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Abstract. The formation of nitrogen oxides (NOx) asso-
ciated with lightning activities (hereinafter designated as
LNOx) is a major source of NOx . In fact, it is regarded as the
dominant NOx source in the middle to upper troposphere.
Therefore, improving the prediction accuracy of lightning
and LNOx in chemical climate models is crucially impor-
tant. This study implemented three new lightning schemes
with the CHASER (MIROC) global chemical transport and
climate model. The first lightning scheme is based on upward
cloud ice flux (ICEFLUX scheme). The second one (the orig-
inal ECMWF scheme), also adopted in the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) fore-
casting system, calculates lightning flash rates as a func-
tion of QR (a quantity intended to represent the charging
rate of collisions between graupel and other types of hy-
drometeors inside the charge separation region), convective
available potential energy (CAPE), and convective cloud-
base height. For the original ECMWF scheme, by tuning the
equations and adjustment factors for land and ocean, a new
lightning scheme called the ECMWF-McCAUL scheme was
also tested in CHASER. The ECMWF-McCAUL scheme
calculates lightning flash rates as a function of CAPE
and column precipitating ice. In the original version of
CHASER (MIROC), lightning is initially parameterized with
the widely used cloud-top height scheme (CTH scheme).
Model evaluations with lightning observations conducted us-
ing the Lightning Imaging Sensor (LIS) and Optical Tran-
sient Detector (OTD) indicate that both the ICEFLUX and
ECMWF schemes simulate the spatial distribution of light-
ning more accurately on a global scale than the CTH scheme
does. The ECMWF-McCAUL scheme showed the high-
est prediction accuracy for the global distribution of light-

ning. Evaluation by atmospheric tomography (ATom) air-
craft observations (NO) and tropospheric monitoring instru-
ment (TROPOMI) satellite observations (NO2) shows that
the newly implemented lightning schemes partially facili-
tated the reduction of model biases (NO and NO2), typi-
cally within the regions where LNOx is the major source of
NOx , when compared to using the CTH scheme. Although
the newly implemented lightning schemes have a minor ef-
fect on the tropospheric mean oxidation capacity compared
to the CTH scheme, they led to marked changes in oxidation
capacity in different regions of the troposphere. Historical
trend analyses of flash and surface temperatures predicted us-
ing CHASER (2001–2020) show that lightning schemes pre-
dicted increasing trends of lightning or no significant trends,
except for one case of the ICEFLUX scheme, which pre-
dicted a decreasing trend of lightning. The global lightning
rates of increase during 2001–2020 predicted by the CTH
scheme were 17.69 % ◦C−1 and 2.50 % ◦C−1, respectively,
with and without meteorological nudging. The un-nudged
runs also included the short-term surface warming but with-
out the application of meteorological nudging. Furthermore,
the ECMWF schemes predicted a larger increasing trend of
lightning flash rates under the short-term surface warming
by a factor of 4 (ECMWF-McCAUL scheme) and 5 (origi-
nal ECMWF scheme) compared to the CTH scheme without
nudging. In conclusion, the three new lightning schemes im-
proved global lightning prediction in the CHASER model.
However, further research is needed to assess the repro-
ducibility of trends of lightning over longer periods.
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1 Introduction

Nitric oxide (NO) can be formed during lightning activities.
Also, NO can be oxidized quickly to nitrogen dioxide (NO2).
An equilibrium between NO and NO2 can be reached dur-
ing daytime. Those gases are known collectively as NOx
(Finney et al., 2014). Actually, LNOx is estimated as con-
tributing approximately 10 % of the global NOx source. Re-
garded as the dominant NOx source in the middle to upper
troposphere (Schumann and Huntrieser, 2007; Finney et al.,
2016b), NOx is associated with many chemical reactions in
the atmosphere. Most importantly, NO reacts with the peroxy
radical to reproduce the OH radical. Photochemical dissocia-
tion of NO2 engenders the production of ozone (Isaksen and
Hov, 1987; Grewe, 2007). The primary oxidants in the atmo-
sphere, which are the OH radical and ozone, control the oxi-
dation capacity of the atmosphere. Results of several studies
have indicated that global-scale LNOx emissions are an im-
portant contributor to ozone and other trace gases, especially
in the upper troposphere (Labrador et al., 2005; Wild, 2007;
Liaskos et al., 2015). Consequently, LNOx influences atmo-
spheric chemistry and global climate to a considerable degree
(Schumann and Huntrieser, 2007; Murray, 2016; Finney et
al., 2016a; Tost, 2017). However, large uncertainties remain
in predicting lightning and LNOx in chemical climate models
(Tost et al., 2007). Therefore, improving lightning prediction
accuracy and quantifying LNOx in chemical climate models
is crucially important for future atmospheric research.

Global chemical climate models (CCMs) such as
CHASER (MIROC) (Sudo et al., 2002; Sudo and Akimoto,
2007; Watanabe et al., 2011) most often use the convec-
tive cloud-top height to parameterize the lightning flash rate
(Price and Rind, 1992; Lamarque et al., 2013). The Earth
system models (ESMs) recently used in the sixth Coupled
Model Intercomparison Project (CMIP6) all used the con-
vective cloud-top height to calculate the lightning flash rates
(Thornhill et al., 2021). Not only with global CCMs but also
studies of LNOx with regional-scale models have made sig-
nificant progress in recent years (Heath et al., 2016; Kang et
al., 2019a, b, 2020).

The spaceborne Lightning Imaging Sensor (LIS) and Op-
tical Transient Detector (OTD) lightning observation data
(Cecil et al., 2014) are often utilized to evaluate the per-
formance of different lightning schemes. A new lightning
scheme proposed by Finney et al. (2014), which is based on
upward cloud ice flux, has shown better spatial and tempo-
ral correlation coefficients as well as root mean square er-
rors (RMSEs) than the cloud-top height scheme compared
against the LIS/OTD lightning observations. Another light-
ning scheme also showed more accurate lightning prediction
than the cloud-top height scheme, which is also adopted in
the ECMWF forecasting system (Lopez, 2016). This light-
ning scheme uses QR (a quantity intended to represent the
charging rate of collisions between graupel and other types
of hydrometeors inside the charge separation region), con-

vective available potential energy (CAPE), and convective
cloud-base height to compute the lightning flash rate (Lopez,
2016). The two new lightning schemes (Finney et al., 2014;
Lopez, 2016) mentioned above have only been evaluated
in a few chemical transport and climate models. The new
lightning schemes are expected to be evaluated and com-
pared in more chemical transport and climate models, such
as CHASER. To achieve better prediction accuracy for light-
ning and better quantification of LNOx in chemical climate
models, comparing and optimizing the existing lightning
schemes and evaluating them with various observation data
are also important.

Lightning simulations are also fundamentally important
in chemical climate model studies for predictions of atmo-
spheric chemical fields and climate. Nevertheless, differ-
ent lightning schemes respond very differently on decadal
to multi-decadal timescales under global warming. Some
lightning schemes such as those using cloud-top height or
CAPE× precipitation rate as a proxy for calculating light-
ning indicate that lightning increases concomitantly with in-
creasing global average temperature. By contrast, other light-
ning schemes, such as those using convective mass flux or
upward cloud ice flux as a proxy for lightning, indicate that
lightning will decrease as the global average temperature in-
creases (Clark et al., 2017; Finney et al., 2018). Several stud-
ies (Price and Rind, 1994; Zeng et al., 2008; Jiang and Liao,
2013; Banerjee et al., 2014; Krause et al., 2014; Clark et al.,
2017) have found 5 %–16 % increases in lightning flashes per
degree of increase in global mean surface temperatures with
the lightning scheme based on cloud-top height. Over the
contiguous United States (CONUS), the CAPE× precipita-
tion rate proxy predicted a 12± 5 % increase in the CONUS
lightning flash rate per degree of global mean temperature
increase (Romps et al., 2014). Compared to the findings re-
ported by Romps et al. (2014), Finney et al. (2020) found
a relatively small response of lightning to climate change
(2 % K−1) over Africa using a cloud-ice-based parameteri-
zation for lightning. By contrast, Finney et al. (2018) found
a 15 % global mean lightning flash rate decrease with the
lightning scheme based on upward cloud ice flux in 2100 un-
der a strong global warming scenario. Furthermore, a 2.0 %
decrease in global mean lightning flashes per degree of in-
crease in the global mean surface temperature with the light-
ning scheme based on convective mass flux has been reported
by Clark et al. (2017). Although it remains unclear which
lightning scheme is best suited to predicting future light-
ning (Romps, 2019), comparing different lightning schemes
in different chemical climate models is valuable for consid-
eration of the sensitivity of lightning to global warming.

