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Abstract 31 

The global ocean is losing oxygen under climate warming, yet most climate 32 

models project rising oxygen levels in low-latitude subsurface waters (~100–500 m), 33 

partly due to their enhanced ventilation. However, underlying drivers for the enhanced 34 

ventilation remain unclear. Here we demonstrate that the enhanced tropical subsurface 35 

ventilation is driven by extratropical forcing. While extratropical warming/freshening 36 

are typically associated with weakened subsurface ventilation in the subtropics due to 37 

reduced subduction of mode and intermediate waters, they also induce cross-38 

hemispheric overturning responses that deepen isopycnals and thereby effectively push 39 

well-ventilated, oxygen-rich shallower waters to greater depths, which improves 40 

ventilation and increases oxygen in tropical subsurface waters. These processes can 41 

reduce the deoxygenation stress in tropical subsurface depths on centennial timescales, 42 

but their effects diminish on longer time scales. Our findings highlight critical links 43 

between extratropical dynamics and tropical subsurface oxygen fluctuations, with 44 

critical implications for projecting climatic impacts on marine ecosystems. 45 

 46 

Introduction 47 

The global ocean is losing oxygen due to rising temperatures (Keeling et al., 2010; 48 

Helm et al., 2011; Ito et al., 2017; Schmidtko et al., 2017), potentially affecting the 49 

ocean nutrient cycle with adverse impacts on marine ecosystems (Vaquer-Sunyer and 50 

Duarte, 2008; Stramma et al., 2011). This deoxygenation trend is expected to continue 51 

over the 21st century as warming decreases oxygen solubility in seawater and surface 52 

ocean stratification enhancement reduces the oxygen supply to the ocean interior 53 

(Oschlies et al., 2018; Keeling and Garcia, 2002; Bopp et al., 2002, 2017). However, in 54 

contrast to the global deoxygenation trend, most climate models project an oxygen 55 

increase in the tropical subsurface ocean (Fig. 1a; Bopp et al., 2013; Kwiatkowski et 56 

al., 2020; Busecke et al., 2022), currently hosting the ocean's oxygen minimum zones. 57 

This oxygen gain may potentially lead to a contraction of oxygen minimum zones 58 

(Busecke et al., 2022), reducing oceanic production of nitrous oxide (Babbin et al., 2015) 59 

— a potent greenhouse gas — and thereby creating a negative feedback to counteract 60 



climate warming. 61 

Both biological and physical changes have been invoked to explain the projected 62 

tropical subsurface oxygen gain (Bopp et al., 2017; Takano et al., 2018; Ditkovsky and 63 

Resplandy, 2025). As the climate warms, the upper-ocean stratification strengthens and 64 

the global ocean overturning circulation weakens (Capotondi et al., 2012; Li et al., 2020; 65 

Bakker et al., 2016; Weijer et al., 2020), both reducing nutrients in the upper ocean 66 

(Keeling and Garcia, 2002; Moore et al., 2018; Kwiatkowski et al., 2020; Sun et al., 67 

2024). The nutrient decline weakens biological productivity, reducing organic matter 68 

export and thereby decreasing subsurface oxygen consumption (Bopp et al., 2002). The 69 

warming climate also drives global ventilation changes (Fig. 1b), with enhanced 70 

ventilation in the tropical subsurface that contributes to the oxygen gain (Gnanadesikan 71 

et al., 2007, 2012; Takano et al., 2018; Ditkovsky and Resplandy, 2025). A quantitative 72 

attribution of the tropical subsurface oxygen gain to biological vs. ventilation changes 73 

is model-dependent, given the large uncertainty in representing biological activities in 74 

models (e.g., Séférian et al., 2020; Rohr et al., 2023). As such, we will focus on physical 75 

processes responsible for the ventilation changes in this study. 76 

The improved ventilation in the tropical subsurface, largely occurring within the 77 

thermocline’s “shadow zones” (Luyten et al., 1983), contrasts with projections of 78 

reduced subduction of mode waters under climate warming (Downes et al., 2009; Luo 79 

et al., 2009; Xu et al., 2012). This counterintuitive ventilation improvement in the 80 

tropical subsurface has been primarily linked to increased local stratification, which 81 

may inhibit the upwelling of poorly ventilated deep waters to the upper ocean 82 

(Gnanadesikan et al., 2007; Takano et al., 2018). This mechanism is mainly restricted 83 

to the equatorial and eastern boundary upwelling regions above the thermocline, but 84 

cannot explain the basin-wide ventilation improvement at low latitudes below the 85 

thermocline (Fig. 1b). Thus, alternative mechanisms are needed to account for the wide-86 

spread enhancement of ventilation in the tropical subsurface under climate warming. 87 

In this study, we analyze 21st-century climate model simulations from the Coupled 88 

Model Intercomparison Project phase 6 (CMIP6; Eyring et al., 2016) to investigate the 89 

projected changes in oxygen and ventilation. Our analyses reveal that the ventilation 90 



enhancement in the tropical subsurface is related to a basin-wide deepening of the upper 91 

ocean isopycnals. To elucidate the underlying mechanisms, we conduct a suite of 92 

process-based ocean-only simulations and demonstrate that the basin-wide isopycnal 93 

deepening is driven by surface warming and freshening in the extratropics. These 94 

extratropical changes induce anomalous cross-hemispheric overturning responses, 95 

which push well-ventilated and oxygen-rich shallower waters to greater depths, 96 

resulting in improved oxygenation in the tropical subsurface. While similar processes 97 

also operate in the subtropics and high latitudes, their influences are largely offset by 98 

reduced subductions of mode and intermediate waters. Here, we highlight a hitherto 99 

under-explored mechanism that contributes to tropical subsurface oxygen increases, 100 

hinging on remote extratropical warming and freshening that enhances ventilation of 101 

the tropical subsurface ocean. 102 

 103 

Results 104 

Subsurface oxygen trends set by ventilation changes 105 

We investigate the projected oxygen trends over the 21st century under the high-106 

emission scenario (“ssp5-8.5”, O’Neill et al., 2016), as simulated by CMIP6 Earth 107 

system models (See “CMIP6 Models” in Methods). Our analysis focuses on waters at 108 

