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ABSTRACT

To better understand the relationship between lightning activity and nitrogen oxides (NOX) in the troposphere and to
estimate lightning-produced NOX (LNOX) production in China more precisely, spatial and temporal distributions of vertical
column densities of tropospheric nitrogen dioxide (NO2 VCDs) and lightning activity were analyzed using satellite measure-
ments. The results showed that the spatial distribution of lightning activity is greater in the east than in the west of China, as
with NO2 VCDs. However, the seasonal and annual variation between lightning and NO2 density show different trends in the
east and west. The central Tibetan Plateau is sparsely populated without modern industry, and NO2 VCDs across the plateau
are barely affected by anthropogenic sources. The plateau is an ideal area to study LNOX . By analyzing 15 years of satellite
data from that region, it was found that lightning density is in strong agreement with annual, spatial and seasonal variations of
NO2 VCDs, with a correlation coefficient of 0.79 from the linear fit. Combining Beirle’s method and the linear fit equation,
LNOX production in the Chinese interior was determined to be 0.07 (0.02–0.27) TgN yr−1 for 1997–2012, within the range
of 0.016–0.384 TgN yr−1 from previous estimates.
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1. Introduction
Nitrogen oxides (NOX = NO + NO2, where NO is nitric

oxide and NO2 is nitrogen dioxide), with maximum density
in the odd nitrogen family, are the most important trace gases
in tropospheric chemistry. Natural nitrogen (N) is continu-
ously cycled by many different processes (Xu et al., 2012).
Near the ground, NOX , with a very short atmospheric life-
time (several hours), mainly originates from anthropogenic
combustion (fossil fuel combustion and biomass burning) and
biogenic soil emissions. These sources primarily influence
the lower troposphere at local scale. The residence time of
NOX is increased in the upper troposphere (Levy et al., 1996).
Some significant tropospheric sources of NOX , such as light-
ning, stratospheric injection, ammonia oxidation and aircraft
exhaust, directly affect the global troposphere (Schumann et
al., 2000). However, the magnitudes of these sources are
smaller than those of surface sources. Minor sources, such as
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emissions from mid- and long-range aircraft and the strato-
spheric injection of NOX formed by photolysis of nitrous ox-
ide and nitric acid (HNO3), also strongly affect the photo-
chemistry of the upper troposphere (Huntrieser et al., 1998).

NOX is the most critical type of gases directly impact-
ing photochemical ozone (O3) and hydrocarbon production
in the troposphere. During the circulation of NOX , ozone
are produced in places where it is highly concentrated, and
carbon monoxide (CO), methane and other unstable organic
components accelerate this process (Crutzen, 1970). Photo-
chemical smog is also produced, which reduces visibility and
harms human health. NOX with lower density reduces ozone
production rates (Seinfeld and Pandis, 2016). By oxidiza-
tion of hydroxyl (OH), NOX can convert to HNO3, which,
together with sulfuric acid (H2SO4) generated by sulfur diox-
ide (SO2), directly contributes to rainwater acidity at regional
levels. As a consequence, NOX affects the density of tropo-
spheric O3 and OH and, therefore, partially control the level
of oxidants.

NOX is produced in the very hot lightning channel, owing
to oxygen (O2) and nitrogen (N2) dissociation (Zel’dovich
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and Raizer, 1967). When channels cool to 3000–4000 K, NO
is formed in the plasma and is “frozen in” during the sub-
sequent cooling. NO is converted to NO2 by reaction with
ambient O3 and photolyzed back to NO during daytime. An
equilibrium state is reached after about 100 s.

Although lightning-produced NOX (LNOX) accounts for
only 10%–20% of global NOX , lightning is responsible for
at least 50% of the initial NOX in the upper troposphere, and
only 20% of NOX originates from upward transport from the
ground (Seinfeld and Pandis, 2016). More than 70% of NOX
is from lightning in the tropopause, especially in tropical and
subtropical regions (Martin et al., 2002). In addition to con-
veying substantial NOX in the troposphere, LNOX affects the
generation of tropospheric O3. The production of O3 caused
by LNOX is six times greater than that of anthropogenic NOX
emissions (Wu et al., 2007). Therefore, the distribution and
change of LNOX is important in global climate change (Qie
et al., 2015). Moreover, lightning is sensitive to that change.
LNOX will increase 15% K−1 with a global temperature rise
of 1.5–5.8 K and, as a consequence, the increase of LNOX
will feedback to climatic cycles (Williams, 2005).

