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Key Points: 11 

• The decrease of ozone depleting substances in the 21st century causes a decrease of the 12 

Southern Ocean heat.  13 

• The ozone-induced Southern Ocean heat decrease is driven by weakened poleward ocean 14 

heat transport. 15 

• The weakened poleward ocean heat transport is driven by the equatorward shift of the 16 

surface winds and meridional overturning circulation.  17 



 2

Abstract 18 

The impacts of stratospheric ozone recovery on Southern Ocean surface and interior 19 

temperature, heat content, heat uptake, and heat transport are investigated by contrasting two 20 

ensemble chemistry-climate model simulations in 2005-2099: one with fixed ozone depleting 21 

substances (ODSs) and another with decreasing ODSs. In our simulations ozone recovery 22 

significantly affects Southern Ocean temperature, with large latitudinal and vertical variations. 23 

Ozone recovery causes a dipole change of the full-depth ocean heat content with an increase 24 

south of 60°S and a decrease between 45°S and 60°S. Integrated over latitudes south of 40°S, 25 

ocean heat content decreases in response to ozone recovery. This ocean heat loss is shown to 26 

be driven by weakened poleward ocean heat transport across 40°S, which is partly cancelled by 27 

enhanced heat uptake. The weakening of poleward ocean heat transport into the Southern 28 

Ocean is caused by the ozone-induced equatorward shift of the meridional overturning 29 

circulation.   30 
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Plain Language Summary 31 

 32 

With the phaseout of ozone depleting substances as controlled under the Montreal 33 

Protocol and its amendments, the stratospheric ozone layer is projected to recover to the pre-34 

ozone hole levels in this century. Stratospheric ozone recovery can influence temperature and 35 

circulation in the atmosphere and ocean. Here we study how stratospheric ozone recovery 36 

affects Southern Ocean temperature and heat content using a coupled atmosphere-ocean-37 

chemistry model.  38 

The strong surface westerlies over the Southern Ocean play a crucial role in ocean 39 

circulation and climate. We find that ozone recovery influences Southern Ocean through its 40 

impact on the surface westerlies. Our model results show that ozone recovery causes a 41 

weakening and equatorward shift of the strong westerlies over the Southern Ocean. As a result, 42 

the ocean circulation in the Southern Ocean weakens, leading to a weaker poleward heat 43 

transport from the lower latitude into the Southern Ocean. A weaker heat transport results in 44 

Southern Ocean cooling and a decrease of the Southern Ocean heat content.  45 



 4

1. Introduction 46 

The Southern Hemisphere (SH) midlatitude surface westerlies play a crucial role in 47 

Southern Ocean climate through its impact on the meridional overturning circulation (MOC) 48 

(Marshall and Speer, 2012). Variations of the location and strength of the SH midlatitude 49 

westerlies have profound influences on Southern Ocean temperature, ventilation, heat and 50 

carbon uptake, heat transport, and Antarctic sea ice (e.g., Saenko et al., 2002; Oke and England, 51 

2004; Russell et al., 2006; Delworth and Zeng, 2008; Armour et al., 2016; Liu et al., 2018). 52 

The variability of the SH midlatitude westerly winds represents the leading mode of SH 53 

extratropical variability, i.e., the Southern Annular Mode (SAM). In the past 4-5 decades 54 

stratospheric ozone depletion promotes the positive polarity of the SAM and causes poleward 55 

intensification of the SH westerlies in austral summer (e.g., Polvani et al., 2011; Previdi and 56 

Polvani 2014). Through its impact on surface winds, stratospheric ozone depletion is an 57 

important driver of recent Southern Ocean change. Studies find that stratospheric ozone 58 

depletion causes Southern Ocean warming (Sigmond and Fyfe, 2010; Bitz and Polvani, 2012; 59 

Solomon et al.,2015) and significantly contributes to the increase of Southern Ocean heat 60 

uptake and heat content (Solomon et al., 2015; Li et al., 2021; Liu et al., 2022).  61 

The stratospheric ozone layer is projected to recover in the next several decades with 62 

the decline of ozone depleting substances (ODSs). Stratospheric ozone recovery is expected to 63 

partly cancel SH climate change from rising greenhouse gases (GHGs) (Son et al., 2008; Barnes 64 

et al., 2014; Banerjee et al., 2020). A small number of studies have investigated the influence of 65 

ozone recovery on Southern Ocean. These studies find that ozone recovery causes Southern 66 

Ocean cooling (Smith et al., 2012; Ivanciu et al., 2022) and an equatorward shift of the ocean 67 
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circulation (Smith et al., 2012; Wang et al., 2014). However, no study has examined how ozone 68 

recovery affects Southern Ocean heat budget.  69 

The purpose of this study is to investigate the impacts of stratospheric ozone recovery 70 

on Southern Ocean surface and interior temperature, heat content, heat uptake, and 71 

meridional ocean heat transport. Using coupled atmosphere-ocean-chemistry simulations, we 72 

find that stratospheric ozone recovery reduces Southern Ocean heat content, which is driven by 73 

weakened poleward ocean heat transport into the Southern Ocean. 74 

 75 

2. Model and Experiments 76 

We used the coupled atmosphere-ocean Goddard Earth Observing System Chemistry-77 

Climate Model (GEOSCCM) in this study. The details of the model were described in Li et al. 78 

