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Atmospheric ozone has undergone distinct changes in the stratosphere and troposphere
during the second half of the twentieth century, with depletion in the stratosphere and an
increase in the troposphere. Until now, the effect of these changes on ocean heat uptake has
been unclear. Here we show that both stratospheric and tropospheric ozone changes have
contributed to Southern Ocean interior warming, with the latter being more important. The
ozone changes between 1955 and 2000 induced about 30% of the net simulated ocean heat
content increase in the upper 2000 m of the Southern Ocean, with around 60% attributed to
tropospheric increases and 40% to stratospheric depletion. Moreover, these two warming
contributions show distinct physical mechanisms: Tropospheric ozone increases cause a
subsurface warming in the Southern Ocean primarily via the deepening of isopycnals, while
stratospheric ozone depletion via spiciness changes along isopycnals. Our results highlight
that tropospheric ozone is more than an air pollutant and, as a greenhouse gas, has been

pivotal to the Southern Ocean warming.

Atmospheric ozone has experienced distinct changes in the stratosphere and troposphere during
the second half of the twentieth century. Notable ozone depletion has occurred in the stratosphere,
most strikingly as the ozone hole over Antarctica, which has been attributed primarily to

. o . 12,34
anthropogenic emissions of ozone-depleting substances "~

. In contrast, ozone increases in the
troposphere have been observed (Extended Data Fig. 1) as a result of anthropogenic emissions of
ozone precursors such as methane, non-methane volatile organic compounds, carbon monoxide

. .1 ..5.678
and nitrogen oxides™"

. These atmospheric ozone changes have profound impacts on Earth’s
climate system. For example, stratospheric ozone depletion has significantly altered the

tropospheric circulation by displacing the Southern Hemisphere westerly winds poleward during
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austral summer”'%!'"

, though these Southern Hemisphere circulation trends paused around 2000
and are expected to reverse the sign owing to reduced emissions of ozone depleting substances
following the signing of the Montreal Protocol and its Amendments'>'*'>. By contrast, ozone

impacts on oceans, especially those due to tropospheric ozone changes, are relatively less well

explored.

The Fifth Assessment Report of the United Nations Intergovernmental Panel on Climate Change
indicates that ozone constitutes the third-most important contribution to greenhouse gas forcing
since pre-industrial times after carbon dioxide and methane'®. Stratospheric and tropospheric
ozone changes substantially modulate Earth’s radiation balance”, and thus could also affect
global ocean heat uptake. The role of the Southern Ocean is critical in the context of climate
change as it is one of the most important regions for taking up excess heat in a warming

18,19

climate'®", and is markedly affected by Southern Hemisphere westerly winds***'***. During the

past several decades, the Southern Ocean has shown a rapid subsurface War111ing24’25

, only a small
part of which, however, has been attributed to stratospheric ozone depletion26’27’28. Given the
concurrent (but opposite) ozone changes in both the stratosphere and troposphere, one gap remains
in our current knowledge of ozone-driven Southern Ocean warming: The impact of the increase in
tropospheric ozone. Here, we employ historical simulations and accompanying ozone
single-forcing experiments with a broad set of climate models from the Coupled Model
Intercomparison Projects Phase 5/6 (CMIP5/6) to probe the mechanisms and impacts of

stratospheric and tropospheric ozone changes on Southern Ocean interior warming during the

second half of the twentieth century.
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Results

We first examine the ozone single-forcing experiments from the CMIP5S models in which the
models were only forced with historical integrations of atmospheric ozone concentrations instead
of all historical forcings (see Methods). These ozone single-forcing experiments demonstrate the
effects of both stratospheric and tropospheric ozone changes together. Between 1955 and 2000,
ozone depletion generates a strong stratospheric cooling trend in the Southern Hemisphere high
latitudes (Extended Data Fig. 2), which leads to a poleward intensification of Southern
Hemisphere westerly winds in the troposphere reminiscent of “annular mode—like” responses>
(Fig. 1a). Along with the response in the atmosphere, ozone changes also produce a pronounced
subsurface warming in the Southern Ocean. Within 40-50°S, the warming rate is larger than 0.01
K/decade in the upper 1000 m (Fig. 1c). When we integrate ocean heat content (OHC) over the
upper 2000 m between 30°S and 60°S where ocean warming mainly occurs, we find a significant
increase of OHC, with a trend of 5.63+2.36 ZJ/decade (1 ZJ = 10* joule; multi-model mean + 1
standard deviation among models, see Methods) between 1955 and 2000 (Fig. 2a). Our results
from these CMIPS model simulations thus suggest a substantial Southern Ocean subsurface

warming in response to stratospheric and tropospheric ozone changes.

