinification of the subtropics is weaker in the model than
in the datasets, in particular along the western continental margins
(+0.04 versus +0.06 psu decade™; Figs. 1b and 2b). The projected sur-
face freshening of the Labrador Sea (-0.10 psu decade™) is consist-
ent with the Ocean Re-Analysis 5 (ORASS) reanalysis (Extended Data
Fig.2) and previous observation-based studies” **but isinconsistent
with the ensemble of reanalyses (Fig. 1b) and other observation-based
studies®?¢**%48 These discrepancies across observational studies
highlight the challenge of estimating salinity changes in this region
butdonotruleoutafresheninginthe Labrador Seaas the fingerprint
of CO,-forced warming on centennial timescales. In the following, we
present the fresheningin the Labrador Sea as the ESM2M response to
CO,forced warmingbut note thatitis uncertain whether the Labrador
Seawill become increasingly fresh or salty in the coming decades.
The propagation of the surface salty-get-saltier and fresh-get-
fresher signalsinto the oceaninterior are remarkably similarin ESM2M
and the observation-based datasets, despite some discrepancies at the
surface (observationsin Fig.1e and Extended DataFig. 3; model resultin
Fig.3a). Thisincludes the increase in salinity (up to +0.06 psu decade™)
inmode and tropical waters formed in salty regions where evaporation

increases and the freshening (up to -0.1 psu decade™) of deep waters
thatoutcrop at higher northernlatitudes where evaporation decreases
(Figs.leand 3a; see precipitation and evaporation changesin Extended
Data Fig. 5). Differences exist, however, between the model and data-
sets. Notably, as the South Atlantic subtropical gyre expands and the
boundary between mode and intermediate waters moves polewards
(afeature supported by satellite and in-situ observations*>*°), it redis-
tributes the volume of salty South Atlantic Mode Waters meridionally
inthe model (dipole of salinity change at ~35° S; Fig. 3a) buthasamuch
weaker effect onsalinity inobservation-based datasets (Fig. 1e). Despite
these differences, we use the model, which captures the amplification
of salinity patterns and their propagation into the ocean interior, to
demonstrate that these substantial changes in salinity influence the
Atlantic Ocean ventilation and probably control the (de)oxygenation
patternobserved in nature.

Stronger deoxygenation in fresher water masses
Fresher water masses (intermediate and deep waters) experience
stronger deoxygenation and weaker salinity increase than saltier
water masses (tropical and mode waters) in response to climate change
in the ESM2M model (climate effect AS¢;, and AO, ¢, Figs. 2b,c, 3
and 4a). When averaged over the full Atlantic basin, salty mode
waters become saltier and avoid deoxygenation (AS;,, = +0.020 (0.015
to 0.022) psu decade™, AO, ¢, = —0.03 (-0.08 to +0.05) pmol kg™
decade™; mean and range of five ensemble members; Fig. 4a and
Methods). Tropical waters alsobecome saltier but at alower rate than
mode waters (ASg;,, = +0.015(0.013 t0 0.017) psu decade™) and slightly
lose oxygen (AO, ¢, = —0.28)-0.29 to -0.27) pmol kg ' decade™). By
contrast, freshintermediate and deep waters are characterized by the
weakest salinity changes (AS;,, < 0.007 psu decade™; Fig. 4a) and the
strongest deoxygenation rates (AO, ¢, = -0.83 (-0.87 to -0.80) and
-0.60 (-0.64 to -0.53) umol kg decade™; Fig. 4a).

The absence of a strong freshening in intermediate and deep
watersinthe model may appear inconsistent with the fresh-get-fresher
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Fig. 4 |Hydrological effect on potential density, stability and mixed-layer depth.
a, Hydrological effect in potential density (200 yr trend in Standard - Fix-SSS),
following the trajectory along 25° W shown in Fig. 1 with black water-mass
contours and grey annual-maximum mixed-layer depth contours (solid lines are
mean over the past 50 years of Standard experiment while dashed lines are mean
over the past 50 years of Fix-SSS experiment). Extended Data Fig. 4 estimates

the contributions of salinity and temperature to this density trend difference.

b, Hydrological effect (Standard - Fix-SSS) in squared Brunt-Viisala frequency

(N2, ameasure of vertical stability) at the base of the annual-maximum mixed
layer. Dots indicate average difference (Standard - Fix-SSS) over the past 50 years
ofthe experiments and over each water mass (as labelled on the x axis).

