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Abstract. The formation of nitrogen oxides (NOx) associated with lightning activities (hereinafter designated as LNOx) is a 

major source of NOx. In fact, it is regarded as the most dominant NOx source in the upper troposphere. Therefore, improve the 

prediction accuracy of lightning and LNOx in chemical climate models is crucially important. This study implemented two 

new lightning schemes with the CHASER (MIROC) global chemical transport/climate model. The first lightning scheme is 10 

based on upward cloud ice flux (ICEFLUX scheme), whereas the second, also adopted in the European Centre for Medium-

Range Weather Forecasts (ECMWF) forecasting system (original ECMWF scheme). In the case of the original ECMWF 

scheme, by tuning the equations and adjustment factors for land and ocean, a modified ECMWF scheme was also tested in 

CHASER. 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 using an optical transient detector 15 

(OTD) indicate that both the ICEFLUX and ECMWF schemes simulate the spatial distribution of lightning more accurately 

on a global scale than the CTH scheme does. The modified ECMWF scheme showed the highest prediction accuracy for the 

global distribution of lightning. Validation by atmospheric tomography (ATom) aircraft observations and tropospheric 

monitoring instrument (TROPOMI) satellite observations shows that the ICEFLUX scheme reduced the model biases to a 

greater extent than the ECMWF schemes when compared using the CTH scheme. The effects of the newly introduced lightning 20 

schemes on the tropospheric chemical fields were evaluated by comparison with the CTH scheme. Although the newly 

implemented lightning schemes have a minor effect on the tropospheric mean oxidation capacity compared to the CTH scheme, 

they led to marked change of oxidation capacity in different regions of the troposphere. Long-term trend analyses of flash and 

surface temperatures predicted using CHASER (2001–2020) show that lightning schemes predicted an increasing trend of 

lightning, except for the ICEFLUX scheme, which predicted a decreasing trend of lightning. The global lightning rates of 25 

increase during 2001–2020 predicted by the CTH scheme were 17.86%/°C and 2.60%/°C, respectively, with and without 

nudging, which are slightly beyond the range of an earlier study (5%/°C–16%/°C). Furthermore, the ECMWF schemes 

predicted a larger increasing trend of lightning flash rates under global warming by a factor of 3 (modified ECMWF scheme) 

and 5 (original ECMWF scheme) compared to the CTH scheme without nudging. In conclusion, the two new lightning schemes 

improved global lightning prediction in the CHASER model. However, further research is needed to assess the reproductivity 30 

of long-term trends of lightning. 
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1 Introduction 

Reactive nitric oxide (NO) can be formed during lightning activities. Also, NO can be oxidized quickly to nitrogen dioxide 35 

(NO2). An equilibrium between NO and NO2 can be reached during daytime. Those gases are known collectively as NOx 

(Finney, 2014). Actually, LNOx is estimated as contributing approximately 10% of the global NOx source. Regarded as the 

most dominant NOx source in the upper troposphere (Schumann and Huntrieser, 2007; Finney et al., 2016a), NOx is 

associated with many chemical reactions in the atmosphere. Most importantly, NO reacts with peroxy radical to reproduce 
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OH radical. Photochemical dissociation of NO2 engenders the production of ozone (Isaksen and Hov, 1987; Grewe, 2007). 40 

The primary oxidants in the atmosphere, which are OH radical and ozone, control the oxidation capacity of the atmosphere. 

Results of several studies have indicated that global-scale LNOx emissions are an important 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 atmospheric chemistry and global climate to a considerable degree (Schumann and Huntrieser, 2007; 

Murray, 2016; Finney et al., 2016b; Tost, 2017). However, large uncertainties remain in predicting lightning and LNOx in 45 

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. 

 

Chemical climate models such as CHASER (MIROC) (Sudo et al., 2002; Sudo and Akimoto, 2007; Watanabe et al., 2011) 

most often use the convective cloud-top height to parameterize the lightning flash rate (Price and Rind, 1992; Lamarque et 50 

al., 2013). However, some new lightning schemes have been devised to simulate better the spatial and temporal correlation 

and root mean square error (RMSE) compared to the spaceborne Lightning Imaging Sensor (LIS) and Optical Transient 

Detector (OTD) lightning observation data (Finney et al.,2014; Lopez 2016). A lightning scheme proposed by Finney 

(2014), which is based on upward cloud ice flux, has shown better spatial and temporal correlation coefficients and RMSEs 

than the cloud top height scheme compared against the LIS/OTD lightning observations. Another lightning scheme also 55 

showed more accurate lightning prediction than the cloud top height scheme, which is also adopted in the ECMWF 

forecasting system (Lopez, 2016). The two new lightning schemes described above have only been validated in a few 

chemical transport and climate models. The new lightning schemes must be validated and compared in more chemical 

transport and climate models, such as CHASER. To achieve better prediction accuracy for lightning and better quantification 

of LNOx in chemical climate models, comparing and optimizing the existing lightning schemes and validating them with 60 

various observation data are also important. 

 

Lightning simulations are also fundamentally important in chemical climate model studies for predictions of atmospheric 

chemical fields and climate. Nevertheless, different lightning schemes respond very differently on decadal to multi-decadal 

time scales under global warming. Some lightning schemes such as those using cloud top height or convective available 65 

potential energy (CPAE) × precipitation as a proxy for calculating lightning indicate that lightning increases concomitantly 

with increasing global average temperature. By contrast, other lightning schemes, such as those using convective mass flux 

or upward cloud ice flux as a proxy of lightning, indicate that lightning will decrease as the global average temperature 

increases (Clark et al., 2017; Finney et al., 2018). Several studies (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 70 

degree of increase in global mean surface temperatures with the lightning scheme based on cloud top height. Over the 

continental United States (CONUS), the CAPE × precipitation proxy predicted a 12 ± 5% increase in the CONUS lightning 

flash rate per degree of global mean temperature increase (Romps et al., 2014). 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 under a 

strong global warming scenario. Furthermore, a 2.0% decrease in global mean lightning flashes per degree of increase in the 75 

global mean surface temperature with the lightning 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 lightning (Romps, 2019), 

comparing different lightning schemes in different chemical climate models is valuable for consideration of the sensitivity of 

lightning to global warming. 

