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Abstract

Summertime ozone pollution has become increasingly severe over many parts of China in recent years. Due to lack of his-
torical ozone observations, few studies have analyzed the linkage between natural climate variability and ozone levels for
a long time series. This study uses the simulation datasets from CMIP6 to explore the effects of El Nifio—Southern Oscilla-
tion (ENSO) on summertime (June/July/August) surface ozone concentrations in central-eastern China (CEC; 20°N—42°N,
100°E-123°E) during the period of 1950-2014. Our results show that, after excluding the emission-related trend, the
detrended summertime daily mean surface ozone concentrations averaged over CEC in El Nifio years (30.69 ppb) are higher
than those in La Nifia events (29.34 ppb). Compared to the summertime mean ozone of 1950-2014 (30.25 ppb), the maximum
anomalies in CMIP6 are 2.88 ppb (9.52% higher) and — 5.52 ppb (18.25% lower) in El Nifio and La Nifia years, respectively.
In addition, the summertime MDAS ozone of CEC is significantly correlated with the central-eastern equatorial Pacific
SST (5°N-5°S, 170°W-120°W) (R=0.29, P-value=0.02). Such ozone increases/declines in El Nifio/La Nifia years are
also found in satellite observations of OMI ozone. The results show that the ENSO affects the large-scale circulations over
central-eastern China, which regulate the regional atmospheric stability and meteorological conditions (including horizontal
wind fields, geopotential height, vertical velocity, surface air temperature, and precipitation) to influence the efficiency of
ozone photochemical formation and transport. Our study makes better estimation and attribution of future surface ozone
pollution in China.
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Introduction

Ozone acts as both a greenhouse gas and an ambient ground-
level pollutant (Lippmann 1989) harming human health,
agriculture, and ecosystems (Liu et al. 2018; Nuvolone et al.
2018; Emberson 2020). Surface ozone concentrations are
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controlled by the complex combination of chemistry, depo-
sition, and transport (Davies et al. 1992; Yan et al. 2016).
Ozone is produced via the reaction of volatile organic com-
pounds (VOCs) and nitrogen oxides (NO, =NO +NO,),
which are the main reactants in the ozone photochemical
oxidation (Sillman et al. 1990; Shen et al. 2019). Moreover,
ozone has an important impact on the atmospheric oxidation,
which can influence the lifetime of trace gases and further
regulate the atmospheric environment and climate change,
as the hydroxyl radical (OH) participates in ozone formation
and ozone is also a precursor for the OH (Wennberg and
Dabdub 2008; Wang et al. 2017). In addition, surface ozone
has become one of the most serious air pollution world-
wide in the past few decades (Li et al. 2019; Lin et al. 2017,
Yan et al. 2018, 2019), and attracted more and more atten-
tion from society and scientific community (Ma et al. 2012,
2016; Monks et al. 2015; Sun et al. 2019; Yan et al. 2021).
It is widely recognized that surface ozone concentrations
are closely related to the meteorological conditions. Many
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researches have extensively studied the effects of meteoro-
logical factors on the photochemical production and trans-
port of ozone (David and Nair 2011; Otero et al 2016; Li
et al. 2017; Lu et al. 2019). On a local scale, ozone concen-
trations are higher when the sunlight is strong, the humid-
ity is relatively low, and the temperature is high, which are
favorable to ozone formation (Duan et al. 2008; Jacob and
Winner 2009; He et al. 2017; Li et al. 2017). Meanwhile,
the wind speed and direction also play a significant role in
the accumulation and removal of pollutants on a regional
scale (Wang et al. 2010; Ma et al. 2011; Li et al. 2017). Thus
the meso-scale and large-scale atmospheric circulation can
decide the distribution and variation of ozone as well as
ozone precursors (Zhang et al. 2012; Shu et al. 2016; Liao
etal. 2017; Li et al. 2020; Han et al. 2020; Wang et al. 2021).
For instance, for the Pearl River Delta (PRD), the tropical
cyclones can bring more pollutants from inland through the
anti-clockwise circulation, and also provide favorable mete-
orological conditions for ozone photochemical formation on
the edge of typhoon (Ding et al. 2004). Natural climate vari-
ability affects the meteorological conditions and thus surface
ozone concentrations. For example, the East Asian Monsoon
(EAM) regulates the seasonal lower tropospheric ozone over
coastal South China by impacting the transport of pollutants
(Zhou et al. 2013). And the East Asian Summer Monsoon
(EASM) associated with the precipitation and wind fields
accounts of 81.5% for the reduction of summertime surface
ozone in southern China (Chen et al. 2020). The GEOS-
Chem chemical transport model has also indicated that the
intensity of EASM has a significant positive correlation
with summertime ozone during 1986-2006 in China (Yang
et al. 2014). While over the Asia—Pacific region, the sum-
mer monsoons influence the position of pollutants transition
zone caused by the combination of zonal winds, rain belt,
and anthropogenic emissions (Hou et al. 2015). Therefore,
in order to better estimate the future trend of ozone pollu-
tion in China, it is significant to investigate the influence
of climate system variability on historical surface ozone
concentrations.

