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investigated.

e Under carbon neutrality, the North Pa-
cific Ocean cooling will decrease Os
concentrations in eastern China by
reducing chemical production.

e Cooling in the Southern Hemisphere
oceans weakens the vertical transport,
causing a decline of O3 in eastern China.
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GRAPHICAL ABSTRACT
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ABSTRACT

The global sea surface temperatures (SSTs) are expected to change diversely in the future under different climate
scenarios, which will affect the near-surface ozone (O3) distribution and concentration by influencing meteo-
rological states and large-scale atmospheric circulation. Many countries have planned to reach carbon neutrality
by the mid-21st century. In this study, the impacts of global and regional SST changes on near-surface O3
concentrations in China in the middle of the 21st century under the carbon-neutral scenario (Shared Socioeco-
nomic Pathway 1-1.9), compared with the high-emission scenario (Shared Socioeconomic Pathway 5-8.5), and
possible physical and chemical mechanisms are investigated using the Community Earth System Model version 1
(CESM1). Under future climate change, the changes in SSTs in the carbon-neutral scenario relative to the high-
emission scenario lead to a dipole change in near-surface O3 concentrations in eastern and western China, with a
significant decrease of 0.79 ppbv in the eastern China and a significant increase of 1.05 ppbv in the western
China. The cooling of North Pacific Ocean under the carbon-neutral scenario causes a decrease in near-surface O3
concentrations by 0.48 ppbv in eastern China due to the weakened chemical production and an increase by 0.74
ppbv in western China attributed to the enhanced Oz transport from Eurasia. Cooling of Southern Hemisphere
oceans leads to anomalous upward air motions over eastern China, which weaken the vertical transport of high-
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elevation O3 to the surface, resulting in a reduction in near-surface O3 concentrations by 0.58 ppbv in eastern
China. Our results suggest that future changes in SSTs in the carbon-neutral scenario will positively benefit O3 air
quality improvement in the polluted eastern China, with the North Pacific and Southern Hemisphere oceans

playing important roles.

1. Introduction

Ozone (O3) in the troposphere is a harmful air pollutant, imposing
negative impacts on both human health and ecosystems (Lucas et al.,
2019; Meleux et al., 2007; Monks et al., 2015). It is a strong oxidant that
can cause respiratory inflammation, lower immune systems, and even
result in premature aging and death in humans (Kampa and Castanas,
2008; Manisalidis et al., 2020; Pillai et al., 2005). O3 has phytotoxic
effects on plant growth and can reduce crop yield (Tai et al., 2014; Yue
et al., 2017). In recent years, O3 pollution is getting more serious in
China (Gao et al., 2022; Wang et al., 2022). To address the air pollution
issue, it is important to understand the physical and chemical mecha-
nisms that lead to O3 pollution in China.

Tropospheric Os is primarily produced by the photochemical reac-
tion of volatile organic compounds (VOCs) and nitrogen oxides (NOx =
NO + NO3) under the condition of sunlight (Jenkin and Clemitshaw,
2000; Kleinman, 2005; Schnell et al., 2009), which generally peaks in
summer (Oltmans and Levy, 1994; Xie et al., 2017). Because Os is almost
insoluble in water, dry deposition is the main removal process of
ground-level Os (Fowler et al., 2008). Additionally, regional transport
and mixing processes can impact near-surface O3 concentrations, as Os
and its precursors are often moved around on regional, intercontinental,
and even hemispheric scales due to its relatively long lifetime in the
troposphere (Li et al., 2023b; Monks et al., 2009; Young et al., 2013).

