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10 Abstract. Lightning is one of the primary natural sources of pitric oxide (NO), and the influence of lightning-induced NO (l‘ leted: nitrogen monoxide

(LNO) emission on air quality has been investigated in the past few decades. In the current study an LNO emissions model,
which derives LNO emission estimates from satellite-observed lightning optical energy, is introduced. The estimated LNO
emission is employed in an air quality modeling system to investigate the potential influence of LNO on tropospheric ozone.

Results show that lightning produces 0.174 Tg N of nitrogen oxides (NOx= NO + NO2) over the contiguous U.S. (CONUS)

15 domain between June and September 2019, which accounts for 11.4% of the total NOx emission. On average, LNO,emission (l‘ leted: ,
increases tropospheric ozone concentration by 1-2% (or 0.3—1.5 ppbv) in the column; the enhancement is maximum at ~4 (l‘ leted: ppb
km above ground level, with a minimum near the surface. The southeast U.S. has the most significant ground-level ozone ‘ (Deleted: maximium
increase, with up to 1 ppbv (or 2% of the mean observed value) difference for the maximum daily 8-hour average (MDAR) (l‘ leted: ppb
ozone. However, many of these numbers are near the lower bound of the uncertainty range given in previous studies, Also, (l‘ leted: ,

20 the decreasing trend in anthropogenic NOx emissions over the past two decades increases the contribution of LNO gmissions (l‘ leted: of
to total NOx emissions. These suggest the current LNO production rate used in the LNO emissions model may need to be (Deleted: emission
sefined. Moreover, the episodic impact of LNO on tropospheric ozone can be considerable. Performing backward trajectory (Deleted: sugecsing
analyses revealed two main reasons for significant ozone jncreases: long-distance chemical transport and lightning activity in %E::::::: T::usmd
the upwind direction shortly before the event, - O_ leted: increase

" Deleted: . In addition, the mixing of high LNOx (or 0zone) plumes
is likely another reason for ozone enhancement
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25 1 Introduction

The air quality community is concerned about nitrogen oxides (NOx), a group of highly reactive gases — nitric oxide (NO)

| and nitrogen dioxide (NO2) — with NO: being regulated by the U.S. Environmental Protection Agency (USEPA) as one of
the criteria air pollutants. One reason is that, in the presence of sunlight and water vapor, NOx can react with volatile organic
compounds (VOCs) to produce ozone (Os3), a secondary air pollutant that has adverse health effects on susceptible

| 30 individuals (Chen et al., 2007; Post et al., 2012; Caiazzo et al., 2013; USEPA, 2015, 2021) and is harmful to the environment
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(Van Dingenen et al., 2009; Fuhrer et al., 2016; Dinan et al., 2021). After decades of efforts to reduce anthropogenic NOx
emissions in the U.S. (Simon et al., 2015), the relative importance of naturally emitted NOx to air quality is expected to
increase (Kang et al., 2019a). Lightning, an electrical discharge phenomenon caused by charge separation and accumulation

during a thunderstorm (Verma et al., 2021), is an important natural source of NO,(Pour-Biazar and McNider, 1995). The

intense heating and subsequent rapid cooling of air that occur due to a lightning discharge convert stable nitrogen (N2) and

oxygen (O2) into NO (Bond et al., 2001). It was estimated that lightning-induced NO,(LNO) emission accounts for 10-15%

(pate

of the global NOx budget (Schumann and Huntrieser, 2007) and more than 80% of the upper-tropospheric NOx in summer
(Cooper et al., 2009).