100–500 m depths, where the most pronounced O2 increases in tropical subsurface are 109 

projected (Supplementary Figs. S1 & S2d–f). While rising global ocean temperatures 110 

decrease the oxygen solubility in seawater (Supplementary Fig. S3b) and contribute to 111 

widespread deoxygenation across much of the global ocean (Fig. 1a), we observe an 112 

opposite trend at low latitudes: oxygen concentrations are increased in subsurface 113 

waters in the Atlantic and Indian Oceans and the eastern tropical North/South Pacific 114 



 115 

Figure 1. Oxygen and ventilation trends over the 21st century projected by CMIP6 models. Multi-116 

model ensemble-mean trends in (a) oxygen concentration, (b) ideal age, and (c) 𝐴𝐴𝐴𝐴𝐴𝐴 , averaged 117 

vertically between 100–500 m water depths. The ideal age represents the average time elapsed since the 118 

last contact with the atmosphere. The 21st century change is calculated as the linear trend over 2015–119 

2100. Stippling in (a)–(c) indicate over three quarters of the examined models agree on the sign of 120 

changes. The magenta solid contours in (b) and (c) mark the regions with oxygen increases as shown in 121 

(a). (d) 𝐴𝐴𝐴𝐴𝐴𝐴 changes vs. ideal age changes. The black line is a linear regression, with a correlation 122 

coefficient of 𝑟𝑟 = 0.76. Each point represents a grid box of 1°×1° in (b) and (c). Dots in blue (AOU 123 

decrease) and orange (AOU increase) represent data with over 75% of the examined models agreeing on 124 

the sign of changes, while other data are shown by grey dots. 125 

(Fig. 1a; Supplementary Fig. S2d–f). These low-latitude oxygen increases are caused 126 

by a reduced oxygen consumption, as indicated by the negative trends in apparent 127 

oxygen utilization (𝐴𝐴𝐴𝐴𝐴𝐴) in these regions (Fig. 1c; see “Oxygen consumption and 128 

ventilation age” in Methods). 129 

Both biological and physical processes contribute to the declining oxygen 130 

consumption in the tropical subsurface. The export of organic matter from the surface 131 

euphotic zone to the subsurface, represented by the downward flux of particulate 132 

organic carbon at 100 m water depth, declines in most regions during the 21st century 133 

(Supplementary Fig. S4a), consistent with published projections (Bopp et al., 2013; 134 



Kwiatkowski et al., 2020; Ryan-Keogh et al., 2025). This decline in organic matter 135 

export would be accompanied with decreased remineralization and, consequently, a 136 

reduced oxygen consumption in the tropical subsurface. Concurrently, ventilation 137 

strengthens with an effect to enhance oxygenation in the tropical subsurface. We also 138 

note that ventilation substantially weakens and decreases subsurface oxygen levels in 139 

the Southern Ocean and the North Pacific subtropical regions (Fig. 1b). While 140 

biological changes lower 𝐴𝐴𝐴𝐴𝐴𝐴 in the tropical subsurface, the spatial structure of 𝐴𝐴𝐴𝐴𝐴𝐴 141 

trends on global scales appear to be largely governed by changes in the ventilation state 142 

rather than by the biological consumption (Fig. 1d vs. Supplementary Fig. S4b). 143 

 144 

Enhanced tropical subsurface ventilation due to basin-wide isopycnal deepening 145 

Enhanced ventilation in the tropical subsurface ocean is unexpected from a 146 

warming climate. Ventilations of the subsurface ocean, taking place primarily in high- 147 

and mid-latitude regions, occur through a few interconnected processes, including the 148 

formation of deep/bottom waters, subduction of mode/intermediate waters, and lateral 149 

transport by ocean circulations (Morrison et al., 2022). Climate warming increases 150 

upper-ocean stratification, reducing the formation of deep and bottom waters (Purkey 151 

and Johnson, 2013; Weijer et al., 2020; Li et al., 2023) and weakening mode and 152 

intermediate water subduction (Downes et al., 2009; Luo et al., 2009). Of relevant to 153 

this study, the ventilation will be suppressed in the ocean interior affected by 154 

mode/intermediate waters (Fig. 1b; Supplementary Fig. S2j–l). This is manifested by 155 

pronounced ventilation age increases in the subtropics and subpolar regions (Fig. 1b). 156 

By contrast, ventilation changes in the tropical subsurface (100–500 m), where the 157 

thermocline’s “shadow zones” are located (Luyten et al., 1983), are primarily controlled 158 

by an imbalance between vertical advection and diffusion (Gnanadesikan et al., 2007). 159 

Characterized by a shallow thermocline, the modern tropical subsurface is not directly 160 

affected by mode/intermediate water subduction, but instead occupied by waters older 161 

than subtropical subsurface waters (Supplementary Figs. S2g–l & S5). Based on our 162 

decomposition of ventilation age and 𝐴𝐴𝐴𝐴𝐴𝐴 changes (See “Decomposition of 𝐴𝐴𝐴𝐴𝐴𝐴 163 

and ideal age” in Methods), we show that ventilation age reductions and negative 𝐴𝐴𝐴𝐴𝐴𝐴 164 



 165 

Figure 2. Ideal age changes due to isopycnal deepening. (a) Ideal age changes due to vertical 166 

movements of isopycnal surfaces, averaged vertically over 100–500 m water depths (See 167 

“Decomposition of 𝐴𝐴𝐴𝐴𝐴𝐴 and ideal age” in Methods). Magenta contours mark the region where oxygen 168 

concentration increases as shown by multi-model mean (Fig. 1a). (b) Depth changes of the isopycnal, 169 

𝜎𝜎0 = 26.00 𝑘𝑘𝑘𝑘/𝑚𝑚3, from years 2015–2019 to 2096–2100. The solid blue and green contours represent 170 

outcropping locations of the isopycnal, 𝜎𝜎0 = 26.00 𝑘𝑘𝑘𝑘/𝑚𝑚3 , defined as the isopycnal reaching the 171 

bottom of surface mixed layer, during 2015–2019 and 2096–2100, respectively. Regions are stippled 172 

where over 75% of the models agree on the sign of changes. (c) Zonal-mean changes in multi-model 173 

mean surface net heat flux and surface net freshwater flux over the 21st century. Positive values represent 174 

fluxes into the ocean. The shading indicates extratropical regions with increased heat and freshwater 175 

fluxes under future warming. 176 

trends in the tropical subsurface are largely driven by deepening of isopycnal surfaces 177 

under climate warming over the 21st century (Figs. 1b & 2a; Supplementary Fig. S6), 178 

consistent with previously findings (Takano et al., 2018). As the climate warms, 179 

isopycnal surfaces move progressively to greater depths (Fig. 2b; Supplementary Fig. 180 