El Nifio and La Nifia are two phases of the tropical sea
surface temperature (SST) variability on the interannual time-
scale (Philander 1985). During El Nifo, the central-eastern
equatorial Pacific SST is warmer than its climatological level,
while cooler in La Nifia (Philander 1985). The interannual var-
iability of SST can affect the Hadley Cell (Quan et al. 2004),
which will cause changes in regional temperature and pre-
cipitation, and further influence the global climate (Bjerknes
1972; Chandra et al. 1998; Chang et al. 2000; Sudo and Taka-
hashi 2001; Zhai et al. 2016). Many studies have discussed
the relationships between ozone and interannual variability of
tropical SST (Zeng and Pyle 2005; Koumoutsaris et al. 2008;
Hitchman and Rogal 2010; Lee et al. 2010; Voulgarakis et al.
2010; Ziemke et al. 2010; Oman et al. 2011; Voulgarakis
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et al. 2011; Xie et al. 2014; Zhang et al. 2015; Ziemke et al.
2015; Shen and Mickley 2017; Xu et al. 2017). Ziemke et al.
(2010) used the tropospheric column ozone (TCO) retrieved
from satellite remote sensing to derive a new ENSO index
called Ozone ENSO Index (OEI), which is the difference
in TCO between the western Pacific-Indian Ocean region
(15°S-15°N, 70°E-140°E) and the central-eastern Pacific
region (15°S—15°N, 110°W-180°W). Oman et al. (2011) also
discussed the relationship between tropical tropospheric ozone
and ENSO based on the Global Modeling Initiative (GMI)
simulations, and obtained the OEI. The OEI results from both
measurements and simulations are very similar to the Nifio
3.4 Index calculated by National Oceanic and Atmospheric
Administration (NOAA), with correlations of 0.84 and 0.86,
respectively (Oman et al. 2011). In addition, the northern
mid-latitude ozone can be impacted by ENSO in JEM (Janu-
ary, February, and March) (Zhang et al. 2015). Zhang et al.
(2015) showed that during the El Nifio, the TCO are higher
in southern United States, northeastern Africa, North Pacific,
and East Asia than their climatological values, but lower over
the central Europe and North Atlantic. On the contrary, dur-
ing La Nifia events, there are opposite results. These studies
have focused on the tropospheric ozone, and only a few recent
studies have examined the effects of ENSO on surface ozone
(Jiang and Li 2022; Li et al. 2022; Yang et al. 2022), especially
on the long time series of summertime surface ozone, due to
lack of historical ozone observations.

In this study, we explore the effects of the ENSO (defined
by anomalies of central-eastern equatorial Pacific SST) on
summertime (June/July/August) surface ozone in central-
eastern China (CEC; 20°N—-42°N, 100°E-123°E) during
the period 1950-2014. Firstly, we use the modeled his-
torical SST from CMIP6 (Coupled Model Intercomparison
Project Phase 6) to calculate the Nifio Index over the cen-
tral-eastern equatorial Pacific (Nifio 3.4 region: 5°N-5°S,
170°W-120°W). After defining El Nifio and La Nifia events
through the CMIP6 Nifio Index (CNI), we discuss the dis-
tribution and variation of modeled historical summertime
surface ozone concentrations over CEC in El Nifio and La
Nifia years, respectively. To evaluate the simulated results,
we also use surface ozone retrieved from satellite to do the
same analysis. Finally, the meteorological conditions from
CMIP6 are analyzed to understand the causes of ozone dif-
ferences during El Nifio and La Nifa.

