
1.  Introduction
Deep convection associated with tropical cyclones plays a major role in the exchange between the strato-
sphere and the troposphere (Baray et al., 1999; Venkat Ratnam et al., 2016); it may cause both upward and 
downward transport. Stratospheric ozone-rich air can be transported into the troposphere by stratospheric 
intrusions (Das, 2009; Li et al., 2018; Pan et al., 2014) and boundary layer air with low ozone can be uplifted 
into the upper troposphere and lower stratosphere (UTLS) region (Bian et al., 2020; Danielsen, 1993; Das 
et al., 2016; Pan et al., 2015; Randel & Park, 2006). In previous analyses of ozone sondes measurements 
from the Southern Hemisphere Additional Ozonesonde (SHADOZ) network over the tropics, convective 
and wave signatures were found in ozone vertical profiles (Thompson et al., 2010, 2011). The airborne cam-
paign, Convective Transport of Active Species in the Tropics (CONTRAST), conducted over Guam (13.5°N, 
144.8°E), revealed that the tropospheric ozone minimum of ∼20  ppbv at ∼12–14  km was controlled by 
convective outflow (Pan et al., 2015).

The western Pacific typhoon season peaks from July to October in the Northern Hemisphere (Matsuura 
et al., 2003). Several observations have shown that typhoon convection can lift ozone-poor air from the ma-
rine boundary layer into the tropopause region over the Pacific region (Li et al., 2017, 2020; Minschwaner 
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et al., 2015; Newton et al., 2018; Vogel et al., 2014). As a result, low-ozone values are measured in the upper 
troposphere within typhoons or hurricanes (Cairo et al., 2008; Fu et al., 2013). Li et al. (2017,2020) show that 
tropical cyclones over the western Pacific decrease upper tropospheric ozone over the Tibetan Plateau via 
uplifting of marine ozone-poor air masses to the upper troposphere and subsequent long-range transport 
by the Asian summer monsoon (ASM) anticyclone. Coupling between the Asian summer monsoon circu-
lation and typhoon convection will impact the ozone concentration in the UTLS over the western Pacific 
and the ASM region. The UTLS ozone variation can cause a change in the regional radiative budget of the 
atmosphere. Therefore, quantifying the ozone variation in the UTLS is important for surface climate, be-
cause even small changes of ozone in the UTLS have an impact on surface temperatures (Riese et al., 2012). 
However, previous studies were usually based on individual cases over a short time period (single to several 
days) without giving a climatological effect. Here, we derive a quantitative estimate of the impact of west-
ern Pacific typhoons on ozone in the UTLS based on measurements in Hong Kong and Naha for an 18-year 
period between 2000 and 2017.

Hong Kong (22.31°N, 114.17°E) and Naha, Japan (26.21°N, 127.69°E), are both sites of the World Meteoro-
logical Organization (WMO) Ozone and Ultraviolet Data Center (WOUDC), and have both long-term obser-
vations of ozone profiles over the western Pacific region since 2000. These high-quality and high-resolution 
balloon-borne measurements allow us to deduce a quantitative estimate of the frequency and intensities 
of western Pacific typhoons on ozone variability in the UTLS. Using 18 years (2000–2017) measurements 
at Hong Kong and Naha, we find that about 46% of the measured ozone profiles are impacted by western 
Pacific typhoons from July to October and that large negative ozone anomalies (exceeding 40%) are caused 
by intense typhoons affecting 17%–19% of the profiles.

2.  Data and Method
Tracks and intensity of tropical cyclones are obtained from the Tokyo-Typhoon Center for the period 2000–
2017. The tracks are recorded every 6 h with the lowest pressure, center latitude, and longitude of tropical 
cyclones. Tropical cyclones are used with grades for class 3 (Tropical Storm), 4 (Severe Tropical Storm), 
and 5 (Typhoon) with maximum wind speed great than 63, 88.9, and 118.5 km h−1, respectively (Figure 1). 
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Figure 1.  The tracks of tropical cyclones over the western Pacific from July to October during 2000–2017 (The color 
indicate the category of the tropical cyclone). The mean geopotential height at 100 hPa (>16.66 × 103 gpm) for July-
September (black line) and for October (blue line). Because of the decay of the ASM anticyclone in October the mean 
geopotential height is indicated separately. The circles mark the location of Lhasa, Kunming, Hong Kong, and Naha. 
ASM, Asian summer monsoon.
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Around 326 cyclones formed over the western Pacific during 2000–2017, with the typhoon season peaking 
from July to October.