Because NQ,production from lightning is sensitive to various factors, such as peak current, channel length, strokes per flash,

(ot

(Deleted :

NN

(ot

air density, and energy dissipation rate (Cooper et al., 2009; Koshak et al., 2014a, 2015; Murray, 2016), the amount of NO,
produced from lightning is still highly uncertain, even though considerable research efforts have been devoted to quantifying

the amount of NO,produced by lightning flashes, including theoretical calculations (e.g., Chameides et al., 1977), laboratory
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experiments (e.g., Peyrous and Lapeyre, 1982), cloud-scale chemical transport model simulations (e.g., Ott et al., 2010),

ground-based observations (e.g., Wada et al., 2019), and satellite-based column,measurements (e.g., Bucsela et al., 2010;

(ot

Pickering et al., 2016). A comprehensive literature review by Schumann and Huntrieser (2007) reported that the best

estimate of the LNQ, production rate is 15x10? molecules of NO,per flash with uncertainty factors ranging from 0.13 to 2.7,

ar
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which is equivalent to 250 (32.5-675) moles of NQ,production per flash. A subsequent yeview by Murray (2016) updated the
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uncertainty range to be 17-700 moles of NO,production per flash.

With the availability of lightning flash data from the National Lightning Detection Network (NLDN) (Orville et al., 2002,
2011), a reputable ground-based lightning detection network that has a high (~90-95%) cloud-to-ground (CG) flash
detection efficiency (DE) over the contiguous U.S. (CONUS), various models and schemes have been developed to estimate

LNO, emission and investigate its impact on ozone prediction in regional chemical transport models (Kaynak et al., 2008;
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Smith and Mueller, 2010; Allen et al., 2012; Koshak et al., 2014a; Wang et al., 2015; Kang and Pickering, 2018; Kang et al.,
2019a,b, 2020). For instance, Allen et al. (2012) introduced an LNO, parameterization scheme, which utilizes monthly

NLDN (mNLDN) flash data, into the Community Multiscale Air Quality (CMAQ) model (Byun and Schere, 2006; Appel et

al., 2021). The mNLDN scheme assumes that total column LNO, emission is proportional to model-predicted convective

precipitation (CP) with local adjustment so that the monthly average CP-based flash rate in each model grid cell matches the
NLDN-based monthly mean total flash rate. The total column LNO,emission is then distributed vertically based on a

preliminary version of the segment altitude distributions derived by Koshak et al. (2014a) using North Alabama Lightning

x

Mapping Array (NALMA) data (Goodman et al., 2005). Kang et al. (2019a) simplified the mNLDN scheme in CMAQ by
using only gridded hourly NLDN (hNLDN) flash data to ingest LNO,emission into model grid cells directly. However, since

(SADs)

the hNLDN scheme is not dependent on the model-predicted CP field, discrepancies between the time and location of the

released LNO,emission and convective activity, as well as other convectively transported ozone precursors, may exist. In

addition, Kang et al. (2019a) also introduced a parameter scheme (pNLDN) that is based on linear and log-linear regression
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parameters derived from multiyear NLDN lightning flash data and the model-predicted CP field, which can be used when
lightning observations are not available (such as air quality forecasts and future climate studies).

Further, satellite-based lightning observations can also be used to estimate LNO, production (e.g., Bucsela et al., 2010,

Pickering et al., 2016; Koshak et al., 2014b; Koshak, 2017). Koshak et al. (2014b) and Koshak (2017) proposed an approach

that derives LNO, emission estimates independent of model fields using satellite lightning imager flash optical energy data

[e.g., as from the Tropical Rainfall Measuring Mission (TRMM) Lightning Imaging Sensor (LIS; Cecil et al., 2014), and
geostationary lightning mappers (see below), respectively]. It is referred to as the p-method since it relies on computing a

scalar denoted as B that converts the satellite-detected flash optical energy (typically hundreds of femtojoules as measured

from geostationary platforms) to an estimate of the total lightning flash energy (typically gigajoules), and consequently to

LNO, However, because TRMM/LIS is a low-Earth-orbiting satellite, it cannot record the entire life cycle of a thunderstorm

compensates for some of the uncertainties and

(oata

(Bucsela et al., 2010). As a result, using TRMM/LIS data cannot explicitly characterize the diurnal variation of LNO,emission