(2016). The atmospheric model is GEOS-5 Ganymed-4_0 and the ocean model is the Modular 79 

Ocean model version 5 (Griffies, 2012). The model includes a comprehensive stratospheric 80 

chemistry scheme that is coupled with radiation and dynamics (Oman and Douglass, 2014). The 81 

atmospheric model has 72 levels to the top at 0.01 hPa. The ocean model has 50 layers with 10 82 

m resolution in the top 200 m. The simulations were conducted with horizonal resolution of 2.5° 83 

longitude × 2° latitude for the atmosphere model and 1° × 1° for the ocean model.  84 

We conducted a pair of four-member ensemble transient simulations for 2005-2099. 85 

The Control ensemble is forced with the Representative Concentration Pathway 6.0 GHG 86 

scenario and the WMO-2014 baseline (A1) ODS scenario. The HighODS ensemble has the same 87 

setup as the Control except that the ODSs are fixed at year 2005 levels. Thus, the HighODS is a 88 

GHG-only experiment. The climate impact of ODS decrease is defined as the ensemble-mean 89 
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differences between Control and HighODS (Control minus HighODS). Note that the differences 90 

between Control and HighODS are caused by ODS-induced stratospheric ozone recovery and 91 

direct radiative effects of ODS decrease, but here we just refer these differences as due to 92 

stratospheric ozone recovery. It should also be noted that our simulations do not capture 93 

tropospheric ozone changes. Thus, this study does not investigate the impacts of 21st century 94 

tropospheric ozone changes on Southern Ocean, an important topic that needs to be addressed 95 

using climate models with tropospheric chemistry mechanisms. 96 

 97 

3. Results 98 

There are great interests to understand stratospheric ozone’s impact on Southern 99 

Ocean sea surface temperature (SST) (Sigmond and Fyfe, 2010; Bitz and Polvani, 2012; Smith et 100 

al., 2012). Sigmond and Fyfe (2010) were the first to show that the response of the SST around 101 

Antarctica to ozone depletion is cooling, not warming as one would expect from the negative 102 

interannual relationship between enhanced surface winds and SST (Sen Gupta et al., 2006; Fan 103 

et al., 2014). Ferreira et al. (2015) proposed a two-timescale mechanism to reconcile this 104 

inconsistency. The enhanced surface westerlies over the circumpolar ocean increases 105 

northward Ekman drift and strengthens the MOC. At seasonal to interannual timescale, SST 106 

around Antarctica cools due to enhanced northward Ekman drift of cold sea water. But at 107 

decadal and multi-decadal timescale, SST response reverses from cooling to warming as 108 

increased upward heat flux from the subsurface inversion layer overwhelms Ekman cooling.  109 

The two-timescale theory is based on idealized step ozone hole forcing (Ferreira et al., 110 

2015; Kostov et al., 2017; Seviour et al., 2019).  The transient Southern Ocean SST response to 111 



 7

stratospheric ozone recovery has not been discussed before in the context of the two-timescale 112 

mechanism. One might expect that it is a reverse of the response to ozone depletion, i.e., an 113 

initial warming and then transitions to cooling. Figure 1a shows the evolution of ozone 114 

recovery-induced annual and zonal mean Southern Ocean SST changes from 2005 to 2099 in 115 

GEOSCCM simulations. There are large interannual variations before 2040. After 2040 a dipole 116 

pattern emerges, with warming in 60°-75°S and cooling in 40°-60°S. This dipole pattern is 117 

consistent with the weakening and equatorward shift of surface wind stress over the Southern 118 

Ocean (Fig. 1b), which causes anomalous poleward (equatorward) Ekman transport south 119 

(north) of 55°S, i.e., the fast response in the two-timescale mechanism. In the last 10 years of 120 

the 21st century the subpolar warming becomes weaker and the midlatitude cooling extends 121 

southward, suggesting that the subsurface process starts to dominate the SST response. The 122 

subpolar warming does not transition to cooling at the end of the 21st century, indicating that 123 

GEOSCCM has a long transition period from warming to cooling under ozone recovery forcing. 124 

While it is important to understand ozone recovery’s impact on Southern Ocean SST, it 125 

is also imperative to investigate ozone recovery’s effects on ocean temperature for the full 126 

depth, i.e., ocean heat content (OHC). This is because changes in OHC are closely related to 127 

changes in ocean heat uptake (OHU) and meridional ocean heat transport (OHT), which have 128 

significant implications on global climate change (Liu et al., 2018; He et al., 2019; Li et al., 2021). 129 

Figure 1c shows the evolution of annual-mean zonal-integrated OHC response to ozone 130 

recovery. The OHC response also has a dipole pattern with positive anomalies at 60°-75°S and 131 

negative anomalies at 45°-60°S. This dipole response is found in all four ensemble members (Fig. 132 
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S1). Integrating OHC changes south of 40°S, we find that ozone recovery leads to a 11.8 ZJ (1ZJ = 133 

1021J) decrease of the Southern Ocean OHC in 2070-2099.  134 

Our result that stratospheric ozone recovery causes a decrease of Southern Ocean OHC 135 

is qualitatively consistent with previous studies who found that ozone depletion causes an 136 

increase of Southern Ocean OHC (Solomon et al. 2015; Li et al., 2021; Liu et al., 2022). However, 137 

quantitative comparison is not straightforward because previous studies used different 138 

definitions for Southern Ocean OHC. Solomon et al. (2015) defined Southern Ocean OHC as the 139 

full-depth OHC poleward of 40°S, which is the same definition used in the above paragraph. 140 

