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Abstract. Lightning can causenatural disasteshazardsthat engendeaesult in human and animal injuries or fatalities,
infrastructure destructiomand wildfire ignition.Lightning-produced N@(LNOy), a major NQ (NOx=NO+NGQ,) sourceplays

a vital role in atmospheric chemistry and global climate. The Earth has expeneadeztiglobal warming and changes in
aerosolandaerosolprecursor emission@eroPEs)sincethe 1960s. Investigating lortgrm historical (19602014)lightning
andLNOy trends carmprovideimportantindicators for all lightningrelated phenomena afal LNOy effectson atmospheric
chemistry and global ichate. Understandinchow global warming and changes in AeroPEs influence histdigtghingi
LNOy trendsis-alsecan behelpful becadsédt-can-providén providing a scientific basis for assessing futlightningi LNOx
trends Moreover, global lightning activitiésesporses to large volcanic eruptionsuch as the 1991 Pinatubouption are
not well elucidated, and amn@orth exploring This study usedemployedthe widely used cloud top height lightning scheme
(CTH scheme) and the newly developedhesedECMWFRMcCAUL lightning schemdéo investigate historical (196Q014)
lightningi LNOy trendsand variaions and theireentrellingnfluencing factors (global warming, increases in AeroPEs, and
Pinatubo eruption)n the framework ofthe CHASER (MIROC) chemiig/i climate model.Results ofsensitivsensitivity
expegimentsindicatethat both lightning schemes simulated almost flat global mean lightning flash rate themolg1960
2014 in CHASER. Moreover, both lightning schemes sugthespast global warming enhances historical teofiglobal
mean lightning density and globBNOx emissionsin a positive direction (around 08% yr* or 3% K). However, past
increases in AeroPEs exert an opposite effect tighmingi LN Oy trends ¢0.07%yr17 -0.04%yr* for lightning and-0.08%

yr1 i -0.08% yr? for LNOL)-:) whenone considersnly the aerosotadiative effects in the cumulus convection scheme

Additionally, effects ofpastglobal warming and increases in AeroPEs on lightning trends fearel to beheterogeneous
across different regions when analyzing lightning trends on the global map. Lastbipthigportis the firstto-suggegif
study resultssuggesdhg that global lightning activitiesnvere suppressednarkedly during the first year after the Pinatubo

eruptionshown in bothlightning schemes (global lightning activities decreaseddmuchasi7-6218.10% simulated by the
ECMWFMcCAUL scheme).Based onthe-simulated suppressed lightning activities after the Pinatubo eruptien,
studhfindings alsoindicateindicatethatglobal LNO, emissions decreased after #i-yearPinatubo eruptio2-411.99%i
8.7247% for the annual percentage reducliemhichlasied2i-3-years). Model intercomparisons of lightning flash rate trends
and variationdetween our study (CHASER) and otl@oupled Model Intercomparison Project Phase 6 (CMR6Jels
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indicatesignificangreatuncertainties imistorical (19602014) global lightning trend simulatiorSuch uncertaintiemust be

investigatedurther.

1 Introduction

Lightning, an extremelyenergetic natural phenomam alwaysoccursat every momensomewhere on Edrt its average

occurrence frequendgy approximately 46 times per secai@ecil et al., 2014 ightninggenerations associated with electric
charge separatigmvhich is mainly realized by collisions between graugetihail andethertypes-ethydrometeorsf other
typeswithin convective cloudg¢Lopez, 2016) As a naturatlisastehazard lightning can cause humamd animal injuries
erandfatalities, infrastructure destruction, and wildfire igniti@erveny et al., 2017; Cooper and Holle, 2019; Jensen et al.,
2022; Veraverbeke et al., 2022)jghtning-produced N (LNOy) accounts for around 10% of the global tropospherig NO
(NO=NO+NGQO,) source It is regarded as the dominant N6burce in the middle to upper troposphésehumann and
Huntrieser, 2007; Finney et al., 2016b)oreover,LNOx plays avitalcrucially importantrole in atmospheric chemistry and
global climate byeentrellingaffectingtheabundances of OH radical, importgneenhouse gas€ GHGs) such as ozone and
methane, and other trace gageabrador et al., 2005; Schumann and Huntrieser, 2007; Wild, 2007; Liaskos et al., 2015;
Finney et al., 2016a; Murray, 2016; Tost, 2017; He et al., 2022hb)

Reportedly the lightning flash ratgLFR) is related to the stage of convective cloud developr{\&fiitiams et al., 1989)
Convective Available Pential Energy (CAPEjJRomps et al., 2014kloud liquid ice water conten{Saunders et al., 1991;
Finney et al., 2014and everio the convective precipitation volum@oodman et al., 1990; McCaelt al., 2009; Romps et
al., 2014) Longterm global warming is associated with changes irothezalltemperature and relative humidity profiles in
the atmosphere and global convective adjustridanabe and Wetherald, 1975; Del Genio et al., 200/ich canstrondy
affect thelightning-related factorslescribecabove Consequently, longerm global warming can becadciathyfundamentally
importantfactor affectinglong-term variations in global lightning actiyitFindings frommany earliernumericalsimulation
studies manifeghatglobal lightning activities are sensitive to lotgrm global warming, with mostudies showingi8.6%
(average around 10%) increases in global lightning activities per 1 K global wgPniogyand Rind, 1994; Zeng et al., 2008;
Hui and Hong, 2013; Banerjee et al., 2014; Krause et al., 2014; Romps et al., 2014; Clark et abH@Q@avgr minerther

numerical simulation studies such agoseusing an icebased lightning scheme or convective mass flux as a proxy to

parameterize lightninave yieldedpposite results, suggesting thaglobal lightning activiy will decrease under lorggrm
global warming (Clark et al., 2017; Finney et al., 2018)

