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The influences of strong El Nifio events (1997/98 and 2015/16) on summertime near-surface ozone (O3) con-
centrations over China are investigated using the GEOS-Chem model. The results show that near-surface Oy
Ozone concentrations increased by a maximum of 6 ppb (parts per billion) during the summer of the developing phase
;};g?ﬁfhem of the 1997/98 El Nifio in northeastern China, mainly due to the increased chemical production related to the
[ J"mi'. hot and dry conditions. Besides, the O5 concentration increased by 3 ppb during the developing summer of both
B the 1997/98 and 2015/16 El Nifio in southern China. It was linked to the weakened prevailing monsoon winds,
which led to the accumulation of O5 in southern China. In contrast, in the summer of the decaying phase of the
two El Nifo events, O; concentrations decreased over many regions of China when the El Nifio reversed to the
cooling phase. This highlights that El Nifio plays an important role in modulating near-surface O5 concentrations
over China.
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1. Introduction

Tropospheric ozone (0O3) is one of the most critical air pollutants in
China (Zhao et al., 2020). It is produced by photochemical reactions
through the oxidation of carbon monoxide and volatile organic com-
pounds with the sunlight under the existence of nitrogen oxides (NO,)
(Han et al., 2011, 2020). It harms human health, damages plants and
crops when close to the ground, and imposes a huge burden on eco-
nomic development in China (Koken et al., 2003; Feng et al., 2015;
Yang et al., 2019). Therefore, it is of great significance to understand
the variations in O; concentrations in China and the possible influencing
factors.

Meteorological parameters, i.e., atmospheric temperature, winds,
and humidity, show a significant impact on regional O3 concentra-
tions through affecting chemical production and transport processes
(Young et al., 2018). High temperatures can change O3 concentrations
by accelerating chemical production rates and natural precursor emis-
sions (Sillman and Samson, 1995). O3 pollution episodes occur fre-
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quently in summer with strong solar radiation. Relative humidity (RH)
is also known to be an important parameter for O; formation, accel-
erating O3 loss by reacting with hydrogen radical (Kavassalis and Mur-
phy, 2017; Lu et al., 2018). Moreover, the existence of clouds can reduce
O3 concentrations by reducing the downward solar radiation and damp-
ening near-surface photochemical reactions (Roy et al., 2008; Fix et al.,
2018). Changes in wind fields can also influence near-surface O3 con-
centrations in China through changing O5 transport (Yang et al., 2014).
Gong and Liao (2019) reported that high O3 concentrations were ac-
companied by high temperatures, low RH, and downdrafts in northern
China.

El Nifio-Southern Oscillation (ENSO) is the strongest interannual
ocean-atmosphere interaction signal of the global climate system
(Jin, 1997). During its warm phase (i.e., El Nifio), anomalous high sea
surface temperatures (SSTs) are located over the tropical eastern Pacific
Ocean, while anomalously low SST can be observed during its cold phase
(i.e., La Nifia) (Mosley, 2000). Two types of El Nifio events have been
identified based on their spatial distributions of warm SST anomalies
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(SSTAs): Eastern Pacific (EP) El Nifio events, in which a large positive
SSTA appears in the eastern Pacific; and Central Pacific (CP) El Nifio
events, in which a large positive SSTA is located in the equatorial central
Pacific (Weng et al., 2009). Several studies have found that these two
types of El Nifio have different teleconnections and regional climatic
effects (Yuan and Yang, 2012; Ren et al., 2018, 2019). ENSO events
have substantial impacts on atmospheric circulations and weather con-
ditions across the globe through atmospheric teleconnections, especially
strong El Nifio events (Feng et al., 2019). Multiple indices show that the
1997/98 and 2015/16 El Nifo events are the top two strongest events
in the last 70 years (Huang et al. 2016; L’Heureux et al., 2017).

During the strong El Nifio event in 2015/16, weakened wind speed
was observed over the North China Plain, leading to serious air pollution
in eastern China (Zeng et al., 2021). Xu et al. (2007) investigated the
relationship between the long-term trend of precipitation in China and
El Nifio. They revealed that greater precipitation was associated with
El Nifo episodes in southern China, but drought occurred in the Yellow
River basin. Wu et al. (2010) investigated the influence of ENSO on sum-
mer temperature in northeastern China and found that it was depressed
in El Nifio developing years from 1950 through to the mid-1970s. How-
ever, this relationship was weakened or even opposite in the 1980s and
1990s (Zhang et al., 2008). Previous works have pointed out that El Nifio
can influence meteorological factors in China (e.g., Chan et al., 2005;
Xue and Liu, 2008; Chen and Wu, 2017), which may further affect the
spatiotemporal distribution and chemical production of O; (Xu et al.,
2017). However, the summertime near-surface O; over China affected
by El Niflo has been insufficiently investigated.