They showed that ozone depletion causes an increasing trend of 6 ZJ/decade in 1955-2005. Li et 141 

al. (2021) reported an ozone-induced OHC trend of 2.78 ZJ/decade in 1958-2005 in the upper 142 

2000 m between 35°-70°S. Liu et al. (2022) found that stratospheric ozone depletion causes an 143 

OHC increase in the upper 2000 m between 30°-60°S with a 1.84 ZJ/decade trend in 1955-2000. 144 

Using the definitions of Solomon et al. (2015), Li et al. (2021), and Liu et al. (2022), we find that 145 

stratospheric ozone recovery causes OHC decrease of -2.4, -3.6, -3.9 ZJ/decade respectively, 146 

which are within the large spread of the reported Southern Ocean heat change due to ozone 147 

depletion. 148 

These Southern Ocean changes induced by stratospheric ozone recovery are very 149 

different from those induced by GHG increase.  Rising GHGs in the 21st century cause an 150 

increase in the Southern Ocean SST (Fig. 1d) and OHC (Fig. 1f), both of which peak at ~ 45°S and 151 

with a peak magnitude about 10 times larger than that induced by ozone recovery. GHG forcing 152 

causes a strengthening and poleward shift of the zonal surface wind stress (Fig. 1e). Comparing 153 



 9

Fig. 1b and Fig. 1e indicates that ozone recovery compensates about 1/3 of GHG-induced 154 

surface wind stress strengthening in 55°-70°S. 155 

To understand the OHC response to ozone recovery, we examine the vertical and 156 

latitudinal structures of ocean temperature changes during 2070-2099 (Fig. 2a). Similar results 157 

are found if we choose other averaging period after year 2040. There is a weak and statistically 158 

insignificant surface warming poleward of ~ 65°S. Below this high-latitude shallow surface 159 

warming, ocean temperature decreases, but the subsurface cooling does not extend into the 160 

interior ocean. The subpolar ocean warms below ~ 100 m, overwhelming the subsurface 161 

cooling and leading to OHC increase. The high latitude deep ocean warming extends northward 162 

to 40°S. Between 45° and 60°S, a cold tongue develops that extends from high latitude 163 

subsurface to 3000 m depth at 45°S. This cooling is partly cancelled by warming below, but the 164 

net result is a decrease of the full-depth OHC in 45°-60°S. 165 

The response of the Southern Ocean temperature to ozone recovery is strongly 166 

impacted by changes in the MOC. Ozone recovery causes the weakening and equatorward shift 167 

of the surface westerlies over the Southern Ocean, which leads to similar changes of the wind-168 

driven Eulerian-mean MOC, or the Deacon Cell. Changes in the Eulerian-mean MOC are 169 

compensated partly by changes in the parameterized eddy MOC (Fig. S2). As a result, the 170 

residual MOC shifts equatorward (Fig. 2b). Consequently, poleward of ~ 60°S the circumpolar 171 

upwelling weakens and reduces the upward heat flux transport from the inversion layer, 172 

leading to subsurface cooling. Note that the upper ocean inversion layer only exists in the 173 

seasonal sea ice zone poleward of ~ 60°S, which can be seen from the climatological 174 

temperature profile (green contours in Fig. 2b). Between ~ 45°S and 60°S anomalous upwelling 175 
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associated with the equatorward shift of the residual MOC results in cooling from subsurface to 176 

3000 m depth. These results are qualitatively consistent with previous studies on responses of 177 

Southern Ocean temperature and MOC to ozone recovery/depletion (Sigmond and Fyfe, 2010; 178 

Smith et al., 2012; Solomon et al., 2015; Ivanciu et al., 2022) or surface wind changes (Delworth 179 

and Zeng, 2008). 180 

The Antarctic abyssal overturing circulation (located south of the Deacon Cell), which 181 

represents the formation of the Antarctic bottom water, weakens in response to ozone 182 

recovery. Rahmstorf and England (1997) and Delworth and Zeng (2008) found that weakened 183 

surface winds reduce the strength of the abyssal overturning circulation. The mechanism was 184 

explained by Saenko et al (2002) and Fyfe et al. (2007) in the scenario of strengthened surface 185 

westerlies. They found that strengthened winds increases the formation of new ice around 186 

Antarctica by enhancing offshore ice transport. The brine release associated with new ice 187 

formation and growth reduces upper ocean stratification and enhances convection and 188 

Antarctic bottom water formation. We find that, in response to stratospheric ozone recovery, 189 

the subpolar upper ocean salinity and density increases (not shown). Our result is consistent 190 

with the mechanism proposed by Saenko (2002) and Fyfe et al. (2007), i.e., weakened surface 191 

winds suppress new ice formation, increases upper ocean stratification, and reduces convection. 192 

A weaker formation of the Antarctic bottom water results in warming of the deep ocean 193 

poleward of ~ 60°S and the deep ocean warming spreads to midlatitudes. 194 

The vertical redistribution of heat plays an important role in determining the vertical 195 

structure of Southern Ocean temperature response to ozone recovery. However, changes in the 196 

full-depth OHC are determined only by OHU and meridional OHT. At a given latitudinal band, 197 