¢, Hydrological effect (200 yr trend in Standard - Fix-SSS) of annual-maximum
mixed-layer depth. Black bars in b,c indicate the minimum-maximum range
across the five ensemble members. Colours of dotsin b,cindicate mean salinity
of each water mass, following the colour bar to the right of c.

rule of thumb but is in fact consistent with the global ocean salinity
pattern amplification. The Atlantic Oceanas awhole becomessaltierin
contrast to the Pacific Oceanbecoming fresher, pushing surface salinity
trends towards higher values across the Atlantic (versus towards lower
valuesin the Pacific). Inaddition, the freshening of intermediate waters
associated with the precipitation increase at their outcrop surface is
offset by notable cross-isopycnal mixing with salty mode watersin the
ocean interior—a process known to contribute strongly to the mean
state and changes in this water mass’*>—as well as the southward
advection of mode watersintointermediate waters as the subtropical
gyre expands polewards (Figs. 2b and 3a). These fresh Atlantic Ocean
water masses would perhaps be better described by fresh-stay-fresher
rather than fresh-get-fresher since they remain fresher than the other
water masses in the basin but do not in fact change salinity strongly.
We isolate the salinity and oxygen changes associated with the
hydrological cycle amplification, or ‘hydrological effect’, from the
total climate effect using the difference between the Standard warm-
ing experiment and the Fix-SSS experiment, in which SSS is restored
towards its pre-industrial values (Methods). The salinity trends attri-
buted to the hydrological effect (AS,,,q4,, in Figs. 2d and 3b) closely
match the salinity trends simulated in response to the full climate effect
(AS¢m in Figs. 2b and 3a). This is consistent with the understanding
that salinity trends under climate change are attributable largely to
hydrological cycle amplification®. Across the four water masses con-
sidered here, a stronger salinity increase is linked to a weaker oxygen
decrease (Figs. 2e and 4b). The hydrological effect yields a strong
oxygen gain in mode waters that experience rapid salinification
(AO, y4r0 = +0.44 (+0.40 to +0.46) pmol kg™ decade™), a near-zero
change in intermediate and tropical waters that experience milder
salinification (AO, 4,0 < +0.10 pmol kg™ decade™) and a strong
oxygen loss in deep waters that experience a near-zero salinifica-
tion (AO, 4o = —0.43 (-0.45 to -0.39) pmol kg™ decade™) (Fig. 4b).

The hydrological cycle amplification therefore contributes to the
net pattern of deoxygenation due to climate change by modulating
the amplitude of the oxygen loss due to the direct effect of warming
(stratificationincrease and solubility decrease). Itsimpact is strongest
in salty mode waters, where the oxygen gain due to the hydrological
effect counteracts the warming-driven deoxygenation (yielding a
marginal net change in response to the total climate effect), as well as
in fresh deep waters, where it accounts for more than half of the net
simulated deoxygenation (Figs. 2c,e and 4a,b).

Ventilation controls the deoxygenation pattern
We can attribute the simulated changes in oxygen in response to the
hydrological effect to three factors: changes in ventilation, including
the effects of mixing, subductionand transport (AO, yyqrovent), Changes
insolubility tied to warming or cooling of the water masses (AO, jyqro,5at)
and changes in biological activity, which we find have a negligible
effect here except in tropical waters (AO, y,droi0; S€€ bars in Fig. 4c).
Changesin ventilation control the pattern of oxygen gainin salty mode
waters and oxygen lossin fresh deep waters, while changes in solubility
associated with the redistribution of ocean heat content (see tem-
perature changes in Extended Data Fig. 1) play a secondary role
and modulate the magnitude of the net oxygen changes attributed to
the hydrological effect (Fig. 4c). Inmode waters, the substantial oxygen
gain by ventilation (AO, 4o yen: = +0.68 (+0.65 to +0.71) pmol kg™) is
offset by abouta third by solubility changes (AO, g0 sac = —0.23 (-0.25
to-0.20) pmol kg decade™). In deep waters, the oxygen loss attributed
to ventilation (AO, yygroyen: = ~0.30 (-0.33 t0 -0.27) pmol kg™ decade™)
is, by contrast, reinforced by the reduced solubility (AO, jygr0,s0c = —0.12
(-0.13t0-0.12) pmol g* decade™; Fig. 4c).

