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Abstract
We use the global three-dimensional Goddard Earth Observing System chemical transport model with the Universal tropo-
spheric–stratospheric Chemistry eXtension mechanism to examine the contributions of the chemical processes to summertime 
 O3 in the upper troposphere and lower stratosphere (UTLS) over the Tibetan Plateau and the South Asian monsoon region 
(TP/SASM). Simulated UTLS  O3 concentrations are evaluated by comparisons with Microwave Limb Sounder products 
and net chemical production of  O3  (NPO3) are evaluated by comparisons with model results in previous studies. Simulations 
show that the chemical processes lead to an increase in  O3 concentration, which is opposite to the effect of  O3 transport in 
the UTLS over the TP/SASM region throughout the boreal summer.  NPO3 in UTLS over the TP/SASM region is the largest 
in summer. Elevated values (0.016–0.020 Tg year−1) of the seasonal mean  NPO3 are simulated to locate at 100 hPa in the 
TP/SASM region, where the mixing ratios of  O3 are low and those of  O3 precursors  (NOx, VOCs, and CO) are high. The 
high concentrations of  O3 precursors  (NOx, VOCs, and CO) together with the active photochemical reactions of  NO2 in 
the UTLS over the TP/SASM region during summertime could be important reasons for the enhancement of NP

O
3
 over the 

studied region.

1 Introduction

Ozone  (O3) is an important gas constituent in the atmos-
phere. Tropospheric  O3 is not only a vital air pollutant that 
has adverse effects on human health (Fann et al. 2012) and 
ecosystems (Shindell et al. 2012; Yue and Unger 2014) but 
also acts as a greenhouse gas with global mean radiative 
forcing of 0.4 W m−2 (Alexander et al. 2007). Stratospheric 
 O3 accounts for about 90% of the  O3 on the earth, concen-
trating at altitudes between 10–30 km and shielding the 
plants and animals from harmful solar radiation (McCo-
nnell and Jin 2008). In combination with molecules, such 
as methane and water vapor,  O3 is a major source of OH 

radical which acts as a detergent for many chemical species 
(Seinfeld and Pandis 2006). Affected by both the anthropo-
genic emissions and the stratospheric–troposphere (STE), 
 O3 in the upper troposphere and lower stratosphere (UTLS) 
shows distinctive regional characteristics and has drawn 
growing attention over the past few years (Oltmans et al. 
1998; Logan et al. 1999; Staehelin et al. 2001; Rao et al. 
2003; Bian et al. 2011).

Both the observational and modeling studies have shown 
that the summertime  O3 level in UTLS over the Tibetan Pla-
teau (TP) and the South Asian summer monsoon (SASM) 
region is much lower than that of other areas at the same 
altitudes (Fu et al. 2006; Randel and Park 2006; Bian et al. 
2011; Gu et al. 2016). Bian et al. (2011) examined satel-
lite measurements from Microwave Limb Sounder (MLS) 
products and reported the presence of a low-ozone area 
at 100 hPa over the Asian summer monsoon region, cor-
responding to the South Asian High, in summer during 
2005–2009. Based on the MLS measurements and the God-
dard Earth Observing System chemical transport model 
(GEOS-Chem) simulations, Gu et al. (2016) reported that 
the relatively low  O3 concentrations of less than 200 ppbv 
were located at 100 hPa within the Asian anticyclone region 
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during summer of 2005. Previous studies suggested that 
the summertime low-ozone area in UTLS is caused by the 
dynamics over TP and the Asian summer monsoon (Gettel-
man et al. 2004; Zhou et al. 2006; Tian et al. 2008; Tobo 
et al. 2008). TP/SASM region is a vital pathway of mass 
exchange between the troposphere and stratosphere because 
of the frequent deep convections during the boreal summer. 
The deep convections associated with the Asian summer 
monsoon transport the ozone-poor air from the boundary 
layer into the UTLS, and the upper-level Tibetan anticy-
clone in the UTLS acts to isolate air and traps the uplifted 
air within the anticyclone region (Gettelman et al. 2004; Fu 
et al. 2006; Bian et al. 2011).