Aside fromlongterm global warming, changes in aerosol loading alsn be responsible for lonterm global lightning
activity variations. Aerosols influence lightning actwihrough aerosol radiative and microphysical effectsthiitiegree to

which the two distinct effects influence regional or global scale lightning activities remains ufXalearet al., 211; Yang
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et al., 2013; Tan et al., 2016; Altaratz et al., 2017; Wang et al., 2018; Liu et al., R@23@r research is needed. It is urdent
necessaryo elucidatethe effects of aerosol radiative and microphysical effects on lightning on a géuld#. The aerosol
radiative effects indicatéhat aerosols can heat the atmospheric layer @rdcool the Earth's surface by absorbing and
scattering solar radiatiofikaufman et al., 2002; Koren et al., 2004, 2008; Li et al., 200reby convection and electrical
activities are likelyto beinhibited (Koren et al., 2004; Yang et al., 2013; Tan et al., 20LB¢ microphysical effects suggest

that by acting as cloud condensation nuclei (CCN) or as ice nuclei, aerosols can reduce the mean size of cloud droplets
therebyonsequentlsuppressing the coalescence of cloud droplets into raindiepseguentixs a resultmore liquid water

particles are uplifted to higher mixquhase regions of the troposphere, where they invigorate lighftagg et al., 2018;

Liu et al., 2020)

The Earth has experienceignificant considerable degreeglobal warming and changes in AeroRirscethe 1960¢Hoesly

et al., 2018; Climate at a Glance | National Centers for Environmental Information (NCEI), Bo2&ver, how historical

lightning has trended and how Hitning hasresponded to historical global warming and changes in AeroPEs are not well
examinedThistopic is worth explorindgpecauséistorical lightning densities are indicators for all lightniedated phenomena
(Price and Rind, 1994Exploring the historical global LNOemission trend iglsomeaningful because it can indicate the
effectsof LNOy emissions on atmospheric chemistry and global climate. Furthermore, investigateftptiseof historical
global warming and increases in AeroPEs on histoligatningi LNOy trendscan provide a basis for assessing future
lightningi LNO, trends.

Largescale volcanic eruptions such as the 1991 Pinatubo eruption inject trememdousts ofsulfuric gas into the
stratospherewhere it converts to ¥$Qs aerosols Consequentlythe size-of-thestratospheri@erosel-ayerserosot have
increasedn abwndance after the vohnic eruptionsThe enhanced stratospheric aerosol layer can cool the Earth's surface

heterogeneously archndecrease the total amount of water in the atmospSemen et al., 2002; Boucher, 2015, p.G3)e
nearglobal perturbations ithe radiative energy balance and meteogitalfields caused by such strong volcanic eruptions
mightinfluence global lightning activitiesf so, theremightberamifications for all lightningrelated phenomenalevertheless,

they remairpoorly understood.

In our earlierwork, we developed a new proceswdice-based lightning scheme called BEMWFMcCAUL schemgHe
et al., 2022h) This lightning schemevas developed by combiningenefits ofthe lightning scheme used in tEeiropean
Centre for MediurRange Weather Forecasts (ECMWEF) forecasting sydtepez, 2016 andthose presented reportshy
McCaulb-s—vebal. (McCaul et al., 2009)The ECMWFMcCAUL schemesimulatel the best lightning density spdtia
distributiors amongfour existing lightning schemes whetompared againssatellite lightning observationgLightning

Imaging Sensor (LIS) and Optical Transient Detector (©-Dduring 2007 2011 The sensitivity ofjloballightning activity




97 to changs in surface temperature andecadal timescalaswas estimated a40.13% K- byusing the ECMWFMcCAUL

98 schemgHe et al., 2022h)whichis close tanostpast estimatesagerage around0®o K2).

99
100 Usinga chemiryi climate model CHASER (MIROC) with two lightning schemes (the widely used cloud top height scheme
101 and the icebasedECMWFMcCAUL scheme), wedantitativelyinvestigated historicdightningi LN Oy trendsguantitatively
102 andfeuncascertainetiow global warmingincreases in AeroPEs, ahdwthe Pinatubo eruptiorespectivelyinfluenced them.
103 Usingtwo lightning schemes, wademonstrated the sensitivities of different lightning schemes to historical global warming,
104 increases in AeroPEs, and the Pinatubo eruption.
105
106 Research methodmcluding the model description and experiment setup, are described in Sect. 2. In Séa.s¥iylkated
107 historical lightning distributions and trends are validatéitusingLIS/OTD lightning observations. Section 3.2 presents the
108 effects of global warming and increases in AeroPEs on histblightningi LNOy trends. In Sect. 3.3, theffectsof-the
109 Pinatubo volcanic eruptiorffects on historical lightnigi LNOy trends arediscussed. Seioin 3.4 elucidated model
110 intercomparisons ofightring-fladratd FR trendsand variaion between our study (CHASER) and other CMIP6 model
111 outpus. Section 4 presentslevantdiscussions and conclusioastained-frenthisbased orthesestudyfindings

112 2 Method
113 2.1 Chemigryiclimate model

114 We used the CHASER (MIROC) global chetmyclimate model(Sudo et al., 2002; Sudo and Akimoto, 2007; Waksnet

115 al.,, 2011; Ha et al., 202%)r this gudy, which incorporated consideration of detailed chemical and physical processes in the
116 troposphere and stratosphere. The CHASER version adfptéds study simulates the distributions of 94 chemical species
117 while reflecting the effectof 269 chemical reactions (58 photolytic, 190 kinetic, and 21 heterogeneoupyoéesses
118 associated witltropospheric chemistry, Nelklethane Hydrocarbons (NNIC) oxidation and the fundamental chemical cycle
119 of O« NOyi HOI CH4i CO are consideredCHASER simulatestratospheric chemistry involving the Chapman mechanisms
120 and catalytic reactions associated with,HRO, CIOy, and BrQ. Moreover, it simulates the foration of polar stratospheric
121 clouds (PSCs) andheheterogeneous reactions occurring on their surfaces. CHASERliizeazoupled to MIROC AGCM

122 ver. 5.0(Watanabe et al., 201, 2yhich simulates cumulus convection (Arakav&hubert scheme) and gisdale largescale