This paper presents an analysis of the impacts of the strong El Nifio
events that occurred in 1997/98 and 2015/16 on summertime O con-
centrations in China by using the global chemical transport model GEOS-
Chem. We aim to understand the impacts of El Nifio on summertime
near-surface O3 concentrations over China and the physical and chemi-
cal processes behind the impacts.

2. Data and methods

GEOS-Chem, a global 3D model of atmospheric chemistry, employs
a fully coupled O3-NO,~hydrocarbon-aerosol chemical mechanism to
simulate concentrations of gas-phase pollutants (Mao et al., 2013). O4
concentrations were simulated in this study by using version 12.9.3
of GEOS-Chem (https://geos-chem.seas.harvard.edu/) with a resolution
of 2° latitude by 2.5° longitude and 47 layers in the vertical direction
from the surface to 0.01 hPa. The meteorological fields were derived
from version 2 of the Modern-Era Retrospective Analysis for Research
and Applications (MERRA-2; https://gmao.gsfc.nasa.gov/reanalysis/
MERRA-2/)—the global reanalysis dataset developed by NASA’s Global
Modeling and Assimilation Office. Previous studies have reported that
GEOS-Chem can capture well the seasonal and interannual variations
of O5 over China (e.g., Ni et al., 2018; Wang et al., 2020; Chen et al.,
2021).

Simulations were performed from the year 1990 to 2020 with
varying meteorological fields. In order to remove the effects of
year-to-year emission changes, all monthly emissions of Oj; pre-
cursors were fixed at the year 2017 level in the simulation.
Anthropogenic emissions were from the MEIC (Multi-resolution Emis-
sions Inventory) inventory in China. The quantitative impacts on the
variations in summertime O5 in China during strong El Nifio events were
obtained by comparing the variables in 1997,/98 and 2015/16 with the
climatological means.

The Nifo3.4 index was employed to characterize the phase and
intensity of the ENSO condition. It was calculated as the SSTA aver-
aged over 5°S-5°N and 170°-120°W. The El Nifio events were iden-
tified when the Nifio3.4 index was higher than 0.5°C and lasted
for five months. The SST data were from the Hadley Centre Sea
Ice and Sea Surface Temperature dataset (https://www.metoffice.
gov.uk/hadobs/hadisst/data/download.html).
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3. Results
3.1 Two strong El Nifio events in 1997/98 and 2015/16

Fig. 1(a) shows the monthly Nifo3.4 index during 1990-2020, and
the spatial distributions of the SSTA during the 1997/98 and 2015/16
El Nifio events are displayed in Fig. S1. Several El Nifio events can
be identified during this period, with two strong El Nifio events oc-
curring in 1997/98 and 2015/16, which is consistent with previous
studies (Kogan and Guo, 2017; Lim et al. 2017). The monthly varia-
tions in Nifio3.4 during the two strong El Nifio events (1997/98 and
2015/16) are given in Fig. 1(b), covering the developing stages to
the decaying stages of the two events. Both strong El Nifio events ex-
hibited a warming signal over the central-eastern tropical Pacific in
the summer (June-July-August, JJA) of the developing phase of El
Nifio, and then they reached their mature phase in boreal winter. The
Nifo3.4 index then declined rapidly in the following years. In the de-
caying summer, the 1997/98 El Nifio had already reversed to a La
Nifa event, while the 2015/16 El Nino changed to a weak cooling
condition.

The 1997/98 El Nifio was an EP type El Nifio with the maximum SST
increase over the tropical eastern Pacific, whereas the 2015/16 event
was a combination of CP and EP El Nifio with maximum warming over
the central-eastern tropical Pacific. The differences in features between
the two strong El Nifio events may have triggered different changes
in meteorological variables and thus caused different effects on near-
surface O3 concentrations in China.

3.2 Surface O3 anomalies over China during the two strong El Nifio events

The near-surface O concentrations in China are much higher in sum-
mer (JJA) than in the other seasons (Gong et al., 2018). Thus, only the
O concentrations in JJA are presented in the following analysis. To in-
vestigate the influences of El Nifio events on summertime O concentra-
tions, the reliability of GEOS-Chem in simulating the O3 concentration
was first assessed. The JJA near-surface O concentrations of the model
and measurements showed similar spatial distributions (Fig. S2). The
spatial correlation coefficient between the observed and simulated O3
concentrations was 0.87 in the year 2017, implying a good performance
of the model, albeit with a slight overestimation of the O5 level in China
as also reported in many previous studies (e.g., Li et al., 2019; Lu et al.,
2019; Dang et al., 2021).