Data and methods
Data
We download the modeled historical (1950-2014) data from

CMIP6 (https://cera-www.dkrz.de/WDCC/ui/cerasearch/
cmip6?input=CMIP6.CMIP.MOHC.UKESM1-0-LL.histo
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rical/), including hourly surface ozone and monthly mean
sea surface temperature, horizontal wind fields, geopoten-
tial height, vertical velocity, surface air temperature, and
precipitation. The horizontal resolution of the CMIP6 data
is 1.25° longitude x 1.25° latitude. As there are only four
models (UKESM1-0-LL, 1850-2014; MPI-ESM-1-2-HAM,
1850-2014; GFDL-ESM4, 1980-2014; and EC-Earth3-
AerChem, 1850-2014) provided historical surface ozone
in the CMIP6 website (https://esgf-node.llnl.gov/projects/
cmip6/), we use the MPI-ESM-1-2-HAM and EC-Earth3-
AerChem data to do the same analysis to verify the reliabil-
ity of the simulated data we used (UKESM1-0-LL).

Many previous studies have used the CMIP6 (the newest
revision of CMIP) simulated data to investigate the global
climate of the past, current, and future (Eyring et al. 2016;
O’Neill et al. 2016; Bracegirdle et al. 2020; Butchart et al.
2020; Narsey et al. 2020). In order to make a comparison
between simulations and measurements, we use the sur-
face ozone satellite retrieval data from the space-based
Ozone Monitoring Instrument (OMI) during the period of
2005-2017 (https://www.cfa.harvard.edu/atmosphere/). The
grid resolution of OMI data is 0.25° longitude X 0.25° lati-
tude. Besides, we also use the NOAA Nifio 3.4 index (https://
origin.cpc.ncep.noaa.gov/products/analysis_monitoring/
ensostuff/ONI_v5.php/) to identify the actually occurred El
Nifio and La Nifia events. In order to verify whether the
ENSO signal and related changes in meteorological param-
eters of CMIP6 are consistent with observations, we also
use the monthly averaged data (0.25° longitude X 0.25° lati-
tude) from 2005 to 2017 generated by European Centre for
Medium-Range Weather Forecasts (ERAS; https://www.
ecmwf.int/en/forecasts/datasets/reanalysis-datasets/eraS/) to
conduct the same analysis as CMIP6, including horizontal
wind fields (925 hPa), geopotential height (925 hPa), verti-
cal velocity (925 hPa), surface air temperature (1000 hPa),
and specific humidity (1000 hPa). In this study, the ozone
indices we used is daily mean ozone, unless otherwise speci-
fied in the text.

A comparison of the summertime ozone concentrations
between OMI and CMIP6 over 2005-2014 shows a good
correlation (R=0.47 and P-value <0.05) over China (Fig. 1),
although with model overestimation (underestimation) in
Western (Northern) China. Griffiths et al. (2021) have also
compared the CMIP6 model ensemble to five in-situ stations
that have long-term surface ozone observations, including
Mauna Loa, Hawaii, USA (1957—present); the South Pole
(1961-present); Barrow, Alaska, USA (1973—present);
Cape Matatula, Tutuila, American Samoa (1975-present);
and Cape Grim, Tasmania, Australia (1982—present). Their
results show temporal correlation coefficients between 0.29
(American Samoa, with the mean normalized bias error of
41.4%) and 0.74 (Hawaii, with the mean normalized bias
error of 7.9%), and that the historical simulations capture
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Fig.1 Spatial distribution of summertime mean surface ozone aver-
aged over 2005-2014 based on CMIP6 simulations (a) and OMI
observations (b). (¢) The correlation between OMI and CMIP6 over
the whole domain from 2005 to 2014 (R=0.47, P-value<0.05).
The red frame marks the area of central-eastern China (20°N—42°N,
100°E~123°E)

the observed interdecadal trends attributed to emissions
and climate variability. Our previous study showed strong
correlation between OMI and ground observations from the
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China’s Ministry of Ecology and Environment (R=0.81,
P-value <0.05) over the period of 2016-2017. Moreover,
the trend of surface ozone from CMIP6 is consistent with
the measurements from 2005 to 2019 in China (Wang et al.
2021).