S7), and consequently the upper ocean is replaced with lighter and younger water 181 

masses (Fig. 2a; Supplementary Fig. S7). Critically, this deepening of isopycnal 182 

surfaces is not confined to the tropics, but a basin-scale feature that culminates at mid-183 

latitudes particularly in the Southern Ocean and North Pacific (Fig. 2b; Supplementary 184 



Fig. S7). Nevertheless, subsurface waters in the subtropics are overall characterized by 185 

weakened ventilations, owing to suppressed production of mode/intermediate waters in 186 

mid-latitude and subpolar regions. 187 

Regarding physical mechanisms, the basin-scale deepening of an isopycnal 188 

surface, 𝜎𝜎, is unlikely driven by wind changes which only redistribute water volume 189 

within ocean basins (Huang, 2015). Instead, it is driven by an anomalous water mass 190 

transformation from subsurface to density classes lighter than 𝜎𝜎  (See “Isopycnal 191 

deepening driven by water mass transformation” in Methods). This transformation 192 

likely occurs at the outcropping positions of the isopycnal surface (blue and green 193 

contours in Fig. 2b) in the Southern Ocean, North Pacific, and North Atlantic. Indeed, 194 

climate models project increased surface heat and freshwater fluxes into the ocean 195 

poleward of 40° latitude in both hemispheres as the climate warms (Liu et al., 2021; 196 

Fig. 2c; Supplementary Fig. S8). Surface warming and freshening (Supplementary Fig. 197 

S9) drive anomalous surface water mass transformation from dense to light waters, 198 

leading to volume convergence in the upper ocean. This anomaly may propagate 199 

equatorward and then into the other hemisphere along the boundaries and equator in 200 

the form of Kelvin waves, establishing cross-hemispheric overturning circulation 201 

responses (Sun et al., 2020; Luongo et al., 2025). These processes result in basin-scale 202 

deepening of isopycnal surfaces (Fig. 2b; Supplementary Fig. S7). 203 

 204 

Enhanced ventilation driven by extratropical buoyancy forcing 205 

We use MITgcm to conduct a set of process-oriented numerical experiments to 206 

illustrate the role of extratropical forcing in tropical ventilation changes (see “MITgcm 207 

simulations” in Methods). Under global surface wind and buoyancy forcings (e.g., 208 

warming and freshening) derived from a coupled CESM2 experiment with increasing 209 

atmospheric CO2, our MITgcm run largely reproduces the structure of ventilation 210 

changes shown by CMIP6 and CESM2, with enhanced ventilation in the tropical 211 

subsurface and weakened ventilation in the subtropics and at high latitudes 212 

(Supplementary Fig. S10). By replacing surface wind or buoyancy forcing the 213 

preindustrial conditions, we show that the enhanced ventilation in the tropical 214 



 215 
Figure 3. Ventilation and overturning responses to tropical vs. extratropical forcings simulated by 216 

MITgcm. (a)–(c) Ventilation changes driven by surface warming and freshening applied (a) globally, (b) 217 

in low latitudes, and (c) in the extratropics. (d–f) Indo-Pacific overturning circulation and (g–i) upper 218 

ocean (100–500 m) ventilation responses to surface warming and freshening applied to the (d, g) 219 

Southern Ocean, (e, h) North Pacific, and (f, i) North Atlantic. Magenta boxes denote the regions where 220 

surface buoyancy forcing perturbations are applied. Ideal ages represent averages over 100–500 m depths 221 

at 100 years after perturbations. Ventilation changes under extratropical buoyancy forcings (c) are the 222 

sum of ventilation changes shown in (g–i). Positive streamfunction indicates clockwise overturning 223 

circulation anomaly. The overturning response in (f) is multiplied by 2 for better presentation. For details, 224 

see “MITgcm simulations” in Method. 225 

subsurface can be attributed to changes in surface buoyancy forcing (Fig. 3a; 226 

Supplementary Fig. S11a–c). This contrasts with historical oxygen changes in the 227 

tropical subsurface on decadal and multi-decadal timescales, which are primarily driven 228 

by local wind changes associated with climate mode variability (Deutsch et al., 2011; 229 

Duprey et al., 2024; Pichevin et al., 2024). 230 

When surface warming and freshening are applied exclusively to low latitudes 231 



(20°S–20°N), our simulations show increased ventilation age in the tropical subsurface 232 

(Fig. 3b) despite a slight deepening of isopycnal surfaces (Supplementary Fig. S12e), 233 

contrary to previous expectations (Gnanadesikan et al., 2007; Takano et al., 2018). Our 234 

simulated subsurface aging occurs because enhanced surface stratification weakens the 235 

shallow overturning circulation at low latitudes (Supplementary Fig. S13d), the primary 236 

means to ventilate the tropical subsurface (McCreary and Lu, 1994; Liu, 1994). 237 

Additionally, stronger surface stratification may cause thermocline shoaling in tropical 238 

regions, expanding the poorly ventilated shadow zone (Luyten et al., 1983). 239 

When applying surface warming and freshening to extratropical regions (30° 240 

latitude poleward), the ventilation age substantially decreases in the tropical subsurface 241 

(Fig. 3c). This occurs as the extratropical warming and freshening drive cross-242 

hemispheric overturning responses (Fig. 3d–f; Supplementary Fig. S14) associated with 243 

basin-wide deepening of isopycnal surfaces (Supplementary Fig. S12g–i). To illustrate 244 

this mechanism, we have applied surface warming and freshening to the Southern 245 

Ocean, North Pacific, and North Atlantic, separately. We find that surface warming and 246 

freshening in the Southern Ocean induces a clockwise, cross-hemispheric overturning 247 

circulation response in the upper 1 km of the Indo-Pacific and Atlantic oceans (Fig. 3d; 248 

Supplementary Fig. S14a). The overturning response is characterized by anomalous 249 

northward volume transport in the upper 300 m, coupled with a deepening of isopycnal 250 

surfaces (Supplementary Fig. S12g). The resulting downward transport of well-251 

ventilated waters substantially decreases ventilation age in the north and tropical Pacific, 252 