=

over a specific region. This limitation can be overcome by using observations from the Geostationary Operational
Environmental Satellite R-series (GOES-R) Geostationary Lightning Mapper (GLM), which has a similar instrument design
and data processing algorithm to TRMMY/LIS (Goodman et al., 2013; Schmit et al., 2017). GLM is the first operational lightning
mapper in the geostationary orbit and continuously monitors lightning activity over the Americas and adjacent ocean regions.
It collects lightning optical pulses at 777.4 nm (i.e., the center of a prominent oxygen emission triplet in the lightning spectra)
with a nadir staring, high-speed Charge Coupled Device (CCD) array.

Our recent paper, Wu et al. (2023), introduced an offline LNO, emission model that utilizes GOES-16 and GOES-17 GLM

(oata

(hereinafter referred to as GLM-16 and GLM-17) lightning observations to prepare LNO,emission input for regional air quality
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modeling systems by implementing the f-method introduced in Koshak et al. (2014b) and Koshak (2017). As a follow-up

study, this paper applies the GLM-estimated LNO,emission in air quality model simulations to study how it would affect ozone

NN

(psts

simulation. One caveat is that the LNO,emission model does not constrain the time and location of LNO, production using the

(Data.

model cloud field. Therefore, desynchronization between model clouds and LNQ, emission adds uncertainty. This issue will
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be addressed in our future study by assimilating GOES cloud observations (White et al., 2018, 2022) to improve model cloud

placement. Another way to resolve such desynchronization is to conduct lightning data assimilation (Heath et al., 2016; Kang

et al., 2022a) in the upstream meteorological simulation with the same lightning flash data. The rest of this paper is organized

as follows: Section 2 provides descriptions of the Wu et al. (2023) GLM-based LNO,emission model, Section 3 states how air

) (Deleted:

X

‘ (Deleted:

would likely introduce some

AN NS

(oata

quality simulations are conducted, Section 4 presents simulation results and discusses the potential impact of LNQ, emission

=

on ozone prediction, and Section 5 summarizes the key findings and lists future work.
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2 GLM-based LNO, emission model

2.1 Column total LNO,production

(oa

(os

The LNO, emission model described in Wu et al. (2023) first estimates column total LNO, production from the GLM Level 2

(os

data product, which is currently distributed yia the National Oceanic and Atmospheric Administration (NOAA)
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Comprehensive Large Array-data Stewardship System (CLASS) (https://www.class.noaa.gov, accessed 28 August 2022). The
GLM Level 2 data product contains the time, geographic location, areal coverage, and radiant energy information of three
lightning elements — event (pixel-level lightning registered by GLM over a 2-ms integration window), group (one or more
simultaneous events detected in adjacent pixels), and flash (a set of sequential groups occurring within 330 ms and 16.5 km).
Since the temporal resolution of the product is much higher than needed by air quality modeling systems, only flash-level data
are processed to improve computational efficiency. Previous assessments (Marchand et al., 2019; Bateman and Mach, 2020;
Bateman et al., 2021; Blakeslee et al., 2020; Murphy and Said, 2020; Zhang and Cummins, 2020; Rutledge et al., 2020)

estimated that GLM flash-level DE is greater than 70% on average, which varies with storm types and is generally higher at
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night than during the day. However, a few studies (e.g., Murphy and Said, 2020; Bateman and Mach, 2020; Blakeslee et al.,
2020) pointed out that GLM flash DE is significantly depleted on the edge of the sensor ficld of view, (e.g., over the

d: with better performance

northwestern U.S. for GLM-16). The recent study by Wu et al. (2023) showed that significantly more (fewer) NLDN-detected
CG flashes could be matched to GLM-16 flashes than GLM-17 flashes east (west) of 106.2°W. Therefore, to reduce the
uncertainty caused by diminished GLM flash DE, GLM-16 flashes east of 106.2°W and GLM-17 flashes west of 106.2°W are
selected, merged, aggregated into hourly values, and gridded onto pre-defined model grid cells before subsequent calculations.
With the core assumption that the GLM-detected flash optical energy is proportional to the total flash energy (i.e., the total
stored electrostatic flash energy typically measured in gigajoules, and that is released as acoustical and electromagnetic energy

in the discharge), the amount of NQ, (in moles) produced by flash & (P) is estimated by Koshak et al. (2014b) and Koshak,