 80 

This study introduced two 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 forecasting system, 
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calculates lightning flash rates as a function of the frozen precipitation convective flux, CAPE, and convective cloud-base 

height. In the case of the second lightning scheme, by tuning the equations and adjustment factors based on a study reported 

by McCaul et al. (2009), a new modified version of the second lightning scheme was also tested for CHASER (MIROC). 85 

This study conducted detailed validation 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) long-term trend analyses of lightning densities 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. 90 
 

Research methods, including the model description and experiment setup, are described in section 2. In section 3.1, 

validation of lightning schemes using LIS/OTD lightning observations is explained. In section 3.2, LNOx emission 

simulation by different lightning schemes is verified with aircraft and satellite measurements. Section 3.3 presents discussion 

of the effects of different lightning schemes on the atmospheric chemical fields. Long-term trends of lightning simulated by 95 

different lightning schemes are analyzed and discussed in section 3.4. Section 3.5 discussed how LNOx emissions (2001–

2020) trends influence the tropospheric NOx and O3 column trends. Section 4 presents the conclusions obtained from this 

study. 

2 Method 

2.1 Chemistry-climate model 100 

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 troposphere and stratosphere. CHASER calculates the distributions of 94 chemical species and 

reflects the effects of 269 chemical reactions (58 photolytic, 190 kinetic, 21 heterogeneous). Its tropospheric chemistry 

incorporates consideration of Non-Methane Hydrocarbons (NMHC) oxidation and the fundamental chemical cycle of Ox–105 

NOx–HOx–CH4–CO. Its stratospheric chemistry simulates chlorine-containing and bromine-containing compounds, 

chlorofluorocarbons (CFCs), hydrofluorocarbons (HFCs), carbonyl sulfide (OCS), and N2O. Furthermore, it simulates the 

formation of polar stratospheric clouds (PSCs) and heterogeneous reactions on their surfaces. CHASER is coupled to the 

MIROC AGCM ver. 5.0 (Watanabe et al., 2011). Grid-scale large-scale condensation and cumulus convection (Arakawa–

Schubert scheme) are used to simulate cloud/precipitation processes. Aerosol chemistry is coupled with the SPRINTARS 110 

aerosol model (Takemura et al., 2009), which is also based on MIROC. 
 

For this study, horizontal resolution used is T42 (2.8° × 2.8°), with vertical resolution of 36 σ-p hybrid levels from the 

surface to approximately 50 km. The AGCM meteorological fields (u, v, T) simulated by MIROC were nudged towards the 

six-hourly NCEP FNL data (https://rda.ucar.edu/datasets/ds083.2/, last access: 6 December 2021). Anthropogenic precursor 115 

emissions such as NOx, CO, O3, SO2, and 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 (Inness et al., 2013). 

2.2 Lightning NOx emission scheme 

The lightning flash rate in CHASER is originally parameterized by cloud-top height (Price and Rind, 1992, 1993), with a “C-120 

shaped” NOx vertical profile adopted (Pickering et al., 1998). The equations used to calculate the lightning flash rate by 

cloud-top height are 
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𝐹! = 3.44 × 10"#𝐻$.&         (1) 

𝐹' = 6.2 × 10"$𝐻(.)*         (2) 

where 𝐹	represents the total flash frequency (fl. min-1), 𝐻 stands for the cloud-top height (km), and subscripts 𝑙 and 𝑜 125 

respectively denote the land and ocean (Price and Rind, 1992). 

 

For this study, two new lightning schemes are implemented into CHASER (MIROC). One is based on upward cloud ice flux. 

It calculates the lightning flash rate by the following equations, as described by Finney et al. (2014). 

𝑓! = 6.58 × 10")𝜙+,-         (3) 130 

𝑓' = 9.08 × 10".𝜙+,-         (4) 

Therein, 𝑓! and 𝑓' respectively represent the flash density (fl. m-2 s-1) of land and ocean. Also, 𝜙+,- is the upward cloud 

ice flux at 440 hPa (kgice mcloud
-2  s-2) as calculated using 

𝜙+,- =
/×1!"##

,
,          (5) 

where 𝑞 denotes the specific cloud ice water content at 440 hPa (kgice kgair
-1 ), Φ2344 stands for the updraught mass flux at 135 

440 hPa (kgair mcell
-2  s-1), and 𝑐 represents the fractional cloud cover at 440 hPa (mcloud

2  mcell
-2 ). 

 

Another new lightning scheme, also adopted in the ECMWF forecasting system, calculates lightning flash rates as a function 

of the frozen precipitation convective flux, CAPE, and convective cloud-base height (Lopez, 2016) as 

𝑓5 = 𝛼𝑄6√𝐶𝐴𝑃𝐸min	(𝑧734- , 1.8)8,        (6) 140 

where 𝑓5 is the total lightning flash density (fl. km-2 day-1), 𝑧734- is the convective cloud-base height in km, 𝛼 is a 

constant obtained after calibration against the OTD climatology, which is set to 95.58 in this study. 𝐶𝐴𝑃𝐸 is diagnosed 

from the following equation. 

𝐶𝐴𝑃𝐸 = ∫ max	(𝑔 5$%"5$999

5$999
, 0)𝑑𝑧:&'(

:)*+
        (7) 

In that equation, 𝑔 is the constant of gravity. Also, 𝑇;< and 𝑇;K  respectively denote the virtual temperatures in the updraft 145 

and the environment. The integral in equation (7) starts at the level of free convection 𝑧=>? and stops at the level at which 

negative buoyancy is found (𝑤 = 0). Quantity 𝑄6 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 

𝑄6 = ∫ 𝑞@A3<B(𝑞,'CD + 𝑞4C'E)�̅�𝑑𝑧
:,-.
:(

,        (8) 

where 𝑧F and 𝑧"8# signify the heights of the 0°and -25°C isotherms, and 𝑞,'CD denotes the mass mixing ratio of cumulus 150 

cloud liquid water (kg kg-1). The respective amounts of graupel (𝑞@A3<B; kg kg-1) and snow (𝑞4C'E; kg kg-1) are computed 

from the following equations for each vertical level of the model. 