Ozone profiles for Hong Kong and Naha between July and October (2000–2017) are obtained from the 
WOUDC. For Naha, the Japanese ozonesonde (KC type, Kobayashi & Toyama, 1966) is used before Novem-
ber 13, 2008, after that day the electrochemical concentration cell (ECC) ozonesonde is used until February 
2018. Detailed information about KC type and ECC ozonesonde are given by Kobayashi and Toyama (1966) 
and Komhyr et al. (1995). Ozone concentrations are always measured by ECC ozonesondes in Hong Kong 
since 2000. Profiles are recorded at 1 s frequency by radiosondes with the ozonesondes. From July to Octo-
ber during the period of 2000–2017, there are 249 (265) ozone soundings for Hong Kong (Naha). More than 
80% of balloons were routinely launched every Wednesday at 05:00 UTC at both stations to measure the 
vertical ozone profile from the surface to approximately 30–35 km altitude. When the balloon burst altitude 
is lower than the tropopause, the tropopause height cannot be calculated, therefore four profiles in Hong 
Kong will not be used in this study.

The FengYun-2G (Feng and Yun mean “winds and clouds” in Chinese), or FY-2G in acronym are the geosta-
tionary meteorological satellite series of China, organized and operated by the National Satellite Meteoro-
logical Center of China Meteorological Administration. FY-2 G was launched on December 31, 2014 with a 
five-channel Stretched Visible and Infrared Spin Scan Radiometer (S-VISSR) as part of the payload to track 
cloud motion. Here, we use cloud top temperature (CTT) to determine the position and the altitude range 
of tropical cyclones.

The Chemical Lagrangian Model of the Stratosphere (CLaMS) trajectory module (Konopka et al., 2012; 
Pommrich et al., 2014) was used to calculate 40 days diabatic backward trajectories for ozone profiles in 
Hong Kong and Naha. These diabatic trajectory calculations employ a hybrid σ-potential temperature coor-
dinate, but above about 300 hPa, that is, in the stratosphere and upper troposphere, the vertical coordinate 
is exactly the potential temperature and the vertical velocity is determined solely by the total heating rate 
(Pommrich et al., 2014). Total diabatic heating rates include clear-sky radiative heating, cloud radiation, 
latent heat release, as well as turbulent and diffusive heat transport (Fueglistaler et al., 2009) for the upper 
troposphere and stratosphere (Ploeger et al., 2010; 2011; Schoeberl & Dessler, 2011; Schoeberl et al., 2003). 
The European Center for Medium-range Weather Forecasts (ECMWF) interim reanalysis (ERA-Interim) 
(Dee et al., 2011) is used to drive the CLaMS trajectories. ERA-Interim input wind field is recorded on a 
1 × 1° grid every 6 h. Similar trajectory calculations were used to investigate the ozone distribution in the 
UTLS over the Tibetan Plateau by Li et al. (2017, 2018, 2020).