We have also examined the recent ozone single-forcing experiments with the new generation of
CMIP6 models. Unlike those with CMIPS models, in these experiments CMIP6 models are
forced with historical changes solely in stratospheric ozone concentration (see Methods). Hence
the CMIP6 ozone experiments show solely the effect of stratospheric ozone change. Compared
with the results from the CMIP5 experiments, the CMIP6 ozone experiments show similar

stratospheric cooling in southern high latitudes and poleward intensified Southern Hemisphere

10
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westerly winds, which indicates a major role of stratospheric ozone depletion in the atmospheric
response during 1955-2000 (Fig. 1b). However, in the Southern Ocean, we find a much weaker
subsurface warming in the CMIP6 stratospheric ozone only experiments with a pattern consistent
with previous studies’”°, Between 40°S and 50°S, the warming rate is much smaller than 0.01
K/decade in the upper 2000 m (Fig. 1d). The upper 2000-m OHC between 30°S and 60°S
exhibits a marginal increase between 1955 and 2000, with a trend of 0.45+1.22 ZJ/decade
(multi-model mean + 1 standard deviation among models; Fig. 2a). We further find no
statistically significant difference in transient climate sensitivity between the CMIPS5 and CMIP6
models (see Methods) but the Southern Ocean OHC trend in the CMIP5 simulations is one order
of magnitude larger than that in the CMIP6 simulations, indicating that the difference in model
climate sensitivity cannot serve as the major cause of such distinct warming trends in the
Southern Ocean. On the other hand, the comparison between CMIP5 and CMIP6 model
simulations implies that the tropospheric ozone increase is a key driver of Southern Ocean
interior warming. Nevertheless, it is worth noting that this comparison cannot allow for a
conclusive quantification of the impact nor shed light on the mechanism of tropospheric ozone
increases on Southern Ocean warming, since the differences in prescribed historical ozone
datasets between CMIP5 and CMIP6 models (Extended Data Fig. 1) and model responses to

ozone forcing would need to be considered.

Quantifying the ozone impacts on Southern Ocean warming
To quantify the impact of tropospheric ozone change on Southern Ocean interior warming and
investigate the mechanism, we employ two ensembles of ozone single-forcing simulations

performed with the same climate model, CanESMS. This model simulates a Southern Ocean

11
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warming generally in alignment with the ensemble mean result of CMIP6 stratospheric ozone
only experiments (Fig. 2a). The first CanESMS5 ensemble is forced with historical changes in
both stratospheric and tropospheric ozone, equivalent to the CMIP5 simulations described above

but adopting the CMIP6 simulation protocol®'*

. The second ensemble simulation is equivalent
to the CMIP6 ozone experiments described above in which the model is forced with historical
integrations of solely stratospheric ozone changes (see Methods). The difference between the
two ensemble simulations therefore isolates the effect of tropospheric ozone change. Relative to
preindustrial times, we find that both ensemble experiments from CanESMS simulate a
stratospheric cooling in the southern high latitudes and a significant poleward intensification of
Southern Hemisphere westerlies in the troposphere between 1955 and 2000 (Fig. 3a,b). On the
other hand, tropospheric ozone increases lead to a warming in the troposphere and a cooling in
the stratosphere™ (Extended Data Fig. 3), together with a significant upward intensification of
Southern Hemisphere westerly winds in the upper levels and a poleward intensification of
westerly winds towards surface (Fig. 3c). These tropospheric-ozone-produced atmosphere
temperature and circulation changes are comparable to those induced by stratospheric ozone

depletion towards the surface layers, suggesting that tropospheric ozone changes could

potentially have considerable impacts on the oceans underneath.