𝑞@A3<B = 𝛽 G/
HIJ01"%2

		          (9) 

𝑞4C'E = (1 − 𝛽) G/
HIJ#34&

         (10) 

In those equations, 𝑃K denotes the vertical profile of the frozen precipitation convective flux (kg m-2 s-1), �̅� stands for the 155 

environmental air density (kg m-3), and 𝑉@A3<B and 𝑉4C'E respectively express the typical fall speeds for graupel and snow 

set to 3.0 and 0.5 m s-1. The dimensionless coefficient 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 convective cloud-base height, the calculation equations, and the adjustment 160 

factors for land and ocean, the lightning prediction accuracy is improved further, as explained in Section 3.1. The modified 

ECMWF scheme simulates the lightning flash rate by the following equations. 
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𝑓! = 𝛼!𝑄63𝐶𝐴𝑃𝐸(.*          (11) 

𝑓' = 𝛼'𝑄63𝐶𝐴𝑃𝐸(.*          (12) 

Therein, 𝑓! and 𝑓' respectively denote the total flash density of land and ocean. Also, 𝛼! and 𝛼' are constants obtained 165 

after calibration against LIS/OTD climatology, respectively, for land and ocean. For this study,	𝛼! and 𝛼' are set 

respectively to 2.36 × 10"# and 1.45 × 10"L. Then 𝐶𝐴𝑃𝐸 is computed in the same way as the original ECMWF scheme. 

In addition, 𝑄63 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 reported by McCaul et al. (2009). Also, 𝑄63 

represents the total volumetric amount of precipitating ice in the charge separation region, calculated as 170 

𝑄63 = ∫ (𝑞@A3<B + 𝑞4C'E + 𝑞+,-)�̅�𝑑𝑧
:,-.
:(

,       (13) 

where 𝑧F and 𝑧"8# respectively stand for the heights of the 0°and -25°C isotherms, and 	𝑞@A3<B, 	𝑞4C'E, and 𝑞+,- 

respectively represent the mass mixing ratios of graupel, snow, and cloud ice. In this study, 𝑞@A3<B and 	𝑞4C'E were 

computed respectively by equations (9) and (10). For the modified ECMWF scheme, 𝑉@A3<B and 𝑉4C'E are set respectively 

to 3.1 and 0.5 m s-1. Then 𝑞+,- was diagnosed using Arakawa–Schubert cumulus parameterization. 175 
Table 1: Basic information of all lightning schemes assessed for this study 

Abbreviation Parameter Remark 
CTH 

(Price, C., & Rind, D., 1994) Cloud top height Originally used in CHASER (MIROC) 

ICEFLUX 
(Finney et al., 2014) Upward cloud ice flux at 440 hPa The 440 hPa level is used as a pressure level representative of fluxes in 

deep convective clouds 

ECMWF-original 
(Lopez, 2016) 

l CAPE 
l Convective cloud-base height 
l Frozen precipitation convective flux 
l Mixing ratio of cumulus cloud liquid water 

Also adopted in the ECMWF forecasting system 

ECMWF-mod 
l CAPE 
l Frozen precipitation convective flux 
l Mixing ratio of cumulus cloud ice 

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

 

Table 1 presents all the lightning schemes examined for this study. As described in this paper, the original ECMWF scheme 

and the modified ECMWF scheme are designated collectively as ECMWF schemes. The NO emission per flash used in 

CHASER for all the introduced lightning schemes was set to 111 moles NO per intra-cloud (IC) lightning flash and 1113 180 

moles NO per cloud-to-ground (CG) lightning flash as parameters, as explained by Price et al. (1997). A fourth-order 

polynomial is used to calculate the proportion of total flashes that are cloud-to-ground (𝑝) based on the cold depth, as 

described in an earlier report (Price and Rind, 1993). 

𝑝 = (
L$.F&"*L.#$MN).$&*M-"F.L$.M5NF.F8(M6

.        (14) 

In that equation, 𝐷 represents the cloud depth above 0°C in kilometres. 185 

 

A “C-shaped” vertical profile for LNOx emission is used initially in CHASER (MIROC). However, a recent report of work 

by Ott et al. (2010) indicated that a “C-shaped” vertical profile of LNOx might place too much mass near the surface and too 

little in the middle troposphere. A new LNOx vertical profile named the “backward C-shaped” profile was subsequently 

proposed by Ott et al. (2010). It was tested in this study using CHASER (MIROC). 190 

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 Rainfall Measuring Mission (TRMM) satellite (Cecil et al., 2014). Both 195 

sensors detect lightning by monitoring pulses of illumination produced by lightning in the 777.4 nm atomic oxygen 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. Actually, OTD and LIS circle the globe 14 times a day and 16 times a day, respectively. 
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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. 200 

 

The product used throughout this paper is the LIS/OTD 2.5 Degree 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. 

 
Figure 1: ATom1 and ATom2 flight tracks. 205 

2.3.2 Atmospheric tomography (ATom) aircraft observations 

To validate the LNOx emissions calculated by different lightning schemes, we used NO observation 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 atmosphere systematically on a global scale, performing continuous 

profiling from 0.2 to 12 km altitude. Flights took place in each of the four seasons of 2016 through 2018. To validate the 210 

LNOx emissions in different seasons, ATom1 (July–August 2016) and ATom2 (January–February 2017) were used for 

validation. 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. 

2.3.3 TROPOMI satellite observations 215 

Tropospheric Monitoring Instrument (TROPOMI) is the payload on-board 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 approx. 7 

× 3.5 km2 since August 2017 (changed to 5.5 × 3.5 km2 after August 2019). For this study, the TROPOMI observations in 

2019 for the NO2 tropospheric column were used to validate the LNOx emissions simulated by different lightning schemes. 220 

2.4 Experiment setup 

For this study, all the introduced lightning schemes were implemented into CHASER (MIROC). Six sets of experiments 

were conducted for this study, as presented in Table 2. For each set of experiments, the same initial conditions and chemical 

emissions were used except for LNOx emissions. The set of experiments that applied meteorological nudging also has the 

same meteorological conditions. The first set of experiments was conducted for the years of 2001–2020. It was used to 225 

validate the distribution of the lightning flash rate against LIS/OTD lightning observations and to derive the long-term 

lightning trend. The second set of experiments is the same as the first set of experiments, but using daily mean LNOx 

emission rates of 2001 calculated using lightning schemes for each year. This set of experiments 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 column trends. The third set of experiments gives results for 2011–2020. These experiments are used to estimate 230 

the effects of different lightning schemes on atmospheric chemical fields. To normalize the different annual LNOx emission 

amounts by different lightning schemes, the mean LNOx production (2011–2020) of all lightning schemes was adjusted to 
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5.0 TgN yr-1 using different adjustment factors. The fourth set of experiments is for 2016, with the fifth set is 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 validate model results using TROPOMI satellite observations. 235 
Table 2: All experiments in this study 