This study introduced three new lightning schemes into
CHASER (MIROC). The first lightning scheme (Finney et
al., 2014) is based on upward cloud ice flux. The second
one (Lopez, 2016), also adopted in the ECMWF forecast-
ing system, calculates lightning flash rates as a function of
QR (defined in Sect. 2.2), CAPE, and convective cloud-base
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height. In the case of the second lightning scheme, by tun-
ing the equations and adjustment factors based on a study
reported by McCaul et al. (2009), a new lightning scheme
called the ECMWF-McCAUL scheme was also tested for
CHASER (MIROC). The ECMWF-McCAUL scheme calcu-
lates lightning flash rates as a function of CAPE and column
precipitating ice. Our study conducted a detailed evaluation
of lightning and LNOx by LIS/OTD lightning observations,
NASA/ATom aircraft observations, and TROPOMI satellite
observations. The effects of different lightning schemes on
the atmospheric chemical fields were evaluated. Also, 20-
year (2001–2020) historical trend analyses of lightning den-
sities and LNOx emissions simulated by different lightning
schemes were conducted. Based on the results, the effects
of LNOx emissions during 2001–2020 on tropospheric NOx
and O3 column trends were estimated and discussed.

Research methods, including the model description and
experiment setup, are described in Sect. 2. In Sect. 3.1, the
evaluation of lightning schemes using LIS/OTD lightning ob-
servations is explained. In Sect. 3.2, LNOx emission simula-
tion by different lightning schemes is evaluated with aircraft
and satellite measurements. Section 3.3 presents a discussion
of the effects of different lightning schemes on the atmo-
spheric chemical fields. Historical trends of lightning sim-
ulated by different lightning schemes are analyzed and dis-
cussed in Sect. 3.4. Section 3.5 discusses how LNOx emis-
sion (2001–2020) trends influence the tropospheric NOx and
O3 column trends. Section 4 presents the discussion and con-
clusions of this study.

2 Method

2.1 Chemistry–climate model

The model used for this study is the CHASER (MIROC)
global chemical transport and climate model (Sudo et
al., 2002; Sudo and Akimoto, 2007; Watanabe et al.,
2011; Ha et al., 2021), which incorporates consideration
of detailed chemical and transport processes in the tro-
posphere and stratosphere. CHASER calculates the distri-
butions of 94 chemical species and reflects the effects of
269 chemical reactions (58 photolytic, 190 kinetic, 21 het-
erogeneous). Its tropospheric chemistry incorporates con-
sideration of non-methane hydrocarbon (NMHC) oxidation
and the fundamental chemical cycle of Ox–NOx–HOx–
CH4–CO. Its stratospheric chemistry simulates chlorine-
containing and bromine-containing compounds, chlorofluo-
rocarbons (CFCs), hydrofluorocarbons (HFCs), carbonyl sul-
fide (OCS), and N2O. Furthermore, it simulates the for-
mation of polar stratospheric clouds (PSCs) and heteroge-
neous reactions on their surfaces. CHASER is coupled to
the MIROC AGCM version 5.0 (Watanabe et al., 2011).
Grid-scale large-scale condensation and cumulus convection
(Arakawa–Schubert scheme) are used to simulate cloud and

precipitation processes. Aerosol chemistry is coupled with
the SPRINTARS aerosol model (Takemura et al., 2009),
which is also based on MIROC.

For this study, the horizontal resolution used is T42
(2.8◦× 2.8◦), with a vertical resolution of 36 σ–p hybrid lev-
els from the surface to approximately 50 km. The AGCM
meteorological fields (u, v, T ) simulated by MIROC were
nudged towards the 6-hourly NCEP FNL data (https://rda.
ucar.edu/datasets/ds083.2/, last access: 6 December 2021).
Anthropogenic precursor emissions such as NOx , CO, O3,
SO2, and volatile organic compounds (VOCs) were obtained
from the HTAP-II inventory for 2008 (https://edgar.jrc.ec.
europa.eu/dataset_htap_v2, last access: 6 December 2021),
with biomass burning emissions from MACC-GFAS (In-
ness et al., 2013). The monthly soil NOx emissions used in
CHASER (MIROC) are constant for each year and are de-
rived from Yienger and Levy (1995).

2.2 Lightning NOx emission scheme

The lightning flash rate in CHASER is originally parameter-
ized by cloud-top height (Price and Rind, 1992, 1993), with
a “C-shaped” NOx vertical profile adopted (Pickering et al.,
1998). The equations used to calculate the lightning flash rate
by cloud-top height are

Fl = 3.44× 10−5H 4.9, (1)

Fo = 6.2× 10−4H 1.73, (2)

where F represents the total flash frequency (fl.min−1), H
stands for the cloud-top height (km), and subscripts “l” and
“o” respectively denote the land and ocean (Price and Rind,
1992).

For this study, three new lightning schemes are imple-
mented into CHASER (MIROC). One is based on upward
cloud ice flux. It calculates the lightning flash rate by the fol-
lowing equations, as described by Finney et al. (2014).

fl = 6.58× 10−7φice (3)

fo = 9.08× 10−8φice (4)

Therein, fl and fo respectively represent the flash density
(fl. m−2 s−1) over land and ocean. Also, φice is the upward
cloud ice flux at 440 hPa (kgice m−2

cloud s−1) as calculated us-
ing

φice =
q ×8mass

c
, (5)

where q denotes the specific cloud ice water content at
440 hPa (kgice kg−1

air ), 8mass stands for the updraft mass flux
at 440 hPa (kgair m−2

cell s−1), and c represents the fractional
cloud cover at 440 hPa (m2

cloud m−2
cell). The 440 hPa pressure

level is chosen because it is a representative pressure level of
fluxes in deep convective clouds (Finney et al., 2014). More-
over, Romps (2019) has proposed an alternative approach to
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applying the ICEFLUX scheme by using the upward cloud
ice flux at 260 K isotherms instead of at 440 hPa isobars.
As suggested by Romps (2019), the isotherm alternative is
more appropriate for climate change simulations because the
charge separation zone will follow the isotherms instead of
the isobars with climate change. The 260 K isotherm is cho-
sen because it is close to the 440 hPa isobar based on a
present-day tropical sounding and it lies within the mixed-
phase regions of clouds (Romps, 2019). To distinguish the
two different approaches to applying the ICEFLUX scheme,
the isobar approach is abbreviated as ICEFLUX_P and the
isotherm alternative is abbreviated as ICEFLUX_T.

Another new lightning scheme, also adopted in the
ECMWF forecasting system, calculates lightning flash rates
as a function of the QR (defined in Eq. 8), CAPE, and con-
vective cloud-base height (Lopez, 2016) as

fT = αQR
√

CAPEmin(zbase,1800)2, (6)

where fT is the total lightning flash density (fl. m−2 s−1),
zbase is the convective cloud-base height in meters, and α
(fl. kg−1 m−3) is a constant obtained after calibration against
the LIS/OTD climatology, which is set to 1.11×10−15 in this
study. As explained by Lopez (2016), the number 1800 used
in Eq. (6) is a constraint to let the term zbase remain constant
after it exceeds 1800 m. Note that Eq. (6) is standardized on
base SI units. CAPE (m2 s−2) is diagnosed from the follow-
ing equation.

CAPE=

zw=0∫
zLFC

max

(
g
T u

v − Tv

Tv
,0

)
dz (7)

In that equation, g is the constant of gravity. Also, T u
v and

Tv respectively denote the virtual temperatures in the updraft
and the environment. The integral in Eq. (7) starts at the level
of free convection zLFC and stops at the level at which neg-
ative buoyancy is found (w = 0). Quantity QR (kg m−2) is
intended to represent the charging rate of collisions between
graupel and other types of hydrometeors inside the charge
separation region. It is empirically calculated as

QR =

z−25∫
z0

qgraup(qcond+ qsnow)ρdz, (8)

where z0 and z−25 signify the heights (m) of the 0 and
−25 ◦C isotherms, and qcond denotes the mass mixing ra-
tio of cumulus cloud liquid water (kg kg−1). The respec-
tive amounts of graupel (qgraup; kg kg−1) and snow (qsnow;
kg kg−1) are computed from the following equations for each

vertical level of the model.

qgraup = β
Pf

ρVgraup
(9)

qsnow = (1−β)
Pf

ρVsnow
(10)

In those equations, Pf denotes the vertical profile of the
frozen precipitation convective flux (kg m−2 s−1), ρ stands
for the environmental air density (kg m−3), and Vgraup and
Vsnow respectively express the typical fall speeds for graupel
and snow set to 3.0 and 0.5 m s−1. The dimensionless coef-
ficient β is set as 0.7 for land and 0.45 for ocean to account
for the observed lower graupel contents over oceans.