North Indian and Atlantic (Fig. 3g). Concurrently, the subsurface ventilation age 253 

increases in the Southern Hemisphere subtropical gyres due to reduced subduction of 254 

mode/intermediate waters in the Southern Ocean (Fig. 3g). 255 

Similarly, applying surface warming and freshening in the North Pacific causes an 256 

anticlockwise overturning response (Fig. 3e), which is also accompanied with basin-257 

wide deepening of isopycnals (Supplementary Fig. S12h). This isopycnal deepening 258 

decreases subsurface ventilation age in the southern Indo-Pacific (Fig. 3h), although by 259 

a small magnitude due to relatively weak vertical ideal age gradients in the Southern 260 

Hemisphere (Supplementary Fig. S2g). The reduced subduction of mode and 261 



 262 

Figure 4. Schematic showing subsurface ventilation and oxygenation responses to extratropical 263 

warming and freshening. (a) Typical vertical oxygen profiles before (solid line) and after (dashed line) 264 

warming in the tropics, due to isopycnal deepening (vertical dashed arrow). (b) Subsurface oxygen 265 

changes forced by extratropical warming and freshening (red wavy arrows), which drives anomalous 266 

water mass transformation (WMT; long black arrow) from dense to light waters and results in basin-scale 267 

deepening (vertical dashed arrow) of isopycnals. Solid and dashed contours represent isopycnal surfaces 268 

before and after warming, respectively. The basin-scale isopycnal deepening brings well-ventilated, 269 

oxygen-rich shallower waters to greater depths, improving ventilation and increasing oxygen (green 270 

shading) in the tropical subsurface. By contrast, the subtropical subsurface, which is ventilated by 271 

subduction of mode and intermediate waters (long blue arrow), is expected to lose oxygen (orange 272 

shading) because the reduced subduction (blue downward arrow) and associated ventilation weakening 273 

overwhelms the impacts of isopycnal deepening under climate warming. The schematic shows the 274 

Northern Hemisphere, but similar mechanisms also apply to the Southern Hemisphere. The pattern of 275 

oxygen and ventilation changes depicted here are consistent with and supported by analyses of CMIP 276 

model outputs (Supplementary Fig. S15). 277 

intermediate waters in the North Pacific increases ventilation age in the North Pacific 278 

(Fig. 3h). 279 

Extratropical heat/freshwater forcing in the North Atlantic also leads to ventilation 280 

changes in tropical subsurface waters via weakening of the Atlantic meridional 281 

overturning circulation (AMOC) and associated overturning responses across ocean 282 

basins (Fig. 3f; Supplementary Fig. S14c). As the AMOC weakens, a clockwise 283 

overturning anomaly develops in the Indo-Pacific (Fig. 3f), associated with deepening 284 



of isopycanl surfaces (Supplementary Fig. S12i; Sun et al., 2020; Sun and Thompson, 285 

2020). This cross-basin response, more pronounced at greater depths (200-2000 m; Fig. 286 

3f), decreases subsurface ventilation age across much of the global ocean (Fig. 3i). 287 

With combined extratropical warming and freshening forcings in both 288 

hemispheres, the upper ocean develops anomalous overturning circulation that is 289 

associated with basin-wide deepening isopycnal surfaces (Supplementary Fig. S13c, e), 290 

which effectively pushes down well-ventilated shallow waters and thereby decreases 291 

subsurface ventilation age in the tropics. These processes primarily modulate 292 

ventilation and oxygenation changes in the tropical subsurface which is not directly 293 

affected by subduction of mode/intermediate waters formed at higher latitudes. By 294 

contrast, subsurface waters in subtropical regions are tightly affected by thermocline 295 

circulation and their ventilation ages are projected to increase due to reduced 296 

subduction of mode and intermediate waters in response to future warming. 297 

 298 

Discussion 299 

Our study reveals that the enhanced ventilation and oxygenation in the tropical 300 

subsurface under anthropogenic warming, as projected by most climate models, is 301 

largely forced by extratropical warming and freshening. These extratropical changes 302 

drive cross-hemispheric overturning adjustments that enhance tropical subsurface 303 

ventilation primarily at 100–500 m water depths (Fig. 4), although mode and 304 

intermediate water subduction is reduced due to intensified surface stratification at mid-305 

latitudes. 306 

Extratropical warming and freshening suppress surface water mass transformation 307 

into mode and intermediate waters, inducing upper-ocean volume convergence. The 308 

convergence propagates equatorward and across hemispheres via wave processes, 309 

establishing cross-hemispheric overturning responses which deepen isopycnal surfaces 310 

basin-wide and bring younger, oxygen-rich shallow waters to greater depths. This 311 

process enhances subsurface ventilation, particularly at low latitudes (Fig. 4, green; 312 

Supplementary Fig. S15). Alongside reduced biological oxygen consumption (although 313 

currently difficult to quantify with confidence), the enhanced ventilation contributes 314 



substantially to the projected subsurface oxygenation in the tropics. In comparison, the 315 

impacts of ispycnal deepening on subtropical subsurface O2 levels are overwhelmed by 316 

reduced subduction of mode/intermediate waters (Fig. 4, orange; Supplementary Fig. 317 

S15). Thus, subtropical subsurface waters deoxygenate more rapidly than their tropical 318 

counterparts under future warming (Bopp et al., 2013; Kwiatkowski et al., 2020; 319 

Busecke et al., 2022; Ditkovsky and Resplandy, 2025). 320 

Our proposed mechanisms provide a new perspective for past and future oxygen 321 

dynamics. Paleoclimate records document millennial-scale fluctuations of subsurface 322 

oxygen levels in the low-latitude Indo-Pacific which are coherent with North Atlantic 323 

temperature oscillations during the last glacial period (Schmittner et al., 2007, 2008). 324 

The AMOC weakening and concurrent Southern Hemisphere warming during stadials 325 

(cold time periods) (Stocker and Johnsen, 2003) possibly triggered cross-hemispheric 326 

overturning responses and isopycnal deepening, contributing to the reconstructed 327 

coupling between AMOC and the Indo-Pacific tropical subsurface oxygenation on 328 

millennial scales (Schmittner et al., 2008). Under anthropogenic forcing, tropical 329 

subsurface oxygenation may contract oxygen minimum zones (Busecke et al., 2022). 330 

