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Abstract

A high O3 episode with the large increases in surface ozone by 21–42 ppbv and the
nocturnal surface O3 levels exceeding 70 ppbv was observed in the region between
Xiamen and Quanzhou over the southeastern coast of China during 12–14 June 2014,
before Typhoon Hagibis landing. Variations in the surface O3, NO2, CO and meteorol-5

ogy during Typhoon Hagibis event clearly suggest a substantial impact of the peripheral
downdrafts in the large scale typhoon circulation on such an O3 episode with exclud-
ing the contributions of photochemical production and the horizontal transport. The
influence of vertical O3 transport from the upper troposphere and lower stratosphere
(UTLS) region on high surface O3 levels is further confirmed by a negative correlation10

between surface O3 and CO concentrations as well as dry surface air observed during
the O3 episode. This study provides observational evidence of typhoon-driven intru-
sion of O3 from the UTLS region to surface air, revealing a significant effect of such
a process of stratosphere–troposphere exchange (STE) of O3 on tropospheric O3 and
ambient air quality.15

1 Introduction

Tropospheric O3, as an important chemical species with the effects of oxidation, toxic-
ity and greenhouse gas on climate and environment, is generated through a series of
complex photochemical reactions related to oxides of nitrogen (NOx) and volatile or-
ganic compounds (VOC) under strong solar radiation. Both strong local photochemical20

production and atmospheric transport processes can lead to high surface O3 concen-
trations (Jacob, 1999). Weather condition can profoundly influence tropospheric O3
levels through physical and chemical processes and their interactions that modulate
O3 and its precursors (Huang et al., 2005; Xue et al., 2014). The variation of tropo-
spheric O3 is largely influenced by the STE of air mass and chemical species (Holton25

et al., 1995; Tang et al., 2011; Hsu and Prather, 2014).
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A tropical cyclone (TC), as a large scale weather system with strong convection, is
referred to as a typhoon over the Western Pacific or a hurricane over the Northern At-
lantic. A typical TC can span a large radius of 100–2000 km with the vertical circulation
of strong convection extending into the UTLS region at heights of 10–18 km (Emanuel,
1986). A three-dimensional TC circulation consists of the rotational air flow in the hori-5

zontal direction and the in-up-out-down overturning flow in the vertical direction, along
which air mass near the surface can rise into thunderstorm clouds, outflowing at high
levels in the UTLS and subsiding in the periphery. As an important STE mechanism,
the vertical TC circulation with internal updrafts and peripheral downdrafts between
the surface and the UTLS region exerts an enormous impact on air mass and energy10

transports in the troposphere (Baray et al., 1998; Fadnavis et al., 2011), as well as
redistribution of tropospheric O3 (Baray et al., 1999).

Air intrusions from the stratosphere to the troposphere were speculated to increase
O3 concentrations in the upper troposphere during a TC event (Bellevue et al., 2007).
The uplift flows of TC also transport O3 from the surface to the middle and upper15

troposphere (Fadnavis et al., 2011). Under the influence of frequent typhoon activities,
O3 episodes occurred over coastal areas in southeast China (Feng et al., 2007; Wu
et al., 2013). The stagnant meteorological conditions with strong subsidence and stable
stratification in the boundary layer resulted in pollutant accumulations with high O3
before typhoon landings over southeast China (Feng et al., 2007). The peripheral O320

was regionally transported by strong horizontal typhoon winds (Huang et al., 2006).
Convection and orographic forcing can be important for the STE and the modification

of trace gases between the boundary layer and the free troposphere (Lelieveld and
Crutzen, 1994; Donnell et al., 2001; Weber and Prevot, 2002; Ding et al., 2009). O3-
rich air aloft could be transported downward to the surface, when the cold front passage25

or nocturnal residual layer “leaky” occurred (Hu et al., 2013a, b). The near-surface O3
levels abruptly increased by the downward O3 from the free troposphere by tropical
convections, enhancing O3 levels in the boundary layer by as much as 20 to 30 ppbv
(Betts et al., 2002; Sahu and Lal, 2006; Grant et al., 2008). A recent modeling study (Hu
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et al., 2010) estimated that the downward transport resulted in a 39 % increase in the
O3 burden within the lower atmosphere (< 2 km) during a deep moist convection event
over West Africa in August 2006. These studies on downdrafts of O3 to the surface
level are mostly focused on the mesoscale convections in the tropics. The extent to
which these UTLS ozone enhancements reach the surface is poorly characterized.5