With the gradual realization of the importance of light-
ning to the global N cycle, estimating the production of
LNOX has become a focus in the study of lightning. Sev-
eral methods have been used to estimate NO production per
flash. The earliest estimates came from theoretical con-
siderations of the lightning energy dissipation rate and NO
yield per joule, based on in situ measurements. More re-
cently, estimates have come from laboratory spark measure-
ments. Some of these experiments were conducted to collect
NOX produced by sparks (Wang et al., 1998; Cooray et al.,
2009), and could assess the contribution from various light-
ning processes and parameters. Based on these, the global
production of LNOX can be extrapolated. Within such meth-
ods, in general, lightning parameters such as channel tem-
perature, peak current, atmospheric pressure, and channel
length are referred to as extrapolation parameters, and only
the return stroke is considered. Other lightning processes are
ignored.

Methods to estimate LNOX production in recent studies
have limitations. First, the peak current and energy of sparks
produced in the laboratory are less than those of a natural
lightning flash. Second, the environment inducing lightning

flashes is difficult to replicate in the laboratory. Third, pa-
rameters involved in theoretical estimation and their corre-
sponding values varied in the studies, resulting in great dif-
ferences. Consequently, estimates of the global production of
LNOX are still highly uncertain, covering a wide range (2–20
TgN yr−1) (Schumann and Huntrieser, 2007). Chinese stud-
ies have also produced a large range, from 0.016 to 0.384
TgN yr−1 (Zhou and Qie, 2002; Sun et al., 2004; Lin, 2012)
(Table 1).

Compared with theoretical calculations of global LNOX
production based on laboratory simulation and in situ obser-
vation, estimates based on satellite measurements, which can
provide several years of observation and global datasets, is a
comprehensive method for detecting atmospheric trace gases.
To avoid the other sources, Beirle et al. (2004) obtained a
relationship between lightning and NO2 VCDs (vertical col-
umn densities of tropospheric NO2) in the central Australian
desert, which has limited anthropogenic NOX emissions, us-
ing Global Ozone Monitoring (GOME) satellite data, and
then estimated a global LNOX production of 2.8 (chosen
from the range 0.8–14) TgN yr−1. Several previous stud-
ies (Boersma et al., 2005; Martin et al., 2007; Miyazaki et
al., 2014) have provided comprehensive constraints on esti-
mates of the global LNOX source by using satellite retrievals
of NO2 to constrain LNOX sources and global chemical trans-
port models. Boersma et al. (2005) presented a first attempt to
estimate the global LNOX production by comparing observed
NOX from the GOME satellite spectrometer with modeled
LNOX distributions simulated by the global chemical trans-
port model TM3 including two lightning parameterizations:
one based on convective precipitation, and one based on the
fifth power of the cloud top height. They estimated the global
LNOX production to be in the range 1.1–6.4 TgN in 1997.
Martin et al. (2007) used observations of trace gases from
the Scanning Imaging Absorption Spectrometer for Atmo-
spheric Chartography (SCIAMACHY), Ozone Monitoring
Instrument (OMI) and Microwave Limb Sounder, and Atmo-
spheric Chemistry Experiment Fourier Transform Spectrom-
eter satellite platforms to provide top-down constraints on the
production of NO by lightning. A global chemical transport
model (GEOS-Chem) was used to identify locations and time
periods in which lightning would be expected to dominate the
trace-gas observations. A global source of 6± 2 TgN yr−1

Table 1. Overview of recently published estimates of annual lightning NOX production in China. P denotes the estimated production of
LNOX .

Study
P

(units: TgN yr−1)
Range

(units: TgN yr−1) Location Method

Zhou and Qie (2002) 0.384 – China Extrapolation of CG flashes location data

Sun et al. (2004) 0.016 – China Extrapolation of satellite total lightning data

Lin (2012) 0.21 0.08–0.34 East China Regression-based multi-step inversion approach based on
NO2 VCDs retrieved from the OMI and GEOS-Chem
model

This study 0.07 0.02–0.27 China Extrapolation of satellite total lightning data
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from lightning in the model best represented the satellite ob-
servations. These approaches have the potential to reduce the
influence of model errors in, and thus improve the estimation
of, LNOX source estimation, by simultaneously optimizing
various aspects of the chemical system.

Lin (2012) presented a regression-based multi-step inver-
sion approach to separately estimate emissions of NOX from
anthropogenic, lightning and soil sources, for the year 2006
over East China, based on NO2 VCDs retrieved from the OMI
and GEOS-Chem model. The inversion estimate suggested
annual budgets of about 7.1 TgN (±39%), 0.21 TgN (±61%),
and 0.38 TgN (±65%) for the a posteriori anthropogenic,
lightning and soil emissions, respectively, which were about
18%–23% higher than the respective a priori values. Re-
cently, Miyazaki et al. (2014) estimated the global source
of LNOX by assimilating observations of NO2, O3, HNO3
and CO measured by multiple satellite measurements into a
chemical transport model. The annual global LNOX source
amount and NO production efficiency were estimated at 6.3
TgN yr−1.