FOV

(2017) as

Y
k™ piNa

Q> M

where Py is the fraction of the total lightning-released optical energy detected by GLM for flash &, N (6.022 x 10% molecules

per mole) is the Avogadro’s number, ¥ (~10'7molecules per Joule) is the thermochemical yield of NO,(Borucki and Chameides,

1984), and QO is the GLM-detected optical energy (in Joules) from flash & (provided by GLM flash optical energy data). The
only variable needed for obtaining the value of Py is the dimensionless scaling factor Bx, which is sensitive to various lightning
and cloud scattering properties and GLM sensor characteristics (Koshak et al., 2014b; Wu et al., 2023). To make this method
feasible, it is assumed that many (but not all) of these factors average out for a large number of GLM flashes and numerous
types of thundercloud structures over diverse geographical areas. Assuming that the particular B« in Eq. (1) can be replaced by

a fixed (mean) value P, then Eq. (1) can be re-written as
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Pk=ka~ 2

It is important to note that this equation provides a variable flash-to-flash estimate of LNO,production (hence the k subscript

in the production variable Px). Only the value B is chosen as fixed. Now, to obtain a representative value of , multiple years

of GLM flash optical energy data are needed, and Eq. (2) is rewritten as

B=L§¥=1Qk=L§¥=1Qk A3)
NoyN_ P Na NP

where N is the total number of GLM flashes within an extended period (over the entire observational domain), and P is the

average amount of NO, produced by lightning flashes. In recent air quality modeling studies, 250 to 500 moles per flash is

=

typically used for P (Allen et al., 2010; Ott et al., 2010; Koshak et al., 2014b; Koshak, 2017; Wang et al., 2015; Zhu et al.,
2019; Kang et al., 2019a,b, 2020). For this study, the LNO, emission model assumes that a lightning flash would produce 250

(oss

moles of NO,on average, a commonly-cited LNO,production rate in the literature (Schumann and Huntrieser, 2007). Processing

(ot

be determined.

almost three years (February 2019 — December 2021) of GLM data within the CONUS yields an estimate of 1,5336 x 10722 E (Deleted: x
for B. Once B is known, NO,production by each lightning flash is estimated using Eq. (2), and total column,LNO,emission can gDeleted: 33359
. ( Deleted: «
(Deleted: total

The derivation of the column total LNO,production has several sources of uncertainty. First, the fixed value of B yvaries linearly