Number  Period Nudging LNOx emissions Adjusted to 5.0 TgN yr-1 

1st 
2001–2020 On Interactively calculated No 

2001–2020 Off Interactively calculated No 

2nd 
2001–2020 On Fixed to 2001 No 

2001–2020 Off Fixed to 2001 No 

3rd 2011–2020 On Interactively calculated Yes 

4th 2016 On Interactively calculated Yes 

5th 2017 On Interactively calculated Yes 

6th 2019 On Interactively calculated Yes 

 

All experiments used the “backward C-shaped” LNOx vertical profile. The NO emissions per flash were set to 111 moles NO 

per IC (intro-cloud lightning flash) and 1113 moles NO per CG (cloud-to-ground lightning flash) as parameters drawn from 

work reported by Price et al. (1997). 240 

3 Results and Discussion 

3.1 Validation of the lightning schemes 

To validate model results with lightning observation data in a broader range (between +75° and -75° latitude), lightning 

prediction accuracy for all introduced lightning schemes was compared with the climatological lightning distributions of 

OTD (1996–2000). Figure 2 presents a global map of the OTD annual mean lightning density spanning 1996–2000 and 245 

mean lightning density during 2007–2011, as simulated using different lightning schemes. Figure 3 displays a Taylor 

diagram, which presents the prediction accuracy of various lightning schemes in 2007–2011 simulations compared to the 

OTD 1996–2000 lightning climatology. Figure 2 shows that lightning 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 lightning distribution in South Asia including the Indian region. The ECMWF 250 

schemes and the ICEFLUX 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. 
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 255 
Figure 2: Annual mean lightning flash densities from (a) OTD satellite observations spanning 1996–2000, (b) the CTH scheme in 
2007–2011, (c) the modified ECMWF scheme in 2007–2011, (d) the original ECMWF scheme in 2007–2011, and (e) the ICEFLUX 
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 260 
OTD 1996–2000 lightning climatology. 
 
In Fig. 3, comparison of the annual mean lightning flash rate of OTD 1996–2000 and the CHASER calculation for 2007–

2011 yields spatial correlation coefficients of 0.80 and 0.79 for the ICEFLUX and original ECMWF schemes, respectively, 

which are slightly higher than that found for the CTH scheme (0.78). The RMSE of the ICEFLUX scheme is 3.31 fl. km-2 yr-265 
1, which is slightly less than that of the CTH scheme of 3.44 fl. km-2 yr-1. Among all lightning schemes, the modified 

ECMWF scheme exhibits the highest spatial correlation coefficient (0.83) and the lowest RMSE (3.20 fl. km-2 yr-1). 
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Figure 4: Seasonal and annual meridional average lightning flash densities distribution from OTD 1996–2000 climatology (red line) 
and from simulation results obtained using different lightning schemes. The meridional average is only taken within the OTD viewing 270 
region of ±75° latitude. The biases (model-obs.) in Fig. 4e are also portrayed in Fig. 4f. 
 

Figure 4 displays a comparison of seasonal and annual meridional average lightning flash densities from simulations (2007–

2011) and OTD satellite observations (1996–2000). As Fig. 4 shows, the pairs of curves are usually in good agreement, even 

though the annual plot highlights the underestimation which occurs for Africa (from 0 degrees to 30 degrees east) and North 275 

America (from 80 degrees west to 120 degrees west). The ECMWF schemes have made improvements within Africa. Also, 

the ICEFLUX scheme has slightly reduced the biases over North America. A noticeable underestimation over the Americas 

in JJA and overestimation in MAM can be observed respectively in Figs. 4c and 4b. Lightning densities over Africa are 

underestimated to varying degrees in different seasons, with the greatest underestimation occurring in JJA (Fig. 4c). 

Lightning densities over Asia (from 60 degrees east to 120 degrees east) are slightly underestimated in MAM (Fig. 4b). The 280 

ICEFLUX scheme has reduced the biases. 
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Figure 5: Seasonal and annual zonal average lightning flash densities distribution from OTD 1996–2000 climatology (red line) and 
from the simulation results obtained using different lightning schemes. The biases (model-obs.) in Fig. 5e are also presented in Fig. 
5f. 285 
 

Figure 5 is the same as Fig. 4, but for the zonal mean distributions. The curves of the model results and the observation 

results in Fig. 5 show good agreement. Figure 5f shows that, overall, the ICEFLUX scheme and modified ECMWF scheme 

slightly overestimated the lightning densities near the equator (5°W–5°N). All lightning schemes underestimated the 

lightning densities within 15°N–45°N and 15°S–45°S. Figure 5f also shows that the ICEFLUX scheme has reduced the 290 

biases within 15°N–45°N and 15°S–45°S. Furthermore, Fig. 5f shows that both the ICEFLUX scheme and the CTH scheme 

overestimated the flash densities within 45°N–90°N. Only the CTH scheme overestimated the flash densities within 45°S–

90°S. In DJF (Fig. 5a), all lightning schemes overestimated the flash densities over the low latitude region in the Southern 

Hemisphere. In MAM (Fig. 5b), lightning densities are overestimated near the equator and underestimated over 15°N–45°N 

and 15°S–45°S by all lightning schemes to varying degrees. In JJA (Fig. 5c), noticeable overestimation around 10°N by the 295 

original ECMWF scheme is apparent. Moreover, the CTH and the original ECMWF schemes respectively facilitated 

reduction of model biases over 15°S–45°S and 15°N–45°N. Figure 5c also exhibits that the ICEFLUX scheme vastly 

overestimated the flash densities over 45°N–75°N. As Fig. 5d shows, the model-predicted lightning maximum value is 

shifted approximately 15 degrees to the north in SON compared to the lightning observations. Figure 5d also shows that all 

lightning schemes underestimated the lightning densities over 15°N–45°N. The ICEFLUX scheme has shown improvement 300 

over this region. 
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3.2 Validation of LNOx emissions 

3.2.1 Validation of LNOx emissions by ATom1 and ATom2 observations 

To verify 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 rates corresponding 305 

to global annual LNOx emissions within the range estimated by Schumann and Huntrieser (2007) of 2–8 TgN 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 TgN yr-1 by applying adjustment factors. The “backward C-shaped” LNOx vertical 

profile is applied to all lightning schemes. 

 310 
Figure 6: Vertical profile of biases/ATom1 observations (a–i) and the vertical profile of biases/ATom2 observations (j–r). The bias is 
the model bias against ATom observations. 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 when compared against ATom1 (upper panel) and ATom2 (lower panel). The unit is ppt. The biases within the 315 
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. 