In addition, the increasing trend of surface ozone during
1950-2014 is mainly related to emission, and only a slight
trend contributed by meteorology (Wang et al. 2021). There-
fore, in the following text, in order to exclude the impact of
anthropogenic emission, we remove the long-term trend of
ozone before the discussion of meteorological influences on
ozone (see details in supplementary Section 1). The trends of
summertime surface ozone during the period of 1950-2014
are 0.25 ppb yr™!, 0.46 ppb yr~!, and 0.36 ppb yr~! over
the north (31°N-42°N, 100°E-123°E), south (20°N-31°N,
100°E-123°E), and whole central-eastern China, respec-
tively (Fig. S1).

Nino 3.4 Index calculated from CMIP6

The Nifo 3.4 index from NOAA is the anomaly of SST rela-
tive to a 30-year average updated every 5 years over the cen-
tral-eastern equatorial Pacific (5°N-5°S, 170°W-120°W).
Guan and Nigam (2008) have indicated that the correlation
coefficient between the observed Nifio 3.4 index for a cen-
tury and the synthetic Nifio 3.4 index based on the combina-
tion of canonical, noncanonical, and biennial modes is 0.95.
And according to Nigam and Sengupta (2021), the original
Nifio 3.4 index correlates with the two-mode index at 0.85,
with the three-mode index at 0.87, and with the one that
calculated by the total variability of ENSO in temporal and
spatial SST analyses at 0.97. Therefore, owing to the high
correlation, the Nifio index above the Nifio 3.4 region has
been widely used to present the interannual tropical Pacific
SST variability such as ENSO, and also has been seen as the
marker to investigate climate change such as precipitation
(Nigam and Sengupta 2021).

Thus, in this study, we calculate the Nifio index based on
monthly mean SST from CMIP6 over the Nifio 3.4 region
(5°N-5°S, 170°W-120°W) during the period 1950-2014.
Then we conduct the standardization treatment by the fol-
lowing formulas:

xk_x

%= s
where X, is the standardized index and x and s are the val-
ues of average and standard deviation, respectively. Then
we define this series as the CMIP6 Nifio Index (CNI). In
order to find the anomalous SST events (EI Nifio and La
Nifia events) and investigate their effects on summertime
meteorological conditions and surface ozone concentrations,
we define El Nifio years as those in which the monthly CNI
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value is greater than 1.0 in winter (December/January/Feb-
ruary) and greater than 0.5 in all months before next June. In
contrast, La Nifia years are those in which the monthly CNI
value is less than — 1.0 in winter (year M) and less than — 0.5
in all months until next June (year M + 1). In the following
article, we analyze the values in year M + 1.

Using this definition of El Nifio and La Nifia events, the
El Nifio years are 1954, 1982, 1990, 1998, and 2006, while
the La Nifia years are 1950, 1964, 1967, 1985, and 1991
(Fig. 2a). The SST in the Nifio 3.4 region is anomalously
warm during El Nifio (Fig. 2b), with a maximum increase of
0.41 °C (according to the anomalies during El Nifio years).
On the contrary, in La Nifia events, the SST decreases by
0.45 °C on average (Fig. 2¢).

Besides, the differences of each meteorological vari-
able averaged over the study period and the El Nifio and La
Nifia years defined by NNI (NOAA Nifio 3.4 Index) over
2005-2017 shown in ERAS (Fig. S2) and CNI (CMIP6
Nifio Index) over 1950-2014 shown in CMIP6 (Fig. S3) are
similar. The results show that the impacts of simulated and
observed ENSO on meteorological conditions are roughly
consistent.