with the assumed global-averaged LNO production rate (P), i.e., this method constrains the geographic distribution of LNO
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emission but not its global-averaged magnitude. The value P = 250 moles per flash globally, which is currently used by the (Deleted: is
GLM-based LNO emission model as a gonstraint, 4s highly uncertain (Schumann and Huntrieser, 2007; Murray, 2016), Many B G?«Celetted clearly biased by the mean LNOx production per flash
Jactors can affect the value of P. For example, NO, production is sensitive to various lightning characteristics, such as peak ‘ (r leted
current, channel length, strokes per flash, air density, and energy dissipation rate (Cooper et al., 2009; Koshak et al., 2014a, ; ;\(Deleted: constrain
2015; Murray, 2016). A lightning discharge with a longer channel length or a higher peak current produces more NO, In the ) 3 (Deleted: assumed
latter case, a higher peak current normally implies more area under the stroke current waveform #(f) and therefore more net ; (Deleted: ! _
energy in the discharge; and this is explicitly true for the return stroke current models for i(). Many studies have shown that \ gz::::::: variables
one CG flash might produce up to 10 times more NO, than an intra-cloud (IC) flash (Koshak et al., 2014a; Carey et al., 2016, ) ‘(,. leted: .
Lapierre et al., 2020) as CG flashes typically have stronger peak currents, longer channel lengths, more channel at lower Sy ‘ (Deleted: x
altitude where the thermochemical yield is larger, and extend to a larger area than IC flashes (Rakov and Uman, 2003; Koshak (Deleted: x
et al., 2009, 2014a; Koshak, 2010; Mecikalski and Carey, 2018). Therefore, even though the § method utilizes flash-specific (l‘ leted: So
GLM-observed flash optical energy to compute, LNO, production on a per flash basis nicely, the value of P is still _ (l‘ leted: nicely
assumed/biased, meaning it will introduce, uncertainty to the LNO emission estimates. Second, not all lightning flashes are | (Deleted: s
detected by GLM. Recent studies indicated that GLM flash DE is correlated with the type, geometric size, optical energy, ‘ (Deleted: variable
duration of the flash, cloud optical depth, seasons, time of day, and sensor viewing geometry (e.g., Blakeslee et al., 2020, : Ez::::::: xbascd on fsspesific GLM.obaerved fash oprica
Murphy and Said, 2020; Rutledge et al., 2020; Zhang and Cummins, 2020). For example, less energetic and shorter IC flashes energy...
are less likely to be detected than CG flashes. GLM flash DE is found relatively lower over the Great Plains (Allen et al., 2020; B (Deleted: still
(Deleted: /assumed and therefore contains
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Wu et al., 2023), which is possibly due to anomalous polarity storms being more common in this region and thus having more

low-altitude and/or short-duration flashes (Zhang and Cummins, 2020). As a result, NO, production from any missed flashes

would not be counted. Third, since B is an average based on multi-year GLM flash optical energy data, it can be further refined
as more GLM data become available. Despite all of the factors mentioned in this paragraph, an advantage of the f-method is

that all these uncertainties are accounted for by a single scalar (f), allowing potential improvements in future studies.

2.2 Vertical distribution of LNO,

Generally, air quality modeling systems require three-dimensional gridded emissions as input. Since GLM lightning

observations are only two-dimensional, extra information is needed to distribute the derived column total LNQ, emission

vertically. This is accomplished by adapting monthly LNOQ, production profiles created by the Lightning Nitrogen Oxides

Model (LNOM) (Koshak, 2010; Koshak et al., 2009, 2014a) and using the climatological IC/CG ratios from Boccippio et al.

(2001). It should be noted however that the IC-to-CG ratio is only used for the vertical distribution of the estimated column

LNO by the GLM-based emissions model and does not adjust the emissions. The LNOM is a flash-based model that fuses

laboratory results (Wang et al., 1998), theoretical results (Cooray et al., 2009), and additional simplifying assumptions
discussed in Koshak et al. (2014a) with Lightning Mapping Array (LMA) (Goodman et al., 2005) and NLDN lightning

observations. The LNO emission model vertically distributes LNO emission using, pre-generated monthly LNOM profiles for

(oata

CG and IC flashes archived at the National Aeronautics and Space Administration (NASA) Global Hydrology Resource Center
(GHRC) (https://ghrc.nsstc.nasa.gov/uso/ds_docs/Inom/Inom_dataset.html, accessed 04 August 2022), To account for the

In this study
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are used to vertically distribute LNOx emissions
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different contributions of CG and IC flashes to the overall vertical profile, the climatological geographic distribution of daily ‘ CDeIeted: Meanwhile, to
IC-to-CG ratio (denoted by the Z ratio) developed by Boccippio et al. (2001) with updates from Medici et al. (2017) is applied *((Deteted: NO. produciion
in conjunction with the LNOM profiles to vertically distribute the total column LNO estimates. Readers are referred to Wu et
al. (2023) for more details on how the LNOM profiles and the IC-to-CG ratio were applied when distributing LNO emission
in the vertical direction. As demonstrated in Fig. S1 in the supplementary material, the LNO emission model produces monthly (I‘ leted: by
LNO emission profiles with a backward C shape, which is consistent with the LNOM profiles (Koshak et al., 2014a; Wu et