In the present work, we examined 15 years (1997–2012)
of satellite lightning data and NO2 VCDs over China. We
found that the Tibetan Plateau is an ideal region to research
the correlation between these two variables. Thus, based on
their correlation over the Tibetan Plateau, we extrapolated
LNOX production to the whole of China.

2. Data

2.1. Lightning

The lightning data in this paper were selected from the
latest (version 2.3) Optical Transient Detection/Lightning
Imaging Sensor (OTD/LIS) gridded dataset from the Global
Hydrology Resource Center. There were five years of OTD
data (April 1995 through March 2000) and 14 years of LIS
data (January 1998 through February 2012). The full data pe-
riod was 17 years. The two detectors observe total lightning
flashes and do not distinguish cloud from ground discharges
(Cecil et al., 2014).

The OTD is carried aboard the MicroLab-1 satellite that
was launched in April 1995. The orbit is approximately cir-
cular. The altitude of MicroLab-1 is 740 km, with an inclina-
tion of 70◦ and observation window of 1300 km × 1300 km.
Its spatial resolution is 10 km and temporal resolution 2 ms.
The sensors use narrowband optical filtering to select an oxy-
gen triplet line generated by atmospheric lightning centered
at 777.4 nm. The OTD detection efficiency was ∼48% in
1996 (Boccippio et al., 2000). LIS is carried on the Tropical
Rainfall Measure Mission platform, launched in 1997. The
sensor detects and locates rapid changes in the brightness of
clouds as they are illuminated by lightning discharges, pro-
viding information on the time, location, radiation and dura-
tion of total lightning flashes. The latitude range was initially
±35◦, which increased to ±39◦ after the satellite was boosted
from 350 to 402 km altitude.

2.2. Tropospheric NO2 column
The study exploits information on VCDs of tropospheric

NO2 for all years between 1997 and 2012, retrieved from the
GOME, SCIAMACHY and the second generation of Global
Ozone Monitoring (GOME-2) measurements by KNMI (the
TM4NO2A product, version 2.3: monthly mean).

GOME is carried on the ERS-2 satellite, launched on 21
April 1995, with a sun-synchronous, near-polar orbit. It con-
sists of four spectrometers measuring radiation reflected by
Earth in the UV/visible spectral range (240–790 nm), with
a resolution of 0.2–0.4 nm. GOME measures the distribu-
tions of trace gases such as O3 and NO2. Through advanced
microwave remote sensing technology, GOME can acquire
images continuously, which is superior to traditional means.
Based on several years of GOME operation, GOME-2 has
been developed. It was installed aboard the METOP-A satel-
lite and launched in October 2006. GOME-2 has an improved
design. The compatibility of high radio frequency enhanced
the sensitivity of the microwave detection unit. The mini-
mum detectable signal was reduced to 70 dB. The polariza-
tion detection ability and correction technology were greatly
improved. SCIAMACHY was developed from GOME, and
can observe trace gases throughout the atmosphere via a de-
tection method of nadir, limb and occultation. It was carried
by an ENVISAT polar-orbiting satellite launched in March
2002 to an altitude of 800 km, with an inclination of 98◦.
The spatial resolution of SCIAMACHY is 60 km × 30 km,
and covers the globe in 6 days.

The monthly tropospheric NO2 column products used
herein are residuals from subtracting two large numbers (to-
tal slant column and stratospheric slant NO2 column) that are
both subject to noise. The products were then reanalyzed
and corrected by the TM3 chemical model, converting them
into gridded data (Boersma et al., 2004). There are already
many mature research results regarding the algorithm, re-
trieval method, ground validation, and error analysis of NO2
VCDs. We chose the period from February 1997 to February
2012. However, given the different observing instruments,
data from February 1997 through December 2003 were ob-
served by GOME, January 2004 through December 2006 by
SCIAMACHY, and January 2007 through February 2012 by
GOME-2. We calculated average data of the other 14 months
of January to fill in missing data of NO2 VCDs in January
1998.

The column amount of NO2 has been retrieved using the
Differential Optical Absorption Spectroscopy technique. If
a significant tropospheric slant column density is retrieved,
a meaningful estimate of the tropospheric vertical column
can be given with a precision of 35%–60%. These retrieval
uncertainties are associated with the computation of the tro-
pospheric air mass factor. The most important uncertain-
ties associated with the computation of the tropospheric air
mass factor are cloud fraction, surface albedo and profile
shape (Boersma et al., 2004). The transit time of GOME
and GOME-2 and SCIAMACHY is between 0930 and 1030
LST (local standard time). Richter et al. (2005) showed ex-
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cellent consistency among processed data from these three
platforms, using the same retrieval method.