Redistribution of tropospheric O3 by the TC circulation has been studied from the
perspectives of the STE of O3, strong horizontal advection, and the stagnant meteorol-
ogy for O3 accumulations in the boundary layer. In this study, we report a new finding
on the O3-rich air downdrafts from the UTLS region to the surface driven by vertical
typhoon circulation, as the deep stratospheric intrusions elevating western US of sur-10

face O3 to unhealthy levels can be classified as “exceptional events” (Lin et al., 2015).
We investigate the O3 variation during a TC event of Typhoon Hagibis over northwest
Pacific on the basis of observations of the surface air pollutants and meteorology in
Xiamen and Quanzhou region (XQR) over the southeastern coast of China (Fig. 1)
in June 2014. This study presents observational evidence of a surface O3 episode15

caused by downward transport of O3 in the subsiding branches of vertical TC circula-
tion. this finding may shed some light on the function of downward O3 transport from the
UTLS/stratospheric regions in modulating O3 in the lower troposphere with implications
of the STE on air quality and climate changes.

2 Data and observation20

The XQR area, a prefecture of Fujian Province, located in the western coast of Taiwan
Strait, southeast China (Fig. 1). The air quality data (http://air.epmap.org/), including
surface concentrations of O3, nitrogen dioxide (NO2) and carbon monoxide (CO), were
measured at 8 environmental monitoring stations over XQR in June 2014. The surface
observations of wind, air temperature, air pressure and relative humidity at the observa-25

tory of Xiamen (24.48◦ N, 118.07◦ E) were collected for meteorological analysis during
Typhoon Hagibis in June 2014. The FNL meteorological data in a horizontal resolu-
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tion of 1◦ ×1◦ with 27 vertical levels from NCEP (National Centers for Environmental
Prediction, USA) are used to describe the circulations of Typhoon Hagibis.

Typhoon Hagibis, as a summertime TC over the northwest Pacific, was intensified
into a strong tropical storm over the South China Sea at Dongsha islands (116.8◦ E,
20.6◦ N) and then gradually pushed northwards up the southeastern coast of China. Ty-5

phoon Hagibis made landfall in Shantou, a coastal site of Guangdong Province, south
of XQR, at 16:50 (LT, same for hereinafter) 15 June with the maximum sustained winds
of 23 ms−1. Figure 2a–c show the distributions of sea-level pressure and near-surface
wind fields over the region from southeast China to northwest Pacific at 14:00 13 June,
20:00 13 June and 20:00 15 June 2014 respectively, before and after the typhoon land-10

ing in the southeastern coast of China.
The hourly surface O3 concentrations over XQR during Typhoon Hagibis are shown

in Fig. 3a with a noticeable anomaly in O3 concentrations before and after the typhoon
landfall. XQR was situated in the typhoon periphery when Typhoon Hagibis was lo-
cated in South China Sea during 12–14 June 2014 (Fig. 2a and b). A high O3 episode15

occurred from the noon of 12 June to the afternoon of 14 June. In particular, the noc-
turnal surface O3 concentrations exceeded 70 ppbv from 13 to 14 June 2014 (Fig. 3c).
The 8 h averaged surface O3 concentrations of 80 ppbv at Huli and Xidong (sites 5 and
6 in Fig. 1) in XQR reached the “hazardous” O3 level of the Chinese national standards
for ambient air quality. The surface O3 abruptly decreased over XQR when Typhoon20