To quantify the influences of the strong El Nifio events of 1997/98
and 2015/16 on O3 concentrations over China, the O3 anomalies in the
developing (previous) and decaying (following) summer of the two El
Nifo events relative to the climatological mean (1990-2020) are shown
in Fig. 2. During the developing phase of the 1997/98 event, the JJA
O3 concentration increased over most of southern and northeastern
China (Fig. 2(a)). The highest O concentration increases were located
in northeastern China (36°-44°N, 112.5°-132.5°E), exceeding 6 ppb (or
11% of the climatological mean), while increases of about 3 ppb (or
8%) occurred in southern China (20°-32°N, 97.5°-117.5°E), especially
in Sichuan, Yunnan, and Guizhou provinces. Similar features were also
detected in the 2015/16 event (Fig. 2(d)) in southern China, but the
concentration increase was not as significant as that in the 1997,/98
event. During the El Nifio decaying summer, near-surface O; concentra-
tions decreased in many regions of China relative to the climatological
mean. The O concentrations decreased over southern China in summer
1998, in which the 1997/98 El Nifo reversed to a La Nifia, and nega-
tive anomalies of O concentrations over central China were observed
in summer 2016.

In summary, during the developing phase of a strong El Nifio event,
the JJA O3 concentration in China will increase, while a reduction in O,
levels will occur during the decaying phase of El Nifio in the following
summer. This suggests that strong El Nifio events play an important role
in modulating near-surface O5 concentrations in China.
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Fig. 1. (a) Monthly Nifio3.4 index (units:°C) from HadISST1 during 1990-2020. The gray dotted lines denote 0.5°C and —0.5°C, respectively. Highlighted regions
illustrate El Nifio (orange) and La Nifia (blue) events. (b) Monthly Nifio3.4 index from September of the year before the El Nifio year (—1) to September after the El
Niflo (1). The red dotted line at the top (bottom) indicates the threshold of 0.5°C (—0.5°C) for the El Nifio (La Niiia).

3.3 Mechanisms of El Nifio impacts on O3 in China

The results above demonstrate that O; concentrations over China
tend to increase during the summer of the developing phase of strong
El Nifio events, while they tend to decrease in the following summer,
which could be due to the change in the ENSO condition from El Nifio
to La Nina. Therefore, we only focus our discussion on the summer of the
developing phase of the two El Nifio events in the following analyses,
and the mechanisms could also apply to the following summer when O,
decreased in the cooling phase of ENSO. Fig. 3 shows the differences
in various meteorological parameters in JJA between the two strong
El Nifo events and the climatological means to identify the key reasons
associated with the O3 concentration anomalies in China during the two
El Nifio events.

The meteorological fields in summer over China are largely influ-
enced by the East Asian summer monsoon (EASM), with prevailing
southwesterlies located over eastern China. During the summer of 1997,
anomalous northeasterlies prevailed over southern China in response to
the warming over the eastern Pacific (Fig. 3(a)). Likewise, in summer
2015, the EASM was weakened, featuring anomalous northerly winds in
China (Fig. 3(g)). The poor dissipation conditions associated with weak-
ened winds resulted in an accumulation of O3 over southern China.

This hypothesis is further confirmed by the analysis of O; mass flux
over southern China shown in Table 1. In general, 9.2 and 11.4 Tg of
05 is imported from the west and south of southern China, respectively,
while 9.6 and 8.8 Tg is exported from the east and north of southern
China, from the surface to 500 hPa, related to the prevailing southwest-
erlies. During the two strong El Nifio events, the export of O3 from the
north was reduced by 7.8 and 8.8 Tg in JJA of 1997 and 2015, respec-
tively, relative to the climatological mean, indicating that the weakened
southerlies were the main reason for the increase in O3 concentration

Table 1 The horizontal and vertical mass fluxes (Tg) of JJA O3 concentration
from the surface to 500 hPa over southern China (20°-32°N, 97.5°~117.5°E) in
1997 and 2015, along with the climatological mean, as well as the changes
in mass fluxes in 1997 and 2015 relative to the climatological mean. Positive
values indicate incoming fluxes and negative values indicate outgoing fluxes.
The climatological mean values are the averages over 1990-2020.

1997 2015 Mean 1997 minus mean 2015 minus mean

Horizontal mass flux

East -11.97 -18.12 —-9.62 -2.35 -8.50
West 11.87 11.97 9.21 2.66 2.76

North -1.02 -0.03 —-8.84 7.82 8.81

South 9.38 11.24 11.39 -2.01 -0.15
Vertical mass flux

Top 5.11 7.09 6.21 -1.10 0.88

over southern China during the El Nifio events. More O5 imported from
the west (by 2.7 and 2.8 Tg in 1997 and 2015, respectively) also con-
tributed to the increase in O3. Changes in vertical mass flux also per-
turbed the O; budget, by —1.1 Tg in 1997 and 0.88 Tg in 2015 com-
pared to the normal condition, but the changes were smaller than the
horizontal mass fluxes. During the summer of the developing phase of
El Nifo, negative temperature anomalies occurred in southern China,
which were not favorable for the chemical production of O5.