Lightning scheme All flight 0°–30°N 30°N–60°N 60°N–80°N 0°–30°S 30°S–60°S 60°S–80°S South 
America 

Western 
Pacific 

CTH -13.71 -3.56 -15.20 -25.93 -11.24 -15.34 -8.06 -8.09 -5.26 

ICEFLUX -11.43 -2.56 -11.70 -18.98 -10.13 -16.76 -8.29 -8.82 -1.88 

ECMWF-mod -13.06 -0.95 -14.79 -24.86 -10.57 -17.03 -8.31 -8.42 -3.20 

ECMWF-original -12.63 3.90 -15.19 -27.55 -10.62 -17.17 -8.31 -9.89 -1.27 

ZERO -19.00 -11.02 -20.85 -32.98 -15.91 -17.35 -8.34 -13.77 -8.63 

Lightning scheme All flight 0°–30°N 30°N–60°N 60°N–80°N 0°–30°S 30°S–60°S 60°S–80°S South 
America 

Western 
Pacific 

CTH -6.95 -8.49 -9.06 -9.46 -9.72 1.25 -3.01 -13.53 -8.29 

ICEFLUX -6.49 -6.38 -9.16 -9.71 -9.87 2.32 -5.39 -24.59 0.94 

ECMWF-mod -7.15 -8.74 -9.95 -9.69 -8.93 2.06 -5.47 -19.02 -2.92 

ECMWF-original -6.59 -9.66 -10.10 -9.82 -2.27 1.89 -5.74 -13.58 3.06 

ZERO -12.66 -15.51 -11.08 -9.77 -28.40 -4.18 -5.94 -47.68 -13.14 

 

Table 3 presents model biases of different lightning schemes against the ATom1 and ATom2 observations. Figure 6 displays 

the vertical profile of biases/ATom observations in percentage terms. In Table 3 and Fig. 6, case ZERO is the case with the 

lightning flash, with LNOx emissions completely switched off. Comparisons between model results and ATom observations 320 

were conducted within two specific regions (South America region and Western Pacific region) in which LNOx is the major 

source of NOx (Fig. 7). From comparison of the results simulated using the CTH scheme with the “C-shaped” or the 

“backward C-shaped” LNOx vertical profile against ATom measurements, we found that the total model biases were slightly 
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reduced by application of the “backward C-shaped” LNOx vertical profile compared to the “C-shaped” LNOx vertical profile. 

As Table 3 and Fig. 6 show, the model generally tends to underestimate the NO concentrations. The model biases are 325 

reduced considerably by including lightning NOx sources. For ATom1, overall, the ICEFLUX scheme has the smallest 

model bias. The ECMWF schemes also reduced the model biases compared to the CTH scheme (Table 3). In the range of 

30°S to 80°N in ATom1, the ICEFLUX scheme reduced the model biases considerably. Also, the ECMWF schemes slightly 

reduced the model biases compared to the CTH scheme (Table 3, Figs. 6a–e). However, in the range of 30°S–80°S, the 

model biases were slightly extended by the ICEFLUX and the ECMWF schemes compared to the CTH scheme (Table 3, 330 

Figs. 6f–g). This finding is consistent with Fig. 5c, in which the lightning densities predicted by the CTH scheme are larger 

than other lightning schemes in the Southern Hemisphere in JJA. For ATom2, overall, the ICEFLUX scheme and the 

original ECMWF scheme slightly reduced the model biases over the upper troposphere, compared to the CTH scheme (Fig. 

6j). The model biases were reduced by the ICEFLUX scheme over the low latitude region but were extended over the 

middle-latitude to the high-latitude region compared to the CTH scheme (Figs. 6k–p). The model biases were mostly 335 

reduced or extended over the middle to upper troposphere (Fig. 6). 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 comparisons with ATom1 and ATom2 indicate that the CTH scheme underestimated, and the 

other schemes overestimated LNOx emissions in the upper troposphere; also, both the ICEFLUX scheme and ECMWF 

schemes reduced the total model biases considerably more than the CTH scheme did. 340 

 
Figure 7: Sensitivity of simulated tropospheric NO2 columns to LNOx emissions using different lightning schemes. NO2 column 
because of LNOx emissions was determined as the difference between the simulation with LNOx emissions and a simulation that 
excludes LNOx emissions. 
 345 

3.2.2 Validation of LNOx emissions by TROPOMI satellite observations 

TROPOMI satellite observations of NO2 tropospheric columns were used to verify LNOx emission results obtained 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 TgN yr-1 using different adjustment factors. For direct 

comparison between CHASER and TROPOMI NO2 tropospheric columns, the averaging kernel information from 350 

TROPOMI observations was used. The averaging kernels were applied to CHASER outputs following Eq. (15). 
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𝑋,O34-A = ∑ 𝐴PA'B'2+𝑥,O34-AQ
+R(         (15) 

In that equation, 𝑋,O34-A represents the CHASER NO2 tropospheric column after averaging kernels applied, 𝐴PA'B'2+ 

denotes the TROPOMI averaging kernels, 𝑥,O34-A denotes the CHASER NO2 partial column at layer i, and N denotes the 

number of tropospheric layers. 355 

 
Figure 8: Four target regions for which LNOx is the major source of NOx. The four target regions are North Africa (red), Indian 
Ocean (yellow), Amazon (blue), and South Atlantic (green). 
 

 360 
Figure 9: Comparisons of smoothed CHASER and TROPOMI (blue) NO2 tropospheric columns over four target regions in 2019. 
Legends show the temporal correlation coefficients. 
 

Comparison between TROPOMI observations and CHASER outputs indicates that the CHASER model tends to 

underestimate NO2 tropospheric columns. Overall, the ICEFLUX scheme has shown the smallest model bias of NO2 365 

tropospheric columns. To validate the results further and to compare the LNOx emissions of different lightning schemes by 

TROPOMI observations, four regions are chosen as target regions (Fig. 8), where LNOx is the major source of NOx. Figure 7 

shows the sensitivity of tropospheric NO2 columns to LNOx emissions as simulated using different lightning schemes. As 
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Fig. 7 shows, the four regions presented in Fig. 8 are hotspots for LNOx emissions. Therefore, these four regions are chosen 

as the target regions. Figure 9 presents a comparison of smoothed CHASER and TROPOMI NO2 tropospheric columns over 370 

four target regions in 2019. The spatial average values of each month in 2019 are shown in Fig. 9. That figure shows, 

generally, the model captured the temporal variation of NO2 tropospheric columns, especially in the land region (Amazon 

and North Africa). The ICEFLUX scheme showed good temporal correlation in all four regions, with improved temporal 

correlation coefficients for three of them (Amazon, Indian Ocean, North Africa) compared to the CTH scheme. The 

ECMWF schemes have similar temporal correlation coefficients to the CTH scheme in two target regions (Indian Ocean, 375 

North Africa). Compared with the CTH scheme, the ECMWF schemes improved the temporal correlation coefficients in the 

Amazon region considerably. However, the ECMWF schemes reduced the temporal correlation coefficients in the South 

Atlantic region, mainly because of inconsistency between the model and the observed trends during April–June. 