Meteorological conditions, such as temperature, radiation, cloudi-
ness, and relative humidity, exert significant influences on the photo-
chemical reactions and transport processes of O3 (Xie et al., 2016; Yin
et al., 2019). Temperature can affect O3 production by altering photo-
chemical reaction rates and naturally emitted O3 precursors like plant-
emitted isoprene (Guenther et al., 1993; Pusede et al., 2015; Rasmus-
sen et al., 2012; Sillman and Samson, 1995). Radiation primarily im-
pacts O3 concentration by altering the photochemical reaction rate to
produce Os, whereas cloudiness typically affects O3 through its linkage
with radiation and temperature (DeCaria et al., 2005; Jasaitis et al.,
2016). An increase in relative humidity can trigger the formation of
hydroxyl radicals (OH) from the excited oxygen atom O(1D) of Os
decomposition, thereby causing a decline in Oz concentration.
Numerous studies have reported a negative correlation between relative
humidity and surface O3 concentration (e.g., Gong and Liao, 2019).
Atmospheric circulation also influences O3 concentrations via transport
and dispersion mechanisms (Brown-Steiner and Hess, 2011; Lin et al.,
2014). Studies have found that strong westerly winds during the strong
positive phase of the North Atlantic Oscillation (NAO) can transport
pollutants from North America to northeastern Europe, significantly
affecting surface and tropospheric O3 concentrations over many parts of
Europe (Christoudias et al., 2012). In China, significant positive corre-
lations exist between summer O3 concentrations and the East Asian
Summer Monsoon (EASM) index, and it is suggested that cross-regional
Og transport is the primary cause of the difference in summertime O3
concentrations between strong and weak monsoons (Yang et al., 2014;
Zhou et al., 2022). The El Nino-Southern Oscillation (ENSO) (Jiang and
Li, 2022; Yang et al., 2022) and stratospheric quasi-biennial oscillation
(Li et al., 2023c¢) are also reported to affect O3 concentrations in China
through changing large-scale circulation patterns.

Many studies have revealed that climate change could influence O3
concentrations through perturbing meteorological conditions (Li et al.,
2023a; Zanis et al., 2022). SST is an important variable for character-
izing climate change (Harzallah and Sadourny, 1995), and its changes
affect the energy and mass exchange between the atmosphere and the

ocean (Deser et al., 2010), which can affect global climate and weather
through perturbing atmospheric circulation and teleconnection patterns
(Enfield and Mestas-Nunez, 1999; Vecchi and Soden, 2007; Yoo et al.,
2006). Since the industrialization, anthropogenic activities have caused
global mean SST to increase (IPCC, 2021). Anthropogenic activities,
especially the emission of greenhouse gases (GHGs), produced positive
radiative forcing and subsequently warmed the climate system (Tren-
berth et al., 2014; Wijffels et al., 2016; Cheng et al., 2022). More than 90
% of the Earth’s energy imbalance is stored in the oceans, leading to an
increase in ocean heat content (Hansen et al., 2011).

SST anomalies (SSTAs) in different ocean basins have important in-
fluences on climate over China (Hu, 1997; Hu et al., 2011; Liu and Duan,
2018; Rong et al., 2010; Zhang et al., 2022; Jiang et al., 2014). ENSO,
the largest natural variability of SST in the equatorial Pacific Ocean, can
influence China’s climate through changing the Hadley circulation and
Rossby heat transport (Chen et al., 2012). The warming of the tropical
Indian Ocean in the late 1970s caused anomalous sinking currents in the
South China Sea, exacerbating the interannual warming effect on Asian
summer climate (Sun et al., 2019). Ham et al. (2013) found that cooling
of the tropical Atlantic SST contributes to Mid-Pacific warming and
negative Atlantic Nino contributes to an enhanced East Pacific warming,
thereby influencing East Asian climate by affecting the variability of
ENSO events.

Some studies have demonstrated that climate responses to the SSTAs
in various oceans subsequently induce modifications in spatial distri-
bution of tropospheric O3 by influencing local meteorological states,
long-distance transport, as well as the stratosphere-troposphere ex-
change (Fu and Tian, 2019). For instance, Liu et al. (2005) found that El
Nino events affect the transport of O3 in the tropical and subtropical
eastern Pacific in winter. Shen and Mickley (2017) observed that the
occurrence of El Nino had an impact on the moisture transport, resulting
in varying levels of surface O3 during summer in the United States. Yang
et al. (2022) pointed out that weakened southerly winds causes Oj
convergence during El Nino years, leading to increases in summertime
O3 concentrations in southern China. Yi et al. (2017) observed that
warming of specific oceans in the Northern Hemisphere, e.g., North
Pacific Ocean and North Atlantic Ocean, altered the summer surface O3
distribution from the upwind (west of the ocean basin) to downwind
(east of the ocean basin) areas.