For the original ECMWF scheme, by tuning the calcu-
lation equations based on findings reported by McCaul et
al. (2009) and the adjustment factors for land and ocean,
the lightning prediction accuracy is improved further, as ex-
plained in Sect. 3.1. We named the new lightning scheme the
ECMWF-McCAUL scheme, and it simulates the lightning
flash rate by the following equations.

fl = αlQRaCAPE1.3 (11)

fo = αoQRaCAPE1.3 (12)

Therein, fl and fo respectively denote the total flash density
(fl. m−2 s−1) over land and ocean. Also, αl and αo are con-
stants (fl. s1.6 kg−1 m−2.6) obtained after calibration against
LIS/OTD climatology, respectively, for land and ocean. For
this study, αl and αo are respectively set to 2.67× 10−16 and
1.68× 10−17. Then CAPE is computed in the same way as
the original ECMWF scheme. In addition, QRa (kg m−2) is
a proxy for the charging rate resulting from the collisions
between graupel and hydrometeors of other types inside the
charge separation region (from 0 to −25 ◦C isotherm), as re-
ported by McCaul et al. (2009). Also, QRa represents the to-
tal volumetric amount of precipitating ice in the charge sep-
aration region, calculated as

QRa =

z−25∫
z0

(qgraup+ qsnow+ qice)ρdz, (13)

where qgraup, qsnow, and qice respectively represent the mass
mixing ratios (kg kg−1) of graupel, snow, and cloud ice. In
this study, qgraup and qsnow were respectively computed by
Eqs. (9) and (10). For the ECMWF-McCAUL scheme, Vgraup
and Vsnow are respectively set to 3.1 and 0.5 m s−1. Then qice
was diagnosed using the Arakawa–Schubert cumulus param-
eterization.

Table 1 presents all the lightning schemes examined for
this study. As described in this paper, the original ECMWF
scheme and the ECMWF-McCAUL scheme are collectively
designated as ECMWF schemes. Based on recent studies, the
intra-cloud (IC) lightning flashes are as efficient as the cloud-
to-ground (CG) lightning flashes in NOx generation, and the
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Table 1. Basic information on all lightning schemes assessed for this study.

Abbreviation Parameter Remark

CTH (Price and Rind, 1994) Cloud-top height Originally used in CHASER (MIROC)

ICEFLUX (Finney et al., 2014) Upward cloud ice flux at 440 hPa iso-
bar (ICEFLUX_P) or at 260 K isotherm
(ICEFLUX_T)

The 440 hPa level is used as a pressure level representa-
tive of fluxes in deep convective clouds

ECMWF-original (Lopez, 2016) – QR (described in Eq. 8)

– CAPE

– Convective cloud-base height

Also adopted in the ECMWF forecasting system

ECMWF-McCAUL – Column precipitating ice

– CAPE

Equations and adjustment factors are modified from the
original ECMWF scheme; equations are modified based
on findings reported by McCaul (McCaul et al., 2009)

lightning NOx production efficiency (LNOx PE) is reported
to be 100–400 mol per flash (Ridley et al., 2005; Cooray et
al., 2009; Ott et al., 2010; Allen et al., 2019). Therefore, the
LNOx PE values of IC and CG used in CHASER are set to
the same value (250 mol per flash), which is the median of
the commonly cited range of 100–400 mol per flash.

A fourth-order polynomial is used to calculate the propor-
tion of total flashes that are cloud-to-ground (p) based on the
cold cloud depth, as described in an earlier report (Price and
Rind, 1993).

p =
1

64.09− 36.54D+ 7.493D2− 0.648D3+ 0.021D4 . (14)

In that equation, D represents the depth of cloud above the
0 ◦C isotherms in kilometers.

2.3 Observation data for model evaluation

2.3.1 Lightning observations

The LIS/OTD gridded climatology datasets are used for this
study, consisting of climatologies of total lightning flash
rates observed using the Lightning Imaging Sensor (LIS) and
spaceborne Optical Transient Detector (OTD): OTD aboard
the MicroLab-1 satellite and LIS aboard the Tropical Rain-
fall Measuring Mission (TRMM) satellite (Cecil et al., 2014).
Both sensors detect lightning by monitoring pulses of illumi-
nation produced by lightning in the 777.4 nm atomic oxy-
gen multiplet above background levels. Both sensors, in low
Earth orbit, view an Earth location for about 3 min as OTD
passes overhead or for 1.5 min as LIS passes overhead. Ac-
tually, OTD and LIS circle the globe 14 times a day and
16 times a day, respectively. OTD collected data between
+75 and−75◦ latitude from May 1995 through March 2000,
whereas LIS observed between +38 and −38◦ latitude from
January 1998 through April 2015. The product used through-
out this paper is the LIS/OTD 2.5◦ Low Resolution Time
Series (LRTS). The LRTS includes the daily lightning flash

rate on a 2.5◦ regular latitude–longitude grid from May 1995
through April 2015.

2.3.2 Atmospheric tomography (ATom) aircraft
observations

To evaluate the LNOx emissions calculated by different light-
ning schemes, we used NO observations by the atmospheric
tomography (ATom) aircraft missions (Wofsy et al., 2018).
By deploying an extensive gas and aerosol payload on the
NASA DC-8 aircraft, ATom is designed to sample the atmo-
sphere systematically on a global scale, performing contin-
uous profiling from 0.2 to 12 km of altitude. Flights took
place in each of the four seasons of 2016 through 2018.
Since most of the lightning occurs over land regions during
summer, ATom1 (July–August 2016) and ATom2 (January–
February 2017) were used to evaluate LNOx emissions (cor-
responding to summer in the Northern and Southern Hemi-
sphere, respectively). Both ATom1 and ATom2 originate
from the Armstrong Flight Research Center in Palmdale,
California, USA, fly north to the western Arctic, south to the
South Pacific, east to the Atlantic, north to Greenland, and
return to California across central North America. Figure 1
exhibits the respective flight tracks of ATom1 and ATom2. To
evaluate the model-simulated NO against the ATom observa-
tions, we have sampled the specific flight track and timings
from the modeled data.

2.3.3 TROPOMI satellite observations

The Tropospheric Monitoring Instrument (TROPOMI) is the
payload aboard the Sentinel-5 Precursor (S5P) satellite of
the European Space Agency (ESA), which was launched in
October 2017. TROPOMI has been providing observations
of important atmospheric pollutants (NO2, O3, CO, CH4,
SO2, CH2O) with an unprecedented horizontal resolution of
approximately 7× 3.5 km2 since August 2017 (changed to
5.5× 3.5 km2 after August 2019) (Verhoelst et al., 2021).
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Figure 1. ATom1 and ATom2 flight tracks.

The data used in this study are the TROPOMI level-2 of-
fline (OFFL) tropospheric NO2 columns in 2019. The prod-
uct version is 1.0.0 from 1 January to 20 March 2019 up-
dated to 1.1.0 from 21 March to 31 December 2019. For the
direct comparisons between TROPOMI level-2 products and
CHASER results, the following procedures were conducted
to pre-process the TROPOMI data and CHASER modeled
fields.

1. The TROPOMI retrievals with quality assurance (QA)
values larger than or equal to 0.75 were selected.

2. Horizontally, the TROPOMI data (tropospheric NO2
columns, temperatures, pressures, averaging kernels)
were interpolated to the CHASER 2.8◦× 2.8◦ grid.

3. The modeled results were sampled based on the
TROPOMI overpass time. The CHASER tropospheric
NO2 columns were calculated by using the sampled
modeled results, the averaging kernels retrieved from
the TROPOMI retrievals, and the temperature and pres-
sure profiles provided by TROPOMI retrievals. The
averaging kernels are applied to each layer of the
CHASER outputs following the Eq. (16).

4. The pre-processed data described above were used to
produce the monthly averaged data.

2.3.4 OMI satellite observations

The Ozone Monitoring Instrument (OMI) is a key instru-
ment aboard NASA’s Aura satellite for measuring criteria
pollutants such as O3, NO2, SO2, and aerosols. OMI has
been providing observations with spatial resolution varying
from 13 km× 25 km to 26 km× 128 km since October 2004
(Goldberg et al., 2019). The NO2 product used in this study
is the level-3 daily global gridded (0.25◦× 0.25◦) nitrogen
dioxide product (OMNO2d) (Krotkov et al., 2019). The O3
product used in this study is the monthly mean tropospheric
column O3 product developed from OMI in combination
with the Aura Microwave Limb Sounder (MLS) with the de-
tailed method described by Ziemke et al. (2006).