Hagibis was closer to the landfall in southeast China on 15 June 2014 (Fig. 2c). By
using the hourly O3 measurement data over XQR, the normal and anomalous patterns
of diurnal O3 changes in June 2014 and the O3 episode could be represented with the
surface O3 concentrations averaged respectively in June excepting 12–14 June and
over 12–14 June 2014 (Fig. 3d). It is shown in Fig. 3d that the normal surface O3 lev-25

els over XQR in June 2014 shifted diurnally from 17 ppbv at 2:00 to 52 ppbv at 14:00
with a daily O3 mean of about 30 ppbv, while the anomalously high surface O3 levels
during the O3 episode varied between nighttime 51 ppbv and daytime 70 ppbv with an
O3 mean of about 57 ppbv. Comparing to the normal O3 levels in June 2014, the av-
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eraged enhancements of surface O3 by about 21 ppbv in daytime and up to 42 ppbv in
nighttime over XQR are estimated for the O3 episode before Typhoon Hagibis landing.

3 Analysis and discussion

The surface O3 variation is complex, resulted from interactions of chemical production
and dynamic transport on different scales (Jacob, 1999). In the following we examine5

this case of surface O3 peak before a typhoon landing in southeast China from chemical
production, horizontal advection and vertical transport.

Tropospheric O3 is produced through a series of complex photochemical reactions
of NOx and VOC under strong solar radiation. The O3 concentrations in suburban and
rural areas are usually most sensitive to NOx variations (Chameides et al., 1992; Dun-10

can and Chameides, 1998). Notably, the surface NO2 levels kept around 10 ppbv during
the O3 episode from 12 to 14 June, almost the same as normal NO2 levels during non-
polluted days (Fig. 3b and c). In particularly high O3 levels anomalously persisted in the
night without photochemical reaction. Therefore, photochemical production could not
be speculated to determine the high O3 episode. Furthermore, any obvious increases15

in surface air temperature were not observed for strong photochemical reactions for
such high O3 production during the episode of 12–14 June in XQR (Fig. 4a), since
air temperature could represent the solar radiation conditions during summertime. As
we know, the weather is characterized by the clear sky, strong solar radiation, weak
wind, and stable atmospheric boundary layer when TC is about 600 to 1000 km away.20

All these are the favorable conditions for photochemical production of O3, which is
confirmed by the diurnal variation of O3 during the episode (Fig. 3d), However, a com-
parison of diurnal O3 changes in June 2014 and during the O3 episode (Fig. 3d) clearly
presents the anomalies in the diurnal O3 variation over 12–14 June, suggesting a less
contribution of the local photochemical O3 production to the peak O3.25

During 12–14 June, weak easterly winds over XQR (Figs. 2a and 4b) were observed
to be unfavorable for horizontal transport of O3 and its precursors. The easterly wind
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could even carry clean air from the Pacific Ocean to XQR. Moreover, the daily change
of near-surface air mass divergence over XQR clearly presented a shift of the negative
to positive values for convergence and divergence conditions during normal and high
O3 periods (Fig. 3b). The near-surface air mass divergence (positive values in diver-
gence in Fig. 4b) in association with a high surface air pressure (Fig. 4c) over XQR5

suppressed the advection import O3 and its precursors towards XQR during the O3
episode of 12–14 June 2014. The meteorological conditions of easterly clean air from
ocean and near-surface air divergence over XQR were unfavorable to horizontal trans-
port of air pollutants to XQR during the O3 episode. Therefore, the surface O3 peak of
12–14 June before the typhoon landing was unlikely caused by horizontal advection or10

transport of O3 and its precursors.
Figures 5 presents the cross sections of vertical velocity along the lines from the

typhoon center to XQR (as shown in Fig. 2 with the black solid lines) at 14:00 and
20:00 13 June, as well as 20:00 15 June 2014 respectively. In accompany with the
strong rising motions from the surface up to the UTLS around 100 hPa near the ty-15

phoon center (Fig. 5a and b), the subsiding branches of vertical typhoon circulation
were located over XQR in the northeastern periphery of Typhoon Hagibis at 14:00 and
20:00 13 June 2014 (Figs. 2a, b and 5a, b). A typical structure of TC circulation with
the in-up-out-down overturning flows in the vertical direction built up the internal up-
drafts and peripheral downdrafts for air mass exchange between the surface level and20

the UTLS region (Fig. 5a and b). The deep and strong downdrafts occurred over XQR
(24◦ N, 118◦ E) during this episode before the typhoon landfall. As Typhoon Hagibis
approached and landed the coast in southeast China (Fig. 2), the downdrafts were
changed to the updrafts over XQR on 15 June (Fig. 5c), and the surface O3 concentra-
tions dropped to the normal levels over XQR (Fig. 3a).25