 11

changes in the zonally and full-depth integrated OHC, or ocean heat storage (OHS), is the sum 198 

of the OHU and meridional OHT convergence (e.g., Li et al., 2018), i.e., 199 

డడ௧ (𝑂𝐻𝐶) = 𝑂𝐻𝑆 = 𝑂𝐻𝑈 − డడ௬ (𝑂𝐻𝑇)                          (1) 200 

OHU is the net surface heat fluxes into the ocean, including shortwave and longwave radiative 201 

fluxes, latent and sensible heat fluxes, and advective heat fluxes associated with passage of 202 

precipitation and evaporation across the ocean surface (Griffies, 2012). OHS is calculated as 203 

time derivative of OHC, and OHT convergence is calculated as the difference between OHU and 204 

OHS. From Equation (1), we can attribute changes in ocean heat to those from OHU and OHT.  205 

Figure 3 shows the latitudinal distribution of ozone-induced changes in OHS, OHU and 206 

OHT divergence averaged in 2070-2099. In response to stratospheric ozone recovery, Southern 207 

Ocean loses heat to atmosphere (OHU < 0) between 54° and 64°S and gains heat poleward and 208 

equatorward of this region. These OHU changes are largely compensated by OHT, with 209 

convergence between 57° and 64°S and divergence poleward and equatorward of this region. 210 

The magnitude and latitudinal structure of OHS changes are determined by the combined 211 

effects of these two processes. The peak OHU loss occurs at ~ 62°S, but increased meridional 212 

heat transport into this region shifts the peak OHS decrease to ~ 55°S. Our results are 213 

qualitatively consistent with Li et al. (2021), who showed that stratospheric ozone depletion 214 

during 1958-2005 has nearly the opposite effects on Southern Ocean heat budget (their Fig. 5b). 215 

If we consider the whole Southern Ocean domain, i.e., integrate Equation (1) from South 216 

Pole to 40°S, we get 217 ׬ 𝑂𝐻𝑆𝑑𝑦ସ଴ௌଽ଴ௌ = ׬ 𝑂𝐻𝑈𝑑𝑦ସ଴ௌଽ଴ௌ − 𝑂𝐻𝑇|ସ଴ௌ             (2). 218 
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OHT across 40°S is calculated as the difference between the area integral of OHS and OHU. 219 

From Equation (2), we find that ozone recovery causes a decrease of Southern Ocean OHS of -220 

9.3 TW (1TW = 1012W), an increase of OHU of 5.6 TW, and a decrease of poleward OHT across 221 

40°S of -14.9 TW during 2070-2099. In comparison, rising GHGs causes a Southern Ocean OHS 222 

increase of 145 TW, an OHU increase of 163 TW, and a decrease of poleward OHT across 40°S 223 

of -18 TW, which is calculated as the 2070-2099 mean relative to the 2005-2014 mean in the 224 

HighODS experiment. 225 

In our simulations the poleward OHT into the Southern Ocean weakens in response to 226 

ozone recovery. The meridional OHT is a fundamental climate process (Ganachaud and Wunsch, 227 

2000). Modeling studies project a decrease of poleward OHT in both hemispheres in the 21st 228 

century with increasing GHGs (He et al., 2019). The Northern Hemisphere (NH) OHT decrease is 229 

driven by the weakening of the Atlantic MOC (e.g., Cheng et al., 2013). In the SH, rising GHGs 230 

enhance the Southern Ocean OHU that peaks at around 60°S. The surface flow of the Southern 231 

Ocean MOC transports this anomalous heat gain equatorward and weakens the poleward OHT 232 

(Armour et al., 2016; He et al., 2019).   233 

Ozone recovery plays a crucial role in future SH OHT change. Figure 4a compares 234 

northward OHT changes due to increasing GHGs and ozone recovery. GHG-induced OHT 235 

changes are calculated as the OHT differences between 2070-2099 and 2005-2014 in the 236 

HighODS simulation. Note that the vertical scale for ozone-induced OHT changes is 1/5 of that 237 

of GHG-induced changes. Increasing GHGs causes a decrease of poleward OHT south of ~ 20°S 238 

and north of the Equator, consistent with previous studies. Stratospheric ozone recovery 239 

weakens SH poleward OHT except at ~ 52°-62°S. The poleward OHT across 40°S is reduced by 240 
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0.015 PW (1PW = 1015W) by ozone recovery during 2070-2099, which is similar to the 0.018 PW 241 

reduction from increasing GHGs. Ozone recovery also reduces poleward OHT in the NH, 242 

amplifying GHG-induced decrease from 10°-60°N by about 20-25%.  243 

We can further decompose OHT changes into changes from Eulerian-mean and 244 

unresolved components. The Eulerian-mean OHT is calculated as 𝐶௣ ׬ 𝜌𝑣𝑇𝑑𝑧௦௨௥௙௔௖௘௕௢௧௧௢௠ , where Cp 245 

is the specific heat of sea water, 𝜌 is density, 𝑣 is resolved meridional flow, and T is ocean 246 

temperature. The unresolved OHT includes OHT by eddies and diffusion (Liu et al., 2018) and is 247 

calculated as the residual of total OHT and Eulerian-mean OHT. Figure 4b shows that ozone 248 

recovery causes anomalous northward Eulerian-mean OHT equatorward of ~ 55°S and 249 

anomalous southward Eulerian-mean OHT at ~ 55°-70°S. This Eulerian-mean OHT dipole is 250 

largely balanced by opposite unresolved OHT changes. The net result is to weaken the 251 

climatological southward OHT at ~ 40°-52°S and 62°-75°S but enhance the southward OHT at 252 