Results

Effects of ENSO on summertime surface ozone
over central-eastern China

Figure 3 shows the distributions of detrended summer-
time concentrations of surface ozone over the study period
(1950-2014) and the ozone anomalies during Fl Nifio and
La Nifia events. During the El Nifio events, the summertime
surface ozone concentrations (30.69 ppb; Fig. S4) are higher
than the 1950-2014 mean (30.25 ppb) by 0.44 ppb aver-
aged over CEC, with the maximum anomalies of 2.88 ppb.
By contrast, during the La Nifia events, we find negative
anomalies of surface ozone over CEC (by 0.91 ppb on
average), with the maximum anomalies of 5.52 ppb. The
changes of ozone are more significant during the La Nifia
years (—3.01%) than the El Nifio years (1.45%). Meanwhile,
the surface ozone data from MPI-ESM-1-2-HAM and EC-
Earth3-AerChem show the similar results after doing the
same analysis above (Fig. S5).

In order to verify whether the ozone anomalies during
ENSO over central-eastern China are robust, we conduct a
correlation analysis between the standardized CNI over the
Nifio 3.4 region and detrended summertime MDAS ozone
concentrations over CEC during 1950-2014 (Fig. 4). On
a interannual timescale, the summer ozone pollution over
central-eastern China is correlated with the CNI values,
with a statistically significant correlation coefficient of 0.29
(P-value=0.02).
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Fig.2 (a) Monthly time series of CNI during 1950-2014. The red
dotted lines mark the values of 0.5 and — 0.5, and the blue dotted lines
mark the values of 1 and—1. The brown shaded bars mark the El

To validate the simulated ozone-ENSO relationship, we
further examine such relationship based on the OMI ozone
data and the NOAA Nifio 3.4 Index (NNI) over 2005-2017.
The NNI is used to define the real El Nifio and La Nifia

Niflo events, while the blue shaded bars mark the La Nifa events. The
SST anomalies (relative to the 1950-2014 mean) averaged over the El
Nifio (b) and La Nifia (c) events

events during 2005-2017, with the actually occurred El
Nifio years of 2015-2016 and La Nifia years of 2011-2012
based on our criteria (Fig. 5a). The opposite distributions
of summertime ozone anomalies between El Nifio (mainly
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Fig.3 Spatial distribution of detrended summertime surface ozone
concentrations averaged over 1950-2014 (a), as well as the anomalies
during El Nifio (b) and La Nifia (c¢) years. The green dots indicate the
P-value<0.1

positive anomalies) and La Nifia (mainly negative anoma-
lies) events over CEC are shown in the OMI observations
(Fig. 5). This result is consistent with that shown in CMIP6,
although the CMIP6 ozone anomalies are much smoother
and stronger than those shown in the OMI. Such differences
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Fig.4 The red curve represents the time series of detrended summer-
time MDAS surface ozone concentrations over central-eastern China,
and the blue curve represents the annual time series of CNI over the
Niflo 3.4 region during 1950-2014 (R=0.29, P-value =0.02)

between CMIP6 and OMI summertime ozone anomalies
during ENSO could be partially attributed to their time mis-
match and different spatial horizontal resolutions. Moreover,
the OMI ozone anomalies are based on single El Nifio/La
Nifia event while the CMIP6 anomalies are the mean values
of the El Nifio/La Nifia years we defined, so the distribu-
tions of summertime ozone concentrations are slightly dif-
ferent between the two datasets. According to the NNI, the
magnitude of El Nifio SST anomaly is much greater than
that for La Nifia, leading to the larger change of ozone in
El Nifio years.

Many previous studies have also indicated that the tropo-
spheric ozone will enhance due to the El Nifio events. Kou-
moutsaris et al. (2008) have reported that the tropospheric
ozone column was anomalously positive over Europe (4.9
DU at most) during 1997-1998, which was recognized as a
strong El Nifio year, based on the GEOS-Chem model simu-
lations from 1987 to 2005. According to Voulgarakis et al.
(2011), the global tropospheric ozone, especially extratropi-
cal tropospheric ozone, has an obvious enhancement in the
El Nifio event (1998) based on the p-TOMCAT model simu-
lations. Xie et al. (2014) have pointed out that the enhance-
ment of tropospheric ozone during El Nifio could also occur
in the tropics, with the greatest response over the tropical
eastern Pacific. Zeng and Pyle (2005) have found a similar
result based on UM/CHEM simulations for 1990-2001.