We further probe the temperature response in the Southern Ocean in the two CanESMS5 ensemble
simulations. We find a region of pronounced warming extending downward and equatorward to
the north of 60°S as a response to the combined stratospheric and tropospheric ozone changes.
Between 40°S and 50°S, this tongue of warming waters reaches 1200 m with a warming rate

exceeding 0.01 K/decade (Fig. 3d). Part of this subsurface warming is induced by stratospheric
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ozone depletion, which is, however, mostly limited to the upper 600 m (Fig. 3e). On the other
hand, the vertical extension of the tongue of warming waters depends essentially on tropospheric
ozone forcing. The increase of tropospheric ozone creates such a deep warming in the Southern
Ocean that warming larger than 0.01 K/decade is found to penetrate as deep as 1000 m within
40-50°S (Fig. 3f). To the north of the tongue of warming waters, there is a tongue of cooling
waters in the upper levels of the Southern Ocean, which results principally from stratospheric
ozone depletion and secondarily from tropospheric ozone increases (Fig. 3e,f). A similar cooling
feature is found at high latitudes south of 55°S (Fig. 3d.f). It is worth noting that the warming
pattern due to tropospheric ozone increases is different from that due to the rising well-mixed
greenhouse gases such as carbon dioxide. The rise of well-mixed greenhouse gases induces
ubiquitous while vertically decaying warming in the upper 2000-m ocean in the Southern

20,21,27,34
Ocean .

Here we estimate the OHC variations in the upper 2000 m between 30°S and 60°S in the two sets
of CanESMS simulations. We find that atmospheric ozone changes induce a robust upward OHC
trend of 4.58+3.35 ZJ/decade (ensemble mean + 1 standard deviation among ensembles) between
1955 and 2000, of which about two-fifths (1.84+2.50 ZJ/decade, ensemble mean + 1 standard
deviation among ensembles) can be attributed to stratospheric ozone depletion while the other
three-fifths (2.74 ZJ/decade, the difference of the ensemble means between the two suites of
ozone simulations) is driven by tropospheric ozone increases. Our results confirm the importance
of tropospheric ozone to Southern Ocean heat uptake and storage. Importantly, the increases in
tropospheric ozone have been more effective in driving the interior warming over the Southern

Ocean during the second half of the twentieth century compared to stratospheric ozone depletion.
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Moreover, to set in context the effect of ozone forcing on the historical OHC increase in the
Southern Ocean over the 1955-2000 period, we compare OHC changes in the upper 2000 m
within 30-60°S between the CanESMS5 historical simulations that also include the other
greenhouse gas forcings from carbon dioxide, methane and nitrous oxide and the combined
stratosphere-troposphere ozone single-forcing experiment (Fig. 2b). We find that CanESMS5
simulates a general long-term increase of OHC in the Southern Ocean, at a rate of 13.77+4.29
ZJ/decade (ensemble mean + 1 standard deviation among ensembles) between 1955 and 2000,
which is consistent with the OHC trends inferred from observations (16.25 ZJ/decade) and
CMIPS models (14.60+5.27 ZJ/decade, multi-model mean + 1 standard deviation among models)
(Fig. 2b). Using the CanESMS5 ozone experiment, we further find that about 33.2% of the net
historical OHC increase between 1955 and 2000 is caused by atmospheric (both stratospheric
and tropospheric) ozone changes. This ratio is in line with that suggested by the historical
CMIP5 model ozone experiment (38.4+10.4%, multi-model mean + 1 standard deviation among

models).

Physical mechanisms of ozone-driven Southern Ocean warming

To further understand the mechanisms by which stratospheric and tropospheric ozone changes
drive Southern Ocean interior warming, we decompose the temperature and salinity changes
between 1955 and 2000 at depth levels into the spiciness changes along isopycnals and
heave-related changes owing to the vertical heave of isopycnals35 (see Methods). The spiciness
reveals alterations in water mass properties as a result of the subduction of surface temperature

and salinity anomalies and changes by interior mixing processes. The heave of isopycnals could
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be linked to changes in wind-driven ocean circulation and the redistribution of heat and salt in

. . 36
the interior ocean™ .

We first depict the temperature and salinity responses to total atmospheric ozone variations.
During 1955-2000, the zonally averaged spiciness changes on density surfaces exhibit strong
warming and salification trends in the upper ocean toward isopycnal outcrops, especially in the
latitudes between 40°S and 60°S (Fig. 4a,b). These warming and salification trends primarily
result from stratospheric ozone depletion and not from tropospheric ozone increases (Fig. 4c,d).
Between 40°S and 60°S, the Southern Ocean takes heat from the atmosphere but loses freshwater
in response to stratospheric ozone depletion (Fig. 5a,b), both contributing to warming and
salification spiciness trends’. The peak of Southern Ocean surface heat uptake is around 55°S
(Extended Data Fig. 4), essentially due to the increase of downward turbulent latent heat flux®’
over the Indian Ocean sector (Extended Data Fig. 5). Increases in surface shortwave radiation
fluxes also contribute to Southern Ocean heat uptake in these latitudes (Extended Data Fig. 3).
On the other hand, the reduction in surface freshwater flux can be mostly attributed to changes in
precipitation minus evaporation (P-E) to the north of 54°S but is likely related to sea-ice
variations to the south (Extended Data Fig. 6). Between 40°S and 54°S, the P-E reduction results
from both precipitation decreases and evaporation increases and is especially robust over the

Pacific sector (Extended Data Fig. 7).