2.4 Experiment setup

For this study, all the introduced lightning schemes were im-
plemented into CHASER (MIROC). Six sets of experiments
were conducted for this study, and the detailed settings of all
experiments are presented in Table 2. For each set of exper-
iments, the same initial conditions and chemical emissions
were used except for LNOx emissions. The set of experi-
ments that applied meteorological nudging also has the same
meteorological conditions. The monthly varying soil NOx
emissions used are constant each year for all experiments de-
rived from Yienger and Levy (1995). All experiments used
the “backward C-shaped” LNOx vertical profile (Ott et al.,
2010). The LNOx PE values of IC and CG used in all exper-
iments are set to the same value (250 mol per flash), which is
based on the recent literature (Ridley et al., 2005; Cooray et
al., 2009; Ott et al., 2010; Allen et al., 2019). It is notewor-
thy that there are still large uncertainties in determining the
LNOx PE values (Allen et al., 2019; Bucsela et al., 2019),
and the choice of different LNOx PE values may influence
the simulated LNOx emissions and chemical fields. A more
sophisticated parameterization of LNOx PE values needs to
be implemented and verified in chemistry–climate models in
future research.

The first set of experiments was conducted for the years
2001–2020. It was used to evaluate the distribution of the
lightning flash rate against LIS/OTD lightning observations
and to derive the historical lightning trend. The second set
of experiments is the same as the first set of experiments
but uses daily mean LNOx emission rates of 2001 calcu-
lated using lightning schemes for each year. This set of ex-
periments is used to produce results for comparison with
those of the first set of experiments to estimate the effects
of LNOx emission trends on tropospheric NOx and O3 col-
umn trends. The third set of experiments gives results for
2011–2020. These experiments are used to estimate the ef-
fects of different lightning schemes on atmospheric chem-
ical fields. To normalize the different annual LNOx emis-
sion amounts by different lightning schemes, temporally and
spatially uniform adjustment factors were applied to adjust
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the mean LNOx production (2011–2020) to 5.0 Tg N yr−1.
Note that the 10-year (2011–2020) mean LNOx production
was adjusted to 5.0 Tg N yr−1, but the LNOx production in
each year is not exactly 5.0 Tg N yr−1. This adjustment was
achieved by first conducting the simulations without any ad-
justment; the 2011–2020 mean LNOx production (PLNOx )
was calculated, and then the corresponding adjustment factor
(adj_factor) can be calculated by using the following equa-
tion.

adj_factor=
5.0
PLNOx

(15)

Similarly, we also adjusted the LNOx emissions in the fourth
to the sixth sets of experiments to 5.0 Tg N yr−1. The fourth
set of experiments is for 2016, with the fifth set for 2017.
These two sets of experiments were conducted to compare
model results with ATom1 and ATom2 aircraft observations.
The sixth set of experiments is for 2019. It is conducted to
evaluate model results using TROPOMI satellite observa-
tions.

3 Results and discussion

3.1 Evaluation of the lightning schemes

As investigated by Finney et al. (2014), 5-year data are nec-
essary and appropriate to produce a lightning climatology.
Therefore, model results with nudging (2007–2011) were
evaluated against the climatological lightning distributions of
LIS (2007–2011) within ±38◦ latitude and LIS/OTD (1996–
2000) within a broader range of±75◦ latitude. We have eval-
uated the potential uncertainties associated with the inconsis-
tency of the time period of simulated lightning and observed
lightning (2007–2011 and 1996–2000). The statistical anal-
ysis between LIS (2007–2011) and LIS/OTD (1996–2000)
within ±38◦ latitude exhibits an extremely high spatial cor-
relation coefficient (R = 0.99) and relatively small relative
bias (0.65 %), which supports the reasonability of comparing
model results with the observation data within different time
ranges.

The distribution of lightning observed by LIS/OTD and
simulated by CHASER (MIROC) with different lightning
schemes is depicted in Fig. 2. Figure 2 shows that light-
ning over the ocean is not well reproduced by the original
CTH scheme. Actually, it is improved considerably by the
new lightning schemes. Compared with the CTH scheme,
the original ECMWF scheme better represents the light-
ning distribution in South Asia including the Indian region.
The ECMWF schemes and the ICEFLUX_P scheme reduced
negative biases in North America compared to the CTH
scheme. In Australia, the ECMWF schemes better simulate
the horizontal distribution of lightning. All lightning schemes
failed to capture the worldwide maximum value found over
the Congo Basin, although all lightning schemes captured the
active region in central Africa.

To directly estimate the prediction accuracy of all light-
ning schemes, the Taylor diagrams are displayed in Fig. 3.
In Fig. 3a, the overall prediction accuracy of the ICE-
FLUX_P and original ECMWF schemes evaluated against
the LIS 2007–2011 lightning climatology is slightly im-
proved compared to the CTH scheme. This improvement is
more obvious when considering land and ocean separately
(Fig. 3b and c). In the case of Fig. 3a–c, the ECMWF-
McCAUL scheme has shown the best prediction accuracy
among all lightning schemes. In Fig. 3d, comparison of the
annual mean lightning flash rate of LIS/OTD 1996–2000
and the CHASER calculation for 2007–2011 yields spa-
tial correlation coefficients of 0.80 and 0.79 for the ICE-
FLUX_P and original ECMWF schemes, respectively, which
are slightly higher than that found for the CTH scheme
(0.78). The overall RMSE of the ICEFLUX_P scheme is
3.32 fl. km−2 yr−1, which is slightly less than that of the
CTH scheme of 3.44 fl. km−2 yr−1. Among all lightning
schemes, the ECMWF-McCAUL scheme exhibits the high-
est spatial correlation coefficient (0.83) and the lowest RMSE
(3.20 fl. km−2 yr−1) as depicted in Fig. 3d. As displayed in
Fig. 2, the prediction accuracy of lightning over the ocean is
significantly improved, which can also be verified in Fig. 3f.

To estimate whether the improvement of prediction accu-
racy discussed in Fig. 3 is significant, a significance test is
conducted by considering the uncertainties in the LIS/OTD
observations. Based on the uncertainties in the LIS/OTD
observations, the probability density distributions (PDDs)
of spatial correlation coefficients (R) and RMSE between
the model and observations are derived by using a Monte
Carlo method and displayed in Fig. 4. The uncertainties in
the LIS/OTD observations are determined based on the un-
certainties of the instrument bulk flash detection efficiency
of LIS (88± 9 %) and OTD (54± 8 %) (Boccippio et al.,
2002). The R and RMSE shown in Fig. 4 are all nor-
mally distributed, which is determined by the Kolmogorov–
Smirnov test. Based on the probability density functions of
R and RMSE derived from Fig. 4, the order of R between
the model and observations is estimated to be ECMWF-
McCAUL> ICEFLUX_P>ECMWF-original >CTH with
a confidence limit larger than 99.9 %. Moreover, the order of
RMSE between the model and observations is estimated to
be ECMWF-McCAUL < ICEFLUX_P <ECMWF-original
and CTH with a confidence limit larger than 95 %. According
to the significance test described above, we can conclude that
the newly implemented lightning schemes have improved the
lightning prediction accuracy compared to the original CTH
scheme.

Figure 5 displays a comparison of seasonal and annual
meridional average lightning flash densities from simulations
(2007–2011) and LIS satellite observations (2007–2011). As
Fig. 5 shows, the pairs of curves are usually in good agree-
ment, even though the annual plot (Fig. 5e) highlights the un-
derestimation which occurs for Africa (from 0 to 30◦ E) and
North America (from 80 to 120◦W). The ECMWF schemes
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Table 2. All experiments in this study.