52°-62°S. 253 

The mechanism that could explain the weakening of poleward OHT into the Southern 254 

Ocean is the equatorward shift of the MOC. The surface flow of the Southern Ocean MOC 255 

transports high latitude cold sea water northward. As the MOC shifts equatorward in response 256 

to ozone recovery, its northward surface flow becomes stronger north of 52°S (Fig. 2b), leading 257 

to reduced poleward OHT. Similar mechanisms were proposed by Hall and Visbeck (2002) and 258 

Oke and England (2003) to explain why a poleward shift of surface winds increases poleward 259 

OHT into the Southern Ocean.  260 

 261 

4. Discussion and Conclusions 262 
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This study investigates the impacts of stratospheric ozone recovery in the 21st century 263 

on Southern Ocean temperature, heat content, heat uptake, and meridional heat transport. 264 

Two transient ensemble simulations, each with four ensemble members, were performed for 265 

2005-2099 using the coupled atmosphere-ocean GEOSCCM. The two ensembles differ in ODS 266 

forcing: the Control was forced with projected declining ODSs and the HighODS was run with 267 

fixed 2005-level ODSs. The differences between Control and HighODS quantify the climate 268 

impacts of stratospheric ozone recovery and ODS decrease. 269 

The Southern Ocean SST has a dipole response to stratospheric ozone recovery after ~ 270 

2040, with high latitude warming and midlatitude cooling. These SST changes are driven by 271 

anomalous Ekman drift and the equatorward shift of the MOC. The warming of SST around 272 

Antarctica weakens at the end of the 21st century, consistent with the two-timescales 273 

mechanism (Ferreira et al., 2015) that at long timescale the subsurface process becomes more 274 

important than the Ekman surface process. However, subpolar SST response does not reverse 275 

to cooling, suggesting that GEOSCCM has a long transition period from warming to cooling 276 

under ozone recovery forcing. 277 

The full-depth Southern Ocean OHC also has a dipole response to ozone recovery with 278 

an increase south of 60°S and a decrease between 45°S and 60°S. Heat budget analysis shows 279 

that OHU and OHT responses largely balance each other. For Southern Ocean poleward of 40°S, 280 

ozone recovery causes a reduction of OHS (-9.3 TW) and OHC (-11.8 ZJ) during 2070-2099. This 281 

heat loss is driven by weakened poleward OHT (-14.9 TW) across 40°S, which is partly cancelled 282 

by enhanced OHU (5.6 TW). Importantly, the weakening of OHT into the Southern Ocean due to 283 

ozone recovery is comparable to that due to increasing GHGs. 284 
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Previous studies do not agree on how historical ozone forcing affects SH OHT. Li et al. 285 

(2021) showed that past ozone changes strengthen the poleward OHT into the Southern Ocean, 286 

but Solomon et al. (2015) found that stratospheric ozone depletion does not affect OHT across 287 

40°S. Here we find that the equatorward shift of the MOC causes anomalous northward 288 

transport across 40°S, reducing the poleward OHT. Thus, ozone’s impact on Southern Ocean 289 

OHT is closely related to MOC changes. Different OHT responses to ozone forcing in previous 290 

studies could be related to different MOC responses. Note that in our simulations OHT 291 

response to ozone recovery has large latitudinal variations (Fig. 4a). Therefore, OHT response 292 

also depends on how Southern Ocean is defined. For example, Figure 4a shows that ozone 293 

recovery has little effect on OHT across 55°S and that ozone-induced poleward OHT weakening 294 

across 30°S is only 1/5 of that due to rising GHGs. 295 

The magnitude of Southern Ocean temperature and OHC response to ozone recovery is 296 

affected by model-dependent factors such as the implementation of the eddy MOC 297 

parameterization and the mean state. The version of GEOSCCM used in this study has a cold 298 

bias in Southern Ocean SST and a poleward bias in SH midlatitude jet in the present-day climate 299 

(Li et al., 2016). These biases suggest that GEOSCCM might overestimate SST cooling by the 300 

anomalous equatorward Ekman transport north of 55°S and that the simulated dipole changes 301 

of SST and OHC might be too close to the pole. The newer version of GEOSCCM has significantly 302 

reduced these biases (Li and Newman, 2020). Improvements in the SH jet latitude have also 303 

been found in CMIP 6 relative to CMIP 5 models (Bracegirdle et al., 2020). It remains to be 304 

examined how these improvements would quantitatively affect ozone recovery’s impact on 305 

Southern Ocean.  306 
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This study does not consider tropospheric ozone changes, which is a potent GHG and 307 

could have significant impact on future ozone forcing. Liu et al. (2022) found that in the second 308 

half of 20th century tropospheric ozone increases cause stronger Southern Ocean warming than 309 

does stratospheric ozone depletion. Future tropospheric ozone changes are affected by many 310 

factors such as ozone-precursor emissions, stratospheric ozone recovery, stratosphere to 311 

troposphere transport, and changes in tropospheric temperature and humidity. Models 312 

participated in the Atmospheric Chemistry and Climate Model Intercomparison Project 313 