123 condensation to represent cloaradprecipitation processes. The radiation flugadculatedusing atwo-stream k distribution
124 radiation schemeayhich considers absorption, scattering, and emissions by aenodoloud particles as well as by gaseous
125 species(Sekiguchi and Nakajima, 2008; Goto et al., 201B)e aerosol component in CHASER coupled with the
126 SPRINTARS aerosol modélakemura et al., 2009particularly for simulating primary organic carbon, sad#t, and dust,
127 whichis alsobased on MIROC. The aerosol radiation effects are considered in botts¢atgecondensation and cumulus

128 convectimm schemesalthoughthe aerosomicrophysical effects are only reflectedtire largescale condensation scheme.
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This study used a horizont al resol ut i emybridfievels &#an the furfa®ed |
to approximatelp0 km. Anthropogenic and biomass burning emissiwg®e obtained from the CMIP6 forcing datageemn

Matrle et al., 2017; Hoesly et al., 2018} 1959 2014 (https://esghode.linl.gov/search/input4mips$dst access: 19 September
2022. Interannual variation ibiogenicemissiongor isoprene, monoterpene, acetone, and metham®ok considered using

an offline simulationby the Vegetation Integrative Simulator for Trace G3éSIT) terrestrial ecosystem modgto and
Inatomi, 2012) The residual biogenic emissions (ethane, propane, ethylene, propene) used aregicahtalues derived

from theModel of Emissions of Gases and Aerosols from Nature (MEGAN) modeling sySteemther et al., 2012)

The CHASER (MIROC) global chentigi climate model originally parameterizes lightning with thidely used cloud top
height scheméPrice and Rind, 19927 newly developed iecbased lightning scheme called BEMWFMcCAUL here had
been implemented into CHASER (MIRO@)e et al., 2022b)The ECMWFMcCAUL scheme computesghtning-flash

rated FRs as a function of CAPE aneblumn-precipitating-ice-(includiny (0 represents thiotal volumetric amount of
cloud ice, graupel, and snawthe charge separation regjo€ompared with the cloud top heightsalientadvantage of the

ECMWF-McCAUL scheme ighatit has a direct physical link with the charging mechanism.

2.2 Lightning NOx emission parameterizations

We tested two lightning schemfes this study. The first lightning scheme is the widely used cloud top height (CTH) scheme
(Price and Rind, 1992yvhichwasusedoriginally ésedin CHASER (MIROC) Thislightning schemealctates-the-lightaring
flashrateusingusesthe following equation$o calculatel FR.

O o8 1 pmmO8 (1)

0 ¢& pmO° (2)

Therein, Orepresents the total flash frequeng( E 1), "'Ostands for the cloutbp height E 1), and subscriptaandi

respedtvely denotetheland and ocea(Price and Rind, 1992Actually, we realize the CTH scheme in CHASERngthe

foll owing equations (Eq. (3) and Eq. (4)). Each model
lightning densities fronthatlayer in theCTH scheme.

'O B HQQH06 Hied 'O O O 8 (3)

O B 0OQQUOGO HiIKG 'O 'O O 8 (4)

In those equation&lenstespresentthemodel layer indexAlseln addition ¢ Q QM ¢ depresents adjustment factors
thatdiffer for different model layers and model grids96 "Gymbolizeghe cumulus cloud fraction at model lay€fO and

O respectivelydenotethe altitude of model laye€andthealtitude ofthemodel 6 s sur face | ayer.



160 The second lightning schemsedfor this study is a newly developed one namedB8MWFMcCAUL schemgHe et al.,
161 2022b) which is based on the original ECMWF schermed findings reported byMcCaul et al. (2009)The ECMWF
162 McCAUL schemecalculatesightring-flash-ratelsFRs as a functiorof 6 ® 0 © O  andeelumn precipitating-icdd )
163 (0 _symbolizes the total volumetric amount of cloud ice, graupel, and snow in the charge separatiomasegion)

164 Q | 0 6600 (5)

165 Q | 0 6600 (6)

166 where'Qand Qrespectivelysymbolize the total flash density|f O ) over land and oceamn addition| and are

167 constantsgHD® E C |  ®) determined after calibration against LIS/OTD climatolaggpectivelyfor land and ocearfor
|168 this study| and are setrespectivelytcas¢® x p 1 andp® ¢ p 1T . In the charge separation region (from 0*to
169 25°C isotherm)p (E € ) is expressed as a proxy fte charging ratéecause otollisions between graupel and

170 hydrometeors of other typegMcCaul et al., 2009) Moreover,0  represents the total volumetric amount of

|171 precipitatindiydrometersof threekinds (graupel, snow, and clotide) within the charge separation region, calculated as

172 v 1 n n "Ra )
173 wheren N ,andfy respectivelyrepresenthe mass mixing ratio&(€ C ) of graupel, snow, and cloud ice
|174 Alseln additionj  was diagnosed using Arakaigchubert cumulus parameterizatidinen,i andn were

175 computed at each vertical level of the magsihgthe following equations.

176 1 f — 8

177 p I — 9)

178 In those equation$, represents the vertical profile of the frozen precipitation convectivefliu ( O ), ” [denotes the air

179 density EC ), andw andw  respectivelyexpress the typical fall speeds for graupel and snow set to 3.1 and 0.5
180 | O forthis study For land, the dimensionless coefficienis setas0.7,while for oceansyhereast is set to 0.45for oceans

181 to consider the observed lowgnaupelcontent over the oceans.

182

183 Based on the cold cloud depth, a fouotider polynomial (equation 10) is used to calculate the proportion of total flidisties

184 are cloueto-ground ()). An earlierreport of the literatureescribes the methd@rice and Rind1993)

185 0 (10)

8 8 8 8 8
186 The depth of the cloud above the 0°C isotherms is represent@dtby) in thatequation.