Besides the warming and salification trends in the isopycnal outcropping region between 40°S

and 60°S, we also find cooling and freshening spiciness changes to the north of 40°S on density

surfaces between 26.3 and 27.0 kg/m3 (Fig. 4a,b), within the density ranges of the Subantarctic
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Mode Water (SAMW) and Antarctic Intermediate Water (AAIW) simulated by climate models™®.
Particularly, the spiciness changes in the AAIW density range (26.7-27.0 kg/m®) can be attributed
mostly to stratospheric ozone depletion (Fig. 4c,d) while those in the SAMW density range
(26.3-26.6 kg/m’) mainly to tropospheric ozone increases (Fig. 4e,f). These ozone-induced
cooling signals contribute to the cooling trend found at corresponding locations from

observations and historical simulations during 1955-2000 (Extended Data Fig. 8).

After remapping the spiciness changes onto depth levels using the mean depth of each density
surface, we find the major spiciness warming (>0.01 K/decade) trends in response to total
atmospheric ozone variations extending equatorward and downward from the surface layer at
60°S to about 600 m at 40°S (Fig. 6a). The stratospheric ozone depletion is responsible for most
of the ozone-induced warming trends in the upper 500 m (Fig. 6¢) while tropospheric ozone

increases primarily account for the spiciness warming below (Fig. 6e).

We further analyze the heave component of Southern Ocean temperature change. We find a
subsurface warming region (>0.01 K/decade) extending equatorward between 36°S and 51°S and
downward in 300-1100 m (Fig. 6b) in response to atmospheric ozone changes, accompanied by a
cooling tongue to the north and in upper levels. This pair of warming and cooling anomalies has
been linked to poleward intensified surface westerly winds and indicates heat redistribution

within the Southern Ocean®"*’.

Specifically, stratospheric ozone depletion drives an
intensification of surface westerly winds at and to the south of the Antarctic Circumpolar Current

but a relaxation to the north (Fig. Sc, Extended Data Fig. 9), in a pattern consistent with other

CMIP6 models (Extended Data Fig. 10). The zonally averaged zonal wind change exhibits a
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dipole-like pattern, with positive and negative anomalies to the south and north of around 50°S.
The resultant anomalous Ekman transport convergence and wind-driven downwelling produces a
deepening of isopycnals in the latitudes around 50°S and hence heave-induced changes of
warming. While to the north of about 43°S, the weakening of surface westerlies progressively
decays, which prompts an anomalous Ekman transport divergence and wind-driven upwelling
(Extended Data Fig. 9d) and thus leads to shallower isopycnals and cooling heave changes in

these latitudes (Fig. 6d).

Tropospheric ozone increases, on the other hand, engender different changes in surface winds
from those due to stratospheric ozone depletion (Fig. Sc, Extended Data Fig. 9). The zonally
averaged surface zonal wind change also reflects a dipole-like pattern but located more
northward, with positive and negative anomalies occurring to the south and north of around 42°S.
This pattern indicates less poleward displaced surface westerlies than their counterparts driven
by stratospheric ozone depletion. Tropospheric ozone increases also drive poleward-intensified
Southern Hemisphere precipitation and significantly increase evaporation at lower latitudes where
the tropospheric ozone increases are stronger (Extended Data Fig. 6f). In the ocean, the
wind-driven Ekman pumping (Extended Data Fig. 9d) produces isopycnals deepening in much
lower latitudes, around 42°S, and warming heave changes there (Fig. 6f). These heave-related
warming changes are much stronger than those induced by stratospheric ozone depletion, which
is likely due to the fact that the oceanic thermocline is more strongly stratified at lower
latitudes™, allowing the wind-driven downwelling more effectively to create warming heave