The hydrological effect haslittle or no influence on the oxygena-
tion of intermediate and tropical waters due to the near-complete com-
pensation between the different contributions (ventilation, solubility
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and biology; Fig. 4c). In intermediate waters, a small and uncertain
decrease in oxygen supply by ventilation (AO, yygr0yen: = —0.07 (-0.18 to
-0.03) kg decade™) is entirely opposed by an equally small increase in
oxygen solubility (AO, jyqro.sar = +0.08 (0.06 t0 0.11) pmol kg™ decade™).
In tropical waters, the hydrological effect leads to a reduction in oxy-
gen due to ventilation (AO, yygr0ven: = ~0.20 (-0.28 to -0.14) pmol kg™
decade™), offset by an increase in the biological production of
oxygen (AO, yygropio = +0.19 (+0.13 to +0.25) pmol kg™ decade™
controlled by increased photosynthesis; Extended Data Fig. 7)
and an increase in oxygen solubility (AO; y4r0,sac = +0.08 (+0.05 to

+0.11) umol kg™ decade™). Thisresponse of tropical watersiis, however,
a surface signal (tropical waters are shallower than 100 m) with little
effect onthe oceaninterior.

Oxygen patterns consistent with ocean
circulation changes

The hydrological effect enhances the ventilation of mode waters and
weakens the ventilation of deep waters by influencing the vertical den-
sity structure, the depth of winter mixed layersin outcrop regions and
the strength of the shallow and deep overturning circulations carrying
these water masses into the oceaninterior. The amplification of surface
salinity patternsincreases upper-ocean density (0to1,000 m depth)in
subtropical salty-get-saltier regions but reducesit in fresh-get-fresher
regionssuchasthe Labrador Sea, where Deep Waters form (Fig. 5aand
Extended Data Fig. 4). This patterned change in density influences
the stability at the base of the winter (annual-maximum) mixed layer
asinref. 37 and the depth of the winter mixed layers, which are the
primary control on the volumes of mode and deep waters that are
entrained and formed eachyear. The hydrological effect destabilizes
the upper ocean (-0.05(-0.06 to -0.04) x 10~* s%) and deepens winter
mixed layers in regions where mode waters outcrop (+0.05 (0.03 to
0.09) m decade™ on average in outcrop region), consistent with the
increased oxygen supply by ventilation simulated in these waters (Fig.
5b). Locally, this salinity-driven deepening of winter mixed layers can
bestronger. Thisis the case at the boundary between the subtropical
and subpolar gyres, where winter mixed layers are 150 m deeper dur-
ing the last 50 years of the Standard warming experiment than in the
Fix-SSS experiment (compare solid and dashed grey lines at 40-45° N
in Fig. 5a), implying an increased rate of mode waters formation. By
contrast, the surface stabilizes (+0.01(0 to 0.03) x 10*s?) and winter
mixed layers shallow (-0.22 (-0.39 to -0.06) m decade™) where deep
watersoutcrop, leading to the reduced supply of oxygen by ventilation
inthese waters (Fig. 5b). Forexample, in the Labrador Sea, winter mixed
layers extend down to 1,000 min the Fix-SSS experiment (dashed
grey line in Fig. 5a) but to only 500 m during the last 50 years of the
Standard warming experiment (solid grey line in Fig. 5a), indicating
that surface salinity strongly modulates the depth of winter mixing
and deep waters formation rate.

The changes in density associated with the hydrological effect
also influence the transport of these water masses in the ocean inte-
rior. The shallow overturning subtropical cells are stronger during
thelast 50 years of the Standard warming experiment (15.3 Sv) thanin
the Fix-SSS experiment (14.1 Sv, shallow overturning index calculated
as the difference between the maximum of the Atlantic meridional
overturning streamfunction between12° Nand16° N and the minimum
between 12° N and 16° S above 200 m depth; adapted from ref. 53).
This result, along with the enhanced winter mixing in salty-get-saltier
regions, indicates that both the formation and transport of mode
waters into the ocean’s interior are enhanced by the surface salinity
increase. By contrast, the strength of the deep Atlantic meridional
overturning circulation (AMOC) is slightly weaker in the last 50 years
ofthe Standard experiment thanin the Fix-SSS experiment (by 0.6 Sv,
AMOC strength estimated as the maximum of the streamfunction
between 10° N and 60° N over all depths; for example, ref. 54). This
slowing of AMOC is consistent with idealized model ‘hosing’ experi-
mentsinwhich freshwateris addedinlarge volumesto regions of deep
water formation*®*. The difference in AMOC between the two experi-
ments presented here is a small fraction of the total AMOC strength,
but together with the changes in density and winter mixed layers, it
suggests that hydrological cycle amplification slightly reduces the
formationrate and transport of deep watersin the Atlantic Ocean on
multidecadal timescales.