187

188 According to recent studies, the intud (IC) lightning flashes are as efficient as ckadiround (CG) lightning flashes
189 atproducing NQ. The lightning NQ production efficiency igstimated ag800' 400 mol per flaslfRidley et al., 2005;

190 Cooray et al., 2009; Ott et al., 2010; Allen et al.,20The LNOy productionefficieneyefficiendesfor IC and CG are

191 therefore set to the same value (250 per flash) in CHASERyhichis the median of the commonly cited range ofi100

6



192
193
194
195
196
197
198

199

200
201
202
203
204
205
206
207
208
209

210

211
212
213
214
215
216
217
218
219
220

400 mol per flashcensegquentlyhereforein this study the distinctions between IC and CG do not affect the distribution or
magnitude of LNQ emissionsn-this-study. It is noteworthythatmarkeduncertaintiesareinvolved in
determiningscertaininghe LNQ, production efficiencyAllen et al., 2019; Bucsela et al., 2018he choiceof a different

LNOy production efficiencymight affect the simulation of LNQemissions. Further reseanctust be undertakeio

implement and validate a more sophisticated paremmation of LNQ, production efficiencyn chemisryi climate models.
The calculated total coumn LN@ore ach grid was distributed into erd@h mode
s h a p e dxoerticaNp@file(Ott et al., 201Q)

2.3 Lightning observation data for model evaluation

We used LIS/OTD gridded climatady dataset$or this study consisting of climtologies of totalightring-flash-ratelsFRs
observed using the Lightning Imaging Sensor (LIS) and Optical Transient Detector (OTD). The OTD aboard the MicroLab
satellite and LIS aboard the Tropical Rainfall Measuring Mission (TRMM) satélliexil et al., 204). Both sensors
detectletecedlightning by monitoring pulses of illumination produced by lightning in the 777.4 nm atomic oxygen multiplet

above background levels low Earth orbit, both sensoveewviewed Earth locations for approximate®/minduring the pass

of the OTD or 15 min during passg of the LIS.Each dayOTD and LISerbitrespectivelyorbitedthe globe 14 times and 16
timesa-dayrespectively. OTD observed data between +75 and’° latitudeduringMay 1995threughi March 2000, whereas
LIS collecteddatabetween +38 aneB8° latitudeduringJanuary 1998roughi April 2015. Thisstudyuses the LIS/OTD 2.5
Degree Low Resolution Time Ses (LRTS-ERTS), whichprovides dailyightringflashratelsFRson a 2.5° regular latitude
longitude gridfor May 19% throughi April 2015.

2.4 CMIP6 model outputs for model comparison

For the comparison of different model outputs from our study (CHASER) and othesistem models or chentrigi climate
models, we usethelightnring-flashrateFR and surfacéemperaturelata from the CMIP6 CMIP Historical experiments from
CESM2WACCM (Danabasoglu, 20195ISSE2-1-G (Kelley et al., 202Q)and UKESM10-LL (Tang et al., 2019)CESM2
WACCM uses the Community Earth System Modet. 2(Danabasoglu et al., 2020)he CESMZ2 is an opesource fully
coupled Earth system model. The Whole Atmosphere Community Climate Medes (WACCMB®6) is the atmospheric
component coupled to the other components in CESM2. The-B29ISG is theNASA Goddard Institute for Space Studies
(GISS) chemistriyclimate model version E2.1 based on the GISS Ocean v1 (GO01) (uitet et al., 2014; Kelley et al.,
2020) The UKESM1O0-LL is the UK's Earth system modeletails ofwhich areveredescribed bySellar et al. (2019)We
used 3 ensembles from CESM2ACCM, 9 ensembles from GISE2-1-G, and 18 ensembles from UKESMVLL. Table

Slpresentsll the ensemble membaused for this study
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2.5 Experiment setup

We have conducted six sets of experiments with each set ofiragpés conducted using both tEECMWFMcCAUL
(abbreviated as F1) and CTH (abbreviated as F2) schemes. Tpldsehts thenajor settings of all experiments with the
relative explanations of those settings. SFDF2 are standard experiments with the simulation pefid®59 2014 They
areaimed-atreprodudngintended taeproduethe historical trends of lightning and LN@limate1959F1/F2 are experiments

that keep the climate simulations fixed &®59 to derive theeffects of global warming on historical lightning trends.

ClimateAerol19591/F2 are intendedto reflect the conditions with climateimulations and aerosoland aerosol
preeursorprecursoi(BC, OC, NQ, SQ) emissiongixed t01959. The Ag01959F1/F2 experiments are the same as the-STD
F1/F2 experimentsexcept for the AeroPEs fixed to 1959. The fifth set of experiments (\MaffeB1/F2)wasintenced to
exclude the influences of the Pinatubo volcanic eruption to compare to thé=BFRand to evaluate the=ffecsof-the

Pinatubo eruptiorffectson historicalightningi LN O trendsandvarigtion.

We simulate volcanic aerosol forcing by considering the prescribed stratospheric aerosol extinction in the radiation scheme
We usedhe NASA Goddard Institute foSpace Studies (GIS$Pato et al., 1993and Chemisyi Climate Model Initiative
(CCMI) (Arfeuille et al., 2013¥tratospheric aerosol dataset as the stratospheric aerosol climaléndata\SA GISS dataset

includes monthly zonalmean stratospheric aerosol optical thickness in four spectral bands. The CCMI dataset for CHASER

includes monthly zonalmean stratospheric aerosol extinction coefficients in 20 spectral bBademove the volcanic
perturbationbut-maintaiuvhile maintairing the stratospheric background aerosol in the \folife-1/F2, we used thiree
sigma—ruldéollowing equatiorto process the Stratospheric Aerosol Climatology (SAC) during Juneil®gy 1994 using

. 11
= b = 1 (+1)