changes there.
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Discussion

In summary, we have examined the climate impacts of atmospheric ozone changes during the
second half of the twentieth century, with a focus on disentangling effects of stratospheric ozone
depletion and tropospheric ozone increases. We show that while stratospheric ozone depletion
plays a dominant role in atmospheric temperature and wind changes in southern high latitudes in
the stratosphere and upper levels of the troposphere, tropospheric ozone increases have made a
larger contribution to Southern Ocean interior warming. Between 1955 and 2000, about one-third
of the historical OHC increase in the upper 2000 m of the Southern Ocean between 30°S and
60°S was induced by atmospheric ozone changes, of which around three-fifths can be attributed
to tropospheric ozone increases and the other two-fifths to stratospheric ozone depletion.
Tropospheric ozone increases cause Southern Ocean subsurface warming primarily via the
deepening of isopycnals. They give rise to an intensification of surface westerly winds over the
Southern Ocean such that the wind-driven Ekman pumping brings about isopycnal deepening
around 42°S and prompts heave-induced warming there. On the other hand, stratospheric ozone
depletion promotes warming in the Southern Ocean mainly through spiciness changes along
isopycnals in the upper 500 m. In response to stratospheric ozone depletion, the net surface
downward heat flux increases but the freshwater flux decreases over the Southern Ocean
between 40°S and 60°S, contributing to the warming and salification spiciness changes in the

isopycnal outcropping regions of the Southern Ocean.

In our study, the finding that stratospheric and tropospheric ozone changes contributed to around

one-third of the historical OHC increase during the second half of the twentieth century is

consistent with the result from previous studies examining simulations with fixed ozone
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depleting substances (ODSS)40

. However, the response to ODSs, inferred by differencing
historical simulations with all anthropogenic forcings and simulations with fixed ODSs, omits
changes in tropospheric ozone induced by precursor omissions, but includes radiative effects of
ODSs themselves, and hence these results are not directly comparable with our study of the
direct effects of tropospheric and stratospheric ozone changes. Furthermore, our results suggest
that, when the effect of tropospheric ozone increases is considered, the ozone impacts on
Southern Ocean interior warming are much larger than previous estimates that only considered
stratospheric ozone depletion’’. Between 1955 and 2000, tropospheric ozone increases
significantly affect the P-E over the Southern Ocean. As such, our results highlight that

tropospheric ozone, besides being an air pollutant, is an important contributor to ocean heat

uptake and hydrological cycle change in the Southern Hemisphere.
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Figure 1. Changes in Southern Hemisphere westerlies and Southern Ocean temperature in
response to ozone changes in CMIPS and CMIP6 simulations. (top row) Trends of annual and
zonal mean zonal winds during 1955-2000 (shading in m/s/decade) of the multi-model means
(MMMs) from (a) CMIP5 and (b) CMIP6 models ozone single-forcing experiments. The annual
climatologies of zonal mean zonal winds (contour in m/s, with an interval of 5 m/s and the zero
contours thickened) of the MMMs from CMIP5 and CMIP6 models preindustrial control runs
are superimposed on both panels, respectively. (bottom row) Trends of annual and zonal ocean
temperature during 1955-2000 (shading in K/decade) of the MMMs from (c) CMIPS5 and (d)
CMIP6 models ozone single-forcing experiments. Stippling indicates that the change is
statistically insignificant at the 95% confidence level of the Mann-Kendall trend significance test

(see Methods).

Figure 2. Observed and simulated Southern Ocean heat content. (a) Ocean heat content
(OHC) anomalies (relative to the value in 1955) integrated over the upper 2000 m between 30°S
and 60°S from ozone single-forcing experiments with four CMIP5 models (MMM, medium blue;
inter-model spread, light blue; see Methods) and four CMIP6 models (MMM, magenta;
inter-model spread, light magenta), and the ensemble means from CanESMS stratospheric and
tropospheric ozone experiment (blue), stratospheric ozone only experiment (red) as well as the
difference between the two (black) indicating the effect of tropospheric ozone change. The
inter-model spread is calculated as one standard deviation of the ensemble means of individual
models. (b) Same as panel (a) but for OHC anomalies from the IAP observation data (orange)
and historical simulations with the four CMIP5 models (MMM, medium purple; inter-model

spread, light purple) and CanESMS5 (ensemble mean, purple). OHC anomalies from CMIP5
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ozone single-forcing experiments are also included in the panel. Note that the OHC from the IAP
observations is a single realization, which has larger interannual variations than the other OHCs

from MMM.