An anomalous high at 500 hPa was located in northeastern China
in the summer of 1997, with increases in air temperature and down-
welling shortwave radiation and decreases in RH (Fig. 3). The hot and
dry weather conditions were favorable for the chemical production of
Os. As a result, the O3 concentration increased in the summer of 1997
over northeastern China. However, unlike in 1997, an anomalous low
was located in northeastern China and the North China Plain, leading to
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Fig. 2. Spatial distribution of JJA O; concentration anomalies (units: ppb) during the (a, ¢) developing phase and (b, d) decaying phase of the 1997,/98 and 2015/16

EI Nifio event, respectively, relative to the climatological mean (1990-2020).

a decrease in temperature and increase in RH, which was not conducive
to O3 production. Therefore, through the combination of chemical and
physical processes, there was no obvious change in O3 concentration in
northeastern China in JJA 2015.

To summarize, the increases in O3 concentrations over southern
China during the developing summer of the two strong El Nifio were
due to the accumulation of O3 driven by physical processes, espe-
cially horizontal advection. However, chemical production of O3 was
the primary reason for the increase in JJA Oj levels over northeast-
ern China. The different patterns of the two strong El Nifio events were
likely due to the different El Nifio types, i.e., with 1997/98 being a
typical EP type event and 2015/16 a combination of CP and EP type
events.

4. Summary and discussion

In this study, the impacts of two strong El Nifio events, i.e., 1997/98
and 2015/16, on summertime near-surface O; concentrations over
China were quantitatively examined based on chemical transport model
simulations. During the summer of the developing phase of El Nifio,
near-surface O3 concentrations increased in China, but they decreased
during the following decaying summer of the El Nifio events, which was
related to the transition of ENSO conditions from El Nifio to La Nifia
causing opposite O; changes. In summer 1997, near-surface O; anoma-
lies increased by a maximum of 6 ppb (11%) over northeastern China,
which resulted from the enhanced chemical production of O; related
to the hot and dry weather conditions. Increases in O3 concentrations
by 3 ppb (8%) were observed in southern China, where Sichuan, Yun-

nan, and Guizhou provinces had the largest positive anomalies during
the developing summer of the two strong El Nifio events. This was due
to the accumulation of O3 under the poor dissipation conditions linked
to the weakened prevailing southerly winds. Considering the important
role played by strong El Nifio in modulating near-surface O concentra-
tions, the variations in ENSO conditions should be taken into account in
future air pollution prediction and control.

There are some deficiencies and uncertainties in this study that could
be improved upon in future research. For instance, although both strong
El Nifio cases showed that O; concentrations increased in the developing
summer and decreased in the following decaying summer over China, it
is difficult, based only on two events, to conclude whether this is a com-
mon feature for El Nifio. Therefore, longer modeling and observational
data covering more strong El Nifio events are needed to explore the Oy
responses and mechanisms. In the following summer of the two strong El
Nifio events, negative O3 concentration anomalies occurred in some re-
gions of China, accompanied by La Nifia events. Whether La Nifia events
play any role in determining the O3 concentration over China and what
the differences are between El Nifio and La Nifia needs further investiga-
tion. In addition, this study was based on model simulations, and more
observational data to assess the performance of the model are needed.
Meanwhile, the anthropogenic emissions of O precursor gases that dif-
fered in magnitude were fixed at their levels in 2017, which may have
caused a small bias in the calculation of the O3 influenced by these El
Nifio events. And finally, the changes in meteorological parameters dur-
ing the El Nifio events may also have been influenced by other climate
signals, which can be examined in future with climate model simulations
in which SST alone is perturbed.
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Fig. 3. Anomalies of JJA mean (a, g) 850 hPa winds (vectors; units: m s!) and sea level pressure (SLP; contours; units: Pa), (b, h) 500 hPa winds (vectors; units:
m s~!) and geopotential height (GPH; contours; units: m), (c, i) 850 hPa air temperature (T; units:°C), (d, j) downwelling shortwave radiation at the surface (RSDS;
units: W m~2), (e, k) total cloud fraction (%), and (f, 1) RH (%) at the surface, in 1997 and 2015, respectively, relative to the climatological mean (1990-2020),
derived from MERRA-2 reanalysis data.
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