In thatequationy| =.f . the stratogipthatrai ca sa eirviopstofftF1dikzl ti am af
experiments;|| =Jig|r-b.mpresents the stratosphoegriidcat laa c(kFgorroutnhdi
-|| =JELE] seioSmt he cdrempeopaeandignd WaLNELSBIoSS tahned C @&MIi c¢s tareartoc
dat as e 20 @RWOrIiI0mege 1 M& 831 and June 1996May 2001, whkea time is close t
the stratosphere was | eqs,masftfeaercdsedf dry tvhod Sa@iigsInsadu pu

and CCMI sheabe s pharitna §981t Mayg 12$4i99%6g Mor @esymbol i zes t he

deviations of stratospheric badkRgereotthed aerosebpbooldi mg
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o NSANBASGBGI SS and CCMI strat os p2BHéz216-El0uaer d/kARPO1 aha Jure $966t

du

iMay200) . As displayed in Eqg. (11) j=ysheendi=tzbue) smabrseo |lua reg

t hp&@ we repl ace Juhecld9d Way 109n adiHf ev &SIALCe swi(t h t he t empor al

NASA GI SS and cCcCMI d aWag O@ltand duoerl996Mgy 2004 n &Vh B®#8 Ga b s o |

bet weeyganfi=gragpr.2t® equal t @Rq@r

wanas t ielr |

May 1999 tofe SAC fofftlkRap¥éoliakupd@efoThesponds to the

ute d

95 %

thsaeunt 198l or i ¢

whiacdin remove the Pinat ubwhipembdat@ae nbaclagfdiumrcdehneV gl

aer 0s o lunedl®fi Mayd996 Fur t hetrhmeoriendé 1 ute h & el iwpetiiafbe cttlead Hadl SS
SSsTsea i der efnaediBdisnat ubo er upHointomeé §S3eTaf |i céen dase | - If c a

i ceHadlt aSsweRdT cogalci ma
data duiliomdd Wh&mH ¢ o n doufcft ienxgp etrhiemeM®dtdsz.ap®Eh e oH9 &vai st
cloapproxt met périOo6dl 909D 1@@da hxeedSSaA | ce

exper ame pviespl @ gdtahcee -ABPADD $sSeTa

actyidwirti nigt 999908 5

ci hso s

| feisesl dasf fweecrtee d

All the experi meemsssbabosal ateeshebm tsbs@aocnt ipvaerlaymebiye rli NG
rvol caoff experrVorecnaosf.f Tehxep eST DNbBRTt B eax pee rti hrfecontst & i ée rxacse p
dai |l welmN®Osi on rates cadfcful eax pdrTihreWwTsizlae f Vo leaxapad u ¢ tme ch t

for compaSTiBxme rwii mdhrutcd deefafee totie—cbh NPgmids s ih@msacuss e d

Pinatubo eruptionypnypitomakpheméecthahemisteti me).

Table 1: Aldorkpettddemesudy

Anthropogenic and

) ) Climate (SSTs, ) ) Biogenic Stratospheric aerosol
Name ofexperiment Period ) biomass burning o )
sea ice, GHGS) o emissions climatology
emissions
1959 NASA GISS and CCMI
STD-F1/F2 2014 1959 2014 CMIP6 19592014 stratospheric aerosol
dataset
, 1959 _ VISIT and
Climate1959F1/F2 Fixed to 1959 CMIP6 19592014 As above
2014 MEGAN
ClimateAero1959 1959 . i
Fixed to 1959  AeroPEs fixed to 1959 As above
F1/F2 2014
1959
Aero1959F1/F2 2014 1959 2014 AeroPEs fixed td 959 As above

by



Same dataset with

Volca-off-F1/F2 1990 1990 1999 CMIP6 1990 1999 volcanic perturbation
1999 removed
STD-rVolcaoff- 1990  All settings are the same ti®se used foBTD experiment except for readinfthe daily
F1/F2 1999 LNOx emission rates calculated from the Volwfd experiments

271 2For the model simulations, the climate is simulated by the prescribed SSTs/sea ice fielthe prebcribed varying

272 concentrations of GHGs (GON2O, methane, chlorofluorocarboh<CFCsi and hydrochlorofluorocarborisHCFCs) sed

273 only in the radiation scheme. The SSTs/sea ice fields are obtained from the HadISST(Ratasat et al., 2003)The

274 prescribed GHGs concentrations are derived f@ivtiP6 forcing dataset@vieinshausen et al., 2017)

275 "We use fAF10 ECMWBEMcEAUL schemefi R2hde represents the CTH scheme.
276 °Stratospheric aerosol radiative forcing is simulatisihgthe prescribed stratospheric aerosol extinctidmch is obtained

277 fromtheNASA GISS(Sato et al., 1993nd CCMI(Arfeuille et al.,2013)stratospheric aerosol dataset.

278 9The climate is fixed to 1959 for the whole simulation pefisihgthe 1959 SSTs/sea ice field and GHG concentrations
279 during the simulation period.

|280 €Aerosol (BC, OC) and aerosptecursorgrecursor(NOyx, SQ) emissions (anthropogenic + biomass burning) are fixed to
281 1959throughouthe simulation period.

282 fSeveral biogenic emissions are interannually varying, including isoprene, monoterpenes, acetone, andwisthanaile

|283 calculated usingan offline simulationbyusing the Vegetation Integrative Simulator for Trace Gases (VISIT) terrestrial
284 ecosystem mod€lto and Inatomi, 2012)Some other reactive biogenic VOCs (ethane, propane, ethylene, propene) used are
285 climatological data derived from the Model of Emissions of Gases and Aerosols from Nature (MEGAN)imgosystem

286 (Guenther et al., 2012)

287 9Heret he -A®9AMDWITSSssea ice datwi MedleSssBpBited gt tamthnat dlr i
288 19815990

289 3 Results and Discussion
290 3.1 Validation of the simulated historical lightning distribution and trend

291 To increase the credibility of the conslans obtainetbasedonly on the numerical simulations, the model calculatioost
292 beevaluatedusing observational data. We used the LIS/OTD observations to evaluate theaspitiahporaldistribution
293 and historical lightning trends simulated by CHASER (MIROC). Fguldi¢lc show the annual mean spatial
294 distributierdistributiors of lightning observed by LIS/OTD and from model simulations using the ECNWEAUL and
295 CTH schemes. Both the ECMWMcCAUL and CTH schemes generallyptared the hotspots of lightning (Central Africa,

296 Maritime Continent, South America), with strong spatial correlations between observations and model simRlatas).
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297 Figure 1d exhibitstrong spatial correlation between observations and simulation results maithaingghouthe simulation
298 period (19592014).
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301 Figure 1: Annual mean lightning flash densities from (a) LIS/OTD satellite observations spanning 1908000, (b) the STD
302 expeliment (1960 2014) with theECMWF -McCAUL scheme used, (c) the STD experiment (1968014) with the CTH scheme used.
303 R and RMSE shown in the titles of panels(b) and (c) arecalculated betweemanels(b}-()i (c) and (a).Panel (d) presentsthe spatial
304 correlation coefficients between modeledwnnual-mearspatial lightning densitieglistribution of each year and LIS/OTD lightning
305 climatologiesduring 1996 2000.