Though the summertime ozone valley in the UTLS over 
TP has been widely discussed in the past few years, few 
studies have investigated the role of chemical processes in 
the formation of the low ozone region over the TP/SASM 
in boreal summer. Liu et al. (2003) calculated the physical 
and chemical contributions to the changes in the mean  O3 
concentration at a selected grid point (31°N, 90°E, 100 hPa) 
from April to July using the OSLO CTM2 model. They 
reported that the effect of the chemical process on the mean 
 O3 concentration at that point is 87.7 ppbv at 100 hPa dur-
ing April to July, which is opposite to that of the dynamic 
process (− 49.7 ppbv) and cannot be neglected. Although 
Liu et al. (2003) provided valuable knowledge regarding the 
chemical effects on summertime  O3 in UTLS, more inves-
tigation is needed. First, the calculation of Liu et al. (2003) 
was focused on one specific point, and the regional charac-
teristics of the chemical contributions were not included; 
Second, the corresponding reasons for the positive chemical 
contributions over the TP/SASM regions, such as the related 
chemical processes, were not systematically discussed; third, 
the chemistry of the OSLO CTM2 model used in Liu et al. 
(2003) was only valid for the troposphere, which was limited 
in the study of chemistry process over the UTLS region. 
TP is surrounded by large anthropogenic emission sources 
such as India, Southeast Asia, and southern China (Li et al. 
2005; Lau et al. 2006). Pollutants from these places can 
be transported to TP by prevailing winds in the monsoon 
seasons (Lawrence and Lelieveld 2010; Xia et al. 2011), 
and then be uplifted to the UTLS through deep convections 
(Li et al. 2005; Randel et al. 2010). Anthropogenic emis-
sions together with the unique dynamic characteristics of 
TP result in persistent maxima of  O3 precursors (e.g. CO, 
 NOx,  C2H6) locating in the UTLS over the TP/SASM region 
during summertime (Kar et al. 2004; Park et al. 2004a, 2008; 
Li et al. 2005). The investigation of the chemical effects on 
the summertime  O3 in the UTLS not only provides further 
information on the formation of the summertime low  O3 
concentration in UTLS over the TP/SASM region, but also 
offers insight into the influence of human activities on  O3 
in the UTLS over the TP/SASM region in boreal summer.

This work aims to give a comprehensive view of the 
effects of the chemical processes on summertime  O3 in 
UTLS over TP/SASM (10–40°N, 70–105°E) using the 
global Goddard Earth Observing System chemical transport 
model (GEOS-Chem) driven by the assimilated meteoro-
logical fields. A brief description of the GEOS-Chem model 
and numerical experiment is presented in Sect. 2. Section 3 
evaluates the model’s performance for  O3 concentrations in 
different seasons. Section 4 shows the simulated chemical 
contributions to the UTLS  O3 over the TP/SASM region in 
summer. Section 5 discusses the corresponding reasons for 
the regional characteristics of  O3 chemical productions over 
the TP/SASM region in summer.

2  Model description and numerical 
experiment

2.1  Model description

We simulate the UTLS  O3 using the global chemical trans-
port model GEOS-Chem (version 11-01, http://geos-chem.
org) with the Universal tropospheric–stratospheric Chemis-
try eXtension (UCX) mechanism. For the simulations pre-
sented in this paper, we use the GEOS-5 assimilated mete-
orological fields from the Goddard Earth Observing System 
of the NASA Global Modeling and Assimilation Office. The 
model used here has a horizontal resolution of 2° latitude 
by 2.5° longitude and 72 hybrid sigma-eta pressure layers 
extending from the surface to 0.01 hPa. Over the TP/SASM 
region, the model has about 35 layers in the troposphere and 
25 layers in the stratosphere.