Ozone mixing ratios at UTLS altitudes over the western Pacific and associated coastal regions (e.g., Hong 
Kong and Naha) are influenced by different processes: regional convection, tropical cyclones, stratospheric 
intrusions, air in the ASM anticyclone, and advection from eastern China and the tropical region. Processes 
that enhance ozone mixing ratios in the UTLS over the western Pacific are stratospheric intrusions export-
ing ozone-rich air from the extratropical lower stratosphere (Li et al., 2018) and the advective transport from 
ozone-rich surface air from eastern China. During the monsoon season, vertical transport associated with 
regional convection significantly decreases ozone concentrations around 7–13 km (Randel & Park, 2006). 
Tropical cyclones consist of bands of cumulus convection clouds, which extend up to the tropopause region 
and have the potential to uplift ozone-poor marine air into the UTLS (Emanuel, 2003; Li et al., 2017, 2020). 
In order to investigate the origin of low ozone mixing ratios in the UTLS caused by tropical cyclones, our 
analysis focuses on the altitude range between 12.5 km and the tropopause. CLaMS 40 days backward tra-
jectories are calculated (started every second) for air parcels between 12.5 km and the tropopause for July 
to October of 2000–2017. The trajectories for air parcels with negative ozone anomalies lower than −20% 
(−40%) with the thickness great than 1(3) km compared to the averaged ozone profile are selected and fur-
ther analyzed for Hong Kong and Naha within this study.

In a previous case study, Li et al. (2017) show that low ozone mixing ratios in the ASM anticyclone can 
be caused by the strong vertical transport of tropical cyclones and subsequent horizontal transport by the 
flow of the ASM anticyclone. The ascent rate is defined as the change in the potential temperature (θ) per 
day (θt+δt − θt)/δt for air parcels along each CLaMS back-trajectory. When the ascent rate is greater than 
9 K day−1 (in a 24-h period), a strong uplift process of the air parcel along the trajectory will be detected 
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(Li et al., 2018). Furthermore, the geographical locations for strong uplift 
(>9 K day−1) of air parcels, fall within the range 10° around the center of 
tropical cyclone, which is used to identify the cases impacted by western 
Pacific typhoons in Hong Kong and Naha. The names of cyclones and 
the horizontal transport time for the air parcels from the top of tropical 
cyclones to the sites in Hong Kong and Naha are given in Table S1.

Our findings show that up to 32% of all ozone profiles measured over 
Hong Kong and Naha within 1 week are impacted by tropical cyclones 
(see Table S1). About 4% of the ozone profiles are impacted by tropical 
cyclones from the Indian Ocean and regional deep convection.

3.  Results
Figure 1 shows the tracks of 326 tropical cyclones from the Tokyo-Typhoon 
Center and the mean geopotential height at 100 hPa for July-September 
and for October during the period of 2000–2017 using the ERA-Interim 
reanalysis data. Typhoons are marked with grades 3–5, from tropical 
storms to severe tropical storms to typhoons. Naha is located in the region 
where most cyclones change their direction of movement from north-
western to northeastern tracks and is therefore impacted by 52 tropical 
cyclones near Naha within a radius of 200 km (Figure 1). Hong Kong is 
only impacted when tropical cyclones move westwards and is influenced 
by 34 tropical cyclones within 200 km from Hong Kong. Naha is more fre-
quently influenced by tropical cyclones than Hong Kong according to the 
cyclone tracks distribution, and possibly is impacted from the northerly 
wind flow on the eastern edge of the ASM anticyclone. Hong Kong ap-
pears to be under the influence of northeasterly flow on the southeastern 
edge of the ASM anticyclone. Previous studies show that ozone-poor air 
masses were even observed in the UTLS over the Tibetan Plateau by bal-
loon-borne measurements from Lhasa and from Kunming in East China 
(their locations are indicated in Figure 1), which were caused by tropical 
cyclones over the western Pacific (Li et al., 2017, 2020).