3. Distribution of lightning flashes and tropo-
spheric NO2 columns

3.1. Lightning flashes
Figure 1 shows that the regional distributions of lightning

densities varied greatly over China. The most intense light-
ning activity was focused offshore, with moderately intense
activity over the central region and weak activity over west-
ern China. The average lightning density was 10.4 flashes
km−2 yr−1 in eastern China and less than 10.4 flashes km−2

yr−1 in the central region. The maximum density, along the
Yunnan–Guizhou Plateau to Guangzhou area, was 18.9–29.8
flashes km−2 yr−1. There was low lightning frequency (an
average of less than 1 flash km−2 yr−1) in western interior re-
gions such as the Xinjiang and Tibet borders, because they
are distant from the ocean and dominated by an arid climate.
Thus, they have little rain throughout the year and weak thun-
derstorm activity (Lin and Wu, 1981). Lightning activity on
the north and south sides of the Himalaya showed a great
difference. Compared with adjacent areas in the western re-
gion, lightning was more frequent, with a density of 6.2–
8.4 flashes km−2 yr−1 over the Tibetan Plateau. There was
a clear difference in lightning between land and sea in China.
Coastal areas, such as Guangxi, Guangdong, Fujian, Taiwan
and Hainan, were centers of high lightning density. Regional
differences were similar to Yuan and Qie (2004).

Figure 2 shows an obvious monthly variation of lightning.
Lightning flashes begin to increase after January, maximiz-
ing in July and August. There is a dramatic decrease from
September, with minima in November, December and Jan-
uary. The highest lightning frequency in China is in summer
(June through August), accounting for about 70% of total
lightning flashes. Spring (March through May) accounts for
∼20%, followed by autumn (September through November).
The minimum is in winter (December through February),

Fig. 1. Spatial distribution of annual average lightning density
in the region (16◦–56◦N, 71◦–136◦E) during February 1997 to
February 2012, based on 0.5 Degree High Resolution Full Cli-
matology (HRFC) data of OTD/LIS (units: flashes km−2 yr−1).

1 2 3 4 5 6 7 8 9 10 11 12
0

2

4

6

8

10

12

Li
gh

tn
in

g 
fre

qu
en

cy
 (1

06
 fl

as
he

s 
)

Month

Fig. 2. Monthly variation of average lightning flashes in China
during February 1997 to February 2012, based on 2.5 Degree
Low Resolution Full Climatology (LRFC) data of OTD/LIS.
Solid line is the fitting curve.

with a frequency smaller than that of summer by an order of
magnitude.

3.2. Tropospheric NO2 columns
Figure 3 shows that tropospheric NO2 VCDs were mainly

in three areas: North China and the Yangtze and Pearl
River deltas, which are densely populated areas with inten-
sive industry and agriculture (National Bureau of Statistics
of China, 2012). This indicates that human activities signif-
icantly affect tropospheric NO2 VCDs. Tropospheric NO2
density around the Tibetan Plateau is higher than surround-
ing areas. The plateau has little industrial production and is
sparsely populated (National Bureau of Statistics of China,
2012). As a consequence, its anthropogenic NOX emissions
are limited (Shi et al., 2014). However, its geographic lo-
cation and climate cause it to have greater thermal convec-
tion (Qian et al., 2001), so the contribution of LNOX to total
NOX is large. There is a high NO2 density around Ürümqi,
at the center of northern Xinjiang. Lightning activity is at
a minimum there (Fig. 1), but the area has a larger popula-
tion and more developed economy than those of surrounding
areas (National Bureau of Statistics of China, 2012). This
again shows that human activity has a significant effect on
tropospheric NO2.

Using the GEOS-Chem model, Lin (2012) also found that
anthropogenic emissions are the dominant sources of NOX
over the whole of China. Rapid economic development pro-
motes increases in industrial burning and vehicle exhaust,
especially in densely populated areas such as eastern China
where the composition of tropospheric NOX sources is more
complex. In contrast, anthropogenic emissions of NOX from
the Tibetan Plateau, with its lower industrial production, are
limited, and the major tropospheric NOX is natural in origin.

Two regions at the same latitude (30◦–38◦N) but variable
longitude (110◦–122◦E, 80◦–92◦E), representing the east-
ern and western parts of China, respectively, were selected
to analyze their monthly variations of tropospheric NO2
VCDs. As shown in Fig. 3, region a, (eastern China) mainly
includes Shandong, Anhui, Jiangsu, Henan and Hubei.
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Fig. 3. Distribution of average tropospheric NO2 VCDs in the
region (16◦–56◦N, 71◦–136◦E) during February 1997 to Febru-
ary 2012, based on GOME-1/2 and SCIMACHY data [Region
a: (30◦–38◦N, 110◦–124◦E); Region b: (30◦–38◦N, 80◦–94◦E);
units: 1014 molecules cm−2].