The Geos-Chem model includes a detailed treatment of 
tropospheric  O3–NOx–hydrocarbon and aerosol chemistry. 
The aerosol species include sulfate, nitrate, ammonium (Park 
et al. 2004b; Pye et al. 2009), organic carbon, black carbon 
(Park et al. 2004b), mineral dust (Fairlie et al. 2007), and sea 
salt (Alexander et al. 2005; Jaeglé et al. 2011). Tropospheric 
 O3 chemistry includes about 80 species and over 300 chemi-
cal reactions (Bey et al. 2001). The photolysis and UV trans-
fer in the model is calculated using the Fast-JX v7.0a model 
(Wild et al. 2000; Eastham et al. 2014) in 18 wavelength 
bins covering 177–850 nm. The gas–aerosol partitioning of 
nitric acid and ammonium is calculated using the ISOR-
ROPIA II thermodynamic equilibrium module (Fountoukis 
and Nenes 2007).

The UCX extends the chemistry mechanism in the model 
to include reactions relevant to the stratosphere (Eastham 
et al. 2014). The extended model includes 132 chemical spe-
cies, with long-lives species such as  N2O,  CH4, OCS, and 
CFCs. The heterogeneous reactions and photolytic decom-
positions in the stratosphere are identified by comparing 
reactions and processes in the GMI stratospheric chemistry 

http://geos-chem.org
http://geos-chem.org
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mechanism (Rotman et al. 2001). The reaction constants are 
updated according to JPL 10-06 (Sander et al. 2011). The 
Fast-JX includes cross-section data for species relevant to 
both the troposphere and the stratosphere.

The convective transport in GEOS-Chem imitates that 
in the parent GEOS general circulation model (Hack 1994; 
Zhang and McFarlane 1995), accounting for updraft, down-
draft, and entrainment mass fluxes for deep and shallow 
convection (Wu et al. 2007). Dry deposition in the model 
follows the standard resistance-in-series model of Wesely 
(1989). The wet deposition scheme includes scavenging of 
soluble tracer in convective updrafts, as well as rainout and 
washout of soluble tracers as described in Liu et al. (2001).

2.2  Emissions

Global emissions of reactive nitrogen oxides  (NOx), carbon 
monoxide (CO), sulfur dioxide  (SO2), and ammonia  (NH3) 
in the model are from the emission inventory in Task Force 
Hemispheric Transport of Air Pollution (HTAP, v2, 2008) 
(Janssens-Maenhout et al. 2015). The global emissions of 
non-methane volatile organic compounds (NMVOCs) are 
from the Global Emissions Inventory Activity (GEIA) inven-
tory (Piccot et al. 1992). Global emissions of BC and OC 
follow Bond et al. (2007). The anthropogenic emissions of 
 NOx, CO,  SO2,  NH4, and NMVOCs in East Asia are over-
written by the MIX Asian anthropogenic emissions inven-
tory of 2008 (Li et al. 2017). Biomass emissions are from 
the Global Fire Emissions Database-4 (GFED-4) inventory 
(Giglio et al. 2013).

2.3  Numerical experiments

To examine the effects of the chemical progress on summer-
time  O3 in UTLS over the TP/SASM region, we do simula-
tions using the emissions and meteorological fields of 2008. 
The simulation year is chosen to be in accordance with the 
time period of the emissions (Sect. 2.2) and the observa-
tional data (Sect. 3). Following Eastham et al. (2014), we 
perform a 5-year spin-up run to generate the initial condi-
tions so as to allow the stratospheric species to reach quasi-
steady-state conditions.

3  Simulated and observed low  O3 
concentration region

Observational and model studies have shown that the low  O3 
concentration region exists in the UTLS (70–150 hPa) over 
the Tibetan Plateau during summertime (Liu et al. 2003; 
Bian et al. 2011; Gu et al. 2016). Figure 1a–d and Fig. 1e–h 
show the simulated and observed seasonal mean  O3 concen-
trations in March–April–May (MAM), June–July–August 

(JJA), September–October–November (SON), and Decem-
ber–January–February (DJF), respectively, in 2008. The 
observations are obtained from the Microwave Limb 
Sounder (MLS) version 3.3 level 2 products (ftp://acdis 
c.gsfc.nasa.gov/data/s4pa///Aura_MLS_Level 2/). The 
MLS instrument aboard the Aura spacecraft has been pro-
viding valuable information on atmospheric parameters in 
the UTLS since August 2004 (Waters et al. 2006). Details 
of the MLS  O3 measurements were described in Livesey 
et al. (2011). Methods of data construction, screening and 
smoothing are similar to those in Gu et al. (2016).