Causes of ozone anomalies during El Nifio and La
Nifa events

Based on CMIP6 historical simulations, we further analyze
the effects of ENSO on summertime meteorological condi-
tions over central-eastern China to understand the causes of
ozone anomalies during El Nifio and La Nifia events. We
first discuss the atmospheric circulation indicated by hori-
zontal wind fields and geopotential height over the layers of
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Fig.5 (a) Monthly time series of NNI during 2005-2017. The red
shaded bar marks the El Nifio event, and the blue shaded bar marks
the La Nifia event. The summertime surface ozone anomalies in El
Nifio (b) and La Niiia (¢) events calculated based on OMI data

925 hPa, 850 hPa, and 500 hPa. We also analyze the vertical
velocity in these three layers as the marker of atmospheric

stability, as well as surface air temperature and precipitation.
We separately discuss the northern (31°N—42°N) and south-
ern (20°N-31°N) parts of central-eastern China.

The 1950-2014 average of summertime horizontal wind
fields and geopotential height (Fig. 6a) show that, at 925 hPa
and 850 hPa, the anticyclone (subtropical high) over the
Pacific can be obviously visible. Under the control of anti-
cyclone periphery, there are southerly winds (East Asian
Summer Monsoon) in most parts of CEC during summer,
with the mean wind speeds of 1.71 m s™! on 850 hPa. While
during El Nifio and La Nifia events, the location, intensity,
and pattern of subtropical high over the Pacific are differ-
ent (Fig. S6), which can influence the transport of warm
moist air flow from tropical ocean to central-eastern China.
Under the combined action of warm moisture flow and var-
ied atmospheric stability (indicated by the vertical velocity;
Fig. 7), the surface air temperature (Fig. 8) and the precipi-
tation distribution (Fig. 9) can be further affected. Thus the
specific summertime meteorological conditions caused by
El Nifio and La Nifia events in central-eastern China will
dominate the ozone levels and distributions by enhancing/
weakening the production and diffusion of ozone.

Specifically, during El Nifio events, the atmospheric cir-
culation anomalies show two cyclones (low-pressure sys-
tem) over the Okhotsk Ocean and Eastern Pacific, as well as
an anticyclone (high-pressure system) over the subtropical
western Pacific (Fig. 6b), leading to a weaker center inten-
sity but stronger peripheral intensity, and a more eastern-
southern location of subtropical high (Fig. S6a). Thus the
atmospheric pressure is enhanced over most region of cen-
tral-eastern China (Fig. 6b), with a maximum increase of
3.73 m for the 850-hPa geopotential height (1452.87 m on
average). The more eastern-southern location of subtropi-
cal high ridge leads to more warm air full of water vapor
to southern part of CEC. Thus the anomalous surface air
temperature is significantly positive in the southern part
of CEC and North China, while slightly negative over the
middle part of CEC (Fig. 8b), affected by the integration of
abnormal high air pressure and warm air flow.

In addition, for the summertime precipitation, there is more
precipitation in southern part of central-eastern China and less
precipitation in northern part (Fig. 9b), with the El Nifio aver-
ages of 281.71 kg m~2 (south) and 91.92 kg m~2 (north) ver-
sus the climatological averages of 271.34 kg m~2 (south) and
96.89 kg m~2 (north). The precipitation is 3.82/5.13% higher/
lower in the southern/northern region compared to the clima-
tological average. In addition to the moisture over southern
part of CEC, it is also attributed to the strengthened (6.45%
on average over 850 hPa) vertical ascend movement, while
weakened (300% on average over 500 hPa) over the northern
region (Fig. 7b, Fig. S7, and Table 1). Feng et al. (2011) have
also shown that in the subsequent summer of decaying El Nifio
events, the precipitation is more in the southern Yangtze River,
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Fig.6 Spatial distributions of summertime horizontal wind fields and
geopotential height at 925 hPa, 850 hPa, and 500 hPa averaged over
1950-2014 (a), as well as the anomalies during El Nifio (b) and La

while a dry signal appears in the north of Yangtze River. Simi-
lar conclusions can also be found in the study of Wen et al.
(2020). For summer East Pacific El Nifio, under the control of
anomalous low-pressure system over the north-east of Asia,
the rain belt is located in Southeast China, leading to abnormal
drought in North China.