(ACCMIP) simulate a decrease of tropospheric ozone in the 21st century under the low and 314 

medium radiative forcing scenarios, but an increase under the high radiative forcing scenario 315 

(Young et al., 2013). Further research is needed to understand how 21st century tropospheric 316 

ozone changes affect Southern Ocean heat budget. 317 
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Caption 329 

Figure 1. (a) Evolution of the annual and zonal mean sea surface temperature (SST) response to 330 

stratospheric ozone recovery, calculated as the difference between Control and HighODS 331 

experiments. (b) Same as (a), but for the zonal wind stress. (c) Same as (a), but for the ocean 332 

heat content. (d) Evolution of the annual and zonal mean SST response to increasing 333 

greenhouse gases, calculated as the anomalies relative to the 2005-2014 mean in the HighODS 334 

experiment. (e) Same as (d), but for the zonal wind stress. (f) Same as (d), but for the ocean 335 

heat content. 336 

 337 

Figure 2. (a) Color shading is the annual and zonal mean Southern Ocean temperature response 338 

to stratospheric ozone recovery averaged in 2070-2099. Only statistically significant response is 339 

plotted (5% significant level based on two sample t-test). The black contour indicates zero 340 

temperature change. (b) Color shading is the annual-mean residual meridional overturning 341 

circulation (MOC) response to ozone recovery averaged in 2070-2099. Black contours are the 342 

residual MOC climatology and green contours are ocean temperature climatology averaged in 343 

2070-2099 of the HighODS simulation.  344 

 345 

Figure 3. Response of ocean heat storage (OHS), ocean heat uptake (OHU), and ocean heat 346 

transport (OHT) divergence to stratospheric ozone recovery averaged in 2070-2099. 347 

 348 

Figure 4. (a) Response of the northward ocean heat transport to stratospheric ozone recovery 349 

(black line, left axis) and to rising greenhouse gases (blue line, right axis) averaged in 2070-2099. 350 
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(b) Responses of the total (solid), Eulerian-mean (dash), and unresolved (dotted) northward 351 

ocean heat transport to ozone recovery averaged in 2070-2099.  352 



 19

References 353 

 354 

Armour, K., Marshall, J., Scott, J. R., Donohoe, A., & Newsom, E. R. (2016). Southern ocean 355 

warming delayed by circumpolar upwelling and equatorward transport. Nature Geoscience, 9, 356 

549-554. https://doi.org/10.1038/NGEO2731 357 

 358 

Banerjee, A., Fyfe, J. C., Polvani, L. M., Waugh, D., & Chang, K-L. (2020). A pause in Southern 359 

Hemisphere circulation trends due to the Montreal Protocol. Nature, 579, 544-548. 360 

https://doi.org/10.1038/s41586-020-2120-4 361 

 362 

Barnes, E. A., Barnes, N. W. M, & Polvani, L. M. (2014). Delayed Southern Hemisphere climate 363 

change induced by stratospheric ozone recovery, as projected by the CMIP5 models. Journal of 364 

Climate, 27, 852-867. https:/doi.org/ 10.1175/JCLI-D-13-00246.1 365 

 366 

Bitz, C. M., & Polvani, L. M. (2012). Antarctic climate response to stratospheric ozone depletion 367 

in a fine resolution ocean climate model, Geophysical Research Letters, 39, L20705. 368 

https://doi.org/10.1029/2012GL053393 369 

 370 

Bracegirdle, T. J., Holmes, C. R., Hosking, J. S., Marshall, G. J., Osman, M., Patterson, M., & 371 

Rackow, T. (2020). Improvements in circumpolar Southern Hemisphere extratropical 372 

atmospheric circulation in CMIP6 compared to CMIP5. Earth and Space Science, 7, 373 

e2019EA001065. https://doi.org/10.1029/2019EA001065 374 



 20

 375 

Cheng, W., Chiang, J. C. H., & Zhang, D. (2013). Atlantic meridional overturning circulation 376 

(AMOC) in CMIP5 models: RCP and historical simulations. Journal of Climate, 26, 7187-7197. 377 

https://doi.org/10.1175/JCLI-D-12_00496.1 378 

 379 

Delworth, T. L., & Zeng, F. (2008). Simulated impact of altered Southern Hemisphere winds on 380 

the Atlantic Meridional Overturning Circulation, Geophysical Research Letters, 35, L20708. 381 

https://doi.org/10.1029/2008GL035166 382 

 383 

Fan, T., C. Deser, & Schneider, D. P. (2014). Recent Antarctic sea ice trends in the context of 384 

Southern Ocean surface climate variations since 1950, Geophysical Research Letters, 41, 2419–385 

2426. https://doi.org/10.1002/2014GL059239 386 

 387 

Ferreira, D., Marshall, J., Bitz, C. M., Solomon, S., & Plumb, A. (2015). Antarctic ocean and sea 388 

ice response to ozone depletion: a two-time-scale problem. Journal of Climate, 28, 1206-1226. 389 

https:/doi.org/10.1175/JCLI-D-14-00313.1 390 

 391 

Fyfe, J., Saenko, O. A., Zickfeld, K., Eby, M., & Weaver, A. J. (2007). The role of poleward-392 

intensifying winds on Southern Ocean warming. Journal of Climate, 20, 5391-5400. 393 