(vettea: 7

al., 2023). Note that using the archived LNOM profiles and the climatological JC-to-CG ratio introduces another layer of

uncertainty to the derived three-dimensional LNO,emission. The LNOM profiles were constructed around the NALMA and

therefore are more representative of Northern Alabama than other regions of the CONUS. Meanwhile, the Z ratio map was
generated using multi-year satellite and ground-based lightning observations, but lightning activity varies appreciably from

year to year.

3 WRF-SMOKE-CMAQ model configuration

Air quality simulations were conducted by the modeling system containing the Weather Research and Forecasting (WRF)

(Skamarock et al., 2021), the Sparse Matrix Operator Kernel Emissions (SMOKE) (https://www.cmascenter.org/smoke,
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accessed 31 August 2022), and the CMAQ (Byun and Schere, 2006; Appel et al., 2021). The simulation period covers the
months of June to September 2019, with a 10-day spin-up period in May. Model configurations were similar to our 2016 air
quality modeling study (Cheng et al., 2022), with some necessary adjustments for tropospheric dynamics options based on our

sensitivity tests for the 2019 study period. Readers are referred to Tables S1 and S2 in the supplementary material for model

configurations used in Cheng et al. (2022) as opposed to those of this study.

WREF version 4.3.1 (https://github.com/wrf-model/WRF/releases/v4.3.1, accessed 31 August 2022) was used to provide

meteorological inputs on a 12-km domain with 471x311 grid cells covering the CONUS (Fig. 1). The atmosphere was divided
into 56 vertical layers with varying thicknesses extending from the surface to 50 hPa, wherein 18 model layers are arranged

below 1.5 km, and the lowest (surface) layer has an approximately 10 m midpoint (Table 1). WREF simulations were, broken

into overlapping 5.5-day run segments: the first 12 hours of each run segment were discarded because they were primarily for
initializing model fields; the remaining 5 days were used as input for emission processing and air quality simulations. This

was done to reduce the meteorological drift while keeping the air quality simulation continuous. WRF initial and lateral

boundary conditions were prepared using the North American Mesoscale Forecast System (NAM) analysis and 3-hourly

forecast (https://www.ncei.noaa.gov/products/weather-climate-models/north-american-mesoscale, accessed 31 August 2022).

The main physics, analysis nudging, and dynamics options used in the WRF simulation are summarized in Table 2. Note that
the analysis nudging was only performed above the PBL height (or ~1.5 km, whichever is higher) to preserve the nocturnal
low-level jet (LLJ), a crucial PBL phenomenon for long-range transport of air pollutants at night (Odman et al., 2019). Also,

upper-level and vertical velocity damping were turned off to minimize the impact of numerical filters on stratospheric ozone

(l‘ leted: The entire
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intrusion. Previous studies have suggested that stratospheric ozone intrusion, accounts for approximately 10% of the

(" leted: cstimated

tropospheric ozone budget (Fusco and Logan, 2003; Liang et al., 2009; Kuang et al., 2012).
SMOKE version 4.7 (https://github.com/CEMPD/SMOKE/releases/SMOKEv47 Oct2019, accessed 06 September 2022) was

used to prepare gridded, speciated, hourly anthropogenic emissions for subsequent CMAQ simulations. Because the

collaborative 2019 emission modeling platform (EMP) (https://www.epa.gov/air-emissions-modeling/2019-emissions-

modeling-platform, accessed 06 September 2022) was under development at the beginning of this study, the 2016vl EMP

(https://www.epa.gov/air-emissions-modeling/2016v1-platform, accessed 06 September 2022) was used as the base-year

inventory and projected to 2019. Note that no growth factor was set for this future-year emission processing. More accurate
anthropogenic emissions are expected after the release of the 2019 EMP. Point source emissions were processed in in-line
modes. Biogenic emissions were generated in-line in CMAQ using BEIS version 3.6.1 (Bash et al., 2016).