Above all, in El Nifio events, affected by anomalous high/
low-pressure system over the south/north-east of Asia, the
southern part of CEC show abnormal warm and humid
(cloudy and rainy) meteorological conditions and the north-
ern part become abnormal high temperature and drought. As
a result, over the northern part of CEC, the high-temperature
and low-humidity circumstance is favorable to improve the
photochemical formation efficiency of ozone. Meanwhile,
the weakened vertical ascending movement from the lower
troposphere to the upper troposphere over here lead to sta-
ble atmospheric conditions, which is adverse to the diffusion
of ozone and its precursors. While over the southern part of
CEC, the overcast and rainy atmospheric condition is not suit-
able for the photochemical reaction of ozone. Moreover, the
strengthened vertical ascend motion will enhance the ozone
diffusion. Therefore, the ozone concentrations are lower over
most region of southern CEC, while the most part of northern
CEC is at higher level of summertime surface ozone.

By contrast, in La Nifia events, the situations are exactly
opposite. For atmospheric circulation anomalies, the location
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Nifia (c) years. The missing values shown in gray areas are not pro-
vided by CMIP6 simulations because of the topographic

of subtropical high over the Pacific is more western-northern
(Fig. S6b). The anomalies of geopotential height at 925 hPa,
850 hPa, and 500 hPa show an anticyclone (high-pressure
system) over the north-east of Asia, extending to the eastern
North Pacific, and a cyclone (low-pressure system) over the
subtropical western Pacific. Moreover, similar to the El Nifio
events, the atmospheric circulation anomalies become stronger
as the increasing of height. The averaged geopotential height
is 1445.89 m on 850 hPa over central-eastern China, with the
maximum decrease of 9.67 m. Such anomalies of atmospheric
circulation in La Nifia events are at higher degree and more
significant than those of El Nifio events (Fig. 6¢). Thus the
warm moisture flow from the Bay of Bengal and across equator
bypasses the southern region of CEC along the South China
Sea and East China Sea, and enters the northern region of CEC
and North China from the Yellow Sea and Bohai Sea.
Meanwhile, the vertical velocity shows an enhanced
(125% on average over 850 hPa)/weakened (2.04% on aver-
age over 500 hPa) ascending air flow occurring in the north/
south part of CEC (Fig. 7c and Table 1), associated with
the atmospheric circulation anomalies. Combined with the
northward movement of water vapor channel, the anoma-
lous precipitation shows positive/negative values over north/
south part of CEC. The summertime precipitation is more/
less over northern/southern CEC, with the average pre-
cipitation of 112.78 kg m~? (north; 16.40% higher) and
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Fig.7 Spatial distributions of summertime vertical velocity at
925 hPa, 850 hPa, and 500 hPa averaged over 1950-2014 (a), as well
as the anomalies in El Nifio (b) and La Nifa (c¢) events. The green

265.15 kg m~2 (south; 2.28% lower), respectively (Fig. 9c).
In addition, even though a negative anomaly of tempera-
ture is shown over whole CEC (22.35 °C versus 22.89 °C;
2.36% lower), a positive temperature anomaly is shown in
the north-east of China (Fig. 8c).

During the La Nifa events, as we discussed above, the
atmospheric circulations show an anomalous high/low-
pressure system over the north/south-east of Asia. In the
north part of CEC, there are enhanced ascending air flows
and more precipitation. Such meteorological conditions
are beneficial for the diffusion of ozone and its precursors
but against to form ozone via photochemical processes.
The ozone concentrations are significantly mitigated over
northern CEC, with the maximum decrease up to 10 ppb
(Fig. 3c). While, in the south of CEC, the weakened
vertical ascent is on behalf of more stable atmosphere,
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dots indicate the P-value<0.1. The missing values shown in gray
areas are not provided by CMIP6 simulations because of the topo-
graphic

conducive to the accumulation of ozone. Moreover, less
precipitation is good for ozone photochemical efficiency.
Thus, the decline of ozone in south part caused by lower
temperature can be partly offset, even with an enhanced
surface ozone occurred over southeast coast, especially
the Pearl River Delta and Yangtze River Delta (Fig. 3c).
Such North—South difference of ozone anomaly over CEC
during ENSO is more obvious in the OMI observations.