 394 

Ganachaud, A. & Wunsch, C. (2000). Improved estimates of global ocean circulation, heat 395 

transport and mixing from hydrographic data. Nature, 408, 453-457. 396 



 21

 397 

Griffies, SM (2012). Elements of the modular ocean model (MOM) (2012 Release). In: GFDL 398 

Ocean Group Technical Report No. 7 399 

 400 

Hall, A. & Visbeck, M. (2002). Synchronous variability in the Southern Hemisphere atmosphere, 401 

sea ice, and ocean resulting from the annular mode. Journal of Climate, 15, 3043-3057. 402 

 403 

He, C., Liu, Z. & Hu, A. (2019). The transient response of atmospheric and oceanic heat 404 

transports to anthropogenic warming. Nature Climate Change, 9, 222-226. 405 

https://doi.org/10.1038/s4158-018-0387-3 406 

 407 

Kostov, Y., Marshall J., Hausmann, U., Armour, K. C., Ferreira, D., & Holland, M. M. (2017). Fast 408 

and slow responses of Southern Ocean sea surface temperature to SAM in coupled climate 409 

models. Climate Dynamics, 48, 1595–1609. https://doi.org/10.1007/s00382-016-3162-z 410 

 411 

Ivanciu, I., Matthes, K., Wahl, S., HarlaB, J., & Biastoch, A. (2021). Effects of prescribed CMIP6 412 

ozone on simulating the Southern Hemisphere atmospheric circulation response to ozone 413 

depletion. Atmospheric Chemistry and Physics, 21, 5777-5806. https://doi.org/10.5194/acp-21-414 

5777-2021 415 

 416 

Li, F., Vikhliaev, Y. V., Newman, P. A., Pawson, S., Perlwitz, J., Waugh, D. W., & Douglass, A. R. 417 

(2016). Impacts of interactive stratospheric chemistry on Antarctic and Southern Ocean climate 418 



 22

change in the Goddard Earth Observing System, version 5 (GEOS-5). Journal of Climate, 419 

29(9):3199–3218. https ://doi.org/10.1175/JCLI-D-15-0572.1 420 

 421 

Li, S., Liu, W., Lyu, K., & Zhang, X. (2021). The effects of historical ozone changes on Southern 422 

Ocean heat uptake and storage. Climate Dynamics, 57, 2269-2285. 423 

https://doi.org/10.1007/s00382-021-05803-y 424 

 425 

Liu, W., Lu, J., Xie, S-P., & Fedorov, A. (2018). Southern Ocean heat uptake, redistribution, and 426 

storage in a warming climate: the role of meridional overturning circulation. Journal of Climate, 427 

31, 4727-4743. https://doi.org/10.1175/JCLI-D-17-0761.s1 428 

 429 

Liu, W., Hegglin M. I., Checa-Garcia, R., Li, S., Gillett, N. P., Lyu, K., Zhang, Xi. & Swart, N. C. 430 

(2022). Stratospheric ozone depletion and tropospheric ozone increases drive Southern Ocean 431 

interior warming. Nature Climate Change, 12, 365-372. https://doi.org/10.1038/s41558-022-432 

01320-w 433 

 434 

Marshall, J. & Speer, K. (2012). Closure of the meridional overturning circulation through 435 

Southern Ocean upwelling. Nature Geoscience, 5, 171-180. https://doi.org/10.1038/NGEO1391 436 

 437 

Oke, P. R., & England, M. H. (2004). Oceanic response to changes in the latitude of the southern 438 

hemisphere subpolar westerly winds. Journal of Climate, 17, 1040-1054. 439 

 440 



 23

Oman, L. D., & Douglass, A. R. (2014). Improvements in total column ozone in GEOSCCM and 441 

comparisons with a new ozone-depleting substances scenario. Journal of Geophysical Research 442 

Atmosphere, 119, 5613–5624. https://doi.org/10.1002/2014JD021590 443 

 444 

Polvani, L. M., Waugh, D. W., Correa, G. J. P., & Son, S-W. (2011) Stratospheric ozone depletion: 445 

the main driver of twentieth-century atmospheric circulation in the Southern Hemisphere. 446 

Journal of Climate, 24,795-812. https://doi.org/ 10.1175/2010JCLI3772.1 447 

 448 

Previdi, M. & Polvani, L. M. (2014). Climate system response to stratospheric ozone depletion 449 

and recovery. Quarterly Journal of Royal Meteorological Society. 450 

http://doi.org/10.1002/qj.2330 451 

 452 

Rahmstorf, S. & England M. H. (1997). Influence of Southern Hemisphere winds on North 453 

Atlantic deep water. Journal of  Physical Oceanography, 27, 2040-2054. 454 

 455 

Russell, J. L., Dixon, K. W., Gnanadesikan, A., Stouffer, R. J., & Toggweiler, J. R. (2006). The 456 

Southern Hemisphere westerlies in a warming world: propping open the door to the deep 457 

ocean. J. Climate, 19, 6382-6390. 458 

 459 

Saenko, O. A., Schmittner, A., & Weaver, A. J. (2002). On the role of wind-driven sea ice motion 460 

on ocean ventilation. Journal of Physical Oceanography, 32, 3376-3395. 461 

 462 



 24

Sen Gupta, A. & England, M. H. (2006). Coupled ocean-atmosphere-ice response to variations in 463 

the southern annular mode. Journal of Climate, 19, 4457-4486. 464 

 465 

Seviour, W. J. M., Codron, F., Doddridge, W., Fereira, D., Gnanadesikan, A., Keelley, M., Kostov, 466 