CMAQ version 5.3.3 (https://github.com/USEPA/CMAQ/releases/CMAQvS5.3.3_17Aug2021, accessed 06 September 2022)
was used to perform two air quality simulations on the USEPA 12US2 grid, a 12-km horizontal grid spacing with 396x246

grid cells covering the CONUS (Fig. 1). One is the control simulation (labeled as CNTRL) which was configured with the
third revision of the Carbon Bond version 6 (CB6r3) chemical mechanism (Luecken et al., 2019) and the AERO7 aerosol
module (Appel et al., 2021). Other science options are listed in Table 3. Note that none of the three CMAQ in-line LNO,
emission schemes (MNLDN, hNLDN, and pNLDN) was applied in the CNTRL simulation. The other is the lightning

7
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simulation (labeled as LGTNO) which added the GLM-based three-dimensional LNO, emission on top of the CNTRL.

Chemical initial and boundary condition input files were extracted and speciated from the Community Atmosphere Model
with Chemistry (CAM-chem; Buchholz et al., 2019; Emmons et al., 2020) outputs (https:/www.acom.ucar.edu/cam-
chem/cam-chem.shtml, accessed 06 September 2022).

4 Results and discussions

4.1 Contribution of LNO, to total NOx

The amount of NOx emission from lightning, anthropogenic, and soil sources over the entire model domain was first quantified,

including grid cells over Mexico, Canada, and ocean areas. As shown in Table 4, lightning flashes produced about 12.43x10°

moles NQ, (or equivalently 0.174 Tg N; 1 Tg = 10' g) from June through September 2019. The percentage contribution of

LNO,to total NOx emissions is 12—13% in the summer months (i.e., June, July, and August), 8% in September, and an average

of 11.4% during the study period. These numbers are within the uncertainty range given in previous studies (Bond et al., 2001;
Zhang et al., 2003; Schumann and Huntrieser, 2007; Murray, 2016; Kang and Pickering, 2018; Kang et al., 2019a) but are
closer to the lower end of the range. For instance, using five years (1995-1999) of NLDN data, Bond et al. (2001) estimated
that lightning activity produced approximately 0.323 Tg N over the CONUS in the four-month period from June to September,
which is nearly two times the number estimated in this study (0.174 Tg N). This difference can be attributed to the LNO,
production rate assumption: Bond et al. (2001) used an average production rate of ~400 moles per flash (6.7x10% and 6.7x10?

NO, molecules per CG and IC flash, respectively; 29% of flashes are CG), but an average production rate P of 250 moles NO,
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per flash was assumed in this study. Despite the difference in the amount of LNO, emission, the contribution of the lightning
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source to the NOx budget obtained in this study is consistent with what was indicated by Bond et al. (2001). Their results
showed that lightning accounts for 11-14% of total NOx emissions in the summer months and 5% in September, similar to the

percentages summarized in Table 4. However, considering the decreasing trend of anthropogenic NOx emissions across the
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CONUS in the past two decades, the contribution of LNO emission should be Jarger during the study period than given in (I‘ leted: much
Bond et al. (2001). In fact, yecent estimates by Kang and Pickering (2018) confirmed a higher LNO, contribution to total NOx (l‘ leted: the
emissions, with about 20% for the summer months of 2011 and 10% for September 2011. This suggests that LNO emission (Deleted: indicated
could be underestimated in this study. ~~ (Deleted: :