Discussion and conclusions

Although there are many studies which have discussed that
the El Nifio and La Nifia events can impact the tropospheric
ozone (Zeng and Pyle 2005; Koumoutsaris et al. 2008;
Hitchman and Rogal 2010; Lee et al. 2010; Voulgarakis

@ Springer
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Fig.8 Spatial distributions of summertime surface air temperature
averaged over 1950-2014 (a), as well as the anomalies in El Nifio (b)
and La Nifia (c) events
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et al. 2010; Ziemke et al. 2010; Oman et al. 2011; Voulga-
rakis et al. 2011; Xie et al. 2014; Zhang et al. 2015; Ziemke
et al. 2015; Yang et al. 2022) by influencing the changes of
troposphere-stratosphere exchange, because of the meteoro-
logical variabilities (temperature, winds, and humidity) and
dynamic changes, few studies focus on the effect of ENSO
on surface ozone, an increasingly severe air pollution all
over the world. In addition, except for several researches
that pay attention to the linkage between El Nifio, La Nifia,
and surface ozone levels in tropical and northern midlati-
tude (Shen and Mickley 2017; Xu et al. 2017), there are few
researches to discuss the long-term situations, especially in
China, due to the lack of historical ozone observations. Li
et al. (2022) have used the GEOS-Chem model to investigate
the influence of ENSO on summertime near-surface ozone
in China by choosing the two strong El Nifio events. The
results have shown that the El Nifio events increase the near-
surface ozone concentrations over northeastern and southern
China by 6 ppb and 3 ppb, respectively, due to the hot and
dry weather as well as weakened wind. And over the United
States, according to Shen and Mickley (2017), the El Nifio
events during 1980-2016 could lead to less humid clean air
flows to the Atlantic states, which would make less precipita-
tion and stronger solar radiation in summer. Meanwhile, the
transportation and diffusion of pollutants would be improved
in the south central states. As a result, the ozone concentra-
tions increased 1-2 ppb in the Atlantic states, but decreased
0.5-2 ppb in the south central states.

In our study, we use the modeled historical surface ozone
from CMIP6 and its matched meteorological simulations.
Our study explores the effects of ENSO on summertime
surface ozone in central-eastern China during the period of
1950-2014. Our results show that the more eastern-southern
location of subtropical high during the El Nifio events will
regulate the atmospheric circulation and meteorological con-
ditions of CEC. As a result, under the interaction of mete-
orological factors, atmospheric stability as well as synoptic
circulations, the diffusion and formation of ozone could be
influenced, leading to an enhanced the summertime ozone
concentrations up to 52.55 ppb over northern CEC (with
the maximum difference of 2.88 ppb), while a lower level of
ozone in some part of southern CEC. On the contrary, during
the La Nifia events, affected by the western-northern loca-
tion of subtropical high, the water vapor transport channel
bypasses the southern CEC and moves northward. Therefore,
the detrended summertime surface ozone concentrations have
been decreased to 29.34 ppb on average (with the maximum
difference of 5.52 ppb), and the weakened degree of ozone
in south part is slighter than north part. In addition, as the
decrease of SST over the Nifio 3.4 region in La Nifia events
(0.45 °C) is greater than the increase of that in El Nifio events
(0.32 °C), a greater change degree of surface ozone could be
found in La Nifia (— 3.01%) than El Nifio (1.45%). The similar

@ Springer

results can also be visible in the surface ozone observed by sat-
ellite (OMI) and the North—South difference of ozone anomaly
over CEC during ENSO is more obvious in the OMI observa-
tions. Our study also shows that, in interannual timescale, the
summertime surface ozone of CEC is significantly correlated
with the CMIP6 Nifio Index, with R=0.29 and P-value=0.02.

Our study explores the effect of climate system on surface
ozone in a long timescale over China. The results could make
better estimation and attribution of future surface ozone pollu-
tion in China. However, the limitations of our study are embod-
ied in the lack of ground ozone observations to verify the histori-
cal simulated results. In addition, the way to exclude the effect of
anthropogenic emission is oversimplified. The increasing trend
of surface ozone is not only emission-related but also slightly
related to meteorology. Therefore, the effect of climate variabil-
ity on surface ozone may be underestimate in our research.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-022-22543-6.
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