Figure 3. Changes in Southern Hemisphere westerlies and Southern Ocean temperature in
response to ozone changes in CanESMS simulations. (top row) Changes in annual and zonal
mean zonal winds (shading in m/s) during 1955-2000 (relative to preindustrial control run) for
the ensemble means in CanESMS5 (a) stratospheric and tropospheric ozone experiment and (b)
stratospheric ozone only experiment as well as (c) the difference between the two indicating the
effect of tropospheric ozone change. Stippling indicates that the change is statistically
insignificant at the 95% confidence level of the Student’s t-test (see Methods). (bottom row)
Same as the top row but for trends of annual and zonal mean ocean temperature during
1955-2000 (shading in K/decade). Stippling indicates that the change is statistically insignificant

at the 95% confidence level of the Mann-Kendall trend significance test (see Methods).

Figure 4. Temperature and salinity spiciness changes on density surfaces in CanESMS
ozone experiments. (left column) Spiciness changes in annual and zonal mean ocean
temperature trends during 1955-2000 (shading in K/decade) on density surfaces for the ensemble
means in CanESMS5 (a) stratospheric and tropospheric ozone experiment and (c) stratospheric
ozone only experiment as well as (e) the difference between the two indicating the effect of
tropospheric ozone change. (right column) Same as the left column but for spiciness changes in

annual and zonal mean ocean salinity trends (shading in 10 psu/decade).
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Figure 5. Surface heat flux, freshwater flux and zonal winds changes in CanESMS ozone
experiments. (a) Changes in annual and zonal mean net surface heat fluxes over the Southern
Ocean during 1955-2000 (relative to preindustrial control run) for the ensemble means in
CanESMS stratospheric and tropospheric ozone experiment (light blue; significant, blue) and
stratospheric ozone only experiment (orange; significant, red) as well as the difference between
the two (gray; significant, black) indicating the effect of tropospheric ozone change. Panels (b)
and (c) are the same as (a) but for changes in annual and zonal mean net surface freshwater
fluxes over the ocean and surface zonal winds. The variable of surface zonal wind is obtained
from atmosphere model outputs and land is then masked out for the variable so that winds are on
the liquid ocean water surface in most parts of the Southern Ocean but on sea ice surface around
or south of 60°S where sea ice exists. Heat and freshwater fluxes are positive downward. In all
the panels, changes are tested based on the Student’s t-test and denoted statistically significant

when exceeding the 95% confidence level (see Methods).

Figure 6. Spiciness and heave changes of ocean temperature in CanESMS ozone
experiments. (left column) Spiciness changes in annual and zonal mean ocean temperature
trends during 1955-2000 (shading in K/decade) above 2000 m but below the mixed layer (~150
m) in the Southern Ocean for the ensemble means in CanESMS5 (a) stratospheric and
tropospheric ozone experiment and (c) stratospheric ozone only experiment as well as (e) the
difference between the two indicating the effect of tropospheric ozone change. (right column)

Same as the left column but for heave changes.

Methods
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Observations

To evaluate the performance of CanESMS in simulating the historical warming in the Southern
Ocean during the second half of the twentieth century, we use one objectively analyzed ocean
dataset, the Institute of Atmospheric Physics (IAP) ocean temperature analysis*'. The IAP ocean
temperature analysis has global ocean coverage of 1-degree horizontal resolution on 41 vertical
levels from the surface down to 2000 m. It has a monthly resolution from 1940 to the present. This
ocean temperature analysis minimizes the errors from ocean sampling by in situ observations and
allows for accurate estimates of regional and global OHC changes during the past several decades,

especially those in the Southern Ocean.

CMIPS and CMIP6 preindustrial control, historical and ozone single-forcing simulations

We use the preindustrial control runs of four CMIP5 (CCSM4, CESM1-CAMS5, FGOALS-g2
and GISS-E2-H) and four CMIP6 (CanESMS, GISS-E2-1-G, IPSL-CM6A-LR and MIROC6)
models. For either CMIPS or CMIP6, the four-model ensemble has an average transient climate
response (TCR)**** that is very close to the mean TCR reported by previous studies™*,
suggesting that the models we used can well represent the transient climate sensitivity of the
models of either generation. For all the models except CESM1-CAMS and GISS-E2-1-G, we
estimate each model’s climate drift in ocean temperatures as a 500-year temperature trend
(during the last 500 years) in each model’s preindustrial control run. As CESM1-CAMS5 and
GISS-E2-1-G only have 320 and 345 years of simulation available in the CMIP5 and CMIP6
archives, for either model, we estimate its climate drift in ocean temperature as the temperature

trend during the last 200 years of the preindustrial control run. For CanESMS5 and GISS-E2-1-G,

the preindustrial simulations of “p1” and “f2” are adopted to be consistent with their ozone
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experiments, respectively. We remove climate drifts from the trends of ocean temperatures in the
historical and ozone single-forcing simulations with these CMIP5 and CMIP6 models. We also
remove the climate drift in ocean salinity for CanESMS5 (the salinity trend of its preindustrial

control run) when conducting the spiciness and heave decomposition.