Nevertheless, it is important to note that tropical subsurface responses occur on 331 

centennial-scales, because ocean interior diapycnal mixing ultimately counterbalances 332 

the anomalous water mass transformation in the extratropics and halts the basin-wide 333 

isopycnal deepening (Sun et al., 2020). Our MITgcm simulations show that the 334 

enhanced ventilation in the tropical subsurface diminishes over centuries 335 

(Supplementary Fig. S16), foreshadowing marine ecosystem’s long-term vulnerability 336 

to deoxygenation. 337 

In addition to anthropogenic forcing, subsurface O2 levels are also modulated by 338 

natural climate variability, which may obscure the emergence of tropical subsurface 339 

oxygenation signals under future warming. For example, wind shifts may drive decadal 340 

tropical subsurface O2 level fluctuations (Deutsch et al., 2011; Duprey et al., 2024; 341 

Pichevin et al., 2024) until their effects are exceeded by anthropogenic forcings. To 342 

better project transient responses of tropical subsurface oxygenation, it is valuable to 343 

improve model fidelity in extratropical processes, because simulation biases in mid-344 



latitude air-sea fluxes and eddy-mediated water mass transformations propagate 345 

directly into uncertainties in cross-hemispheric adjustments (Ma et al., 2016). 346 

Optimizing relevant physical processes in models is essential for reliable predictions of 347 

subsurface oxygen levels, with critical implications for future marine ecosystems. 348 

 349 

Methods 350 

CMIP6 models used in this study 351 

We use outputs from 19 climate models, participating in the 352 

Coupled Model Intercomparison Project, Phase 6 (CMIP6; Eyring et al., 2016), to 353 

investigate the projected oxygen changes over the 21st century. For each model with 354 

multiple ensemble members, we choose only one member in our analyses 355 

(Supplementary Tab. S1). We approximate ventilation age with ideal age, which 356 

represents the average time elapsed since the water mass was last in contact with the 357 

atmosphere. Note that we only used 9 models for ventilation age analysis -- ideal age 358 

shows substantial biases in 5 models, including ACCESS-ESM1-5, IPSL-CM6A-LR, 359 

MPI-ESM1-2-HR, MRI-ESM2-0, and UKESM1-0-LL. We focus on the experiments 360 

under high-emission scenario (ssp5-8.5; O’Neill et al., 2016), during 2015–2100. 361 

 362 

Oxygen consumption and ventilation age 363 

Dissolved oxygen is progressively depleted by respiration after water masses leave 364 

the ocean surface. We use Apparent Oxygen Utilization (𝐴𝐴𝐴𝐴𝐴𝐴 ) to approximate the 365 

cumulative oxygen consumption due to biological processes (Ito et al., 2004). In 366 

practice, 𝐴𝐴𝐴𝐴𝐴𝐴 is defined as the difference between the saturated oxygen concentration, 367 

[𝑂𝑂2𝑠𝑠𝑠𝑠𝑠𝑠], and the local oxygen concentration, [𝑂𝑂2], i.e., 368 

𝐴𝐴𝐴𝐴𝐴𝐴 = [𝑂𝑂2𝑠𝑠𝑠𝑠𝑠𝑠] − [𝑂𝑂2], (1) 369 

where [𝑂𝑂2𝑠𝑠𝑠𝑠𝑠𝑠] is calculated from local temperature and salinity. 370 

If we neglect the air-sea disequilibrium effect, 𝐴𝐴𝐴𝐴𝐴𝐴  can be considered as the 371 

integration of oxygen consumption rate (𝑆𝑆𝑂𝑂𝑂𝑂𝑂𝑂 ) by biological respiration along the 372 

ventilation pathway connecting the subduction site to the ocean interior, i.e., 373 



𝐴𝐴𝐴𝐴𝐴𝐴 = �𝑆𝑆𝑂𝑂𝑂𝑂𝑂𝑂 𝑑𝑑𝑡𝑡 = 𝑆𝑆𝑂̅𝑂𝑂𝑂𝑂𝑂𝐼𝐼,
𝑐𝑐

(2) 374 

where 𝑆𝑆𝑂̅𝑂𝑂𝑂𝑂𝑂  denotes the mean oxygen consumptions along the ventilation pathway 375 

and 𝐼𝐼 represents ventilation age. This equation allows us to link changes in 𝐴𝐴𝐴𝐴𝐴𝐴 to 376 

variations in either biological respiration rate or ventilation age, providing insights into 377 

the drivers of oxygen changes. In climate projections for the 21st-century, a decline in 378 

organic matter export (Supplementary Fig. S4a) suggests a smaller oxygen 379 

consumption rate in a warming climate, i.e., ∆𝑆𝑆𝑂𝑂𝑂𝑂𝑂𝑂 < 0. The decreasing ventilation 380 

age in the tropical subsurface, ∆𝐼𝐼 < 0, also contributes to the negative 𝐴𝐴𝐴𝐴𝐴𝐴 trends 381 

(Fig. 1b, c). 382 

 383 

Decomposition of 𝑨𝑨𝑨𝑨𝑨𝑨 and ideal age 384 

Ventilation and oxygen changes in the tropical subsurface under climate warming 385 

are primarily controlled by an imbalance between vertical advection and diffusion 386 

(Gnanadesikan et al., 2007). Changes in vertical advection can be driven by both 387 

adiabatic processes and diabatic mixing. However, on decadal to centennial timescales, 388 

vertical movements below the thermocline, i.e., vertical advection, are predominantly 389 

adiabatic, associated with vertical movements of isopycnal surfaces (Sun et al., 2022). 390 

Here we decompose the 21st-century changes in 𝐴𝐴𝐴𝐴𝐴𝐴 and ideal age into contributions 391 

due to vertical movements of isopycnal surfaces vs. other processes, such as horizontal 392 

advection and mixing along/across isopycnals. 393 

Changes in a passive tracer, 𝑐𝑐, which can be either 𝐴𝐴𝐴𝐴𝐴𝐴 or ideal age, can be 394 

written as follows, 395 

∆𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = ∆𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + ∆𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟, (3) 396 

where ∆𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  is the tracer change due to vertical isopycnal movements and ∆𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟 397 

represents the remaining change due to other processes. We quantify the change due to 398 

vertical isopycnal movements at depth, 𝑧𝑧, as 399 

∆𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑧𝑧) =  𝑐𝑐0(𝜁𝜁) − 𝑐𝑐0(𝑧𝑧), (4) 400 

Here 𝑐𝑐0  represents the tracer distribution averaged over 2015–2019 and 𝜁𝜁  is the 401 

depth of isopycnal, 𝜎𝜎, at the same period that satisfies 402 



𝜌𝜌0(𝜁𝜁) = 𝜌𝜌1(𝑧𝑧) = 𝜎𝜎, (5) 403 

Where 𝜌𝜌0  and 𝜌𝜌1  represent density profiles averaged over 2015–2019 and 2096–404 