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 380 

along with differences in the horizontal distribution of LNOx in different lightning schemes. To evaluate the influences of 

different lightning schemes on the tropospheric chemical fields, several ten-year (2011–2020) experiments were conducted 

with the ten-year mean LNOx production of all lightning schemes adjusted to 5.0 TgN yr-1 (Section 2.4). CTH scheme with a 

“backward C-shaped” profile is regarded as the base scheme. The effects of different lightning schemes on the atmospheric 

chemistry are calculated as shown in Eq. (16). 385 

𝐼𝑚𝑝𝑎𝑐𝑡+S =
(=U78"V34-8)

V34-8
         (16) 

 

Therein,	𝐼𝑚𝑝𝑎𝑐𝑡+S represents the effects of the i-th lightning scheme on the concentrations of target atmospheric component 

𝑗. Also, 𝐿𝑆+S denotes the concentrations of target atmospheric component 𝑗 simulated by the i-th lightning scheme.	𝐵𝑎𝑠𝑒S 

stands for the concentrations of target atmospheric component 𝑗 as simulated using the base scheme. 390 
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Figure 10: Effects of modified ECMWF scheme, original ECMWF scheme, and ICEFLUX scheme on the atmospheric chemical 
fields (NOx, O3, OH, CO) on the zonal mean (%). 
 
Figure 10 presents the respective effects of the modified ECMWF, original ECMWF, and ICEFLUX schemes on the 395 

atmospheric chemical fields (NOx, O3, OH, CO) relative to the base scheme CTH. The modified ECMWF scheme led to an 

increase (approx. 3%) in NOx concentration at low latitude regions and a decrease (approx. 15%) at middle to high latitude 

regions. In the case of the modified ECMWF scheme, the concentration of ozone and OH radical mostly increased at low 

latitude regions and decreased at middle to high latitude regions in the Southern Hemisphere, which corresponds to the 

changing pattern of NOx. Compared to the modified ECMWF scheme, the original ECMWF scheme caused a decrease 400 

rather than an increase in ozone and OH radical concentrations in the lower troposphere at low latitude regions. Unlike the 

modified ECMWF scheme, overall, the original ECMWF scheme led to an increase in CO. As Fig. 10 shows, the three 

lightning schemes led to a marked decrease in NOx, O3, and OH radical concentrations over the South 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 and Fig. 5e). Moreover, NOx can 405 

engender the formation of ozone and OH radical. In the case of the ICEFLUX scheme, the concentrations of NOx, ozone, 

and OH radical mostly increased in the Northern Hemisphere and decreased in the Southern Hemisphere. 

 

Methane lifetime is an indicator reflecting the tropospheric oxidation capacity. The global mean tropospheric lifetime of 

methane against tropospheric OH radical spanning 2011–2020 with the CTH, original ECMWF, modified ECMWF, and 410 

ICEFLUX schemes are estimated respectively as 9.623 years, 9.647 years, 9.612 years, and 9.606 years. Compared to the 
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CTH scheme, the original ECMWF scheme led to a slight increase in methane's global mean tropospheric lifetime. In 

contrast, the modified ECMWF and ICEFLUX schemes led to a slight decrease in methane's global mean tropospheric 

lifetime. Although little difference exists in the total tropospheric oxidation capacity simulated by different lightning 

schemes, the ECMWF schemes and ICEFLUX scheme led to marked changes of oxidation capacity in different regions of 415 

the troposphere. 

3.4 Long-term trend analysis of lightning density 

The accuracy of predicting the simulated lightning distribution under the current climate is only one aspect of lightning 

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 long-term trends of 420 

lightning flash rates simulated using different lightning schemes (section 2.4). 

 
Figure 11: Global anomaly of lightning flash rates calculated from simulation results (2001–2020) using different lightning schemes. 
Figures 11(a–d) presents results without nudging; Figs. 11(e–h) presents results with nudging. 
 425 
Table 4: Changes in global mean surface temperature (ΔTS), global mean lightning flash rate (ΔLFR), and the rate of change of 
lightning flash rate corresponding to each degree Celsius increase in global mean surface temperature (ΔLFR/ΔTS). The upper panel 
shows results obtained without nudging. The lower panel 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. 

Lightning scheme ΔTS (°C) ΔLFR (%) ΔLFR/ΔTS (%/°C) 

CTH 0.39 1.03 2.60 

ECMWF-mod 0.37 3.08 8.28 

ECMWF-original 0.41 5.50 13.55 

ICEFLUX 0.38 -5.18 -13.66 

Lightning scheme ΔTS (°C) ΔLFR (%) ΔLFR/ΔTS (%/°C) 

CTH 0.39 7.04 17.86 

ECMWF-mod 0.39 10.49 26.62 

ECMWF-original 0.39 13.77 35.03 

ICEFLUX 0.39 -0.68 -1.72 
 430 

Figure 11 shows the global anomaly of lightning flash rates calculated from the simulation results. Because nudging to 

meteorological reanalysis data cannot be used when predicting lightning trends under future climate changes, we also 

showed the results without nudging. We used the Mann–Kendall rank statistic to ascertain whether the lightning trends in 

Fig. 11 are significant (Hussain et al., 2019). From results of the Mann–Kendall rank statistic test (significance set as 5%), 
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all the trends in Fig. 11 were inferred as significant except for the case of the ICEFLUX scheme with nudging applied. As 435 

Fig. 11 shows, all lightning schemes predicted increasing trends of lightning except the ICEFLUX scheme, which predicted 

a decreasing lightning trend. These results are consistent with those of earlier studies (Price and Rind, 1994; Zeng et al., 