The long-term goal of the Paris Agreement is to limit the increase in
global average temperature to <2 °C above pre-industrial level and
strive to limit it to <1.5 °C (Schleussner et al., 2016; Gao et al., 2017). In
order to achieve the 1.5 °C target, most of the world’s countries are
required to be carbon neutral (CO2 emissions balanced by removals) by
the mid-21st century. The Shared Socioeconomic Pathway 1-1.9
(SSP119) is a future sustainable development scenario that is most likely
to achieve the 1.5 °C target under the Paris Agreement and carbon
neutrality in the mid-21st century, while the Shared Socioeconomic
Pathway 5-8.5 (SSP585) is a high fossil fuel emissions scenario (Su et al.,
2021; Meinshausen et al., 2020). To our knowledge, few studies have
examined the effects of projected SSTAs over different oceans on future
O3 pollution in China. In this study the impacts of the projected SSTAs
over individual oceans, including North Pacific, North Atlantic, North
Indian Ocean, and Southern Hemisphere oceans, toward carbon
neutrality on future surface O3z concentrations during the warm season
(May-October) in China are investigated based on global chemistry
model simulations. In Sect. 2, we describe the model details and nu-
merical experiments. The impacts of projected SSTAs on surface O3 in
China and the possible mechanisms are explored in Sect. 3. Conclusions
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and discussion are given in Sect. 4.

2. Methods

2.1. Model description and configuration

To explore the effect of changes in SST on O3, the Community Earth
System Model version 1 (CESM1) is configured to use the Community
Atmosphere Model version 4.0 (CAM4), with a horizontal resolution of
1.9°latitude x 2.5°longitude and 26 vertical layers. The chemical
mechanism coupled in the CAM4 is primarily based on the Model for
ozone and Related chemical Tracers, version 4 (MOZART-4), which re-
solves 85 gas-phase species and 196 gas-phase reactions (Emmons et al.,
2010).

In this study, the ocean components are prescribed with climato-
logical SST distributions. The projected multi-model mean SST data for
both SSP119 and SSP585 scenarios from the Scenario Model Intercom-
parison Project (ScenarioMIP) under CMIP6 are used to drive the model.
Totally 8 global climate models (GCMs) are adopted, including CAMS-
CSM1-0, CanESM5, EC-Earth3-Veg-LR, EC-Earth3-Veg, FGOALS-g3,
GFDL-ESM4, MIROC6, and MRI-ESM2-0. Anthropogenic emissions of
chemical species and biomass burning emissions are also provided by
CMIP6 (Hoesly et al., 2018; van Marle et al., 2017). Biogenic emissions
are prescribed as in Tilmes et al. (2016). All emissions, including
anthropogenic emissions, biomass burning emissions and natural emis-
sions, are fixed at the year of 2010 to distinguish the impacts of SST
variations on O3 distributions.

2.2. Experimental design

In this work, a total of six sensitivity experiments are performed to
quantify the future changes in SST on O3 between the carbon-neutral
scenario (SSP119) and high-emission scenario (SSP585) by 2050 and
isolate the roles of SSTAs over the North Pacific, North Atlantic, North
Indian Ocean, and Southern Hemisphere oceans. The ocean division in
the Northern Hemisphere follows Yi et al. (2017) and we also include the
Southern Hemisphere oceans in this study. All experiments are driven by
the future monthly mean SST around 2050 (average over 2045-2054).
All simulations are run for 30 years with the first 15 years used for model
spin-up, including atmospheric adjustment to the SST changes, and the
averages of the last 15 years used for analyses. The six sensitivity ex-
periments are as follows:

(1) ALL585: future SSTs under the SSP585 scenario are used to drive
the model.

(2) ALL119: future SSTs under the SSP119 scenario are used to drive
the model.

(3-6) NP/NA/NI/SO119: Same as ALL585, but SSTs in individual
oceans, i.e., North Pacific Ocean (NP), North Atlantic Ocean (NA), North
Indian Ocean (NI), and Southern Hemisphere Oceans (SO) are replaced
with those under SSP119 scenario.

The changes in SSTs of individual oceans are shown in Fig. S1. The
differences in O3 between ALL585 and ALL119 are attributed to the
differences in global SSTs between high-emission scenario and carbon-
neutral scenario. In addition, comparisons between ALL585 and NP/
NA/NI/SO119 can be used to quantify the impacts of changes in SSTs
over the individual oceans toward carbon neutrality on O3 levels, rela-
tive to the high emission scenario. In this study, we focus on the O3
concentrations during the warm season from May to October, when the
Os pollution is the most severe in China.