2100, respectively. 405 

The decomposition reveals that the enhanced ventilation and negative 𝐴𝐴𝐴𝐴𝐴𝐴 trend 406 

in the tropical subsurface can be largely attributed to the vertical deepening of isopycnal 407 

surfaces (Supplementary Fig. S6). Conversely, in the subtropics, the weakened 408 

ventilation and positive 𝐴𝐴𝐴𝐴𝐴𝐴  trends are primarily driven by other processes that 409 

outweigh the effects of isopycnal deepening (Supplementary Fig. S6). 410 

 411 

Isopycnal deepening driven by water mass transformation 412 

To identify the processes that drive the basin-wide deepening of isopycnals, we 413 

examine the volume budget in isopycnal coordinates (Fig. 4). The volume 𝑉𝑉 above an 414 

isopycnal surface, 𝜎𝜎, is governed by a balance between interior diapycnal transport, 415 

𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, and surface water mass transformation at the outcropping locations, 𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠:  416 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠, (6) 417 

Under climate warming, the isopycnal surfaces deepen across ocean basins (Fig. 2b), 418 

i.e., 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 > 0. This indicates an enhanced transformation of water from below the 419 

isopycnal into the upper ocean, which can occur either in the interior or at the surface 420 

outcropping regions. However, diapycnal mixing is weak below the surface mixed layer 421 

(Polzin et al., 1997). Thus, substantial changes in 𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  would require large 422 

modifications to the density structure (Munk, 1966) and are therefore unlikely to 423 

dominate the volume increases (Sun et al., 2020). In contrast, the basin-scale deepening 424 

of isopycnals is more plausibly driven by changes in surface water mass transformation 425 

at the outcropping latitudes, as shown by the MITgcm simulations. 426 

 427 

MITgcm simulations 428 

We carry out a suite of idealized ocean-only experiments to investigate the role of 429 

different surface forcing configurations in driving oxygen changes under climate 430 

warming. The model, Massachusetts Institute of Technology General Circulation 431 



Model (MITgcm), uses a nonlinear equation of state (Jackett and Mcdougall, 1995). 432 

The model resolution is 1° in longitude and 0.5° in latitude. The model domain excludes 433 

the Arctic to avoid the singularity problem in the polar region. In the vertical, there are 434 

30 layers ranging from 10 m at the top to 369 m at the bottom. Vertical mixing is handled 435 

by the K-Profile parameterization (Large et al., 1994). Unresolved eddies are 436 

represented using the skew-flux of the Gent-McWilliams parameterization with a 437 

background diffusivity of 1000 m2/s  (Griffies, 1998). Isopycnal diffusion due to 438 

eddies is parameterized using the Redi scheme with a diffusivity of 1,000 m2/s (Redi, 439 

1982). 440 

In our MITgcm simulations, surface forcing for temperature includes a relaxation 441 

to a prescribed monthly sea surface temperature field, with a relaxation timescale of 14 442 

days (Haney, 1971), and a net surface heat flux. Surface salinity is forced by monthly 443 

surface freshwater flux, which includes contributions due to precipitation, evaporation, 444 

sea ice melting/formation, and river runoff. A weak relaxation of the surface salinity to 445 

a prescribed climatology is also included to avoid possible bi-stability of the 446 

overturning circulation due to the mixed boundary conditions (Stommel, 1961). Ideal 447 

age is included in the model as a passive tracer that is restored to zero at the sea surface. 448 

Surface forcing fields for our MITgcm simulations are derived from two fully coupled 449 

simulations by the NCAR CESM2 model (Danabasoglu et al., 2020): piControl and 450 

4×CO2 (Supplementary Fig. S17a–h). In CESM2 piControl, the atmospheric CO2 is 451 

kept at the pre-industrial level. The CESM2 4×CO2 experiment is initialized from 452 

piControl and continued for 1000 years, but with the atmospheric CO2 instantaneously 453 

quadruped at the beginning of simulation. Ventilation changes in 4×CO2 resemble the 454 

21st-century changes in CMIP6 (Supplementary Fig. S10; years 190–200). 455 

A total of eight experiments were carried out using the MITgcm ocean model: 456 

“Control”, “4×CO2”, “Wind”, “Buoyancy”, “LowLat”, “SO”, “NATL”, and “NPAC”. 457 

In “Control” run, both surface wind and buoyancy forcing (surface heat flux, surface 458 

temperature, surface freshwater flux, and surface salinity) are taken from CESM2 459 

piControl (Supplementary Fig. S17a–d). “Control” is run for over 3,000 years to 460 

achieve an approximately steady state. The other seven experiments are initialized from 461 



the end of “Control” and continued for over 500 years. In “4×CO2”, both surface wind 462 

and buoyancy forcing are taken from CESM2 4×CO2 (monthly climatology over years 463 

150–200). In “Wind”, surface wind is taken from CESM2 4×CO2 but surface buoyancy 464 

forcing is kept the same as in “Control”. In “Buoyancy”, surface wind is kept the same 465 

as in “Control” but surface buoyancy forcing is taken from CESM2 4×CO2 466 

(Supplementary Fig. S17e–h). Thus, the difference between “Buoyancy” and “Control” 467 

represents the oceanic responses to global surface warming and freshening 468 

perturbations. In the other four experiments, surface forcing configurations are like 469 

“Buoyancy” but the surface buoyancy forcing perturbations (warming and freshening; 470 

Supplementary Fig. S17i–l) are applied only in specific regions rather than globally. In 471 

“LowLat”, surface warming and freshening are applied only within 20°S–20°N. 472 

Outside of this region, surface buoyancy forcing are kept the same as in “Control”. The 473 

transition in surface buoyancy forcing from 4×CO2 to piControl takes place gradually 474 

over 10° latitudes at around the boundary (20°S and 20°N) to avoid spurious jump in 475 

surface forcing. Similar approach applies when we apply surface warming and 476 

freshening only in the Southern Ocean (south of 30°S, “SO”), North Pacific (north of 477 

30°N, “NPAC”), and North Atlantic (north of 30°N, “NATL”). 478 

Our MITgcm simulations under global surface warming and freshening (“4×CO2” 479 

- “Control”) largely reproduces the structure of overturning and ventilation changes in 480 