Region b (western China), mainly includes northwestern Ti-
bet, southern Xinjiang and western Qinghai.

The tropospheric NO2 VCDs present opposite trends with
season between the eastern and western areas (Fig. 4). The
maximum NO2 density was in winter and the minimum in
summer in eastern China, and the reverse in western China.
Tropospheric NO2 VCDs in the east were an order of mag-
nitude greater than those in the west during summer and
two orders of magnitude in winter. Although anthropogenic
emissions did not have clear seasonal variation, convection
is weak and unfavorable for atmospheric diffusion in winter,
so the emissions of NO2 persist for a long time in the tro-
posphere. Figures 2 and 4 show that the monthly variation
of tropospheric NO2 VCDs in eastern China was nearly op-
posite to the variation of lightning flashes across China, but
similar to lightning in western China.

3.3. Correlation between lightning and tropospheric NO2
columns in eastern and western China

Figure 5 shows that monthly variations of average light-
ning density over 15 years in the eastern and western regions
were consistent. Seasonal change showed low densities in
winter and high densities in summer. Overall, yearly peak
lightning frequency in the eastern region was several times
greater than that in the west. Among the 15 years, maximum
lightning frequency was during July 2006 in the east, and July
2002 in the west. Monthly variations of tropospheric NO2
VCDs revealed markedly different trends across the east and
west, similar to Fig. 4. This indicates that tropospheric NO2
VCDs in the east are strongly affected by human activities,
and the contribution from lightning is very slight. Moreover,
it suggests that the sparse population and low level of indus-
trial production in the west cause lightning to be the major
source of tropospheric NO2 there, although lightning flashes
were less frequent than in the east.

Zhang et al. (2007) studied the trend of tropospheric NO2
VCDs in China from 1997 to 2007. They also showed the

Fig. 4. Monthly variation of average tropospheric NO2 VCDs
in (a) eastern (30◦–38◦N, 110◦–124◦E) and (b) western (30◦–
38◦N, 80◦–94◦E) China during February 1997 to February
2012, based on GOME-1/2 and SCIMACHY data. Solid line
is the fitting curve.

maximum tropospheric NO2 density during winter in eastern
China, which was mainly attributed to anthropogenic emis-
sions. The maximum density was during summer in western
China, mainly produced by natural emissions.

The tropospheric NO2 VCDs generally had an increas-
ing trend (especially in recent years), with an average annual
growth rate of 4.5% in eastern China. Trends of lightning ac-
tivity and tropospheric NO2 VCDs were in strong agreement
in western China, and the latter were lower by one or two
orders of magnitude relative to eastern China. In the west,
the annual peak NO2 density was very stable, with no ob-
vious difference over the 15 years. Xiao et al. (2011) used
OMI satellite remote sensing data to study atmospheric NO2
in China. They indicated an increase of tropospheric NO2
VCDs in the Yangtze River Delta and other eastern regions.
However, over the Tibetan Plateau and in other western re-
gions, there was a stable interannual variability with the max-
imum frequently in summer.

Lightning and soil emissions have similar seasonality.
Yienger and Levy (1995) included soil emissions due to mi-
crobiological processes producing NOX naturally, as well as
those associated with the use of chemical fertilizers and ma-
nure. Soil emissions of NOX over China are of great interest
because of the extensive use of fertilizers (Lin, 2012). Region
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(a)

(b)

Fig. 5. Monthly variation of average lightning density and tropospheric NO2 VCDs in (a) eastern (30◦–38◦N,
110◦–124◦E) and (b) western (30◦–38◦N, 80◦–94◦E) China during February 1997 to February 2012, based on
LRFC data of OTD/LIS and GOME-1/2 and SCIMACHY data, respectively.

b mainly includes northwestern Tibet, western Qinghai and
southern Xinjiang. Northwestern Tibet and western Qinghai
are located in the plateau hinterland, controlled by a conti-
nental cold and dry climate. Tarim Basin, located in southern
Xinjiang, is very arid and controlled by a temperate desert
climate. Taklimakan Desert is inside the Tarim Basin. Re-
gion b is barren or sparsely vegetated, and mainly covered
with grassland and open shrubland, so fertilizers are not used
extensively. Vinken et al. (2014) also showed that Region b
selected in this paper features only small quantities of soil
emissions. In addition, interannual peaks of NO2 VCDs and
lightning match very well. So, it can be considered that soil
emissions in Region b are very limited compared with light-
ning emissions.

All these findings indicate that lightning-produced NO2
is the main source of tropospheric NO2 in western China,
and that tropospheric NOX is mainly produced by anthro-
pogenic emissions in the eastern region, although lightning
flashes there are more numerous than in the west.