Low  O3 mixing ratios of less than 180 ppbv over 
10–40°N, 70–105°E could be seen in both the observations 
(Fig. 1f) and model simulations (Fig. 1b) in summer. As is 
shown in Fig. 1, the observed magnitude and distribution of 
 O3 mixing ratios (Fig. 1e–h) could be well captured by the 
GEOS-Chem UCX model (Fig. 1a–d) in all the seasons. 
Considering all the grid cells with MLS  O3 data available, 
the simulated and observed  O3 mixing ratios averaged over 
the TP/SASM region in JJA are 176.4 and 160.3 ppbv, 
respectively. The normalized mean bias (NMB) of the simu-
lated seasonal mean  O3 concentrations at 100 hPa over the 
TP/SASM region is 11.8, 10.0, 4.4, and 9.9%, respectively, 
in MAM, JJA, SON, DJF. The NMB is defined as 
NMB =

∑n

i=1
(P

i
−O

i
)

∑n

i=1
O

i

 , where Pi and Oi are predicted and 

observed  O3 mixing ratios at grid i, n is the number of grids 
which have qualified observational data over the TP/SASM 
region.

In addition to the comparisons described above, the 
GEOS-Chem simulations of  O3 and its precursors have been 
evaluated for both the surface and the UTLS over the studied 
region in previous studies [Li et al. 2005 (UTLS CO); East-
ham et al. 2014 (UTLS  O3 and  NOy); Gu et al. 2016 (surface 
and UTLS  O3)]. These studies showed that the GEOS-Chem 
model, especially the UCX, captured the magnitude and dis-
tributions of the UTLS  O3, CO and  NOy fairly well. The ver-
tical distributions of  O3 over the Tibetan Plateau region have 
also been evaluated by balloon-borne sonde measurements 
in Kunming and Lhasa in Gu et al. (2016), showing that the 
model has the ability to reproduce the vertical profiles of  O3 
in the studied region.

4  Chemical contributions to the UTLS  O3 
concentrations in summer

Previous studies mostly focused on the physical contribu-
tions to the UTLS  O3 concentrations over the TP/SASM 
region during summertime (Fu et al. 2006; Randel and Park 
2006; Park et al. 2007; Bian et al. 2011), pointing out that 
the low  O3 concentrations in the UTLS were caused by the 
deep convections that transported  O3-poor air upward from 

ftp://acdisc.gsfc.nasa.gov/data/s4pa///Aura_MLS_Level2/
ftp://acdisc.gsfc.nasa.gov/data/s4pa///Aura_MLS_Level2/
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Fig. 1  Distributions of seasonal mean  O3 mixing ratios from UCX 
model result (a–d) and MLS observations (e–h) in MAM, JJA, SON, 
and DJF of 2008, units: ppbv. The simulated  O3 mixing ratios are 

smoothed by the satellite averaging kernels (same as Gu et al. 2016). 
White areas mean lake of data meeting the retrieval quality criteria
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the lower troposphere. Few studies have investigated the role 
of the chemical processes in the formation of the low  O3 
concentration region in boreal summer. By calculating the 
effects of physical and chemical processes on the changes 
of the average  O3 concentration at a selected grid point, 
Liu et al. (2003) indicated that the chemical effect was also 
important in the formation of low  O3 concentration region 
over the Tibetan Plateau in summer: the effect of the chemi-
cal process led an increase in  O3, which was opposite to that 
of the transport process. To compare with model results in 
Liu et al. (2003), we also calculate the contributions of net 
chemical production and the vertical transport to  O3 during 
April to July in the selected horizontal grid box of 31°N, 
90°E. The net chemical production of  O3 ( NPO

3
 ) is chemi-

cal production minus chemical loss calculated by the UCX 
model, including the effects of both the gas-phase reactions 
and the heterogeneous reactions such as the hydrolysis of 
 N2O5 (Evans and Jacob 2005), irreversible absorption of 
 NO3 and  NO2 on wetted aerosol surfaces (Jacob 2000), 
and the uptake of  HO2 by aerosols (Thornton et al. 2008). 
The transport is the mass flux through the boundaries of 
the selected box. At 200 hPa, the contribution of NP

O
3
 in 

the selected box is 0.0086 Tg during April to July, which is 
comparable to the net transport effect (− 0.0159 Tg) during 
the same period. At 100 hPa, the vertical transport decreases 
the  O3 mass of the box by − 0.004 Tg  period−1, and the NP

O
3
 

increase the  O3 mass by 0.001 Tg period−1, the magnitude 
of the which is consistent with those in Liu et al. (2003).