To better explain the method used in this work, we present a case study 
of typhoon Megi which occurred in September 2016. The same method is 
used to infer the climatological results from 2000 to 2017. The cloud top 
temperature (K), which is indicating convection, is shown in Figure 2a. 
The blue color is used to mark low temperatures, which means deep con-
vection with a high cloud top. Hong Kong and Naha are located at the 
edge of landfalling typhoon Megi on September 28, 2016, the day that the 
balloon was launched in Hong Kong and Naha. As the tropical cyclone 
moves toward northwest, Hong Kong and Naha are located slightly away 
from the center of the cyclone. Ozone profiles for Hong Kong (Naha) on 
September 28, 2016 show a low ozone structure between 9 and 19 km 
with values ∼30 ppbv (∼20 ppbv) (Figures 2b and 2d). Ozone values at 
9–19 km on September 28 in Hong Kong and Naha are significantly lower 
than the climatological mean ozone, which is calculated from July to Oc-
tober of 2000–2017. Ozone profiles are normalized to the climatological 
mean profile to show the relative ozone anomalies (Figures 2c and 2e). In 
Hong Kong, the tropospheric ozone anomaly is less than −50%, with the 
largest negative anomalies of about −80% occurring at 17 km around the 
tropopause. In Naha, the negative ozone anomalies are lower than −70% 
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Figure 2.  The cloud top temperature of typhoon Megi (marked by the 
arrow) on September 28, 2016 (a). Vertical profile of ozone (blue) on 
September 28, 2016 and mean ozone over the period July-October for the 
years 2000–2017 (black) for Hong Kong (b) and Naha (d). Relative ozone 
anomaly ([sonde-mean]/mean, blue) and vertical profile of temperature 
(red) for Hong Kong (c) and Naha (e). The dashed horizontal red lines 
show the thermal lapse rate tropopause. Dashed vertical lines denote the 
zero and −20% ozone anomaly.
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in the middle and upper troposphere. In addition, the negative ozone 
anomalies reach clearly above the temperature lapse rate tropopause at 
17.3 km in Hong Kong and at 17.2 km in Naha. These observations indi-
cate that low ozone values in the UTLS occur in the outflow of deep con-
vection associated with typhoons. The relative ozone anomaly of −20% is 
marked as a vertical dashed line in Figures 2c and 2e. The back-trajecto-
ries for air parcels with ozone anomaly less than −20% are used to calcu-
late the contributions of tropical cyclones and in particular of typhoons 
to low ozone values found in the UTLS in Naha and Hong Kong.

Table 1 shows the ozone profiles in the 18 years (2000–2017) data record 
of ozone measurements from July to October in Hong Kong (Naha). 
Ozone profiles are divided into two groups: (1) low ozone value (ozone 
anomalies less than  −20%) impacted by tropical cyclones as Figure  2b 
shows, (2) other category such as stratospheric intrusions (ozone-rich air) 
(Li et al., 2018), air in the ASM anticyclone and advection transport from 
eastern China (ozone-rich surface air) and the tropical region. In total, 
113 (119) profiles were influenced by tropical cyclones over the western 
Pacific compared to total ozone profiles 244 (265) in Hong Kong (Naha). 
Thus, tropical cyclones impact Hong Kong and Naha ozone profiles up to 
46.3% and 44.9% between 2000 and 2017.

Mean ozone profiles with 1σ standard deviation impacted by intense (nor-
mal) typhoons and by other processes such as stratospheric intrusions, 
air in the ASM anticyclone and advection transport from eastern China 
and the tropical region are shown for the stations Hong Kong and Naha 
(Figures 3a, 3b, 3e, and 3f). According to the statistical results, typhoons 
mainly reduce ozone in the upper troposphere, and 2 km above the ther-
mal lapse rate tropopause and increase ozone in the lower stratosphere. 
The mean tropopause height is about 16.78 km for all typhoon cases in 
Hong Kong and 16.52  km in Naha. Ozone is reduced by ∼20–60  ppbv 
at 2–6 km above and below the tropopause under the influence of trop-
ical cyclones relative to the climatological mean ozone profile. Similar 
vertical structures are also observed in Hanoi (21°N, 106°E), Vietnam 
(Thompson et al., 2012, their Figure 5a) in the tropics.

Differences between typhoon-influenced and mean ozone profiles are shown relative to the tropopause 
both for intense typhoons (solid red line), normal typhoons (solid blue line), and others (solid green line; 
Figures 3c and 3g) and, similarly, for temperature (Figures 3d and 3h). Ozone values around the tropopause 
are most strongly influenced by typhoons. Thus, the outflow of typhoon convection cools the region 2 km 
above and below the tropopause in Hong Kong and Naha by 1–3 K (Figures 3d and 3h). A decrease in the 
tropopause altitude was observed within 500 km of the center of tropical cyclones over the north Indian 
Ocean (Venkat Ratnam et al., 2016).