Changes in oxygenation tied to ventilation are milder in inter-
mediate and tropical waters (Fig. 4c). The marginal change simulated
in intermediate waters arises from the offsetting effects of surface
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freshening at the outcrop surface, which tend to reduce upper-ocean
density and oxygen supply by ventilation, and the salinification within
the water mass caused by the poleward advection of, and mixing with,
salty mode waters (as described in Stronger deoxygenationin fresher
water masses), which tend to increase density and promote ventila-
tion (Fig. 5). In tropical waters, the weak deoxygenation attributed
to ventilation is consistent with the salinification and densification
of the upper ocean, which slightly increase the mixing of low-oxygen
subsurface waters into this small near-surface volume of relatively
well-oxygenated waters.

Influence on ocean heat content and oxygen
solubility

The changes in physical circulation associated with the hydrological
amplification redistribute ocean heat content, explaining the changes
in oxygen solubility (light blue bars in Fig. 4c). On average, mode and
deep waterswarminresponse to the hydrological effect, whereas inter-
mediate and tropical waters cool, although these temperature changes
arenot homogeneousin space across each water mass (Extended Data
Fig.le-g). In mode waters, the mean warming can be attributed to
the salinity-driven increase in ventilation (deeper mixed layers and
stronger shallow overturning) that enhances their heat uptake®. In
deep waters, the hydrological effect weakens the ventilation (shal-
lower winter mixed layer and slightly weaker AMOC), which reduces
thetemperature of the Labrador Searegion (north of 45° Nin Extended
DataFig.1). Yet weakened mixing with very cold bottom waters in the
Standard experiment (relative to the Fix-SSS) leads to aweak warming
of most of the deep waters volume, which exceeds the more localized
coolinginthe formation regions and controls the reductionin oxygen
solubility. Inintermediate waters, the slight cooling and reduction in
oxygen solubility are tied to the surface freshening, which causes alocal
decreaseinocean heat uptake (but is partly offset by the intruding and
rapidly warming mode waters; Extended Data Fig. 1). Finally, tropical
waters have alarge surface areain contact with the atmosphere and are
therefore influenced mostly by the surface cooling associated with the
hydrological effect (more heat uptake in mode waters leads to surface
cooling; see Extended Data Fig.1and refs. 41,55).

Limitations and caveats

The prominent role of ventilation in controlling the oxygen changes
attributed to the hydrological effect (compared with biological and
solubility changes) is consistent with previous findings showing that
ocean circulation dominates decadal to multidecadal oxygen changes
in both observation-constrained datasets and climate models (for
example, refs. 7,10,56). Yet the exact magnitude of the ventilation
changes that can be attributed to the hydrological cycle amplifica-
tionis subject to uncertainty. We note, in particular, that the increase
insalinity simulated in the subtropicsinthe modelislower thaninthe
observation-based products. This underestimation of the hydrological
cycle amplification and associated low-latitude salinification in the
model is partly due to the slower warming simulated in the Standard
experiment (global surface warming of 0.1 K decade ' on average over
the 200 years) relative to the historical period (global surface warming
of 0.2 K decade ' for 1960-2018 (ref. 57)). As a result, the increase in
ventilation and oxygenation associated with the hydrological effectin
mode waters might have been stronger over the past five decades than
the simulated trend here. By contrast, the simulated subpolar freshen-
ing attributed to hydrological cycle amplification in the model might
be overestimated because part of the signal might be associated with
thetransport of freshwater originating from sea-ice meltin the Arctic
and not with changes in precipitation and evaporation (polewards of
80° N; see details on surface salinity restoring in Methods). Further-
more, the magnitude of the freshening in the Labrador Seasimulatedin
the Earth system model used here and in others* is uncertain. Indeed,
observation-based reconstructions of SSS trends since 1950 supporta

freshening (-0.01 psu decade ™ (refs. 27-31)), in close agreement with
longer reconstructions over the twentieth century (since 1896 (refs.
32,33)) and the ORASS5 reanalysis®, whereas other reanalyses*****¢ and
reconstructions®?® suggest that SSS has increased in and around the
Labrador Sea since 1950 (at +0.02 to 0.1 psu decade™). The reduced
ventilation and deoxygenation of deep waters simulated in this study
might therefore not represent the changes of the historical period,
but they can be interpreted as the response to a strong freshening.