Number 1st 2nd 3rd 4th 5th 6th

Period 2001–2020 2001–2020 2001–2020 2001–2020 2011–2020 2016 2017 2019

Nudging On Offa On Off On On On On
LNOx emissions Interactively Interactively Fixed to 2001 Fixed to 2001 Interactively Interactively Interactively Interactively

calculatedb calculated calculated calculated calculated calculated
Adjusted to 5.0 Tg N yr−1 No No No No Yes Yes Yes Yes
Climatec 2001–2020 2001–2020 2001–2020 2001–2020 2011–2020 2016 2017 2019

(RCP4.5) (RCP4.5) (RCP4.5) (RCP4.5) (RCP4.5) (RCP4.5) (RCP4.5) (RCP4.5)
Anthropogenic emissions HTAP-II (2008) for all years
Soil NOx emissions Monthly varying values but constant for each year derived from Yienger and Levy (1995)
Biomass burning emissions MACC MACC MACC MACC MACC MACC MACC MACC

(2001–2020) (2001–2020) (2001–2020) (2001–2020) (2011–2020) (2016) (2017) (2019)
a Nudging off means the meteorological fields (u, v, T ) are free-running instead of nudging towards the NCEP FNL data. b LNOx is interactively calculated by using different lightning schemes. c The climate
change is simulated by prescribed sea surface temperature (SST) and sea ice fields as well as prescribed varying concentrations of GHGs (CO2, N2O, methane, chlorofluorocarbons – CFCs, and
hydrochlorofluorocarbons – HCFCs) utilized only in the radiation scheme. The SST and sea ice fields are obtained from the HadISST dataset (Rayner et al., 2003).

Figure 2. Annual mean lightning flash densities from (a) LIS satellite observations spanning 2007–2011, (b) LIS/OTD satellite observations
spanning 1996–2000 but with a wider range, (c) the CTH scheme in 2007–2011, (d) the ICEFLUX_P scheme in 2007–2011, (e) the ECMWF-
McCAUL scheme in 2007–2011, and (f) the original ECMWF scheme in 2007–2011.
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Figure 3. Taylor diagram showing the prediction accuracy of various lightning schemes in 2007–2011 simulations compared to the LIS
2007–2011 lightning climatology (a–c) and the LIS/OTD 1996–2000 lightning climatology (d–f).

have made improvements within Africa. Also, the ICE-
FLUX_P and the original ECMWF schemes have slightly
reduced the biases over North America. A noticeable under-
estimation over the Americas in JJA and overestimation in
MAM can be respectively observed in Fig. 5c and b. Light-
ning densities over Africa are generally underestimated to
varying degrees in different seasons, with the greatest un-
derestimation occurring in JJA (Fig. 5c). Lightning densities
over Asia (from 60 to 120◦ E) are slightly underestimated in
MAM (Fig. 5b). The ICEFLUX_P scheme has reduced the
biases.

Figure 6 is the same as Fig. 5, but for the zonal mean distri-
butions. The curves of the model results and the observation
results in Fig. 6 generally show good agreement. Figure 6f
shows that, overall, the ICEFLUX_P and the ECMWF-
McCAUL schemes slightly overestimated the lightning den-
sities near the Equator (10◦ S–10◦ N). All lightning schemes
underestimated the lightning densities within 15–38◦ N and
20–38◦ S. Figure 6f also shows that the ICEFLUX_P scheme
has reduced the biases within 10–38◦ N and 15–38◦ S com-
pared to the CTH scheme. In DJF (Fig. 6a), all lightning
schemes overestimated the flash densities over the low-
latitude regions but slightly underestimated the flash densi-

ties over the middle-latitude regions in the Southern Hemi-
sphere. In MAM (Fig. 6b), lightning densities are overesti-
mated near the Equator and underestimated over 15–38◦ N
and 15–38◦ S by all lightning schemes to varying degrees.
In JJA (Fig. 6c), noticeable overestimation around 10◦ N
by the original ECMWF scheme is apparent. Moreover, the
CTH and the original ECMWF schemes respectively facili-
tated reduction of model biases over 15–38◦ S and 15–38◦ N.
As Fig. 6d shows, the model-predicted lightning maximum
value is shifted approximately 15◦ to the north in SON com-
pared to the lightning observations. Figure 6d also shows that
all lightning schemes underestimated the lightning densities
over 15–38◦ N and 0–38◦ S. The ICEFLUX_P scheme has
shown improvement over these regions.

3.2 Evaluation of LNOx emissions

3.2.1 Evaluation of LNOx emissions by ATom1 and
ATom2 observations

To evaluate the LNOx emissions of different lightning
schemes, we used ATom1 and ATom2 aircraft measurements
(NO) for comparison against model results. All lightning
schemes, when implemented in CHASER, produce flash
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Figure 4. The probability density distributions (PDDs) of spatial correlation coefficients (R) and RMSE between the model and LIS/OTD
lightning observations. Panels (a) and (b) show the PDDs obtained between LIS lightning climatology (2007–2011) and the model outputs
(2007–2011) within ±38◦ latitude. Panels (c) and (d) show the PDDs obtained between LIS/OTD lightning climatology (1996–2000) and
the model results (2007–2011) within ±75◦ latitude.

rates corresponding to global annual LNOx emissions within
the range estimated by Schumann and Huntrieser (2007)
of 2–8 Tg N yr−1. To eliminate differences in annual total
LNOx emissions by different lightning schemes, we chose to
adjust the annual LNOx emissions of all lightning schemes
to 5.0 Tg N yr−1 by applying adjustment factors. The “back-
ward C-shaped” LNOx vertical profile is applied to all light-
ning schemes.

Table 3 presents model biases of different lightning
schemes against the ATom1 and ATom2 observations. Fig-
ure 7 displays the vertical profile of biases divided by the
ATom observations in percentage terms. In Table 3 and
Fig. 7, case ZERO is the case with the lightning flash, with
LNOx emissions completely switched off. Comparisons be-
tween model results and ATom observations were conducted
within two specific regions (South America region and west-
ern Pacific region) in which LNOx is the major source of
NOx (Fig. 8). As Table 3 and Fig. 7 show, the model gen-
erally tends to underestimate the NO concentrations. The
model biases are reduced considerably by including lightning
NOx sources. For ATom1, overall, the ICEFLUX_P scheme
has the smallest model bias. The original ECMWF scheme
also reduced the model biases compared to the CTH scheme
(Table 3). The ICEFLUX_P and the ECMWF-McCAUL
schemes reduced the model biases substantially within 0–
30◦ N latitude where the lightning activities are most domi-
nant during the ATom1 observation period (29 July to 23 Au-

gust 2016). In the range of 30◦ S to 80◦ N in ATom1, over-
all the ICEFLUX_P scheme reduced the model biases con-
siderably and the ECMWF schemes slightly reduced or ex-
tended the model biases compared to the CTH scheme (Ta-
ble 3, Fig. 7b–e). However, in the range of 30–80◦ S, the
model biases were extended by the ICEFLUX_P and the
ECMWF schemes compared to the CTH scheme (Table 3,
Fig. 7f and g).

For ATom2, overall, the ECMWF schemes slightly re-
duced the model biases over the upper troposphere compared
to the CTH scheme (Fig. 7j). During the ATom2 observation
period (26 January to 21 February 2017), the lightning activ-
ities are most dominant within the range of 0–30◦ S, where
the model biases were reduced significantly by newly imple-
mented lightning schemes. A hotspot of lightning activities
during the ATom2 observation period is the South America
region, where the model biases were reduced dramatically
by the ECMWF schemes. The model biases were mostly re-
duced by the newly implemented lightning schemes within
the low-latitude and middle-latitude regions but slightly ex-
tended within the high-latitude regions. The model biases
were mostly reduced or extended over the middle to upper
troposphere (Fig. 7). This is true because most LNOx was
distributed over the middle to upper troposphere. Also, NOx
has a longer lifetime over the middle to upper troposphere.
In the western Pacific region, results obtained from com-
parisons with ATom1 and ATom2 indicate that all lightning
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Figure 5. Seasonal and annual meridional average lightning flash density distribution from the LIS 2007–2011 climatology (red line) and
from simulation results (2007–2011) obtained using different lightning schemes. The meridional average is only taken within the LIS viewing
region of ±38◦ latitude. The biases (model− obs.) in panel (e) are also portrayed in panel (f).

schemes overestimated LNOx emissions in the upper tropo-
sphere; also, both the ICEFLUX_P scheme and ECMWF
schemes reduced the total model biases considerably more
than the CTH scheme did.

3.2.2 Evaluation of LNOx emissions by TROPOMI
satellite observations

TROPOMI satellite observations of tropospheric NO2
columns were used to evaluate LNOx emission results ob-

tained using the CHASER model. To eliminate differences
in annual total LNOx emissions attributable to the different
lightning schemes, we adjusted the annual LNOx emissions
of all lightning schemes to 5.0 Tg N yr−1 using different ad-
justment factors. For direct comparison between CHASER
and TROPOMI tropospheric NO2 columns, the averaging
kernel information from TROPOMI observations was used.
The averaging kernels were applied to CHASER outputs fol-
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Figure 6. Seasonal and annual zonal average lightning flash density distribution from the LIS 2007–2011 climatology (red line) and from
the simulation results (2007–2011) obtained using different lightning schemes. The biases (model-obs.) in panel (e) are also presented in
panel (f).

lowing Eq. (16).