The CMIPS historical simulations are performed including all the natural and anthropogenic
forcings during the historical period. The CMIP5 ozone single-forcing experiments on the other
hand are forced by stratospheric and tropospheric ozone only during the historical period while
the other forcings are fixed at their preindustrial levels®. In the four CMIP5 models, the ozone
chemistries are either semi-offline calculated or prescribed'”. In this study, we adopt 11
ensemble members of ozone single-forcing (stratospheric and tropospheric ozone) experiments
(2 from CCSM4, 3 from CESM1-CAMS, 1 from FGOALS-g2 and 5 from GISS-E2-H) and 21
ensemble members of historical simulations with the four CMIP5 models (6 from CCSM4, 4
from CESMI1-CAMS, 5 from FGOALS-g2 and 6 from GISS-E2-H). Note here, for CCSM4
ozone experiment, there are three ensemble members while temperature outputs in 2000-2005
are not available for one member in the CMIPS archives; so only the other two ensemble
members are used. For CCSM4 and GISS-E2-H preindustrial and historical simulations,
ensembles of “p1” perturbation are adopted to be consistent with the perturbation in the ozone
experiments. We calculate the ensemble mean for each model and then calculate the multi-model
mean (MMM) based on the ensemble means of the four models to minimize the effects of
internal climate variability and model differences. The inter-model difference is estimated as one

standard deviation of the ensemble means of the models.
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The ozone single-forcing experiments with CMIP6 models are akin to their historical simulations
but forced by stratospheric ozone variations only. For models without coupled chemistry, they
prescribe the same stratospheric ozone concentrations as used in their historical simulations®.
For models with coupled chemistry, their chemistry schemes are turned off. Note here, that while
these model configurations neglect to represent potential feedbacks of changing dynamics on the
ozone fields in a self-consistent way, we consider such effects to be of second-order relevance.
Such an assumption is justified given that the climate response, for example, the response of the
polar vortex breakdown to equivalent effective stratospheric chlorine, does not show a

systematic difference between models with prescribed and interactive ozone"’.

The CMIP6 models prescribe the ensemble mean monthly mean three-dimensional stratospheric
ozone concentrations as simulated in their historical runs but have fixed three-dimensional
long-term monthly mean tropospheric ozone concentrations from their preindustrial control runs.
In particular, grid cells are categorized tropospheric when they have an ozone concentration
below 100 ppbv (parts per billion by volume) in the climatology of the preindustrial control run.
This definition of the troposphere is consistent throughout the historical period and facilitates
inter-model comparisons48. Albeit the tropopause height may alter with climate change, several
studies®'” suggest that the tropopause choice only has a marginal effect on radiative forcing. To
examine the ozone impacts on Southern Ocean interior warming during the second half of the
twentieth century, we adopt 28 ensemble members of ozone single-forcing (stratospheric ozone
only) experiments with the four CMIP6 models (10 from CanESMS5, 5 from GISS-E2-1-G, 10
from IPSL-CM6A-LR and 3 from MIROC®6) and calculate the MMM and inter-model difference

of the CMIP6 models.
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Besides, we compare the transient climate responses (TCRs) between CMIP5 and CMIP6
models. For CMIP5 models***’, the TCRs of CCSM4, CESM1-CAM5, FGOALS-g2 and
GISS-E2-H are 1.7 K, 2.33 K, 1.4 K and 1.7 K, so their average TCR is 1.78 K. For CMIP6
models™, the TCRs of CanESMS5, GISS-E2-1-G, IPSL-CM6A-LR and MIROC6 are 2.66 K,
1.68 K, 2.32 K and 1.52 K, so their average TCR is 2.05 K. Both averages are very close to the
mean TCRs reported by previous studies™* based on 29 CMIP5 models and 34 CMIP6 models,
respectively. This result suggests that, for either CMIP5 or CMIP6, the four-model ensemble
well represents the transient climate sensitivity of the models of either generation. The Student's
t-test result further shows that the difference of TCR between CMIPS5 and CMIP6 model means
is insignificant at the 95% confidence level, which suggests that there is no statistically
significant difference in transient climate sensitivity between the CMIP5 and CMIP6 models used

in the current study.