The CESM1-CAM4 model has been extensively evaluated in simu-
lating tropospheric Os in present-day levels. It can well reproduce the O3
concentrations in the Northern Hemisphere (Tilmes et al., 2015).
However, some studies also revealed that the model overestimated near-
surface O3 concentrations over North America and Europe (Lamarque
et al., 2012; Li et al., 2023b; Phalitnonkiat et al., 2018; Val Martin et al.,
2015). An additional simulation driven by global SSTs in 2010 (average
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over 2005-2014) is also performed and roughly compared to O3 ob-
servations in China during 2013-2020. The results show that the near-
surface O3 concentration in eastern China (27°-40°N,110°-120°E) is
well captured by the model, with the bias <10 %, while the O3 con-
centration in western China (30°-40°N,77°-103°E) is overestimated by
about 50 %, likely related to the high O3 bias in the upwind regions
(Fig. S2).

3. Results
3.1. Response of near-surface O3z concentrations to SST changes

In the mid-21st century, reduced GHGs in the carbon-neutral sce-
nario (SSP119) lead to substantial decreases in SSTs across the world
(Fig. S3a), especially in the Northern Hemisphere, compared to the high-
emission scenario (SSP585). The decreases in SSTs further result in in-
creases in near-surface O3 concentrations from 30°S to the North Pole
(Fig. S3b), associated with lower water vapor abundances in a cooler
climate (Zanis et al., 2022). In contrast, near-surface O3 concentrations
decline significantly in the polluted areas, including East Asia and
northern part of Southeast Asia, likely related to a strong reduction in
the photochemical production of Os. The global spatial pattern of pro-
jected changes in near-surface Og is in accordance with previous studies
(Zanis et al., 2022; IPCC, 2021). In this study, we focus on the impacts of
future changes in SSTs on near-surface Og in China (Fig. 1). A dipole
pattern with negative O3 anomalies in eastern China and positive O3
anomalies in western China forms in response to the global changes in
SSTs under the carbon neutrality scenario, compared to the high-
emission scenario in 2050 (Fig. 1). Over eastern China
(27°-40°N,110°-120°E), the global decreases in SSTs lead to a regional
O3 decrease by 0.79 ppbv, while the regional O3 concentration increases
by 1.05 ppbv averaged over western China (30°-40°N,77°-103°E), with
the maximum O3 changes in the range of 1-2 ppbv in China.

The future changes in O3 concentrations over China driven by the
SST changes can be decomposed into the contributions from changing
SSTs of different oceans. Fig. 2 shows changes in near-surface O3 con-
centrations in China averaged over May—October due to the SST changes
in four oceanic regions, including North Pacific, North Indian Ocean,
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Fig. 1. Changes in near-surface O3 concentrations (ppbv) averaged over May-
—October between ALL119 and ALL585 (ALL119 — ALL585). The two regions of
interest (i.e., western China: 30°-40°N, 77°-103°E and eastern China:
27°-40°N,110°-120°E) are marked with red box. The stippled areas indicate
statistical significance with 90 % confidence from a two-tailed t-test.
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Fig. 2. Changes in surface O3 concentrations (ppbv) averaged over May—October between (a) NP119 and ALL585, (b) NI119 and ALL585, (c) NA119 and ALL585,
and (d) SO119 and ALL585. The stippled areas indicate statistical significance with 90 % confidence from a two-tailed t-test.

North Atlantic, and Southern Hemisphere oceans, between the carbon-
neutral and high-emission scenarios in 2050. The decreases in SSTs
over the North Pacific Ocean cause significant decreases in near-surface
O3 concentrations in the south of eastern China and significant increases
in western China (Fig. 2a). Averaged over the two regions in China, the
cooler SSTs over the North Pacific Ocean toward carbon neutrality
contribute to the O3 changes by —0.48 ppbv in eastern China and 0.74
ppbv in western China, compared to the high-emission scenario,
explaining 30 % and 49 % of the O3 changes driven by the global SST
changes. The impacts of SST changes in North Indian Ocean and North
Atlantic Ocean on near-surface O3 levels in China are not pronounced, as
depicted in Fig. 2b and c. Additionally, SSTs changes in the Southern
Hemisphere oceans also cause significant decreases in near-surface Og
concentrations in central area of eastern China, with a regionally aver-
aged change of —0.58 ppbv in eastern China (Fig. 2d). The cooling of
SSTs in the Southern Hemisphere oceans explains 36 % of the O3 change
driven by the global SST changes, which is the dominant factor causing
the decrease in near-surface O3 concentrations in eastern China.