Xchaser =

N∑
i=1

Atropomixchaser (16)

In that equation, Xchaser represents the CHASER tropo-
spheric NO2 column after averaging kernels applied,Atropomi
denotes the TROPOMI averaging kernels, xchaser denotes the

CHASER NO2 partial column at layer i, and N denotes the
number of tropospheric layers.

Comparison between TROPOMI observations and
CHASER outputs indicates that the CHASER model tends
to underestimate tropospheric NO2 columns. Overall, the
newly implemented lightning schemes have not shown
improvements of model biases of tropospheric NO2 columns
at an annual global scale. To minimize the uncertainties of
model biases of tropospheric NO2 columns caused by other
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Figure 7. Vertical profile of biases divided by the ATom1 observations (a–i) and the vertical profile of biases divided by the ATom2 observa-
tions (j–r). The bias is the model bias (NO) against ATom observations (NO). Data for each pressure level P are calculated within the range
of P ± 50 hPa. South America is the region of 0–30◦ S, 0–30◦W. The western Pacific is the region of 10◦ N–30◦ S, 160◦ E–160◦W.

Table 3. Model biases (NO) when compared against ATom1 (a) and ATom2 (b). The unit is parts per trillion (ppt). The biases within the
South America region (0–30◦ S, 0–30◦W) and western Pacific region (10◦ N–30◦ S, 160◦ E–160◦W) are also shown in this table.

(a) Lightning scheme All flight 0–30◦ N 30–60◦ N 60–80◦ N 0–30◦ S 30–60◦ S 60–80◦ S South America Western Pacific

CTH −6.54 −3.22 −0.50 −13.06 −9.33 −12.32 −7.55 −6.79 −3.03
ICEFLUX_P −5.18 0.31 1.15 −9.16 −8.21 −16.21 −8.28 −7.00 0.08
ECMWF-McCAUL −6.99 0.13 −1.05 −14.80 −9.43 −16.42 −8.29 −7.17 −2.24
ECMWF-original −5.48 7.03 0.28 −16.66 −9.59 −16.38 −8.30 −8.71 −0.72
ZERO −19.00 −11.02 −20.85 −32.98 −15.91 −17.35 −8.34 −13.77 −8.63

(b) Lightning scheme All flight 0–30◦ N 30–60◦ N 60–80◦ N 0–30◦ S 30–60◦ S 60–80◦ S South America Western Pacific

CTH −0.91 −2.57 5.80 −6.18 −11.11 3.61 1.45 −19.16 −4.70
ICEFLUX_P −1.04 −0.76 3.98 −6.81 −7.45 2.82 −4.88 −22.02 3.01
ECMWF-McCAUL −1.73 −3.71 2.81 −6.89 −3.71 1.81 −5.33 −12.24 1.20
ECMWF-original −1.95 −5.26 2.96 −6.87 −2.74 1.58 −5.23 −13.90 3.55
ZERO −12.66 −15.51 −11.08 −9.77 −28.40 −4.18 −5.94 −47.68 −13.14

factors, we chose to further evaluate the LNOx emissions by
TROPOMI observations over four specific regions (Fig. 9),
where LNOx is the major source of NOx (as shown in
Fig. 8).

Figure 10 presents a comparison of smoothed CHASER
and TROPOMI tropospheric NO2 columns over four target
regions in 2019. The spatial average values of each month
in 2019 are shown in Fig. 10. That figure shows that the
model generally captured the temporal variation of tropo-
spheric NO2 columns in the four regions. Actually, the tem-
poral variations of modeled tropospheric NO2 columns are
close to each other. For the Amazon region, lightning ac-
tivities are most dominant during MAM and SON, when
the ECMWF-McCAUL scheme has shown noticeable im-
provements in model biases (Fig. 10a). Figure 10b reveals
that all the newly implemented schemes slightly reduced the
model biases with the original ECMWF scheme, showing the
smallest model biases during the most prevailing season of

lighting (DJF). Figure 10c is for the South Atlantic region
where the most prevailing season of lighting is also DJF. Fig-
ure 10c shows that the ECMWF schemes slightly reduced
the model biases compared to the CTH scheme. Referring to
Fig. 10d, the dominant season of lightning is JJA, when the
ECMWF-original scheme considerably reduced the model
biases and the ECMWF-McCAUL scheme also slightly re-
duced the model biases.

3.3 Effects of different lightning schemes on
tropospheric chemical fields

In the tropospheric chemical field, LNOx has an important
role. The LNOx effects on the tropospheric chemical fields
vary along with differences in the horizontal distribution of
LNOx in different lightning schemes. To evaluate the in-
fluences of different lightning schemes on the tropospheric
chemical fields, several 10-year (2011–2020) experiments
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Figure 8. Sensitivity of simulated tropospheric NO2 columns to LNOx emissions using different lightning schemes in 2019. NO2 column
because of LNOx emissions was determined as the difference between the simulation with LNOx emissions and a simulation that excludes
LNOx emissions.

Figure 9. Four target regions for which LNOx is the major source of
NOx . The four target regions are North Africa (purple), the Indian
Ocean (orange), the Amazon (blue), and the South Atlantic (green).

were conducted with the 10-year mean LNOx production of
all lightning schemes adjusted to 5.0 Tg N yr−1 (Sect. 2.4).
The CTH scheme with a “backward C-shaped” profile is re-
garded as the base scheme. The effects of different light-
ning schemes on the atmospheric chemistry are calculated
as shown in Eq. (17).

Impactij =
(LSij −Basej )

Basej
(17)

Therein, Impactij represents the effects of the ith lightning
scheme on the concentrations of target atmospheric compo-
nent j . Also, LSij denotes the concentrations of target atmo-
spheric component j simulated by the ith lightning scheme.
Basej stands for the concentrations of target atmospheric
component j as simulated using the base scheme.

Figure 11 presents the respective effects of the ECMWF-
McCAUL, original ECMWF, and ICEFLUX_P schemes on
the atmospheric chemical fields (NOx , O3, OH, CO) relative
to the base scheme CTH. The ECMWF-McCAUL scheme
led to an increase (approximate maximum is 12 %) in NOx
concentration at low-latitude regions and a decrease (approx-
imate maximum is 15 %) at middle- to high-latitude regions.
In the case of the ECMWF-McCAUL scheme, the concen-
tration of ozone and the OH radical mostly increased at low-
latitude regions and decreased at middle- to high-latitude re-
gions in the Southern Hemisphere, which corresponds to the
changing pattern of NOx . The effects of the original ECMWF
scheme on the atmospheric chemical fields are similar to that
of the ECMWF-McCAUL scheme. However, the original
ECMWF scheme led to a higher total tropospheric CO bur-
den compared to the ECMWF-McCAUL scheme. As Fig. 11
shows, the three lightning schemes led to a marked decrease
in NOx , O3, and OH radical concentrations over the South
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Figure 10. Comparisons of smoothed CHASER and TROPOMI (blue) tropospheric NO2 columns over four target regions in 2019. Legends
show the temporal correlation coefficients.

Pole region. This decrease occurred because the lightning
densities and the LNOx emissions simulated by the CTH
scheme are markedly higher than those simulated using other
lightning schemes at this latitude band (Fig. 2). Moreover,
NOx can engender the formation of ozone and the OH rad-
ical. In the case of the ICEFLUX_P scheme, the concentra-
tions of NOx , ozone, and the OH radical mostly increased in
the tropics and decreased at middle- to high-latitude regions
in the Southern Hemisphere.

Methane lifetime is an indicator reflecting the tropospheric
oxidation capacity. The global mean tropospheric lifetime of
methane against the tropospheric OH radical spanning 2011–
2020 with the CTH, original ECMWF, ECMWF-McCAUL,
and ICEFLUX_P schemes is respectively estimated as 9.226,
9.299, 9.256, and 9.229 years. Compared to the CTH scheme,
the ECMWF schemes led to a slight increase in methane’s
global mean tropospheric lifetime. In contrast, methane’s
global mean tropospheric lifetime simulated by the ICE-
FLUX_P scheme is almost the same as that simulated by the
CTH scheme. Although little difference exists in the total tro-
pospheric oxidation capacity simulated by different lightning
schemes, the ECMWF schemes and ICEFLUX_P scheme
led to marked changes in oxidation capacity in different re-
gions of the troposphere.