CanESMS and associated simulations

CanESMS5 is a fully coupled climate model participating in CMIP6®. The atmosphere
component is the Canadian Atmosphere Model (CanAMS), which employs a spectral dynamical
core with a T63 truncation (an approximate 2.8-degree horizontal resolution) and a hybrid
sigma-pressure coordinate with 49 vertical layers up to about 1 hPa. The land component
incorporates the Canadian Land Surface Scheme (CLASS) and the Canadian Terrestrial
Ecosystem Model (CTEM). The ocean component is a modified version of the Nucleus for
European Modelling of the Ocean model (NEMO), which includes ocean biogeochemistry

represented by the Canadian Model of Ocean Carbon (CMOC) and employs a ~1-degree
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horizontal resolution and 45 vertical levels. The Louvain-la-Neuve sea-Ice Model version 2

(LIM2) also operates within the NEMO framework.

A 25-member historical simulation labeled as perturbed physics member 1 (“pl”) has been
performed with CanESMS during 1850-2014. Individual ensemble members are initialized at
different years from preindustrial control run and perturbed by the conservative remapping
wind-stress fields. We use these 25 ensembles of CanESMS historical simulation as they share
the same perturbation scheme (“p1”’) with CanESM5 ozone simulations. We compare the trend
of zonal mean temperature in the ensemble mean of the CanESMS historical simulation with that
in the IAP data during 1955-2000 and find that the CanESM3 historical simulation is able to well
capture the observed warming tongue (>0.03 K/decade) in the upper 1000 m between 40°S and
50°S (Extended Data Fig. 8). This result demonstrates the model fidelity in simulating the

Southern Ocean temperature response to external climate forcings.

Besides the 10-ensemble stratospheric ozone only experiment as in line with several other
CMIP6 models, CanESMS5 provides a 10-ensemble member historical total ozone-only
experiment in which the model prescribes the monthly mean three-dimensional ozone
concentrations from the historical simulation through the depth of the atmosphere. This total
ozone-only experiment is consistent with the CMIP5 ozone single-forcing (stratospheric and
tropospheric ozone) experiments. We adopt the simulations of this pair of ozone experiments to
isolate and quantify the effects of stratospheric and tropospheric ozone on Southern Ocean

interior warming.

33



619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

The spiciness and heave decomposition

.. .. . - 35,36
The spiciness and heave decomposition follows previous studies™™

. For changes in potential
temperature (6) and salinity (S) at depth z,i.e., 8’|, and S’|,, they can be decomposed as:

0’|, = 6’|, + N6, (1)

S, =S+ N'S; (2)
where 6’|, and S’|, denote the spiciness changes of temperature and salinity that are
density-compensating along neutral density surfaces; N'6, and N'S, denote the heave changes

of temperature and salinity that are related to the neutral density surface height change N’

(positive downward).

The OHC calculation

At each location, the OHC within a layer between the depths z; and z, is calculated as
OHC = p,yC, fZZf 0dz (3)

where p, denotes sea water density and C, denotes the specific heat capacity of sea water.

The statistical significance test

We examine the statistical significance of climate response to ozone forcing in CanESMS5 based
on the Student’s t-test. We divide 500 years of CanESMS preindustrial simulation into 10
truncations and treat each truncation as one ensemble member. Hence we construct 10
preindustrial ensembles with non-overlapping 50-year periods. We apply the Student’s t-test to
the three pairs of ensemble simulations—total-ozone versus preindustrial, stratospheric-ozone
versus preindustrial and total-ozone versus stratospheric-ozone—to estimate the statistical

significance of total, stratospheric and tropospheric ozone effects. Besides, we examine the
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statistical significances of trends of CMIP5 and CMIP6 MMMs and CanESMS5 ensemble means

based on the Mann-Kendall trend significance test.

Data availability
All the raw CMIP5 model simulation data are publically available at

https://esgf-node.llnl.gov/search/cmip5/

All the raw CMIP6 model simulation data are publically available at

https://esgf-node.llnl.gov/projects/cmip6/

The IAP observation data are publically available at

http://www.ocean.iap.ac.cn/

Code availability
Figures are generated via the NCAR Command Language (NCL, Version 6.5.0) [Software].
(2018). Boulder, Colorado: UCAR/NCAR/CISL/TDD. http://dx.doi.org/10.5065/D6WD3XHS5

The codes and processed variables to generate Figures 1-6 are available at Zenodo™.
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