2008; Jiang and Liao, 2013; Banerjee et al., 2014; Krause et al., 2014; Clark et al., 2017; Finney et al., 2018), which reported 

that the CTH scheme predicted a 5%–16% increase of lightning flashes per degree of increase in global mean surface 

temperatures and which reported that the ICEFLUX scheme predicted a 15% decrease of total lightning flash rates in 2100 440 

under Representative Concentration Pathway 8.5 (RCP8.5). The positive lightning trends are generally enhanced by 

application of meteorological nudging. Few studies have specifically examined the lightning trends predicted by the 

ECMWF schemes under global warming. When nudging was not applied, the ECMWF schemes predicted the increasing 

trends of lightning flash rates under global warming by factors of 3 (modified ECMWF scheme) and 5 (original ECMWF 

scheme) compared to the CTH scheme (Table 4). 445 

 
Figure 12: 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 approximating curve for the 2001–2020 time-series data at each grid cell. Figures 12(a–d) show 
results without nudging; Figs. 12(e–h) show results with nudging. 
 450 

Figure 12 shows a global map of changes in the lightning flash rate (% yr-1) during 2001–2020. In Fig. 12, 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. 12 shows, the distribution of trends simulated by the same lightning scheme is similar whether 

meteorological nudging was applied or not. As displayed in Fig. 12, 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 455 

Lightning Location Network (WWLLN) lightning 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°S–70°S), both the CTH scheme and the ECMWF schemes showed 

decreasing lightning trends. Lightning is rarely observed south of 60°S (Kelley, 2018). Moreover, the trends of lightning in 460 

this region expected to occur with global 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 results obtained 

from an earlier study (Walter and Buechler, 2008). All schemes show decreasing trends for lightning flash rates in Indonesia, 

although only the ICEFLUX scheme passed the significance test. In the North Atlantic, all schemes showed increasing 

lightning trends. Only the CTH scheme failed the significance test. 465 

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

The long-term trends of lightning densities during 2001–2020 calculated using different lightning schemes have been 

discussed in section 3.4. Increasing or decreasing trends of lightning can engender corresponding trends of LNOx emissions, 

which can consequently influence trends of NOx and O3 concentrations. To ascertain the extent to which the LNOx emissions 
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influence NOx and O3 concentration trends, the effects of the LNOx emissions on the trends of tropospheric NOx and O3 470 

columns have been estimated and discussed. We conducted two sets of experiments (section 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 effects on the trends of tropospheric NOx and O3 columns can be estimated 

quantitatively by comparing the results of these two sets of experiments. 

 475 
Figure 13: Trends of annual global LNOx emissions calculated from simulation results (2001–2020) from different lightning schemes. 
Red lines are fitting curves. Figures 13(a–d) present results without nudging; Figs. 13(e–h) present results with nudging. The number 
in the title of each figure represents the trend corresponding to that figure in the unit of % yr-1. 
 

Figure 13 presents trends of annual global LNOx emissions calculated from the simulation results (2001–2020) obtained 480 

using different lightning schemes. As Fig. 13 shows, the annual global LNOx emission trends correspond to the trends of 

lightning presented in Fig. 11. Similarly to the trends found for lightning, the trends of annual global LNOx emissions are 

also increased by application of meteorological nudging. Only the ICEFLUX scheme simulated decreasing trends of annual 

global LNOx emissions. 

 485 
Figure 14: 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. Straight lines and curves in red are results calculated using the first set of 
experiments. Straight lines and curves in green show results calculated using the second set of experiments (Table 2). The numbers 
in legends represent trends corresponding to that figure in the unit of % yr-1. Figures 14(a–d) present results obtained without 
nudging; Figs. 14(e–h) present results obtained without nudging. 490 
 

Figure 14 portrays trends of global mean tropospheric NOx columns calculated from the first and second set of experiments 

(Table 2). As Fig. 13 and Fig. 14 depict, when the trends of annual global LNOx emissions are not strong (e.g., Fig. 13a), 

their effects on the trends of global mean tropospheric NOx columns are negligible. The marked increasing trends of annual 

global LNOx emissions (Figs. 13e, f, g) led to great increases (15.2%–21.2%) of the increasing trends of tropospheric NOx 495 

columns (Figs. 14e, f, g). In the case of ICEFLUX, because of the decreasing trends of LNOx emissions, the increasing 

trends of the tropospheric NOx columns decreased by around 10%. 
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Figure 15: 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. Straight lines and curves in red are results calculated using the first set of 500 
experiments. Straight lines and curves in green are results calculated using the second set of experiments (Table 2). The number in 
the legend represents the trend corresponding to that figure in the unit of % yr-1. Figures 15(a–d) present results obtained without 
nudging; Figs. 15(e–h) show results obtained with nudging. 
 

Figure 15 is similar to the results shown in Fig. 14, but for tropospheric O3 columns. Because NOx causes the formation of 505 

O3 by the fundamental chemical cycle of Ox–NOx–HOx, the trends of the global mean tropospheric O3 columns are affected 

strongly by trends of the global mean tropospheric NOx columns. For CTH and the original ECMWF schemes without 

nudging (Figs. 14a, b and Figs. 15a, b), the simulated trends of tropospheric O3 columns are almost identical because the 

trends of tropospheric NOx columns simulated by the two sets of experiments are very similar. As Fig. 13 and Fig. 15 show, 

the marked increasing trends of annual global LNOx emissions led to increases of the increasing trends of tropospheric O3 510 

columns by around 15% (Figs. 15e, f, g). In the case of ICEFLUX without nudging, because of the decreasing trend of LNOx 

emissions, the increasing trend of the tropospheric O3 columns decreased by around 20% (Fig. 15d). 