3.4 Historical trend analysis of lightning density

The accuracy of predicting the simulated lightning distribu-
tion under the current climate is only one aspect of light-
ning scheme evaluation. The ability of the lightning scheme
to reproduce the trend of lightning under climate change is
also an important factor. For this study, 20 years of (2001–
2020) experiments were conducted to analyze the historical
trends of lightning flash rates simulated using different light-
ning schemes (Sect. 2.4).

Figure 12 shows the global anomaly of lightning flash rates
calculated from the simulation results. Because nudging to
meteorological reanalysis data cannot be used when predict-
ing lightning trends under future climate changes, we also
showed the results without nudging. The un-nudged runs also
represented the short-term surface warming like the experi-
ments with nudging. The only differences between the un-
nudged and nudged experiments are whether the meteoro-
logical fields are nudged towards the 6-hourly NCEP FNL
data. We used the Mann–Kendall rank statistic to ascertain
whether the lightning trends in Fig. 12 are significant (Hus-
sain and Mahmud, 2019). From results of the Mann–Kendall
rank statistic test (significance set as 5 %), all the trends in
Fig. 12 were inferred to be significant except for the trends
shown in Fig. 12a, e, and i. As Fig. 12 shows, all light-
ning schemes predicted increasing trends or no significant
trends of lightning except the ICEFLUX_P scheme without
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Figure 11. Effects of the ECMWF-McCAUL scheme, original ECMWF scheme, and ICEFLUX_P scheme on the atmospheric chemical
fields (NOx , O3, OH, CO) relative to the CTH scheme on the zonal mean (%).

nudging, which predicted a decreasing lightning trend. The
isotherm alternative application of ICEFLUX (ICEFLUX_T)
led to slightly enhanced lightning trends toward positive
lighting trends compared to the ICEFLUX_P scheme. As
explained by Romps (2019), the ICEFLUX_P approach is
based on a fixed isobar, which makes it less convenient
for climate change studies. Therefore, at least the lightning
trends simulated by the ICEFLUX_T approach are expected
to be closer to the real situation than the ICEFLUX_P ap-
proach.

As displayed in Fig. 12, the positive lightning trends are
generally enhanced by application of meteorological nudg-
ing. A further investigation of the trends of CAPE during
2001–2020 reveals that the trends of global averaged CAPE
are also enhanced by application of meteorological nudging.
Higher CAPE means higher buoyancy in the updrafts, which
led to the higher lightning densities calculated by the light-
ning schemes used in this study. It is worth noting that even
though the meteorological fields (u, v, T ) of nudged simula-
tions are expected to be closer to the real situations, we can-
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Figure 12. Global anomaly of lightning flash rates calculated from simulation results (2001–2020) using different lightning schemes. Pan-
els (a)–(e) present results without nudging; panels (f)–(j) present results with nudging. The grey lines with points represent the monthly
time series data on the global mean lightning flash rate anomaly. The blue curves represent the monthly time series data of the global mean
lightning flash rate anomaly with the 1-D Gaussian (denoising) filter applied. The red lines are the fitting curves of the grey lines.

Table 4. Changes in global mean surface temperature (1TS), global
mean lightning flash rate (1LFR), and the rate of change in light-
ning flash rate corresponding to each degree Celsius increase in
global mean surface temperature (1LFR/1TS). Panel (a) shows re-
sults obtained without nudging. Panel (b) presents results obtained
with nudging. Changes were obtained by calculating the difference
between the rightmost and leftmost points of the approximating
curve for the 2001–2020 time series data.

(a) Lightning scheme 1TS 1LFR 1LFR/1TS
(◦C) (%) (% ◦C−1)

CTH 0.38 0.95 2.50
ECMWF-McCAUL 0.39 3.95 10.13
ECMWF-original 0.40 5.25 13.13
ICEFLUX_P 0.40 −3.55 −8.88
ICEFLUX_T 0.34 −1.45 −4.26

(b) Lightning scheme 1TS 1LFR 1LFR/1TS
(◦C) (%) (% ◦C−1)

CTH 0.39 6.90 17.69
ECMWF-McCAUL 0.39 10.33 26.49
ECMWF-original 0.39 13.74 35.23
ICEFLUX_P 0.39 −0.61 −1.56
ICEFLUX_T 0.39 1.86 4.77

not analogously deduce that the lightning trends predicted
by the nudged runs are also closer to the real situations. This
is because the predicted lightning trends are not only con-
trolled by the meteorological fields but also controlled by
many other physical processes (e.g., cumulus parameteriza-
tion).

Few studies have specifically examined the lightning
trends predicted by the ECMWF schemes under short-
term surface warming. When nudging was not applied, the

ECMWF schemes predicted the increasing trends of light-
ning flash rates under short-term surface warming by factors
of 4 (ECMWF-McCAUL scheme) and 5 (original ECMWF
scheme) compared to the CTH scheme (Table 4).

Figure 13 shows a global map of changes in the light-
ning flash rate (% yr−1) during 2001–2020. In Fig. 13, the
area in which the trend was found to be significant by the
Mann–Kendall rank statistic test (significance level inferred
for 5 %) is marked with hatched lines. As Fig. 13 shows,
the distribution of trends simulated by the same lightning
scheme is similar whether meteorological nudging was ap-
plied or not. As displayed in Fig. 13, in the Arctic region
of the Eastern Hemisphere, both the CTH scheme and the
ECMWF schemes showed an increasing trend of lightning.
Earlier studies based on the World Wide Lightning Loca-
tion Network (WWLLN) observations have indicated that
lightning densities in the Arctic increase concomitantly with
increasing global mean surface temperature (Holzworth et
al., 2021). Earlier studies indicate that the results of the
CTH scheme and the ECMWF schemes are reasonable for
the Arctic region of the Eastern Hemisphere. In the high-
latitude region of the Southern Hemisphere (60–70◦ S), both
the CTH scheme and the ECMWF schemes showed decreas-
ing lightning trends. Lightning is rarely observed south of
60◦ S (Kelley et al., 2018). Moreover, the trends of light-
ning in this region expected to occur with the short-term sur-
face warming remain highly uncertain. In some parts of the
northern Pacific Ocean, the ECMWF schemes and ICEFLUX
scheme results showed increasing trends of lightning, which
is consistent with results obtained from an earlier study (Pe-
tersen and Buechler, 2008). All schemes show decreasing
trends for lightning flash rates in Indonesia, although only the
ICEFLUX scheme explicitly passed the significance test. In
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Figure 13. Changes in the lightning flash rate (% yr−1) during 2001–2020 on the two-dimensional map. Changes at every point were
calculated from the function of the approximating curve for the 2001–2020 time series data at each grid cell. Panels (a)–(e) show results
without nudging; panels (f)–(j) show results with nudging. There are some missing values in the case of the ICEFLUX scheme because the
upward cloud ice flux used is diagnosed as zero by the CHASER model, typically within the high-latitude regions.

the North Atlantic, all schemes showed increasing lightning
trends. Only the CTH scheme failed the significance test.

3.5 Effects of LNOx emissions on trends of
tropospheric O3 and NOx columns

The historical trends of lightning densities during 2001–2020
calculated using different lightning schemes have been dis-
cussed in Sect. 3.4. Increasing or decreasing trends of light-
ning can engender corresponding trends of LNOx emissions,
which can consequently influence trends of NOx and O3 con-
centrations. To ascertain the extent to which the LNOx emis-
sions influence NOx and O3 concentration trends, the ef-
fects of the LNOx emissions on the trends of tropospheric
NOx and O3 columns have been estimated and discussed.
We conducted two sets of experiments (Sect. 2.4), one of
which interactively calculated LNOx emission rates, whereas
the other one maintained the 2001 LNOx emission rates for
simulations of the entire 20 years. The LNOx emission ef-
fects on the trends of tropospheric NOx and O3 columns can
be estimated quantitatively by comparing the results of these
two sets of experiments. We also conducted the verification
of the simulated trends of tropospheric NOx and O3 columns
by the OMI satellite observations, and the results are exhib-
ited in Figs. S1 and S2. Generally, the model has captured the
trends of global averaged tropospheric NO2 and O3 columns
well even though the trends of both tropospheric NO2 and
O3 columns are underestimated by the model. Overall, it is
obvious that the modeled trends with interannually varying
LNOx emissions with nudging are closest to the OMI obser-
vations.

Figure 14 presents trends of annual global LNOx emis-
sions calculated from the simulation results (2001–2020) ob-
tained using different lightning schemes. As Fig. 14 shows,
the annual global LNOx emission trends correspond to the
trends of lightning presented in Fig. 12. Similar to the trends
found for lightning, the trends of annual global LNOx emis-
sions are also increased by application of meteorological

nudging. Only the ICEFLUX scheme simulated decreasing
trends of annual global LNOx emissions.