Figures 4a and 4c show the relative frequency distribution of ozone (12.5–17 km) impacted by typhoons and 
by other processes in Hong Kong and Naha. The relative frequency is calculated as the number of ozone 
values (every 10 ppbv) between 12.5 and 17 km divided by the total number of ozone profiles impacted by 
tropical cyclones. The relative frequency of ozone peaks at 0.11 with ozone values between 20 and 60 ppbv 
under the influence of typhoons, and ozone values between 60 and 180 ppbv for other processes in Hong 
Kong (Figure 4a). The ozone relative frequency peaks at 0.07 in Naha (Figure 4b). Air parcels with low 
ozone anomalies (<−20%) in Hong Kong (12,814 counts in total) and Naha (5,960 counts) are mainly uplift-
ed by tropical cyclones from the western Pacific region based on the CLaMS trajectories, a minor fraction of 
trajectories was uplifted from the continental region (Figures 4b and 4d).

Ozone-poor air from the western Pacific will be transported to Hong Kong and Naha via two different 
pathways; one is from the top of a typhoon to Hong Kong and Naha directly within 1 week (black lines in 
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Year Tropical cyclones Others Total

2000 5 (5) 12 (7) 17 (12)

2001 0 (9) 0 (6) 0 (15)

2002 1 (9) 3 (7) 4 (16)

2003 7 (5) 11 (9) 18 (14)

2004 8 (8) 8 (5) 16 (13)

2005 10 (9) 7 (7) 17 (16)

2006 5 (8) 8 (7) 13 (15)

2007 8 (3) 8 (8) 16 (11)

2008 7 (6) 8 (8) 15 (14)

2009 9 (6) 8 (8) 17 (14)

2010 5 (1) 10 (10) 15 (11)

2011 6 (3) 9 (13) 15 (16)

2012 6 (7) 10 (9) 16 (16)

2013 5 (7) 8 (10) 13 (17)

2014 8 (7) 9 (8) 17 (15)

2015 9 (9) 4 (8) 13 (17)

2016 11 (11) 2 (5) 13 (16)

2017 3 (6) 6 (11) 9 (17)

Total 113 (119) 131 (146) 244 (265)

Percent 46.3% (44.9%) 53.7% (55.1%) 100% (100%)

Table 1 
Numbers of Ozone Profiles Impacted by Upward Transport of Tropical 
Cyclones From the Western Pacific, and by Transport Caused by Other 
Processes Such as Stratospheric Intrusions (Ozone-Rich Air), Air in the 
ASM Anticyclone (Ozone-Poor Air), and Transport From Eastern China 
(Ozone-Rich Surface Air) and the Tropical Region for July-October From 
2000 to 2017 in Hong Kong (Naha)
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Figures 4b and 4d). The other pathway is from the top of a typhoon moving around the ASM anticyclone 
circulation and then arriving at Hong Kong and Naha after about 2 weeks (purple line in Figures 4b and 4d). 
During the long-range transport around the ASM anticyclone air parcels from the typhoon will be mixed 
with air from the ASM anticyclone before they reach Hong Kong and Naha.