The sum of the responses of near-surface O3 concentrations in China
to SST changes over the four individual oceanic regions shows a similar
spatial pattern as their response to global SST changes (Fig. S4), with
decreases in O3 concentrations over eastern China and increases in
western China. Note that, the magnitudes of changes are slightly
different between the sum of responses to SST changes over individual
oceans and the response to the global SST changes. It is because the
responses of meteorological parameters to SSTs are likely non-linear and
the O3 chemistry does not respond to the changes in meteorological
parameters linearly. However, the similar spatial patterns indicate that
the effects of global SST cooling under the carbon neutral-scenario on
near-surface O3 concentrations in China can be decomposed into con-
tributions from broad regional SST forcings, which is consistent with
previous studies (Fan et al., 2016; Seager and Henderson, 2016).

The results above suggest that the decline in near-surface Og levels in

eastern China due to the global ocean cooling under the carbon-neutral
scenario compared to the high-emission scenario in 2050 are primarily
attributed to the decreases in SSTs over the North Pacific Ocean and
Southern Hemisphere oceans. The rises in near-surface Oz levels in
western China are primarily attributed to the decreases in SSTs over the
North Pacific Ocean.

3.2. Possible underlying mechanisms for the responses of Oz in China

A comprehensive understanding of the potential underlying mech-
anisms that can explain the responses of O3 in China to changes in SSTs
in different future climate scenarios is crucial to develop effective stra-
tegies to mitigate the Og pollution in China. In this section, we aim to
examine the possible mechanisms of the impacts of SST changes over
individual ocean basins, especially over the North Pacific Ocean and
Southern Hemisphere oceans, on near-surface Oz levels in China, by
gaining more insight into the impact of SST changes on local meteoro-
logical conditions and large-scale atmospheric circulations.

The simulated changes in the net production rate of Oz at the surface
during May-October in 2050 due to the SST decreases in different
oceans under the carbon-neutral versus the high-emission scenarios are
illustrated in Fig. 3. The decreases in SSTs in the North Pacific Ocean
cause significant decreases in Os production in the south of eastern
China and coastal areas and increases in central China (Fig. 3a), which
are in line with the decreases in O3 concentrations in eastern China
(Fig. 2a). However, the decreases in chemical production cannot explain
the increases in O3 concentrations in western China. The decreases in
SSTs in the Southern Hemisphere oceans enhance the net O3 production
in eastern China (Fig. 3d), which is opposite to the changes in O3 con-
centrations (Fig. 2d). Net O3 productions in eastern and western China
are not noticeably affected by SST changes in the North Indian Ocean or
North Atlantic Ocean (Fig. 3b and c).

As the precursor emissions are kept the same in all experiments, the



J. Zhu et al. Science of the Total Environment 915 (2024) 170024

(@) NP119-ALL585 net O3 production rate (b) NI119 -ALL585 net 03 productlon rate
55°N 55°N| .
45°N 45°N
35°N 35°N -§>
25°N 25°N |
15°N 15°N K !//\’\
., 3 I i :
80°E 100°E 120°E 140°E 80°E 100°E 120°E 140°E
(c) NA119-ALL585 net O3 production rate (d) SO119-ALL585 net O3 production rate
55°N 55°N
45°N 45°N
35°N 35°N | ¢
25°N 25°N|
15°N - . 15°N g f7 .
80°E 100°E 120 E 140°E 80°E 100°E 120 E 140°E
=5 -3 -1 0 1 3 5

1x10° molecules/cm?3/s

Fig. 3. Changes in the surface net O3 production rate (production — loss) averaged over May-October (1 x 10° molecules cm 3 s71) between (a) NP119 and ALL585,
(b) NI119 and ALL585, (c) NA119 and ALL585, and (d) SO119 and ALL585. The stippled areas indicate statistical significance with 90 % confidence from a two-tailed
t-test.

changes in net O3 production are primarily attributed to meteorological relative humidity to SST changes between the carbon-neutral and high-
changes. Figs. 4-7 shows respectively the responses of surface air tem- emission scenarios over May-October in 2050. The ocean cooling in the
perature, low cloud fraction, net solar flux at the surface, and surface North Pacific leads to a decrease in surface air temperature by 0.4-0.8 K
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Fig. 4. Changes in surface air temperature (K) averaged over May-October between (a) NP119 and ALL585, (b) NI119 and ALL585, (c) NA119 and ALL585, and (d)
S0119 and ALL585. The stippled areas indicate statistical significance with 90 % confidence from a two-tailed t-test.
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(a) NP119-ALL585