The contribution of lightning to NOX is difficult to iden-
tify in areas with strongly anthropogenic NOX sources and

soil emissions. From the above discussion, we can conclude
that the sparsely populated Tibetan Plateau, with its minimal
industrial production, strong thermal convection and limited
use of fertilizers, is an ideal region to investigate the relation-
ship between lightning and tropospheric NOX .

4. Correlation between lightning and tropo-
spheric NO2 columns of the Tibetan Plateau

Figure 6 shows the seasonal variation of lightning and
NO2 VCDs from 15 years of satellite observation data. Over
this long period, the seasonal order of both maximum NO2
VCDs and lightning flashes was summer, spring, autumn, and
then winter. It can be seen that their summer variations were
highly consistent every year, with both maximizing in 2002
and minimizing in 1997. In other seasons, lightning flashes
seldom occurred, especially in winter, meaning other sources
such as soil emissions and long-range transport were prob-
ably significant, in spite of relatively low magnitudes. As a
consequence, the tendencies of NO2 VCDs were generally
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Fig. 6. Long-term seasonal trends of (a) lightning density and
(b) tropospheric NO2 VCDs across the central Tibetan Plateau
(26◦–37◦N, 78◦-100◦E) during 1997–2012, based on LRFC
data of OTD/LIS and GOME-1/2 and SCIMACHY data, re-
spectively.

consistent with lightning in spring, autumn and winter, but
the correlations were not as good as those in summer.

The above findings confirm that tropospheric NO2 VCDs
in the plateau region are barely influenced by human sources.
In addition, there is almost no lightning in winter, but NO2 is
greater than zero, with a small and stable average value. This
means that soil emissions and the photochemical release of
ice may be the principal natural sources aside from lightning
(Kang and Cong, 2006; Wang et al., 2011). Another possible
cause is the horizontal transport of NO2 over long distances
from other places in winter, because of the relatively long
chemical lifetime. The lifetime of NOX has a significant rela-
tionship with temperature, i.e., the lower the temperature, the
longer the lifetime. Zhang et al. (2007) studied the tendency
of tropospheric NO2 VCDs in China from 1997 to 2007.
They stated that, in eastern China during winter, lightning
was rare but the NO2 VCDs remained greater than 8× 1015

molecules cm−2 and had an average annual growth rate of
1.15× 1015 flashes km−2 yr−1; the contribution of lightning
to NO2 VCDs was very small. Consequently, eastern China

is not appropriate for LNOX research.
Figure 7 shows the linear-fit correlation between tropo-

spheric NO2 VCDs and lightning flashes summertime data
only for the 15 years over the central Tibetan Plateau. The
correlation coefficient reached 0.79. This confirms that the
plateau is an ideal region to research the relationship between
lightning and NOX . The resulting slope is 221.99. These
indicate the increase of tropospheric NO2 caused by light-
ning flashes, based on satellite measurements. The error is
25.71 (units: 1024 molecules flashes−1 d−1). The intercept
of regression is 1.44. This reflects the background NO2, at-
tributed mainly to sources other than lightning. The inter-
cepts in Fig. 7 are small compared to the range of values
found. This shows that the method is efficient in reducing the
influence of other sources, enhancing the significance of the
regressions.

5. Estimation of LNOX production in China
There have not been many studies of LNOX in China.

Zhou and Qie (2002) used observed lightning data at differ-
ent latitudes and longitudes combined with physics theory to
estimate LNOX production in China at 0.384 TgN yr−1. The
data covered only Guangdong, Gansu, Beijing and northeast-
ern China, so might have some limitations and specificity.
Based on OTD data and theoretical calculation, Sun et al.
(2004) attained 0.2 TgN yr−1 for the global average annual
production of lightning-produced N, and 0.016 TgN yr−1 for
China (7.8% of the global production). The aforementioned
LNOX estimates lack NOX observation data. Satellite plat-
forms can simultaneously and directly detect change of tropo-
spheric NO2 VCDs and lightning flashes, avoiding the com-
plexity of physical parameter selection in theoretical calcula-
tion and extrapolation.

Over the Tibetan Plateau, tropospheric NOX mainly orig-
inates from natural emissions, and NOX contributions to such

Fig. 7. Linear fit of monthly average lightning density and NO2
VCDs over the central Tibetan Plateau (26◦–37◦N, 78◦–100◦E)
during February 1997 to February 2012, based on LRFC data of
OTD/LIS and GOME-1/2 and SCIMACHY data, respectively.
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emissions other than from lightning are very slight. The pos-
itive correlation between tropospheric NO2 VCDs and light-
ning flashes is clear. Therefore, based on this correlation
for the Tibetan Plateau, estimation of nationwide LNOX pro-
duction in China can further reduce the influence of other
sources. Based on the method proposed by Beirle et al.
(2004), we made a rough estimate of LNOX production in
China.