To get a further view of the chemical effects on the UTLS 
 O3 over the TP/SASM region during summertime, Fig. 2 
shows the simulated seasonal mean NP

O
3
 profiles in MAM, 

JJA, SON, and DJF of 2008 averaged over the TP/SASM 
region. All the NP

O
3
 profiles show positive values in the 

UTLS (200–70 hPa), indicating that chemical processes 
have an effect of increasing  O3 concentrations in the UTLS 
over the studied region. The profiles show peaks between 
200 and 350 hPa as a result of high  NOx emissions from 
aircraft and lightning at those altitudes (Martin et al. 2007; 
Murray et al. 2012). In the UTLS, especially at altitudes 
above 350 hPa, NP

O
3
 in UTLS over the TP/SASM region 

is the largest in summer, indicating that there might be spe-
cific mechanisms that are conducive to the production of  O3 
in UTLS during summertime. Figure 3 shows the seasonal 
mean distributions of NP

O
3
 in JJA of 2008. A remarkable 

feather in Fig. 3a is that the location of high NP
O

3
 region 

(0.016–0.020 Tg year−1) is in accordance with that of low  O3 
mixing ratios in Fig. 1b, f at 100 hPa. The region is also con-
sistent with the location of the Tibetan anticyclone and that 
of the persistent maxima of other atmospheric constituents, 
such as  NOx (Park et al. 2004a), CO (Li et al. 2005; Park 
et al. 2007),  C2H6 (Park et al. 2008). As for the latitude–alti-
tude cross-section of the seasonal mean NP

O
3
 averaged over 

70–105°E during summertime in Fig. 3b, high NP
O

3
 region 

is simulated in the upper troposphere over the TP/SASM 
region, the maxima of which is at around 250 hPa, with a 
value of more than 0.06 Tg year−1. The NP

O
3
 is negative in 

the middle troposphere, indicating that the depletion of  O3 
is more than the production of  O3. This is a general trend of 
NP

O
3
 in line with previous discussions, which is due to the 

lowest  NOx concentrations in the middle troposphere (Bert-
sen and Isaksen 1997; Liu et al. 2003). By examining the 
seasonal variations of CO and  NOx at the grid point (31°N, 
90°E, 100 hPa), Liu et al. (2003) indicated that the increas-
ing NP

O
3
 might be attributed to the increase of  NOx and CO 

concentrations in corresponding regions. To further inves-
tigate the reasons of the enhancement of NP

O
3
 in the UTLS 

over TP/SASM, detailed discussions of the mechanisms for 
high NP

O
3
 over the studied region will be displayed in the 

following sections.

5  Mechanisms for high net chemical 
production of  O3 in the UTLS

Tropospheric  O3 is mainly produced by the photolysis of 
precursors (e.g. CO, VOCs,  NOx), and destroyed by the pho-
tolysis of  O3 and reaction with  HOx (Seinfeld and Pandis 
2006). Thus, the concentrations of  O3 precursors, such as 
VOCs and  NOx, and the photolysis rates of  O3 and  NO2 
determine whether ozone produces or consumes in the tropo-
sphere. To further investigate the reasons of the enhance-
ment of NP

O
3
 in the UTLS over TP/SASM, we discuss the 

Fig. 2  Seasonal mean vertical distributions of NP
O

3
 (Tg  year−1) in 

MAM, JJA, SON, and DJF of 2008 averaged over the TP/SASM 
region
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dependence of  O3 production on the amount of precursors 
and the photolysis rates, respectively, in this section.