11



Lightning flash rate anomaly (+41 25 latitude)

0.0M AR M a,

STD-F10.06% yr -
STD-F2 0.09% yr

|

o P

+ N
L

Lightning flash rale anomaly (fl. km_2 yr_1)

-1

LIS/OTD 0.09% yr

— T T T T T T T YT OT O OTIOT OTIOTIOTIOT YT T

25553255555555555%5

O MN~NOOHOO T AN MWW OOV O—MNM

OO OO0 OO0 0000000 v« T v« v«

OO OO0 00000000000 OO

306 Time
Py
Il_
>
i
E
X
=
=
©
£ .

(o]
=
(]

w —0.2 -1

g —— STD-F10.08% yr
e

[Z2] o -1

© STD-F2 0.10% yr

< -0.4 ,

c —— LIS/OTD 0.02% yr
s
=

D} ™ Y T - T T T - - T T T T T T T T

T 955555225555555555

O MN~NDOD OO T AN MOTW OO —NM

OO OO OO0 Q00O 0000 v~ «— «—

OO0 000000000000 O00 0O

rx—x—x—NNNNNlC\INNNNNNNN

307 Time

308 Figure 2: Lightning-flash-rateLFR anomaliesof 1996 2013 within K413 7 Al&t i tobde@i ned from two numer |
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313
314 The LIS/OTD observations amsousedto evaluatehistorical lightning trends simulated by CHASER (MIROBkcause
315 Poctatlenlic OTDB-observations-eximthy-within-+41.25° latitudeduring 1996-2013-We examined the41287.5
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340

latitude meaightning-flash-rateFR anomaly (19962013) calculated from LIS/OTD observations and SHDIF2 numerical
experiments(Fig. 2). We also note somemissing values within the 48.2537.5 latitude in LIS/OTD observationd.o

keegonstrainthe comparisons between observations and simuladisiiiee-for-like, when we encounter missing valuen

the LIS/OTD observations during spatial averaging,alg® treat the CHASER simulated value at the same location as a

missing valueAs displayed in Fig. Z2venwhenthe interannual variations of thightning-flash-rateFR anomalysometimes
differ between observations and simulatiotte overall trends oflightning-flash-rateFR anomaly simulatedyyusing both
schemesvell-matched the LIS/OTD observatiomdeitherthelightning-flash-rateFR anomaly (within #1.2537.5 latitude)
derived from LIS/OTD observationsor simulations shova significant trendfor 1996 2013 using the MarirkKendall rank
statistic test (significanceet-amferred for5%). The globalightring-flash-rateFR anomaly(during 1993 2013 obtained

from simulations (STEF1V/F2) alsoshewshows no significant trendwhich is consistent with the Schuman Resonance (SR)

intensity observations (1993013) at Rhode Island, USgEarle Williams, 2022)However, the SR observatiomsRhode
Island (USA) exclude consideration of the influencesalr cycleswhich makes it less appropriate for lightning trend
evaluation.

Mean annual cycle in area average lightning flash rate
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Figure 3: Mean annual cycle in area average LFR during 1992003 The aea average was taken over the grid cells where valid

LIS/OTD lightning observations exist. LFR is normalized by mirmax normalization.

We further investigated the seasonal variabilities of simulated LFR and compared them against LIS/OTD obsenations. Th

results aredepicted in Fig. 3Both the CTH andECMWFMcCAUL schemes captured the peak during JJA, but the

overestimation of LFR by F1/F2 during DJRaisonoticeable. Figure Sfresentgompaison ofthe LFR global distribution

in_different seasons during 199803 from LIS/OTD lightningobservations and STD experiment outputs. Generally,

CHASERwell-captured the spatial distribution of LFR in all four seasons when compared against LIS/OTD observations. The

spatial correlation coefficient®R] between observations and simulationshaglest R=0.80 for both lightning schemes) in

DJF, indicating CHASEROGs considerable capability to

row of Fig. S1, the overestimation of LFR by F1/F2 during DJF is primatihibutable tadhe overestimation of LFR within
13
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370

the Maritime Continent and South America, but thight alsobe attributable to the underestimation of LFR by LIS/OTD

within these two regions. It is believéthtthe LIS/OTD lightning detection efficiency is highly sensitive to the characteristic

of convective clouds (cloud albedo, cloud optical thickness,(&occippio et al., 2002; Cecil et al., 2014)gh cloud albedo

and cloud optical thicknesnight engendethe underestimation of LFR by LIS/OTD. Itassonoteworthythatthe seasonal

variaion and longterm trend of global lightning amstrongly influencedy distinct different factors. The seasoumatiaion

of global lightning activities isnost strongly affectedythe 23 o0 b | i g u i tsyrbibahd tHe asymnietiic distribution of

the continent between tiNorthernandSouthernhemispheresHowever, the londerm global lightning trend we investigated

for this study iscontrolledmainly by climate forcersuch as aerosols and GH@® minimize theeffectsof LFR seasonal

variation on our

studybs r esul tfiguresandtablésbyscaleukmtmatheir anprealy t h €

based on raw data. Thelidationdescribedabovea nd t he deseasonal i zat i ahatthe EFRour

seasonal variation (and the uncertainties in the simulation of LFR seasonal vanation$iudy has a limitegffecton these

studyresults

3.2 Effects of global warming and increases in AeroPEs on historical liglmingi LN Ox trends

As introduced inSect. 1, global warmingnd changes in AeroPEs are the two main faacttiish influencethelong-term

(19601 2014) historical lightning trends (Hereinafter, historical lightning trelmdscataepresentightning trends of 1960

2014.). To analyze the effects of global warming on historical lightning trends, we designed and conducted two sets of

experiment s: one

set

of e X p e r iFiE2h dnd andthercskt wfdexpergments galiclg b a |

Agl obal war mi fFiyeR). Fighlesata and3ib B2§pSctivelydepictthe global surface temperature andesl
calculatedfremusing the ECMWFMcCAUL and CTH schemes. The STD and Aero1959 experiments show an increasing

trend (around 0.11 K decadjeof global mean surface temperature anomaliich isclose-talosdy approximateshe trend
(around 0.15 K decad® obt ai ned MNationamCeMNetsAdk &svironmental Information (NCEFigs. 4c,4f).