First, the daily NOX emission amount was obtained via

Pday =
FVCDNO2

τ fNO2

, (1)

where F is a correction factor. Because tropospheric trace
gases depend on the vertical profile, surface albedo and cloud
cover, the retrieved NO2 VCDs must be corrected. The cor-
rection factor for NO2 in the boundary layer is generally ∼4,
but may be close to 1 in cloud-free deserts. Cloud cover over
the central Tibetan Plateau is less and the visibility of satellite
observations is high, so we selected 1.5 (1–2).

fNO2 is the ratio of NO2 to NOX in the troposphere:

fNO2 =
NO2

NOX
. (2)

fNO2 = 0.6 (0.4–0.8) in this paper, as per the result of the Pol-
lution from Aircraft Emissions in the North Atlantic Flight
Corridor 2 project (Ziereis et al., 2000). It was found that the
ratio increased with latitude at the top of the troposphere and
lower stratosphere, around 28◦–61◦N in the Northern Hemi-
sphere.

The lifetime τ of NO2 controls the accumulation of NO2
in the atmosphere, and NO2 VCDs are proportional to τ for a
constant source. For the Tibetan Plateau, we selected 4 (2–6)
days.

Thus, the daily NOX emission amount Pday is

Pday =
FVCDNO2

τ fNO2

=
1.5

(4×0.6)VCDNO2

≈ 0.63VCDNO2 . (3)

Considering the range of each parameter,

Pday = 0.63αVCDNO2 α ∈ (0.21,2.50) . (4)

According to Fig. 7, the slope k = 221.99±25.71, which in-
dicates that the increment of tropospheric NO2 VCDs result-
ing from lightning flashes is 22.20×1025 molecules(flashes−1

d). Combining with Eq. (3), we determine the produc-
tion of LNOX as 20.87 (4.66–55.5) ×1025 molecules (NOX)
flash−1, so the NOX production per flash is 3.25 (1.08–12.9)
kg flash−1. The latter is larger than the 1.4 kg flash−1 in
Beirle et al. (2004), possibly the result of regional differ-
ences. Studies have revealed more continental thunderstorms
with greater lightning peak current and energy in the North-
ern Hemisphere. In the Southern Hemisphere, there are more

maritime thunderstorms, and the individual lightning peak
current and energy is smaller than that in the Northern Hemi-
sphere (Sun et al., 2004). The individual lightning energy
is proportional to LNOX production, so that production per
flash on the Tibetan Plateau should be higher than the Aus-
tralian region. In addition, the correlation coefficient of light-
ning and NO2 VCDs in Beirle et al. (2004) was 0.76, but
in this work it is 0.79, with smaller difference. We used
OTD/LIS2.3 low-resolution lightning data, including total
lightning flashes without classification of lightning flash type,
to obtain an annual mean of 2.1× 107 lightning flashes over
inland China. This leads to an NOX production by lightning
of 0.07 (0.02–0.27) TgN yr−1 over China, which is within the
range of 0.016–0.384 TgN yr−1 from previous estimates (Ta-
ble 1). In this extrapolation method, the estimate is influenced
by the values of the correction factor CF, the ratio of NO2 to
NOX in the troposphere fNO2 , and the lifetime τ of NO2 in Eq.
(1). They all have an uncertainty range as discussed above,
so an uncertainty of one order of magnitude remains in the
LNOX estimate. The estimate is 0.07 TgN yr−1 when the CF,
fNO2 and τ are 1.5, 0.6 and 4, respectively. Meanwhile, the
minimum estimate is 0.02 TgN yr−1 when the three parame-
ters are 1, 0.8 and 6, respectively, and the maximum is 0.27
TgN yr−1 when they are 2, 0.4 and 2, respectively.

Zhou and Qie (2002) used a flash energy of 6.7× 109 J
that was proposed by Price and Rind (1994). However, Wang
et al. (1998) proved that this value is at the upper limit of
individual lightning energy, which may result in a larger esti-
mate of LNOX in China. The LNOX estimation of Zhou and
Qie (2002) is close to the upper limit of our estimation. The
estimate of Sun et al. (2004) is smaller than ours. In their the-
oretical calculation, they used a lightning energy per flash of
4.5× 107 J, which was observed by OTD. This value is very
small, and does not consider the influence of optical thickness
on light energy and the inversion of total lightning energy
from luminous energy. The estimated energy is smaller than
the lightning energy itself, which might reduce LNOX estima-
tion for China. Moreover, in the Sun et al. (2004) estimate,
there may be errors from the lack of direct observational data
of tropospheric NOX .