5.1  Dependence of  O3 production 
on the concentrations of precursors

Figure 4 shows the simulated horizontal distributions of 
NP

O
3
 and  O3 precursors  (NOx, VOCs, and CO) averaged 

over JJA of 2008 at 150, 200, and 300 hPa, respectively. 
At 300 hPa, the concentrations of  NOx (Fig. 4b), VOCs 
(Fig. 4c), and CO (Fig. 4d) show high values over South-
ern and Eastern Asia, consistent with sources from near-
surface pollution and biomass burning (Streets et al. 2003; 
Zhang et al. 2009). As the altitude increases, the coverage 
of the high value region develops, exhibiting a distinct high 
value area over the TP/SASM region at 150 and 200 hPa. 
At 150 hPa,  NOx, VOCs, and CO show broad high values 
of ~ 0.5, ~ 4.5, and ~ 110 ppbv, respectively, in the TP/
SASM region. Our simulations of  NOx and CO are in agree-
ment with those reported in Park et al. (2004a) and Li et al. 
(2005). The former examined UTLS  NOx distributions from 
a 5-year sample of a long-term integration using the Halo-
gen Occultation Experiment (HALOE) satellite observa-
tions and the Model for Ozone and Related Chemical Trac-
ers (MOZART), reporting that the  NOx showed relative 
maxima of 0.5–0.6 ppbv at 158 hPa in July over 60–120°E, 
10–40°N. The latter observed CO at 147 hPa in August and 
September 2004 using the MLS and MOPITT satellite, and 
the corresponding CO maximum over the TP/SASM region 
were ~ 130 and ~ 120 ppbv, respectively. Since observa-
tions of total VOCs over the studied region are limited, we 
compare our simulated  C2H6 (not shown) with observations 
reported in Park et al. (2008). Simulated  C2H6 show high 
values of 0.6–0.7 ppbv over the TP/SASM region at around 
15 km during summertime, the magnitude of which is con-
sistent with those observed in Park et al. (2008) during the 
Atmospheric Chemistry Experiment (ACE) in summer of 
2004–2006.

Figure 4a displays the distributions of NP
O

3
 averaged 

over JJA of 2008 at 150, 200, and 300 hPa, respectively. 
Compared to Fig. 4b–d, the distributions of NP

O
3
 are simi-

lar to those of  NOx (Fig. 4b), VOCs (Fig. 4c), and CO 
(Fig. 4d), exhibiting high values of more than 0.05, 0.08, 
0.10 Tg year−1 at 150, 200, and 300 hPa, respectively, over 
the TP/SASM region. The similarity between the distribu-
tions of NP

O
3
 in Fig. 4a and  O3 precursors in Fig. 4b–d can 

be quantified by the pattern correlation coefficient (PCC, 
http://gloss ary.amets oc.org/wiki/Patte rn_corre latio n). 
The PCCs between the distributions of NP

O
3
 and those of 

 NOx, VOCs, and CO over 60–120°E, 10–40°N (include 
TP/SASM defined in Sect. 1) at all the pressure levels are 
always above 0.9, indicating that the distribution of NP

O
3
 

highly agrees with those of  NOx, VOCs, and CO over the 
studied region in summer. Park et al. (2008) measured 
the relative age of air by examining the ratio of  C2H2/CO 
based on the measurements during the ACE mission in 
JJA of 2004–2006, suggesting relatively rapid transport of 
fresh emissions up to the UTLS over the TP/SASM region. 
Thus, as discussed in previous studies, the accumulation 
of CO (Kar et al. 2004; Li et al. 2005; Park et al. 2007), 
 NOx (Park et al. 2004a), and VOCs (Park et al. 2008) in 
the UTLS over the studied region due to the deep convec-
tion could be one important reason for the enhancement 
of NP

O
3
 in the UTLS over TP/SASM. The  O3 production 

rate is a function related with the ratio of VOCs and  NOx, 
and the VOCs/NOx ratio could be used to identify whether 
a region is a ‘NOx-limited’ or a ‘VOCs-limited’ region, 
so as to estimate different roles of  NOx and VOCs in the 
chemical production of  O3 (Sillman 1999, 2003). Accord-
ing to the model results, the calculated VOCs/NOx ratios in 
most tropospheric regions over TP/SASM are larger than 
10, which means that the studied region is a ‘NOx-limited’ 
region, and the production of  O3 might be more sensitive 
to  NOx concentrations.