Conclusions

The patterned change in oxygen identified here in response to the
hydrological cycle amplification adds important nuance to the expec-
tation that warming-driven decreases in both solubility and ventila-
tion cause widespread deoxygenation (forexample, refs.1,2,4,59,60).
Salty-get-saltier mode waters formed in the subtropics experience
enhanced ventilation, opposing the effect of warming-driven oxygen
loss. By contrast, fresh-get-fresher deep waters formed at subpolar
latitudes experience reduced ventilation, adding to the oxygen loss
expected from warming. Although tropical and intermediate waters
respond more weakly to hydrological cycle amplification, the changes
inthese water masses supportthe link between increased salinity and
increased ventilation. In the model, this hydrological effect strongly
modulates the overall response to climate change (climate effect),
possibly explaining the previously unaccounted-for oxygenation of
Atlantic Mode Waters observed in nature?.

The hydrological effect canbe expected to modulate ocean venti-
lation outside the Atlantic Ocean. Yet projected salinity changes in
the Pacific and Indian oceans are weaker than in the Atlantic®®, so that
the contribution to oxygen changes is expected to be weaker in those
basins. Finally, the link among salinity, ventilation and oxygen pat-
terns identified here on multidecadal timescales may also operate
on shorter interannual to decadal timescales, in response to natural
oscillations that affect the distribution of rainfall and evaporation (for
example, North Atlantic Oscillation®"*?). On longer, multicentennial,
timescales, however, changes in SSS may be more strongly influenced
byice-sheet melt than precipitation and evaporation. This could rein-
force high-latitude freshening (for example, ref. 63) and weaken the
ventilation and oxygenation of the deep water masses.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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butions and competinginterests; and statements of dataand code avail-
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Methods

Model and experimental set-up

Weisolate the hydrological effectin terms of SSS pattern amplification
using two idealized ensemble experiments in the Geophysical Fluid
Dynamics Laboratory Earth System Model, version 2M (ESM2M)>*¢55°,
This version uses the Modular Ocean Model 5 with nominal1°resolution
(telescoping to1/3° at the Equator), AtmosphericModel 2 with 2 x 2.5°
resolution, Land Model 3 and the Tracers of Ocean Phytoplankton with
Allometric Zooplankton biogeochemical module (full description in
the supplemental material of ref. 68). The model is initialized with a
multicentury run from the same model, then spun up for approximately
200 model years (the ensemble members begin from consecutive
years) with constant pre-industrial atmospheric CO, of 286 ppm. Drifts
in both physical and biogeochemical variables, estimated from the
pre-industrial control run, are within the targets outlined in ref. 68. Spe-
cifically, global mean sea surface temperature and SSS have no apparent
drift (variability is within £0.2 Kand £0.02 psu), the global mean ocean
temperature drifts by about 0.01 °C per century and globally integrated
oxygen content drifts by less than 1% per century. Linear drifts derived
from the control run are removed from our results at each grid point.

Two transient ensemble climate change experiments are initial-
ized fromthe spin-up: Standard and fixed sea surface salinity (Fix-SSS).
In the Standard experiment, the atmospheric CO, concentration is
increased at1% per year until the CO, concentration doubles at year 70,
after which the concentrationis held fixed for 130 years, so the model
runis 200 years long. The Fix-SSS experiment is similar to the Standard
run, but SSS is nudged towards the pre-industrial climatology with a
freshwater restoring flux (linear in time, with a 30 d timescale). Since
the focus here is on changes in precipitation-evaporation tied to the
hydrological cycle amplification, SSSis not restored at locations with
seasonal sea ice (Extended Data Fig. 9). Freshwater from sea-ice melt
that has beentransported and led to freshening outside of the region
of seasonal seaice would berestored and attributed to the hydrological
cycle amplification in our set-up. This could slightly exaggerate the
freshening and consequentimpactsin the high-latitude North Atlantic.
However, our results suggest that the freshening in this region is due
toadecreasein evaporation (Extended DataFig. 5) associated with the
cooling dueto AMOC slowdown and that freshwater flux trends due to
ice melt are relatively small. This approach, restoring salinity, means
that our hydrological effect includes changes in both air-sea fluxes
and circulation changes in the atmosphere and ocean. This definition
ofthe hydrological effect can thus be thought of as the total influence
of hydrological cycle amplification on the ocean.