Global temperature change data from 1880 to the present are available from thevNiCELracksthe-variations of the

Eartts t emper atur e

based

o niondat®anosira thel glolj@irhate atta &larce| Natidnal Cdnters r v a

for Environmental Information (NCEI), 2022Vhenthe prescribed SSTs/sea ice fields and GHGs concentrations were fixed

to 1959 throughout the simulation period, the simulated trehgkbal mean surface temperature anomalies turned out to be

flat (Climate1959 and ClimateAero1959) elucidate the effectsf increases in AeroPEs on averaged surface tempetature

the greatest extent possipiee alsoshow the averaged surface temperature anomaly only over land regions¢Figg. 4f).

The simulated global mean land surface temperature anomaliaisaneell-matched with the&lCEI observational data. The
aerosol cooling effect can be mareident when onlyparticularhy-addressivexaminingsurface temperature trends averaged

over land (Figs3di-e4di 4e).
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Figures4#igure5, panels(a) and (b respectivelyshowportraythe global meahghtningflash-raté. FR anomalies and their
fitting curves obtained from the outputs of tBEMWFMcCAUL scheme and CTH scheme. The glbbghtning trend

obtained from the STIF1 experiment turned out to be statistically flat0¢@.yr?), whereasthe outputs of the STIB2
experiment exhibit aot significantincreasing global lightning trend (&% yr?) determined using thielanri Kendall rank

statistic (significance inferred for 5%).

FromComparison of the lightning trends calculated from th® $iiid Climate1959 experimentse-foundshowedthatboth
lightning schemes demonstratitthe historical global warming (196@014) enhances the global lightning trends toward
positive trends (around @86 yr? or 3% K1). Theeffecs-ef Global warmingeffectson historical lightning trendsrevere
evaluated asignificantusing theMann Kendall rank statistiowith significancenferred for5%, when using the CTH scheme,
but not in the case of tHECMWFMCcCAUL scheme(Hussain and Mahmud, 2019)he differences in lightning trends
simulated by the STIF1/F2 andAero1959F1/F2 experiments indicatbat the increases in AeroPEliring 19602014
significantly suppress the global lightning trends@7%yr'i -0.04%yr?). It is noteworthythatthis suppression of lightning

trends is onhattributableto the-aerosol radiative effects. Further reseascheederhust be conductetd elucidate the long

term effects obereseherosad on lightning through aerosol microphysical effects. &lainvestgated lightning trends only

over land regions (Figsterdsc 5d) to ascertain the effects of changes in AeroREthe greatest extent possibW&hen
observingthe lightning trends over land only, the degree of suppression of lightning tsgatisbutable toincreases in
AeroPEs expands t®.10% yr! 7 -0.06% yr?, which is attributableto most AeroPEs and their growth coming from land
regions. It is nteworthythatwe usedhe same SSTs/sea ice data in the Aero1959 as those used for STD experiments. The
SSTs/sea ice datdsoreflected theeffects of increases in AeroPEs. Thereforemmightunderestimate the effects of increases

in AeroPEson lightning trends by comparing the results of STD and Aero1959 experiments.
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For theECMWFMcCAUL scheme, model outputs affirthatglobal warming can enhance the global mean CAPE anomaly

slightly and suppress the global meéan anomaly(Figs.6& 6b). Earlierstudieshavealsoindicatedthatthe total solid (cloud

ice, snow, and graupel) mass mixing ratithin charge separation regmis lowerunder global warmingvioreover possible

explanations are given in those studiEmney et al.,

2018; Romps, 20%58)b). The trend-otheglobal-mean)—anomaly
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t |
isotherm-to-the-higherregioBecausglobal warming enhances global convection activities, and because lightning formation

is highly related to convection activity, global warming enhartleedhistorical global lightning trend simulategusingthe
ECMWFMcCAUL schememainly as a result of the simulated CAPE trembichis enhanced by global warming. The past
increases in AeroPEs exert negligible effects on the trends of global mean CAPE ambmalies, as displayed in Figsi-

b6a 6b. However, the past increes in AeroPEs suppress the CAPE @ndrend within the tropical and subtropical terrestrial
regions where lightning densities are high @Bi 5¢-d6ci 6d). Weaker convection activities (smaller CAPE) and fewer
hydrometeors (cloud ice, graupel, snowthia charge separation regionsG0 -25°C isotherm)ead-tengendeless lightning.

These are the main causes for the suppression of the historical lightning trends induced by increases in AeroPEs throug

aerosol radiative effectf. is noteworthy thatbecausehe aerosol microphysical effects are only considered in thesgaile

large-scale condensation scheme, our stodght underestimate the aerosol microphysical effedtich can enhance the

trends ofd andLFR toward the positive direction

To explain the results simulated by the C¥eheme, we investigated the vertical profiles of the trend of the global mean

cumulus cloud fractiorfFig—5e}Fhisanomaly (Fig. 6e)lnvestigating cumulus cloud fractids reasonable becausach

model | ayer6s cumulus c¢cloud fractions athadayenis tbedCTH sthemes i g h |
asintroduced inequations (3) and (4). FiguE6f s hows the relative contributions ¢
calculated global total lightning densities in 1980the-CTH-schemand 2014obtained usinghe CTH scheme. As Fig. 6f

displayed, the vertical profiles of relative ¢obution in 1960 and 2014 are almost identi€@imulus convection is positively

correlated with lightning formationyhichis the scientific basis of parameterizinghitning densities using the cumulus cloud

top height: the CTH schem@&heHistorical global warming enhances the lightning trend simulated by the CTH scheme mainly
because the simulated historical global warming increases the cumsadining200 hPawhich eentribuicontribues greatly

to the simulated global total lightning densffigs.5ef6€i 6f). The increases in the deep convective cloudegarded as

related to the increases in tropopause heigghbutable tagylobal warminghichisasshown in FigSiS2 The past increases

in AeroPEs suppress the lightning trend simulated by the CTH scheme because increases in AeroPEs decrease the cumu
reaching 200 hPa as well as the cumulus within the lower to middle tropospherensol radiative effec(Fig. 5f--Alsebe).