Fig. 3  The seasonal mean distri-
butions of NP

O
3
 (Tg year−1) 

during JJA of 2008 from UCX. 
a The simulated horizontal dis-
tributions of NP

O
3
 at 100 hPa, 

and b the latitude–altitude 
cross-section of simulated NP

O
3
 

averaged over 70–105°E

http://glossary.ametsoc.org/wiki/Pattern_correlation
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5.2  Dependence of  O3 production on the photolysis 
rate

In addition to the concentrations of  O3 precursors, the pho-
tolysis rates of  O3 and  NO2 are also important in determining 
the values of NP

O
3
 . The photolysis rate of X could be defined 

as rX = JX × [X], where rX [mol/(cm3 s)] is the photolysis rate 
of X, [X] (mol/cm3) is the concentration of X, and JX  (s−1) is 
the photolysis rate consistent (J values) of X (Seinfeld and 
Pandis 2006). Thus, J values together with species concen-
trations could be used to examine the photolysis rates of the 
corresponding species.

The J values vary greatly throughout the atmosphere, 
depending on atmospheric conditions such as overhead 
columns  O2 and  O3, solar zenith angle, pressure, tempera-
ture, aerosols and even clouds and surface albedo. Figure 5a 
shows the zonal mean distributions of  NO2 J values ( J

NO
2
 ) 

averaged over 70–105°E during JJA of 2008 from the UCX 
model. High values of J

NO
2
 are located at 100–300 hPa over 

5–25°N with the range of 0.015–0.017 s−1. The distribu-
tions of the high J values might result from the intense solar 
radiation in the tropical region and relatively less overhead 
 O3 column over the TP/SASM region during summer of 
the North Hemisphere (NH). The locations of high J

NO
2
 in 

Fig. 5a indicate that the J
NO

2
 are relatively high over TP/

SASM, especially the SASM region (70–105°E, 10–25°N). 
According to HALOE observations in Park et al. (2004a) 
and our simulations,  NO2 concentrations also have high val-
ues in the UTLS over the TP/SASM region in summer as a 
result of the deep convection that transports  NOx-rich air 
upward from the lower troposphere. Since the photolysis 
rates of  NO2 is in proportion with  NO2 concentrations and 
J
NO

2
 , the photolysis rates of  NO2 could be high over the 

studied region and result in high chemical productions of 

Fig. 4  Simulated distributions of NP
O

3
 (a) and  O3 precursors (b–d) averaged over JJA of 2008 at 150, 200, and 300 hPa, respectively. The unit of 

NP
O

3
 and CO is Tg year−1 and ppbv, respectively, while the units of  NOx  (NOx = NO + NO2) and VOCs are pptv
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 O3. In addition, Fig. 5b shows the zonal mean distributions 
of  O3 J values ( J

O
3
 ) averaged over 70–105°E during JJA of 

2008 from the UCX model. J
O

3
 show similar distributions 

with J
NO

2
 over TP/SASM region, with high values located 

at 100–300 hPa in tropical and subtropical regions of NH. 
However, different from  NO2,  O3 concentrations show rela-
tively low values over the TP/SASM region, which might 
weaken the positive contribution of J

O
3
 to the photolysis of 

 O3 to some extent.
Except for the convective transport of  O3 precursors from 

lower troposphere and active photochemistry in the middle 
and upper troposphere, there are other reasons that might 
contribute to the enhancement of NP