The Standard experiment is used to quantify the total effect of
climate change on ocean oxygen, which includes the effect of warming,
the amplification of the hydrological cycle and other forced changes
in the Earth system (for example, sea-ice melt, winds and circulation
changes). Note that the freshening at polar latitudes is probably under-
estimated relative to nature since ESM2M does not incorporate an
interactive ice-sheet model. The effect of hydrological cycle amplifica-
tionis quantified by the difference between the Standard and Fix-SSS
experiments. The total climate effect and hydrological effect are des-
ignated as AX;,, and AX,4,, fOr any variable X. For example, ASy, 4., is
positive where the ocean gets saltier as the climate system warms and
negative where the ocean gets fresher. Toreduce theimpact ofinternal
variability in the model solutions and extract only the forced response,
we run five ensemble members for each experiment branched from dif-
ferentyearsin the pre-industrial control spin-up experiment (branched
from spin-up years 190,191, 192, 194 and 196). The range across these
five ensemble members (Fig. 4) provides an estimate of the influence
ofinternal variability on our results. We also test statistical significance
ofthetrends andfind that trends are significantly non-zero ata Pvalue
of 0.01everywhere except narrow transition regions between positive
and negative trends (Wald test; pythonscipy stats.linregress package).
Results are shown for the Atlantic Ocean defined by the dark blue

mask shownin Extended Data Fig. 9. Model trends are computed over
200 model years (including the 70 years of CO, increase and another
130 years of constant CO,at 586 ppm) in each member (after removing
drift) and then averaged over the five members.

Atlantic water-mass definition

We define Atlantic water masses with density and salinity thresholds on
thebasis of ref. 51 but slightly adjusted for mean model bias (Extended
Data Fig. 8, 9). Tropical waters are defined as all waters lighter than
Do (potential density referenced to the surface) =1,025 kg m~. Mode
waters are further delimited as lighter than 1,027.6 kg m™, saltier than
35 psuinthe south and saltier than 35.5 psu in the north. Mode waters
here include northern and southern subtropical mode waters, as
well as the better part of subpolar mode waters in the North Atlantic.
Intermediate waters (Antarctic Intermediate Waters) are also
lighter than 1,027.6 kg m~ but are generally fresher than 35 psu. In
the tropics and below 600 m depth, intermediate waters are limited
to be fresher than 34.9 psu, and the volume between intermediate
(34.9 psu) and mode (35 psu) waters is defined as deep waters, which
upwell near the Equator. Deep waters are defined as all waters denser
than 1,027.6 kg m~ but lighter than p, (potential density referenced
t0 2,000 dbar) =1,036.82 kg m™. This definition of deep waters also
includes afraction of the volume of subpolar mode waters in the North
Atlantic. For simplicity, we term these water masses tropical waters,
mode waters, intermediate waters and deep waters. The water-mass def-
initions are stationary intime, determined by the time-mean physical
seastateinthe 200 yr pre-industrial control run, and capture the distri-
bution of relatively salty (tropical and mode) and relatively fresh (inter-
mediate and deep) water masses in the mean pre-industrial state. The
changeinsalinity largely follows the same contours, although changes
incirculation canlead to exceptions, especially inintermediate waters
(see Oxygen patterns consistent with ocean circulation changes).

In the observation-based data products, the relevant thresholds
in salinity and density are not the same as in the model (which is, for
example, biased slightly fresh relative to observations throughout the
Atlantic Ocean) but are more similar to the observation-based defini-
tions given by ref. 51 (Fig. 1d,e). Tropical waters are, again, all waters
lighter than 1,025 kg m™. Mode waters in the reanalysis, however, are
defined to be saltier than 36.1 psu, warmer than 8 °C and lighter than
1,027.7 kg m~ and intermediate waters are fresher than 34.25 psu
and lighter than 1,027.7 kg m. Deep waters include the remaining vol-
umebetweenand denser thanmode andintermediate watersbut lighter
thanp,=1,037 kg m™. Water denser thanthisis considered bottom water.