Air parcels uplifted in a typhoon that are subsequently transported around the ASM anticyclone can 
maintain low ozone values for a period of about 2 weeks. As a result, balloon measurements in Hong 
Kong and Naha capture such ozone-poor air several days after the occurrence of a typhoon. This pro-
cess constitutes an important transport pathway causing low ozone values as usually found within the 
ASM anticyclone. From the relative distribution function (Figure 4), we note that ozone values in Hong 
Kong are more strongly influenced by tropical cyclones than ozone valued in Naha. This is in appar-
ent contrast with the tropical cyclone track distribution, which indicates that Hong Kong has a lower 
probability to be under the direct influence of tropical cyclones than Naha (Figure 1). The reason for 
this apparent contrast is that typhoon influence is also caused by the large-scale horizontal transport 
in the UTLS associated with the ASM anticyclone. Chemical reactions could also change the ozone 
concentrations in the UTLS, which are however not included in our CLaMS trajectory simulations. Air 
with low ozone originating from the western Pacific can be transported to Kunming, even to Lhasa or 
western Europe via the anticyclonic easterly flow of the ASM anticyclone (Li et al., 2017, 2020; Vogel 
et al., 2014).
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Figure 3.  Mean ozone profiles with ± 1σ standard deviation for all (solid black, gray shaded), intense typhoon (red), 
normal typhoon (blue), and others such as stratospheric intrusions and transport from eastern China (green, green 
shaded) over (a and b) Hong Kong and (e and f) Naha. Ozone and temperature relative differences for intense typhoon 
(red line), typhoon (blue line), and others (green line) compared to mean ozone profile in (c and d) Hong Kong and (g), 
(h) Naha.
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Figure 4.  (a and c) The relative frequency distribution of measured ozone impacted by typhoons (blue) or by other 
processes such as stratospheric intrusions, air in the ASM anticyclone and advection transport from eastern China and 
the tropical region (orange) in the 12.5–17 km altitude range. (b and d) The color shows the number of trajectories 
for profiles with the negative ozone anomalies (<−20%), but the location is the point of strong uplift in the indicated 
latitude-longitude-box. The lines indicate some selected back-trajectories indicating the different transport pathways of 
air parcels from the location of the tropical cyclone to the measurement over Hong Kong and Naha (purple line, long-
range transport around the ASM; black line, direct transport, for details see text). ASM, Asian summer monsoon.

Ozone anomaly −10% −20% −30% −40%

Hong Kong 118 (48.4%) 113 (46.3%) 83 (34%) 41 (16.8%)

Naha 120 (45.3%) 119 (44.9%) 91 (34.3%) 50 (18.8%)

Table 2 
Numbers of Ozone Profiles Corresponding to Different Threshold for Ozone Anomalies for July-October From 2000 to 
2017 in Hong Kong (Naha)
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4.  Conclusions
Ozone profiles recorded in Hong Kong and Naha between July and October in the years 2000–2017 are used 
for quantifying the impact of western Pacific typhoons on the variability of ozone in summer in the UTLS 
of South East Asia. Low-ozone values below 60 ppbv near the tropopause in Hong Kong and Naha are as-
sociated with strong vertical transport caused by tropical cyclones and the associated convection over the 
western Pacific. Our results indicate that 46.7% (44.9%) of ozone profiles are heavily impacted by tropical 
cyclones in Hong Kong (Naha) with negative ozone anomalies exceeding −20%, based on CLaMS trajec-
tory calculations. Different thresholds for ozone anomalies are used to evaluate the cyclone's contribution 
(Table 2). A higher threshold (<−10%) has a minor impact on the conclusion compared to −20%, but the 
lower threshold (<−30%) results in a lower frequency of tropical cyclone's contribution (34%). Pairmary due 
to low threshold underestimated the cyclone's contribution. Intense typhoons affect 16.8% (18.8%) of the 
ozone profiles in Hong Kong (Naha) with larger negative anomalies (<−40%). In Hong Kong, the horizontal 
transport associated with the ASM anticyclone coupled with the vertical transport caused by tropical cy-
clones contributes significantly to the occurrence of low ozone values in the UTLS in the monsoon season. 
These findings are consistent with previous case studies (Li et al., 2017, 2020) analyzing the impact of a sin-
gle typhoon. Tropical cyclones have the potential to reduce ozone by about 20–60 ppbv compared to average 
ozone values in the UTLS. Similar ozone reductions have also been seen in Hanoi (Thompson et al., 2012, 
their Figure 5a) in a region close to the tropics. We emphasize that the intensity and duration of tropical cy-
clones has been increasing in recent decades (Emanuel, 2005; Mei & Xie, 2016). Therefore, direct injections 
of ozone-poor air by rapid uplift in typhoons into the ASM anticyclone will likely increase in the future.

Data Availability Statement
Typhoons track data are download from http://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/
trackarchives.html. Ozone data are obtained from https://woudc.org/data/explore.php?lang=en.
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