CESM2 and CMIP6 multi-model mean (Supplementary Fig. S10; Fig. S13). The ocean 481 

develops a shallow cross-hemispheric overturning circulation response when 482 

extratropical warming and freshening are applied in one hemisphere (Fig. 3; 483 

Supplementary Fig. S14). These overturning responses effectively push well-ventilated 484 

water to greater depths and decrease ventilation age, primarily in the tropical subsurface 485 

ocean. When combined together, the remote extratropical warming and freshening drive 486 

shallow overturning circulation responses that are roughly antisymmetric about the 487 

equator (Supplementary Fig. S13c, e) and causes ventilation changes that 488 

approximately reproduces the spatial structure in CMIP6 and CESM2 (Supplementary 489 

Fig. S10). 490 

 491 



Data availability 492 

The CMIP6 model output was downloaded from the Earth System Grid Federation 493 

node (https://esgf-node.llnl.gov/projects/esgf-llnl/). Model outputs from the MITgcm 494 

experiments will be made publicly available from the online open access repository, 495 

Figshare. Source data are provided in this paper. 496 
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Code availability 498 
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with https://doi.org/10.6084/m9.figshare.26129629. 501 
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Supplementary Figure S1. Multi-model ensemble-mean vertical profiles of oxygen trends in 9 

tropical (a) Pacific, (b) Atlantic, and (c) Indian Ocean in CMIP6. Shadings represent standard 10 

deviation across CMIP6 models. The horizontal magenta lines mark 100 m and 500 m depths. 11 

Oxygen trends are averaged horizontally over regions marked by green boxes in the inset (a 12 

reproduction of Fig. 1a) to panel (c), spanning 20 degrees in longitude and 10 degrees in latitude. 13 

These regions show the most pronounced increase in subsurface oxygen concentrations in CMIP6 14 

models. 15 
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 17 

Supplementary Figure S2. Multi-model ensemble-mean oxygen and ideal age and their 18 

changes over the 21st century in CMIP6 models along (left) 110°W, (middle) 20°W, and (right) 19 

60°E. Regions where more than 75% of models agree on the sign of changes are stippled in panels 20 

(d–f) and (j–l). Climatology values are calculated over 2015–2019 and changes are calculated based 21 

on linear trends over 2015–2100. The black contours show the depth of a specific isopycnal in each 22 

basin that approximately tracks the thermocline in mid-latitudes. 23 
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 30 

Supplementary Figure S3. Multi-Model ensemble-mean changes in (a) oxygen concentrations 31 

and (b) saturated oxygen concentrations over the 21st century, projected by CMIP6 models. 32 

Changes are calculated as linear trends from 2015 to 2100, averaged vertically over 100–500 m 33 

depths. Regions are stippled where over 75% of the models agree on the sign of changes. The 34 

magenta solid contours in (b) mark the regions where oxygen increases. 35 
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 48 

Supplementary Figure S4. Change in organic matter exporting to the subsurface and its 49 

relationship to 𝑨𝑶𝑼 changes. (a) Linear trends of multi-model ensemble-mean downward flux 50 

of particulate organic carbon (POC) at 100 m depth over the 21st century in CMIP6 models. Regions 51 

are stippled where over 75% of the models agree on the sign of changes. (b) Scatter plot of multi-52 

model mean 𝐴𝑂𝑈 changes vs. POC flux changes. The black straight line is a linear regression, 53 

with a correlation coefficient 𝑟 = −0.29. Each scatter point represents a grid box of 1°×1° in (a). 54 

Dots in blue and orange mean that over 75% of the examined models agree on the sign of changes, 55 

with orange color for 𝐴𝑂𝑈 increases and blue color for 𝐴𝑂𝑈 decreases. Grey dots mean that less 56 

than 75% of the examined models agree on the sign of changes. 57 
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 68 

Supplementary Figure S5. Subsurface seawater ideal age and its 21st-century changes in 69 

CMIP6. (a) Seawater ideal age averaged vertically over 100–500 m and in time over 2015–2019. 70 

(b) 21st-century changes of seawater ideal age, averaged between 100–500 m and calculated as 71 

differences between 2096–2100 and 2015–2019. The magenta contour of -20 years in (b) marks the 72 

region of enhanced ventilation in low latitudes, which is occupied by relatively old water at present 73 

(a). 74 
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 81 

Supplementary Figure S6. Decomposition of changes in 𝑨𝑶𝑼 and ideal age in CMIP6. (a) 82 

Multi-model ensemble-mean changes in 𝐴𝑂𝑈 , averaged vertically between 100–500 m depths, 83 

over the 21st century. 𝐴𝑂𝑈 changes due to (b) vertical movements of isopycnal surfaces and (c) 84 

other processes (see “Decomposition of AOU and idea age” in Methods). 𝐴𝑂𝑈 changes due to 85 

other processes are calculated as the residual between (a) and (b). (d) Multi-model ensemble-mean 86 

ideal age changes, averaged vertically between 100–500 m depths, over the 21st century. Idea age 87 

changes due to (e) vertical movements of isopycnal surfaces and (f) other processes. Regions are 88 

stippled where over 75% of the models agree on the sign of changes. The magenta contour indicates 89 

regions where subsurface oxygen increases. Panel (e) is the same as Figure 2a in the main article. 90 
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 92 

Supplementary Figure S7. Deepening of isopycnal surface over the 21st century. Multi-model 93 

ensemble-mean depth of 𝜎0 = 26.00 kg/m3 during (a) 2015–2019 and (b) 2096–2100. (c) Depth 94 

changes of 𝜎0 = 26.00 kg/m3 over the 21st century, calculated as the difference between (a) and 95 

(b). Regions are stippled where over 75% of the models agree on the sign of changes. (d–f) Depths 96 

of three selected isopycnals along sections indicated in panel (c). Dashed lines represent isopycnal 97 

depth averaged over 2015–2019 and solid lines denote isopycnal depths averaged over 2096–2100. 98 

Panel (c) is the same as Figure 2b in the main article. 99 
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 101 

Supplementary Figure S8. Surface heat and freshwater fluxes in CMIP6. Multi-model 102 

ensemble-mean surface (a) net heat flux and (d) freshwater flux, averaged over 2015–2019. Changes 103 

in surface (b) net heat flux and (e) freshwater flux over the 21st century. Areas are stippled where 104 

over 75% of the models agree on the sign of changes. Zonal-mean surface (c) heat and (f) freshwater 105 

fluxes over the 21st century. Shading highlights the extratropical regions with increased heat or 106 

freshwater fluxes into the ocean. Positive values for heat and freshwater fluxes are into the ocean. 107 
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 117 