 
Figure 16: Trends of North Pacific region (10°S–60°N; 150°E–240°E) mean tropospheric NOx columns calculated from simulation 
results (2001–2020) by different lightning schemes. Straight lines in the figure are the fitting curves. Straight lines and curves in red 515 
are results calculated using the first set of experiments. Straight lines and curves in green are results calculated using the second set 
of experiments (Table 2). The number in the legend represents the trend corresponding to that figure in the unit of % yr-1. Figures 
16(a–d) present results obtained without nudging; Figs. 16(e–h) present results obtained with nudging. 
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Figure 17: Trends of North Pacific region (10°S–60°N; 150°E–240°E) mean tropospheric O3 columns calculated from the simulation 520 
results (2001–2020) by different lightning schemes. Straight lines in the figure are the fitting curves. Straight lines and curves in red 
are the results calculated using the first set of experiments. Straight lines and curves in green are the results calculated using the 
second set of experiments (Table 2). The number in the legend represents the trend corresponding to that figure in the unit of % yr-
1. Figures 17(a–d) show the results obtained without nudging; Figs. 17(e–h) show the results obtained with nudging. 
 525 

As discussed in Section 3.4, lightning densities increased or decreased to a considerable degree in different regions of the 

world, as simulated by all the introduced lightning schemes (Fig. 12). We chose to investigate the LNOx emission effects on 

the tropospheric NOx and O3 column trends over a region with greatly increasing LNOx, as simulated by the ECMWF 

schemes (North Pacific region 10°S–60°N; 150°E–240°E). Figure 16 shows trends of North Pacific region (10°S–60°N; 

150°E–240°E) mean tropospheric NOx columns calculated from the first and second set of experiments (Table 2). Figure 17 530 

is similar to the graphic presented in Fig. 16, but for tropospheric O3 columns. In the case of the modified ECMWF scheme 

without nudging (Fig. 16c and Fig. 17c), because of the increasing trend of LNOx emissions, the trends of tropospheric NOx 

and O3 columns increased significantly by 32.6% and 44.4%, respectively. However, although the LNOx emissions increased 

significantly in the case of the original ECMWF scheme without nudging, the trends simulated by the first and second set of 

experiments are almost identical (Fig. 16b). This close approximation might be attributable to the different meteorological 535 

conditions and chemical fields during simulations. 

 

In conclusion, because the ICEFLUX scheme predicts the opposite trends of LNOx emissions from the other lightning 

schemes, they simulate opposite effects on the long-term trends of global mean tropospheric NOx and O3 columns. 

Furthermore, an evident trend of annual global (regional) LNOx emissions has a strong effect on the trend of global 540 

(regional) mean tropospheric NOx and O3 columns. 

4 Conclusions 

Two new lightning schemes, the ICEFLUX and the original ECMWF schemes, were implemented into CHASER (MIROC), 

a global chemical climate model. By modifying the equations and adjustment factors from the original ECMWF scheme 

based on work reported by McCaul et al. (2009), a new modified ECMWF scheme was also tested with CHASER (MIROC). 545 

 

Using OTD lightning observations as validation data, both the ICEFLUX and ECMWF schemes simulated the spatial 

distribution of lightning more accurately on a global scale than the CTH scheme did, the lightning distribution in the ocean 

region was especially improved. The modified ECMWF scheme showed the highest prediction accuracy for the spatial 

distribution of lightning on a global scale. 550 
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To verify the LNOx emissions of different lightning schemes, we used NO observations from ATom1 and ATom2. Overall, 

both the ICEFLUX scheme and the ECMWF schemes reduced the model biases compared to the CTH scheme, except in the 

case of comparison between the modified ECMWF scheme and ATom2 observations. Although both the ICEFLUX scheme 

and the ECMWF schemes reduced the model biases, the ICEFLUX scheme reduced the biases to a greater degree. 555 

Comparison of the model results with ATom1 observations revealed that the ICEFLUX scheme has the lowest model biases 

at 30°S–80°N, whereas the CTH scheme has the lowest model biases at 30°S–80°S. When comparing the model outputs with 

ATom2 observations, the ICEFLUX scheme has the smallest model biases at low latitude region (30°S–30°N). Results show 

that the CTH scheme has the smallest model biases at middle-latitude to high-latitude regions. 

 560 

We also used TROPOMI NO2 tropospheric columns to verify the LNOx emissions of different lightning schemes. Compared 

with the CTH scheme, the ICEFLUX scheme reduced the global mean model bias, whereas the ECMWF schemes increased 

the global mean model bias, which indicates that the ICEFLUX scheme improved the LNOx simulation accuracy in the 

model. In the four target regions where LNOx is the dominant source of NOx, the ICEFLUX scheme is the best lightning 

scheme able to capture the seasonal variation of NO2, whereas the ECMWF schemes only significantly improved the 565 

temporal correlations between the model and the TROPOMI observations in the Amazon region. 

 

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. Effects of the 570 

ICEFLUX scheme on the tropospheric chemical fields differ from those of the ECMWF schemes. The ICEFLUX model 

mainly causes a slight increase of NOx, ozone, and OH radical concentrations in the Northern Hemisphere and a decrease in 

the concentrations of the three chemical species in the Southern Hemisphere. Commonality between the ECMWF schemes 

and the ICEFLUX scheme is that they both result in decreasing concentrations of NOx, ozone, and OH radical at the middle 

to high latitude regions of the Southern Hemisphere. Although the newly implemented lightning schemes have little effect on 575 

the total oxidation capacity of the troposphere compared to the CTH scheme, they led to marked change of oxidation 

capacity in different regions of the atmosphere. 

 

This study also analyzed the long-term trends of lightning simulated by different lightning schemes under global warming 

during 2001–2020. All the lightning schemes predicted increasing lightning trends except the ICEFLUX scheme, which 580 

predicted a decreasing lightning trend. 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 lightning trends are significant, except the 

ICEFLUX scheme with nudging applied, for significance at 5%. Moreover, findings showed that when nudging was not 

applied, the ECMWF schemes predicted an increasing trend of lightning flash rate under global warming by factors of 3 

(modified ECMWF scheme) and 5 (original ECMWF scheme) compared to the CTH scheme. 585 

 

Finally, we quantitatively estimated the LNOx emission effects on tropospheric NOx and O3 column trends during 2001–

2020. Results showed that a marked trend of annual global (regional) LNOx emissions significantly affects the trend of 

global (regional) mean tropospheric NOx and O3 columns. 

 590 

In summary, comparison with results obtained using the CTH scheme demonstrated that both the ICEFLUX and ECMWF 

schemes improved the prediction accuracy of the lightning distribution on a global scale. In fact, the modified ECMWF 

scheme has the highest prediction accuracy. Using ATom aircraft observations and TROPOMI satellite observations to 

verify the LNOx emissions, the results show that, compared to the CTH scheme, the ICEFLUX scheme reduced the model 
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biases to a greater degree than the ECMWF schemes. Although a considerable degree of uncertainty remains in the 595 

prediction of lightning trends under global warming, results of most studies have indicated that the global average lightning 

density can be expected to increase by about 10% for each degree of global warming (Betz et al., 2008, p. 521). This value is 

most consistent with the lightning increase rate predicted by the modified ECMWF scheme without nudging 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 which predict the changes in lightning that are expected to occur concomitantly 600 

with global climate change. 
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