The calculation of potential density (Fig. 5) and attribution of den-
sity changes to temperature and salinity (Extended DataFig. 4) are esti-
mated using the Gibbs Seawater Oceanographic Toolbox™: p = p(S, 6).
Density is calculated from potential temperature and salinity in the
corresponding dataset: either ESM2M or the reanalysis. The difference
in density due to temperature difference between the Standard and
Fix-SSS experiments (Extended Data Fig. 4b) is estimated asthe trend in
density inthe Standard experiment (pg.q = P(Sswa, Os:q)) minus the trend
in density estimated from Standard salinity but Fix-SSS temperature
(Psed-0= P(Sswar Orix_sss))- The difference in density due to salinity differ-
ence between the Standard and Fix-SSS experiments (Extended Data
Fig.4c)isestimated as the trend in density in the Standard experiment
(Dsea = P(Ssiar O5:4)) minus the trend in density estimated from Standard
temperature but Fix-SSS salinity (0s.-s = P(Srix-sss» Osca))-

Drivers of O, changes

We attribute the changes in oxygen to changes inthe saturated oxygen
concentration (0,,), whichisreflective primarily of warming, changes
in biological consumption or production of oxygen (O, ;,) and changes
inventilation (O,,cn,).

AOZ = Aoz,sat + AOz,bio + A02,vem
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The O, is estimated from monthly mean conservative
temperature and salinity using the Python implementation of the
Gibbs Seawater Oceanographic Toolbox for the Thermodynamic
Equation of Seawater 10 (TEOS-10) (ref. 70). This calculation assumes
saturation at the surface, which is a good assumption for the open
ocean, although surface waters may be up to 30% below saturation
in coastal waters and highly productive upwelling regions (Fig. 5d,e
of ref. 71). The O,,,, is provided by the biogeochemical module of
ESM2M (TOPAZ), and O, ., is derived as the residual. This is very
similar to the ‘apparent oxygen utilization’methodology (for example,
refs. 18,72,73), which groups the effects of biology and circulation
together for applications where the impact of biology is unknown.

Data availability

The GFDL ESM2M data used in this study, after pre-processing, are
hosted by Dataspace: https://doi.org/10.34770/jw96-r404. The ECMWF
Ocean Re-Analysis 5 (ORASS) datawere accessed from the Copernicus
Climate Data Store on 5 April 2022 (ref. 58). World Ocean Atlas 2018
(WOAI18) oxygen datawere accessed from the WOA18 webpage hosted
by the NOAA National Centers for Environmental Information on 30
July 2019 (ref. 74).

Code availability
Code for producing figures is available with the data on Dataspace at
https://doi.org/10.34770/jw96-r404.
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| Sea surface salinity trend in observation-based
datasets and climate model. Stippling in each panelindicates that the trend
isnot significant at the 95% confidence level. Datasets are as follows: ECMWF’s
reanalysis ORAS5*, National Center for Environmental Information’s objective

analysis Levitus®, Japanese Meteorological Agency’s objective analysis Ishii®, UK-

Hadley Centre’s objective analysis EN4’, and Institute for Atmospheric Physics’

objective analysis CZ16°. The final, lowest right, panel shows the 200-year trend
inthe ESM2M 1%-to-doubling experiment used in this study. Black contours
show water masses according to density and salinity criteria outlined in Methods
section, using the mean density and salinity in each dataset (for Levitus, the
World Ocean Atlas 2018 dataset is used). Area south of 600S has been removed.
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Extended Data Fig. 7| Trend difference in primary productivity. Vertically integrated 200-year trend in primary productivity, Standard 1% minus Fix-SSS
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Extended Data Fig. 8 | Mask of water masses in Atlantic Ocean. Defined with 100-year annual average fields in the ESM2M pre-industrial control experiment, as
described in Methods. Black contours are the smoothed water mass limits visualized in all other figures.
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Extended Data Fig. 9 | Mask of SSS restoring location, and Atlantic Ocean.
Global restoring of sea surface salinity is only applied in the light and dark blue
locations, but is not applied where there is seasonal seaice in pre-industrial

control run (white regions). Dark blue mask based on ‘regionmask’ Python
package is used toisolate Atlantic Ocean water masses in Figures 2,4, and
Extended Data Figure 3.
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