O
3
 . The UTLS over the 

TP/SASM region has been proved to be mostly effected by 
air masses from lower troposphere since tropospheric traces 
(e.g. CO, HCN,  C2H6) exhibiting increased values (Park 
et al. 2008; Randel et al. 2010) while stratospheric tracers 
(e.g.  O3,  HNO3) exhibiting decreased values (Bian et al. 
2011; Gu et al. 2016). Despite that, there are frequent strat-
osphere–troposphere exchanges that might bring elevated 
 NOx from the stratosphere and then contribute to the pro-
duction of  O3 (Gettelman et al. 2011; Liang et al. 2011). In 
addition,  NOx released from intense lightning activities over 
the TP/SASM region during summertime could also enhance 
the formation of  O3 in the middle and upper troposphere. By 
analyzing the difference between simulations with and with-
out lightning using the ECHAM5-HAMMOZ model, Fad-
navis et al. (2015) indicated that the intense convections dur-
ing summertime over the Asian summer monsoon regions 
were associated with frequent lightning activities which 
thereby result in the formation of additional  NOx. However, 
sensitivity results of their study showed that the contribution 
of lightning to  NOx in the UTLS over the TP/SASM region 
was much lower than that of anthropogenic emissions. The 

aerosol layer over the studied region, as reported in previous 
studies (Gu et al. 2016), could also affect NP

O
3
 by hetero-

geneous reactions and altering photolysis rates. Lou et al. 
(2014) reported that the combined impacts of aerosols could 
lead to 8–24% reductions in  O3 concentrations in China, 
indicating that the presence of the aerosol layer could not 
result in the enhancement of NP

O
3
.

6  Conclusion

In this work, we simulate  O3 and its chemical production in 
the UTLS over the TP/SASM region during summertime 
in 2008, using the global chemical transport model GEOS-
Chem with the UCX mechanism driven by the assimilated 
meteorological fields.

The model’s ability to simulate UTLS  O3 is evaluated 
in all the seasons over the studied region. At 100 hPa, the 
distributions of simulated  O3 agree well with the MLS meas-
urements. Both simulated and observed  O3 concentrations 
show low  O3 values of less than 180 ppbv at 100 hPa over 
the TP/SASM region. The simulated seasonal mean  O3 con-
centrations over the TP/SASM region show NMBs of 11.8, 
10.0, 4.4, and 9.9%, respectively, in MAM, JJA, SON, DJF 
at 100 hPa, and the model biases lie within the confidence 
range of the MLS instruments.

The contributions of net chemical production and the 
vertical transport to  O3 during April to July are calculated 
in the selected horizontal grid box of 31°N, 90°E so as to 
make comparisons with model results in Liu et al. (2003). 
The effect of the chemical processes leads an increase in 
 O3, which is opposite to that of the transport process. At 
200 hPa, NP

O
3
 in the selected box is 0.0086 Tg during April 

to July, which is comparable to the net effect of transport 

Fig. 5  The latitude–altitude 
cross section of J values of a 
 NO2, b and  O3 averaged over 
70–105°E. The unit is  S−1, and 
all the data are averaged over 
JJA of 2008
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(− 0.0159 Tg) during the same period. NP
O

3
 values in UTLS 

over the TP/SASM region are the largest in summer. The 
location of high NP

O
3
 region is in accordance with that of 

low  O3 mixing ratios at 100 hPa, and is also consistent with 
the location of the Tibetan anticyclone and those of the per-
sistent maxima of other atmospheric constituents.

The enhancement of concentrations of  O3 precursors (e.g. 
 NOx, VOCs, and CO) and the active photochemical activi-
ties of  NO2 in the UTLS over the TP/SASM region during 
summertime could be important reasons for the enhance-
ment of NP

O
3
 over the studied region. At 300 hPa, the simu-

lated locations of high concentrations of  NOx, VOCs, and 
CO are consistent with sources from near-surface pollution 
and biomass burning. The coverage of the high value region 
develops as the altitude increases, exhibiting a distinct high 
value area over the TP/SASM region at 150 and 200 hPa. 
The distribution of NP

O
3
 highly agrees with that of  NOx, 

VOCs, and CO over the studied region, with PCCs larger 
than 0.9 at all the pressure levels over 60–120°E, 10–40°N. 
The results indicate that the accumulation of CO,  NOx, and 
VOCs could be one important reason for the enhancement 
of NP

O
3
 in the UTLS over TP/SASM in summer. In addi-

tion, both the concentrations and J values of  NO2 have high 
values in the UTLS over the TP/SASM region in summer, 
which lead to high photolysis rates of  NO2 over the studied 
region and then result in high chemical production of  O3.
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