Y., Marshall, J., Polvani, L. M., Thomas, J. L., & Waugh, D. W. (2019). The Southern Ocean 467 

surface temperature response to ozone depletion: a multimodel comparison. Journal of Climate, 468 

32, 5107-5121. https://doi.org/10.1175/JCLI-D-19-0109.1 469 

 470 

Sigmond, M., and J. C. Fyfe (2010). Has the ozone hole contributed to increased Antarctic sea 471 

ice extent?, Geophysical Research Letters, 37, L18502. https://doi.org/10.1029/2010GL044301 472 

 473 

Smith, K. L., L.M. Polvani, and D. R. Marsh (2012). Mitigation of 21st century Antarctic sea ice 474 

loss by stratospheric ozone recovery, Geophysical Research Letters, 39, L20701. 475 

https://doi.org/:10.1029/2012GL053325. 476 

 477 

Solomon, A., L. M. Polvani, K. L. Smith, and R. P. Abernathey (2015). The impact of ozone 478 

depleting substances on the circulation, temperature, and salinity of the Southern Ocean: An 479 

attribution study with CESM1(WACCM), Geophysical Research Letters, 42, 5547–5555. 480 

https://doi.org/10.1002/2015GL064744 481 

 482 



 25

Son, S.-W., Polvani, L. M., Waugh, D. W., Akiyoshi, H., Garcia, R., Kinnison, D., Pawson, S., 483 

Rozanov, E., Shepherd, T. G., Shibata, K. (2008). Ozone recovery on the Southern Hemisphere 484 

westerly jet. Science, 320, 1486-1489. https://doi.org/10.1126/science.1155939 485 

 486 

Wang, G., Cai, W., & Purich, A. (2014). Trends in Southern Hemisphere wind driven circulation 487 

in CMIP5 models over the 21st century: Ozone recovery versus greenhouse forcing, J. Geophys. 488 

Res. Oceans, 119, 2974–2986. https://doi.org/10.1002/2013JC009589 489 



Figure 1.



∆SST (K): Ozone

2020 2040 2060 2080 2100

-75

-70

-65

-60

-55

-50

-45

-40

L
a
ti

tu
d

e

-0.25
-0.20
-0.15
-0.10
-0.05
 0.00
 0.05
 0.10
 0.15
 0.20
 0.25

(a)

∆Wind Stress (0.01 Pa): Ozone

2020 2040 2060 2080 2100

-75

-70

-65

-60

-55

-50

-45

-40

-1.5
-1.2
-0.9
-0.6
-0.3
 0.0
 0.3
 0.6
 0.9
 1.2
 1.5

(b)

∆Ocean Heat Content (ZJ): Ozone

2020 2040 2060 2080 2100
Year

-75

-70

-65

-60

-55

-50

-45

-40

L
a
ti

tu
d

e

-2.0
-1.6
-1.2
-0.8
-0.4
 0.0
 0.4
 0.8
 1.2
 1.6
 2.0

(c)

∆SST (K): GHG

2020 2040 2060 2080 2100

-75

-70

-65

-60

-55

-50

-45

-40

-0.5

 0.0

 0.5

 1.0

 1.5

 2.0

(d)

∆Wind Stress (0.01 Pa): GHG

2020 2040 2060 2080 2100

-75

-70

-65

-60

-55

-50

-45

-40

-1.5
-1.0
-0.5
 0.0
 0.5
 1.0
 1.5
 2.0
 2.5
 3.0
 3.5
 4.0

(e)

∆Ocean Heat Content (ZJ): GHG

2020 2040 2060 2080 2100
Year

-75

-70

-65

-60

-55

-50

-45

-40

-20
-16
-12
 -8
 -4
  0
  4
  8
 12
 16
 20

(f)



Figure 2.



∆T (K)

        

100

80

60

40

20

0
(a)

-75 -70 -65 -60 -55 -50 -45 -40
Latitude

5000

4000

3000

2000

1000

-0.25 -0.20 -0.15 -0.10 -0.05  0.00  0.05  0.10  0.15  0.20  0.25

∆Residual MOC (Sv)

        

100

80

60

40

20

0
(b)

-75 -70 -65 -60 -55 -50 -45 -40
Latitude

5000

4000

3000

2000

1000

-1.0 -0.8 -0.6 -0.4 -0.2  0.0  0.2  0.4  0.6  0.8  1.0



Figure 3.



Ocean Heat Budget

-75 -70 -65 -60 -55 -50 -45 -40
Latitude

-4

-2

0

2

4

T
W

OHS

OHU

OHT Divergence



Figure 4.



∆OHT

-90 -60 -30 0 30 60 90
Latitude

-0.04

-0.03

-0.02

-0.01

0.00

0.01

0.02

0.03

P
W

Ozone

GHG

(a)
0.15

0.10

0.05

0.00

-0.05

-0.10

-0.15

-0.20

∆OHT

-75 -70 -65 -60 -55 -50 -45 -40
Latitude

-0.04

-0.03

-0.02

-0.01

0.00

0.01

0.02

0.03

0.04

P
W

Total

Eulerian Unresolved

(b)


	Article File
	Figure 1 legend
	Figure 1
	Figure 2 legend
	Figure 2
	Figure 3 legend
	Figure 3
	Figure 4 legend
	Figure 4