FSNS

55°N

45°N

35°N

25°N fe

140°E
FSNS

80°F 120°E

(c) NA119-ALL585

100°E

55°N
45°N
35°N

25°N

, g

80°E 100°E 12°E 140°E

(b) NI119-ALL585

FSNS

100°E 120°E 140°E

FSNS

(d) SO119-ALL585

—'t

. 1 .
& -
D el

120°E 140°E

80°E 100°E

Fig. 6. Changes in net solar flux at the surface (FSNS, W m?) averaged over May—October between (a) NP119 and ALL585, (b) NI119 and ALL585, (c) NA119 and
ALL585, and (d) SO119 and ALL585. The stippled areas indicate statistical significance with 90 % confidence from a two-tailed t-test.

over southern China and western China (Fig. 4a). The associated
decrease in convection increases the low cloud fraction (Fig. 5a), which
results in more reflection of solar radiation back to the space and a
reduction in net solar flux at the surface (Fig. 6a). The cooler air, more
low-level clouds, less solar radiation, and higher relative humidity
(Fig. 7a) in response to the decreases in SSTs over the North Pacific
Ocean cause the decreases in O3z production in the south of eastern
China. Although the low-level cloud increases (Fig. 5d), solar radiation

decrease (Fig. 6d), and relative humidity increases (Fig. 7d) in response
to the decreases in SSTs over the Southern Hemisphere oceans, the O3
production increases (Fig. 3d), which is related to the changes in O3
precursor distributions. The colder SSTs of the Southern Hemisphere
oceans lead to an increase in the O3 precursors (NOy and VOCs) over
many areas of eastern China (Fig. S5). Due to the anomalous easterly
winds over eastern China associated with the anomalous low over south
of China (Fig. S6), the zonal component of the prevailing southwesterly
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winds is weakened, which is not conducive to the diffusion of O3 pre-
cursor to the oceans, leading to the increases in O3 precursor concen-
trations and thus the increase in the net O3 production.

SST anomalies can influence atmospheric circulation patterns, which
further affects the horizontal and vertical transport of Os. The increases
in near-surface O3 concentrations over western China (e.g., the Tibetan

Plateau) caused by the decreases in SSTs in North Pacific Ocean
(Fig. 2a), which cannot be explained by local chemical processes, are
probably related to changes in long-range transport of Os. Studies have
shown that near-surface O3 anomalies over the Tibetan Plateau are less
influenced by the local production but more influenced by the strato-
spheric intrusion and long-range transport (Ding and Wang, 2006; T.
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Wang et al., 2006). According to Li et al. (2014), emissions from Eurasia
except China led to an increase of 10 to 15 ppbv in the surface O3 mixing
ratio during spring and summer over western China due to long-range
transport. As shown in Fig. 8, the decreases in SSTs in the North Pa-
cific lead to anomalous westerly winds at 40-80°E, averaged over
30-40°N, which enhance the long-range transport of O3 from upwind
source regions of Eurasia and thus increase O levels in western China.
This can be confirmed by the enhanced Ogs flux over western China
shown in Fig. S7.

The decreases in O3 over eastern China due to the decreases in SSTs
over the Southern Hemisphere oceans are attributed to the changes in
large-scale atmospheric circulation patterns. As shown in Fig. 9,
accompanied by the ocean surface cooling, the atmospheric heating rate
decreases significantly over the Southern Hemisphere oceans, especially
over the areas near 10°S. This is associated with the dampened
convective activity and the decreases in evaporated water vapor that
otherwise carries a large amount of latent heat. The atmospheric cooling
weakens deep convection in the south of the equator and induces
anomalous upward motions in the north of the equator and 15°-40°N.
The anomalous upward motions weaken the downward transport of O3
from middle and upper troposphere, causing the decreases in O3 con-
centrations in eastern China. Although the colder SSTs of the Southern
Hemisphere oceans lead to an increase in the O3 precursors and enhance
O3 production mentioned above, this effect tends to be weaker than the
decrease in downward transport of Oz from middle and upper tropo-
sphere associated with anomalous vertical motions. The combined in-
fluences cause the decrease in near-surface O3 concentrations in eastern
China in response to the decreases in SSTs over the Southern Hemi-
sphere oceans.