A climatological pattern of vertical O3 distribution presents the uniquely elevated O3
concentrations in the UTLS region (Liu et al., 2013). The large scale convections of
Typhoon Hagibis were fully developed and well organized with strong uplifts reaching
to the UTLS around 100 hPa and consecutively downward flows to the surface level
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over XQR (Fig. 5a and b), which could efficiently deliver O3-rich air from the UTLS
region to the surface leading to the surface O3 enhancement by about 27 ppbv in day-
time and up to 40 ppbv in nighttime observed over XQR during 12–14 June (Fig. 3c
and d). Furthermore, low relative humidity and high air pressure on the XQR surface
during 12–14 June (Fig. 4c and d) add evidences for the strong downward transport5

of O3 in the subsiding branches of TC with dry air mass of the UTLS region affecting
the surface air, given that surface relative humidity dropped sharply (Fig. 4d) and air
temperature decreased slightly (Fig. 4a) over XQR during 12–14 June. Therefore, it is
the downdrafts of O3-rich air from the UTLS that played a decisive role in the formation
of O3 episode before a typhoon landing in southeast China.10

The correlation between O3 and CO has been widely used to identify sources of tro-
pospheric O3. When O3 and CO are positively correlated, O3 is usually originated from
the anthropogenic sources with photochemical reactions (Parrish et al., 1998; Voulgar-
akis et al., 2011). A negative correlation of O3 and CO generally indicates the vertical
O3 transport from the upper atmosphere, where air is poor in CO but rich in O3 (Moody15

et al., 1995; Parrish et al., 1998). The correlations between hourly CO and O3 concen-
trations measured at 8 sites in XQR are shown over two periods from 12:00 11 June
to 12:00 12 June and from 12:00 13 June to 12:00 14 June, respectively (Fig. 6). In
contrast to a significantly positive correlation of the CO and O3 during the first period,
reflecting a dominant role of anthropogenic sources in the O3 changes (Fig. 6a), the20

CO and O3 concentrations were negatively correlated (significantly at P < 0.005) dur-
ing the second period (Fig. 6b), further confirming that the O3 episode with nocturnal
high O3 over XQR was largely contributed by downward transport of O3-rich air in the
peripheral subsidence of Typhoon Hagibis. For interpreting the higher CO concentra-
tions during the O3 episode (Fig. 6b) comparing to the CO levels before the O3 episode25

(Fig. 6a), we may consider the atmospheric removal of CO by hydroxyl radical (OH). It
is well-known that O3 photolysis produces O1d, which react with H2O to produce 2OH,
and the reaction of CO with OH quickly forms the stable end product of carbon dioxide
(CO2) (Seinfeld and Spyros, 2006). In the situation of normal photochemical production
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(Fig. 6a), high O3 could lead to more OH production and consequently lower CO. In
the situation of peripheral O3-rich air subsidence of the typhoon, the downward dry air
(Fig. 4d) with lower abundance of OH radicals could decrease the removal of CO. This
would result in CO accumulation and consequently high CO concentrations, and high
CO accumulation within boundary layer could overwhelm the dilution of CO-poor air5

from the UTLS during the high O3 episode.