Supplementary Figure S9. Sea surface temperature and salinity changes in CMIP6. Multi-118 

model ensemble-mean (a) sea surface temperature and (b) sea surface salinity changes, evaluated as 119 

the difference between 2015–2019 and 2096–2100. Stippling indicates over 75% of the models 120 

agree on the sign of changes. 121 
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 135 

Supplementary Figure S10. Ventilation changes under climate warming in CMIP6, CESM2, 136 

and MITgcm. (a) Multi-model ensemble-mean ideal age changes in CMIP6, calculated as the 137 

difference between 2015–2019 and 2096–2100. (b) Ideal age changes in CESM2 abrupt-4×CO2 138 

experiment, evaluated at about 195 years after CO2 quadrupling. (c) Ideal age changes in MITgcm 139 

“4×CO2”, evaluated at around 100 years after applying surface forcing perturbations. The age tracer 140 

in (a–c) is vertically averaged between 100–500 m depths. 141 
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 155 

Supplementary Figure S11. Subsurface ventilation changes under forcing perturbations in 156 

MITgcm simulations (see “MITgcm simulations” in Methods). Ventilation changes, averaged 157 

vertically between 100–500 m depths, are evaluated after about 100 years of perturbations (years 158 

95–105). The Magenta boxes in panels (d)–(h) indicate the regions where surface forcing 159 

perturbations are applied. Panels (a) and (d) are the same as Figures 3a and 3b in the main article, 160 

respectively. 161 
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 168 

Supplementary Figure S12. Density changes under different forcing perturbations in MITgcm, 169 

averaged vertically over 100–500 m depths. (a) Potential density (𝜎0) distribution in Control. (b-170 

i) Potential density changes due to forcing perturbations in (b) “4×CO2”, (c) “Wind”, (d) 171 

“Buoyancy”, (e) “LowLat”, (f) “Remote”, (g) “SO”, (h) “NPAC”, and (i) “NATL”. Positive density 172 

anomaly suggests shoaling of isopycnals and negative values suggest deepening. Notably, density 173 

changes close to the subduction regions may be driven by advections, not associated with 174 

overturning adjustments (Luongo et al., 2025). Magenta boxes in panels (d)–(h) indicate the regions 175 

where surface forcing perturbations are applied. The density anomalies in (h) and (i) are multiplied 176 

by 2 for presentation. 177 
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 181 

Supplementary Figure S13. Overturning circulation responses under climate warming in 182 

CMIP6 and MITgcm. Left (a–e) and right (f–j) columns show overturning circulation changes in 183 

Indo-Pacific and Atlantic, respectively. Stippling in (a) and (f) indicates over 75% of the models 184 

agree on the sign of changes. Positive and negative values for clockwise and anticlockwise 185 

overturning circulation anomalies, respectively.  186 
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 188 

Supplementary Figure S14. Atlantic overturning responses under extratropical warming and 189 

freshening in MITgcm. Positive and negative values for clockwise and anticlockwise overturning 190 

anomalies, respectively. Changes are evaluated after about 100 years (years 95–105) of 191 

perturbations. 192 
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 208 

Supplementary Figure S15. CMIP6 model evidence for extratropical forcing of oxygen and 209 

ventilation changes schematized in Fig. 4. Projected multi-model mean changes (2096-2100 210 

minus 2015-2019) in (a) oxygen concentration and (b) ideal age. The data are shown for the upper 211 

1000 m along a transect crossing the North Pacific (inset, panel b). Three isopycnals (𝜎0 =212 

25.7 kg/m3, magenta; 𝜎0 = 26.6 kg/m3, cyan; and 𝜎0 = 27.0 kg/m3, purple) are shown as solid and 213 

dashed contours, with solid contours for years 2015–2019 and dashed contours for years 2096–214 

2100. The observed dipole – oxygen decrease and ventilation age increase in the subtropics 215 

contrast with oxygen increase and ventilation age decrease in the tropical subsurface – directly 216 

supports the mechanism proposed in Fig 4: extratropical changes lead to reduced subtropical 217 

subduction but enhanced tropical ventilation via isopycnal deepening.  218 
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 221 

Supplementary Figure S16. Evolutions of ventilation age at upper 3000 m water depth in 222 

MITgcm experiments and abrupt-4×CO2 of CESM2. The ideal age is averaged horizontally 223 

within 230–250°E and 10–20°N. The grey dashed line in panel (c) represents 530th year, 224 

corresponding to the last year of the MITgcm experiment. 225 
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 229 

Supplementary Figure S17. Surface properties and their changes in 4×CO2 of CESM2, used 230 

to force the MITgcm simulations. (a)–(d) Surface properties in piControl of CESM2, averaged 231 

over the last 50 years of piControl. (e)–(h) Surface properties in 4×CO2 of CESM2, averaged over 232 

years 150–200. (i)–(l) Surface properties changes, evaluated as the difference between years 150–233 

200 of 4×CO2 and the last 50 years of piControl. Positive values for heat and freshwater fluxes are 234 

into the ocean. 235 



Supplementary Tabel S1. CMIP6 models analyzed in this study 236 

Model Member Model Member 

ACCESS-ESM1-5 

CanESM5 

CanESM5-1 

CanESM5-CanOE 

CESM2 

CMCC-ESM2 

CNRM-ESM2-1 

GFDL-CM4 

GFDL-ESM4 

IPSL-CM6A-LR 

r1i1p1f1 

r1i1p1f1 

r1i1p1f1 

r1i1p2f1 

r4i1p1f1 

r1i1p1f1 

r1i1p1f2 

r1i1p1f1 

r1i1p1f1 

r1i1p1f1 

KIOST-ESM 

MIROC-ES2H 

MIROC-ES2L 

MPI-ESM1-2-HR 

MPI-ESM1-2-LR 

MRI-ESM2-0 

NorESM2-LM 

NorESM2-MM 

UKESM1-0-LL 

r1i1p1f1 

r1i1p4f2 

r1i1p1f2 

r1i1p1f1 

r1i1p1f1 

r1i2p1f1 

r1i1p1f1 

r1i1p1f1 

r1i1p1f2 
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