4. Conclusion and discussions

This study investigates the impacts of projected SST changes on

Science of the Total Environment 915 (2024) 170024

future near-surface O3 pollution during the warm season in China under
the carbon-neutral scenario SSP119 relative to the high fossil fuel
emission scenario SSP585, when many countries of the world achieve
carbon neutrality in the middle of the 21st century, based on sensitivity
experiments using the CESM1 model. With fixed emissions at present-
day levels, the responses of near-surface O3 concentrations in China to
CMIP6 projected SST changes in various ocean basins, including the
North Pacific, North Atlantic, North Indian Ocean, and Southern
Hemisphere oceans, are investigated. The results show that the future
global ocean surface cooling under the carbon-neutral scenario SSP119
leads to dipole changes in China’s near-surface O3 concentrations during
May-October, with an average decrease of 0.79 ppbv in eastern China
and an increase of 1.05 ppbv in western China, compared to the high-
emission scenario SSP585 in 2050.

The future changes in O3 concentrations over China driven by the
global SST changes can be further decomposed into the contributions of
SST changes over individual ocean basins. Compared to SSP585, the
SSP119 cooling of North Pacific Ocean leads to the changes in near-
surface O3 concentrations by —0.48 ppbv in eastern China and 0.74
ppbv in western China. The decrease in Og level in eastern China is due
to the weakened chemical productions of Og related to the cooler air,
more low-level clouds, less solar radiation at the surface, and higher
relative humidity in response to the decreases in SSTs over the North
Pacific Ocean under SSP119, compared to SSP585. The increase in near-
surface O3 concentrations in western China is attributed to changes in
atmospheric circulation with anomalous westerly winds that increase
the O3 transport from Eurasia to western China. The cooling of the
Southern Hemisphere oceans also contributes to a 0.58 ppbv decrease in
O3 concentration in eastern China by triggering an anomalous upward
motion and weakening the downward transport of O3 from middle and
upper troposphere.

In general, changes in SST in any ocean basin lead to changes in
convection over the oceans, which further affects atmospheric
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circulation, temperature, precipitation, cloudiness and radiation. Warm
SST heats the surrounding air and form a low pressure, which triggers
vertical upward motions and convection of air currents and further
large-scale subsidence in the neighboring regions through the modula-
tion of large-scale circulation patterns (Ueda et al., 2015; Yiet al., 2017).
On the contrary, the cold SST causes the air to sink and forms a high
pressure, which triggers large-scale upward motions in the nearby re-
gion. As shown in Fig. S6, the cold SSTs in the North Pacific Ocean lead
to the emergence of high-pressure anticyclones at the sea surface and
trigger updraft motions in the neighboring eastern China (110°E-120°E)
(Fig. 8), which is conducive to the increase in cloudiness (Fig. 5a),
decrease in radiation (Fig. 6a) and temperature (Fig. 4a). Cold SSTs in
the Southern Hemisphere oceans also lead to a subsidence motion near
10°S (Fig. 9), weakening the Hadley circulation and triggering an
anomalous upward motion over 15°-40°N, which further cause the in-
crease in cloudiness (Fig. 5d), decrease in radiation (Fig. 6d) and in-
crease in relative humidity (Fig. 7d).

By comparing the impacts of SST changes between SSP119 and
SSP585 in different ocean basins on future O3 pollution over China in the
middle of the 21st century, this study provides insights into the miti-
gation of Og pollution in China. The spatial pattern of O3 changes in
China in response to global SST changes is generally consistent with
previous studies (Li et al., 2023a; Zanis et al., 2022). However, the
present study has some limitations that need to be further investigated.
For example, the fixed SST-driven experiments only considered the
oceanic impacts on the atmosphere, without considering the ocean-
atmosphere interactions. The modeled near-surface O3 concentrations
are underestimated over the North China Plain and Yangtze River Delta
in eastern China and overestimated in western China compared to ob-
servations, which may be related to uncertainties in precursor emissions
or physical and chemical parameterizations in the model. This study
focuses on the impacts of SST changes by performing simulations with
fixed precursor emissions at present-day levels; however, future emis-
sions under different scenarios are different from current present-day
levels, which warrants further studies to assess the relative roles of
changes in emissions versus climate in the future. In this study we only
focus the Os pollution in China and the responses in O3 concentrations in
other countries of the world deserve further analysis in future studies.
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