In addition in the supplementwe presenta figure (Fig.S25S3) resembling Fig56, butwhich includes only consideration of
land regions. The mechanisms of global warming and increases in AeroPEs affecting lightning trends over land regions are

similar to those described above on a global s&dkedo not discussetails ofthemin-detailhere.
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Wealsoinvestigated lightning trends simulatedmin different experiments with the global map (Féd@). Both theECMWF
McCAUL and the CTH schemsshowthatthelightning increased significantly in most parts of the Arctic regiondewieased
in some parts of the Southern Ocean during 19604 (Figséa;€e7a, 7€). The significant lightning trends presented in Figs.

gl obwh i tormep .
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Ga-almestdisappearefh became nearly nonexistewhen the climate simulations were fixed to 1959 (Fys-f7b, 7f),

indicating the considerable effects of global warming on the trend of global lightning activities. Furthermore, thefeffects o

past global warming and increases in AeroPEs on the lightnindstien the global map are displayed in Fi). Figuresza;
cindicate8aand8c showthatpast global warming enhances lightning activities within the Arctic region and Japigh,is
consistent witlindings ofan earlier study fromwhich Japan thunder day data were repoftagibe, 2017) Figures7a;<8a

and 8c alsoshowthat historical global warming suppresses lightning activities around New Zealand and some parts of the
Southern Ocean. Both lightning schemes demonsttagdthe historical increases in AeroPEs suppress lightning activities in
some parts of the Southern Ocean and South AmericcECMAVFMcCAUL schemealsosuggestshathistorical increases

in AeroPEs suppress lightnilagtivitiesby aerosol radiative effecits some parts of India and China, where AeroPEs increased

dramatically during 196®014 because ofapid economic development and energy consumpiizmy observatiotbased

studies indicatéhataeroso$ can invigorate lightning activitiei® some regions of China and India, typically unosatively

clean conditionge.g.,AOD < 1.0),whichis attributable to the aerosol microphysical eff{Wang et al., 2011; Zo et al.,
2017; Lal et al., 2018; Liu et al., 2020; Shi et al., 2020; Zhao et al., 2088)efore, a total positiveffect of aerosol on

historical lightning trensglin China and India cannot be ruled die further provided the same figures as Figsand+8, but
using different units (fl. kmi yr?) in thesupplemergupplemerdry information(Figs. S3-andS4 and SY. FiguresS3-andS4
and S5showthatthe absolute lightning trends (fl. khyr?) and the effects of globalasmming and increases in AeroPEs on

the absolute lightning trends are slighhigh-latitude regionsbut prominentin tropicalarea.
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(a) 1960-2014 annual global LNO, production anomaly (ECMWF-McCAUL)
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Trends in historical annugllobal LNO, emissions for different scenarios are generally consistent with trends in historical
global mearnightningflashrateEFRSs as shown in Figslai-b5a 5b and Fig.89. Thisfinding is not surprising because, as the
lightning NO, emission parameterizatioirgroduced inSect. 2.2show the simulatedightringflash-ratesFRs are linearly
related to the simulated LN@missions in our study. Thresults presented in Fi§9 imply thathistorical global waming

and increases in AeroPEs can affect atmospheric chemistigeardgender feedback by influencing LN@missions.

3.3 Effectsof-Pinatubo volcanic eruptioneffectson historical lightning? LNOx trends

We estimatehte effects-of thePinatubo eruptiorffectson historical lightningLNOy trends and variation by comparing the
simulation results of STD and Volg#f experimentsThe simulated global meaghtningflashratelsFRsby STD and Volca
off experiments are the same until April 1991. They then begin to show differences from May#£8984H)-—FhisThetime

series of global mean LFERSs is not shownThisresultis reasonable becausee Pinatubo volcanic perturbations are removed
from SAC during June 19%breughi May 199419% in the Volcaoff experiments by equation (11), and because the SAC of
May 1991 used in CHASERrés interpolated between the SAC of April 1991 and June 1991.
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{me

(12)

In the equatiord 3 =|_||%1T represents global medightring-flash-rateFR anomalies simulated by STBL/F2 experiments.
4 3 =|Tr?.4H|'ienotes global meatightnring—flash—rateFR anomalies simulated by Vola#Hf-F1/F2 experiments
d 3 ;I . 4H|.ymbolizes global medmhining-flash-ratelsFRssimulated by Volcaoff-F1/F2experiments
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Figure 1011: Probability Density Distributions (PDDs) of{ g u & & ojjilfained from monthly time-series data of| g m +
during 19901 1999. The 95% confidencénterval of { g m + il 'so shown in the titles ofthis figure.

The monthly timeseries data of gu + ¥ oJjd] 1990 1999 forboth of the lightning schemes are calculatedd The
Probability Density Distributions (PDDs) ¢f gy m + ¥ oJjill} displayed in Figlo11. The{ gu + & ojilsented in

Fig. 4011 are all normally distributecs determined by the Kolmogoro®mirnov test. The 95% confidenaaterval of

i m®"+ & ojjalculated and shown in the titles of Figl1. As displayed in Figei¢10d 10d, the underlined values

{ mw + 8 B ributedwithin 1992081199204 cutreachedxceedethe 95% confidenciaterval whichmeanshere
ardndicatingsignificant differences ithe calculated gpbal meanightring-flash-rateFR anomalies by STD and Voleaztf
experiments. In other words, global lightning activities were suppressed significantly by the Pinatubo eruption durshg the fi

year after the eruption.
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