Wang et al. (2007) suggested that soil emissions over East
China amounted to 0.85 TgN yr−1 for 1997–2000. In bet-
ter agreement with estimates of Wang et al. (2007) for East
China, Jaeglé et al. (2005) found an annual budget of about
0.40 TgN for 2000, and Zhao and Wang (2009) suggested soil
emissions to be about 0.0883 TgN for July 2007. Lin (2012)
presented soil emissions to be about 0.38 TgN for the year
2006 over East China. The differences derive mainly from
the satellite products and methods used to separate anthro-
pogenic and natural sources of NOX in the individual studies.
According to Jaeglé et al. (2005) and Wang et al. (2007), soil
emissions may have been as large as 40%–50% of anthro-
pogenic emissions in summer for East Asia in 2000 and for
East China in 1997–2000, respectively, with significant im-
plications for the global biogeochemical cycling of N. As dis-
cussed in sections 3 and 4, soil emissions of NOX in Region
b are very limited compared with lightning emissions, and
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the intercepts of regressions in Fig. 7 reduce the influence of
other sources, enhancing the significance of the regressions.
We did not subtract soil emissions of NOX from the satel-
lite data in the current study. This would have resulted in a
slight overestimation of LNOX production over inland China.
However, it can be concluded that soil emissions account for
very little in the estimated LNOX . In future work, we should
consider identifying the soil and lightning emissions.

LNOX production is related to energy dissipation per
flash and air densities. Intracloud (IC) flashes account for
over half the lightning flashes. As a result, lightning channels
mainly distribute in the middle and upper troposphere. The
altitude of the central Tibetan Plateau is high, but LNOX pro-
duction occurs primarily in the middle and upper troposphere
with limited difference from other places. In addition, on the
one hand, the cloud-to-ground (CG) flash energy is large than
IC flashes (Price et al., 1997); while on the other hand, the ra-
tio of IC to CG decreases with latitude (Prentice and Macker-
ras, 1977). The lightning data from OTD/LIS comprise total
lightning flashes. The latitude of Region b belongs to cen-
tral China; therefore, the effects of the increased ratio of IC
to CG where the latitude is lower than Region b and the de-
creased ratio of IC to CG where the latitude is higher than
in Region b, offset one another over China. So, the extrap-
olation of LNOX from Tibet to the whole of China remains
stable to some extent.

It can also be seen from previous studies that lightning
activity over the Tibetan Plateau is different from other re-
gions in terms of its weak intensity (Qie et al., 2003) and
very high percentage of IC flashes occurring either within the
upper dipole or more frequently within the lower dipole (Qie
et al., 2005; Qie et al., 2009). This difference may result in a
smaller estimate based on the relationship between NOX pro-
duction and per flash on the Plateau, because the CG flash
energy is larger than that of IC flashes.

6. Conclusions
The primary goal of the present study was to analyze

the spatial and temporal distributions of lightning and tro-
pospheric NO2 VCDs, and estimate the production of tropo-
spheric NO2 in China. In this analysis, the seasonal vari-
ability of the tropospheric NO2 VCDs showed a large differ-
ence between the eastern and western regions. NO2 density
in the east was an order of magnitude larger than that in the
west during summer, and two orders of magnitude in winter.
In the east, the composition of tropospheric NO2 was very
complex, mainly composed of anthropogenic emissions; the
lightning contribution was very small. The monthly change
in tropospheric NO2 VCDs was nearly opposite to the ten-
dency of lightning flashes. In the western region, lightning
activity and tropospheric NO2 VCDs were strongly associ-
ated. Lightning was the main source of tropospheric NO2
there, although lightning flashes were less frequent than in
the eastern region. The effect of human activities was very
weak.

On the Tibetan Plateau, tropospheric NOX mainly comes
from natural emissions, and NOX contributions of such emis-
sions other than lightning are very slight. The plateau is an
ideal area to study the relationship between lightning and tro-
pospheric NO2 VCDs, because it eliminates the influence of
other sources. Based on the correlation between lightning
flashes and NO2 VCDs for the plateau, LNOX production in
China is estimated as 0.07 (0.02–0.27) TgN yr−1 for 1997–
2012, which is within the range of 0.016–0.384 TgN yr−1

from previous estimates.
Because of the lack of ground observation data, we still

cannot entirely eliminate the effects of other sources, al-
though they are individually very small. The monthly average
data used herein are effective for depicting the seasonal vari-
ation and interannual tendencies from a macroscopic point
of view, but they cannot be used to study individual thun-
derstorms because of the instantaneous nature of lightning.
Furthermore, the influence of atmospheric circulation may
change the density of NO2 in the troposphere, which affects
the correlation with lightning. In the future, it would be valu-
able to also use daily data for analyzing and comparing NOX
density before and after lightning occurrence in the tropo-
sphere. Additionally, atmospheric chemistry models should
be used to assess various NOX sources for improved estima-
tion. Finally, real-time observation should be used to validate
and improve estimation methods and enhance recognition of
the important role of lightning in climate change in China.
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