4 Summary

This observation study presents an O3 episode due to downward transport from the
UTLS to surface air in the peripheral TC subsidence over the southeastern coast of
China. An exceptionally high O3 event during 12–14 June 2014 was observed with the10

nocturnal surface O3 levels exceeding 70 ppbv and large enhancements of surface O3
concentrations by about 21 ppbv in daytime and up to 42 ppbv in nighttime. The ground
observations of O3, NO2 and CO accompanying meteorology from both observations
and reanalysis over XQR during the event of Typhoon Hagibis are examined to assess
the contributions of chemical production, horizontal advection and vertical transport to15

the O3 episode.
As the contributions of horizontal advection and chemical production to surface O3

enhancement in the O3 episode are excluded, the peripheral subsiding branches in
the TC circulation bringing O3-rich air from the UTLS to surface air are identified to
be responsible for peaking the surface O3 levels over the southeastern coast of China20

during 12–14 June 2014 before the landfall of Typhoon Hagibis. This rational analysis
is further supported by a significantly negative correlation between the surface O3 and
CO as well as the dry surface air observed during the O3 episode.

This case study of Typhoon Hagibis provides observational evidence of TC-driven
vertical transport of O3 from the UTLS region to the surface, revealing a significant25

effect of such a process of STE of O3 on deterioration of air quality. Evidence sug-
gests deep stratospheric intrusions can elevate surface O3 to unhealthy levels before
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a typhoon landing in southeast China. Stratospheric O3 is a natural source dominating
tropospheric O3 pollution in this scenario. Considering the frequency and distribution of
TC in the world and their impact on STE, this finding has implications on tropospheric
O3 as well as environment and climate changes.

A pattern of well-organized deep TC convection for the exchange of chemical species5

between the UTLS and surface air is depicted in this case study of TC in southeast
China. Based on the understanding of the dynamical structure of TC and the chemical
distribution in the atmosphere, the strong subsiding branches of vertical TC circulation
could unusually transport the upper O3-rich air to the surface in any TC events, which is
to be further studied with more comprehensive observations to characterize the extent10

to which these UTLS ozone enhancements reach the surface. The implications of this
finding on environment and climate changes need to be explored by using coupled
meteorology-chemistry models.
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Figure 1. Locations of Fujian Province in China (shaded areas, upper left panel) and the Xia-
men and Quanzhou region (XQR) in Fujian Province (shaded areas, lower left panel), and the
distribution of 9 monitoring stations (8 environmental sites with black dots numbering from 1
to 8, and 1 meteorological observatory of Xiamen with a black triangle) over XQR (lower right
panel).
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Figure 2. Sea-level air pressure (hPa, contour lines) and 1000 hPa wind vectors of NCEP-FNL
data, at (a) 14:00 13 June, (b) 20:00 13 June and (c) 20:00 15 June 2014 with black dots
representing XQR location. Three straight lines link XQR and the centers of Typhoon Hagibis.
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Figure 3. Hourly variations in the 8-site averaged surface concentrations of (a) O3,(b) NO2
during 11–17 June and (c) O3 and NO2 for the surface O3 event during 12–14 June 2014 over
XQR, as well as (d) diurnal changes of surface O3 from 12:00 June 12 to 12:00 June 14 (red
curve) and in June excluding 12–14 June 2014 (black curve) with two dotted lines indicating
the daily averaged O3 concentrations for two diurnal curves.
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Figure 4. Time series of (a) surface air temperature as well as (b) wind speed, direction and
divergence, (c) air pressure and (d) relative humidity observed in the observatory of Xiamen
from 11 to 17 June 2014. The red curve in (b) is a daily variation in divergences at 1000 hPa
over XQR, calculated with FNL data.
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Figure 5. Vertical cross sections of vertical velocity (−0.01 Pas−1) along the three straight lines
linking XQR and the centers of Typhoon Hagibis in Fig. 2 at (a) 14:00 13 June, (b) 20:00 13 June
and (c) 20:00 15 June 2014 (FNL data). Two dash boxes denote the location of XQR. The lines
with arrows indicate the in-up-out-down overturning air flows in the vertical direction of typhoon.
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Figure 6. Correlations between measured surface CO and O3 over two periods respectively
(a) from 12:00 11 June to 12:00 12 June and (b) from 12:00 13 June to 12:00 14 June 2014,
passing the significant level of 0.005. Red lines are the linear fittings.
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