Figure 15 portrays trends of global mean tropospheric
NOx columns calculated from the first and second set of ex-
periments (Table 2). As Figs. 14 and 15 depict, when the
trends of annual global LNOx emissions are not strong (e.g.,
Fig. 14a), their effects on the trends of global mean tropo-
spheric NOx columns are negligible. The marked increasing
trends of annual global LNOx emissions (Fig. 14f–h) led to
great increases (12.12 %–20.59 %) of the increasing trends
of tropospheric NOx columns (Fig. 15f–h). In the case of
the ICEFLUX_P scheme without nudging, because of the de-
creasing trends of LNOx emissions, the increasing trends of
the tropospheric NOx columns decreased by around 10 %.

Figure 16 is similar to the results shown in Fig. 15, but for
tropospheric O3 columns. Because NOx causes the formation
of O3 by the fundamental chemical cycle of Ox–NOx–HOx ,
the trends of the global mean tropospheric O3 columns are
strongly affected by trends of the global mean tropospheric
NOx columns. In some cases, the simulated trends of tro-
pospheric O3 columns are almost identical, as portrayed in
Fig. 16a, b, e, i, and j, because the trends of tropospheric
NOx columns simulated by the two sets of experiments are
very similar (Fig. 15a, b, e, i, j). As Figs. 14 and 16 show,
the marked increasing trends of annual global LNOx emis-
sions led to increases in the increasing trends of tropospheric
O3 columns by around 15 % (Fig. 16f–h). In the case of ICE-
FLUX_P without nudging, because of the decreasing trend of
LNOx emissions, the increasing trend of the tropospheric O3
columns decreased by around 10 % (Fig. 16d). Note that the
tropospheric NOx or O3 columns in 2001 simulated by the
first set of experiments and the second set of experiments are
not exactly the same. This is because the blue lines show re-
sults with interactively calculated LNOx emission rates (the
time resolution is 10–30 min). But the orange lines show re-
sults calculated by reading daily mean input data for LNOx
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Figure 14. Trends of annual global LNOx emissions calculated from simulation results (2001–2020) from different lightning schemes. Red
lines are fitting curves. Panels (a)–(e) present results without nudging; panels (f)–(j) present results with nudging. The number in the title of
each figure represents the trend corresponding to that figure in the unit of percent per year (% yr−1).

Figure 15. Trends of global mean tropospheric NOx columns calculated from simulation results (2001–2020) using different lightning
schemes. Straight lines in the figure are the fitting curves. The numbers in legends represent trends corresponding to that figure in the unit of
percent per year (% yr−1). Panels (a)–(e) present results obtained without nudging; panels (f)–(j) present results obtained with nudging.

emission rates, which inhibits interaction of LNOx with me-
teorology in the model.

In conclusion, because the ICEFLUX scheme predicts op-
posite trends of LNOx emissions from the other lightning
schemes, they simulate opposite effects on the historical
trends of global mean tropospheric NOx and O3 columns.
Furthermore, an evident trend of annual global LNOx emis-
sions has a strong effect on the trend of global mean tropo-
spheric NOx and O3 columns.

4 Discussion and conclusions

Three new lightning schemes, the ICEFLUX, the original
ECMWF, and the ECMWF-McCAUL schemes, were imple-
mented into CHASER (MIROC), a global chemical climate
model. Using LIS/OTD lightning observations as validation
data, both the ICEFLUX_P and ECMWF schemes simu-
lated the spatial distribution of lightning more accurately on a
global scale than the CTH scheme did, and the lightning dis-
tribution in the ocean region was especially improved. The

ECMWF-McCAUL scheme showed the highest prediction
accuracy for the spatial distribution of lightning on a global
scale. It is noteworthy that whilst the ice-based parameteriza-
tions showed superb prediction accuracy of lightning distri-
bution under today’s climate, they have greater uncertainties
associated with inputs, especially regarding the microphysics
scheme used (Charn and Parishani, 2021).

To verify the LNOx emissions of different lightning
schemes, we used NO observations from ATom1 and ATom2.
Overall, both the ICEFLUX_P scheme and the ECMWF
schemes partially reduced model biases, typically over the
dominant regions of lightning activities, compared to the
CTH scheme. We also used TROPOMI tropospheric NO2
columns to verify the LNOx emissions of different light-
ning schemes. Although the ICEFLUX_P and the ECMWF
schemes have not shown improvements of model biases of
tropospheric NO2 columns at an annual global scale, they
generally led to an obvious reduction of model biases in
the prevailing seasons of lightning within the regions where
LNOx is a dominant source of NOx . Several studies have
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Figure 16. Trends of global mean tropospheric O3 columns calculated from simulation results (2001–2020) using different lightning schemes.
Straight lines in the figure are the fitting curves. The number in the legend represents the trend corresponding to that figure in the unit of
percent per year (% yr−1). Panels (a)–(e) present results obtained without nudging; panels (f)–(j) show results obtained with nudging.

pointed out that the TROPOMI data used in this study are bi-
ased negatively compared to airborne or ground-based obser-
vation data (Tack et al., 2021; Verhoelst et al., 2021; van Gef-
fen et al., 2022). The TROPOMI data used are generally neg-
atively biased and the simulated tropospheric NO2 columns
are underestimated compared to the TROPOMI observations.
Therefore, the uncertainties that existed in the TROPOMI
data have negligible impacts on the conclusions of our study.

Effects of the newly implemented lightning schemes on
the tropospheric chemical fields are evaluated compared to
the CTH scheme. Compared with the CTH scheme, the
ECMWF schemes mainly led to a slight increase in NOx ,
ozone, and OH radical concentrations at low-latitude regions
and a decrease at middle-latitude to high-latitude regions. Ef-
fects of the ICEFLUX_P scheme on the tropospheric chemi-
cal fields slightly differ from those of the ECMWF schemes.
The ICEFLUX_P scheme mainly causes a slight increase in
NOx , ozone, and OH radical concentrations from the trop-
ics to the Northern Hemisphere and a decrease in the con-
centrations of the three chemical species in the Southern
Hemisphere except the tropics. The commonality between
the ECMWF schemes and the ICEFLUX_P scheme is that
they both result in decreasing concentrations of NOx , ozone,
and the OH radical at the middle- to high-latitude regions of
the Southern Hemisphere. Although the newly implemented
lightning schemes have little effect on the total oxidation ca-
pacity of the troposphere compared to the CTH scheme, they
led to marked changes in oxidation capacity in different re-
gions of the atmosphere.

This study also analyzed the historical trends of lightning
simulated by different lightning schemes under short-term
surface warming during 2001–2020. The Mann–Kendall
rank statistic was used to ascertain whether the lightning
trends were significant. Use of Mann–Kendall rank statistic
tests revealed that all the simulated historical lightning trends
are significant, except the CTH and ICEFLUX_T schemes
without nudging and the ICEFLUX_P scheme with nudging,

for significance at 5 %. All the lightning schemes predicted
increasing lightning trends or no significant trends except the
ICEFLUX_P scheme without nudging, which predicted a de-
creasing lightning trend. The ICEFLUX_T scheme predicted
a decreasing trend without nudging even though the trend
failed the significance test. If it is accepted that the non-
inductive charging mechanism is an appropriate basis for a
lightning parameterization, then the implication is that in the
future if cloud ice (and cloud ice fluxes) is reduced then elec-
trical charging will be reduced too. This provides a line of
scientific reasoning to explain why lightning may be reduced
in the future. Moreover, findings showed that when nudg-
ing was not applied, the ECMWF schemes predicted an in-
creasing trend of lightning flash rate under short-term surface
warming by factors of 4 (ECMWF-McCAUL scheme) and 5
(original ECMWF scheme) compared to the CTH scheme.
Although a considerable degree of uncertainty remains in
determining the sensitivity of lightning activity to changes
in surface temperature on the decadal timescale (Williams,
2005), the majority of past estimates show that the sensitivity
tends average close to 10 % K−1 (Betz et al., 2009, p. 521).
This value is most consistent with the lightning increase rate
predicted by the ECMWF-McCAUL scheme without nudg-
ing in this study. Future research should be undertaken for
specific examination of development of lightning schemes
that both accurately predict the global distribution of LNOx
and predict the changes in lightning that are expected to oc-
cur concomitantly with global climate change. Finally, we
quantitatively estimated the LNOx emission effects on tro-
pospheric NOx and O3 column trends during 2001–2020.
Results showed that a marked trend of annual global LNOx
emissions significantly affects the trend of global mean tro-
pospheric NOx and O3 columns.
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