The spatial distribution of monthly flash density derived from GLM data is presented in Fig. 2. In the summer months,
consistently high flash density was observed in the southeast U.S., especially in Florida, along the Gulf Coast, and the East
Coast. A significant number of lightning strikes also occurred in other regions, including the southern, central, and midwestern
U.S. and northwestern Mexico (to the south of Arizona and New Mexico), where the temporal variability of lightning activity
was much higher. In September, the frequency of lightning decreased dramatically in the southeast U.S., while Iowa and

adjacent states experienced a large number of lightning events. Similar spatial patterns of flash density were presented in a
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previous long-term lightning climatology study by Holle et al. (2016). Note that they reported lower flash density values than
in this study. This is because Holle et al. (2016) only used CG flashes to compute monthly flash density, while GLM observed
both CG and IC flashes.

Figure 2 also presents the spatial distribution of monthly total NOx emissions from lightning, anthropogenic, and soil sources.

Similar to flash density, the amount of NO,emitted from the lightning source varies significantly with time and location. LNO,

(osetss.

emission is generally greater in the southeastern, southern, central, and midwestern U.S. and northwestern Mexico. Monthly

LNOQ,emission in these regions can reach 0.5x10° moles per model grid cell (12 km x 12 km) or higher. However, this is lower

(Deleted H

NN

than those reported by several recent studies, including Kang and Pickering (2018) and Kang et al. (2019a.b, 2020), which

used a greater LNO, production rate (350 moles per flash) compared to the mean value used in this study (i.e., P = 250 moles

per flash). On the other hand, the magnitude and the spatial distribution of anthropogenic and soil NO,emissions are consistent

with our 2016 air quality modeling study (Cheng et al. 2022) and Kang and Pickering (2018). In addition, the contribution of
lightning to total NOx emissions is more significant in the western U.S. and over the water, where anthropogenic NOx emission

is limited.

4.2 Impact of LNO,emission on ground-level ozone and NOx trations

To demonstrate the impact of LNO, emission on ground-level air quality, mean differences in ground-level ozone, NOx, and

NOy mixing ratios between two model runs were compared for the entire simulation period (Fig. 3). Ground-level ozone

increase was about 0.5 ppbv (1.5%) in the southeast U.S., where lightning activity is intense (Fig. 2a). However, the most

significant ground-level ozone enhancement (~1.0 ppbv or 3%) was captured in New Mexico, Arizona, and northwestern

Mexico. This is likely because LNO,emission accounted for up to 75% of total NOx emission in this area, much higher than in

the southeast U.S. (Fig. 2e). Unlike ozone, ground-level NOx concentration slightly decreased in the eastern U.S. The reason
is that NOx is not chemically conserved (NOx is converted into NO. species when producing ozone). In contrast, the summation
of all reactive nitrogen species, NOy, is conserved if only gas-phase reactions are considered and surface loss is ignored.

Therefore, adding LNQ, emission into the LGTNO simulation increased ground-level NOy mixing ratios, which showed a

NI NI N

similar spatial pattern as ozone.

Model-predicted ground-level ozone and NOx concentrations were also compared to observations from the USEPA Air Quality
System (AQS; https://www.epa.gov/ags, accessed 24 November 2022). The commonly-used evaluation metrics, including
mean bias (MB), normalized mean bias (NMB), centered root mean square error (CRMSE), normalized mean error (NME),
and correlation coefficient (R), were computed using the Atmospheric Model Evaluation Tool (AMET; Appel et al., 2011)).

The USEPA provides AMET-ready observation data from multiple networks, including the AQS, for the years 2000 through

2020 via the CMAS Center Data Warehouse (https:/www.epa.gov/cmag/atmospheric-model-evaluation-tool, accessed 10

August 2022), which greatly simplified the statistical analysis workflow of this study. Because lightning exhibits a substantial

spatial and temporal variation (Kang and Pickering, 2018), the analysis was compiled for the entire model domain and different

9
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geographic regions shown in Fig. 4. The analysis regions follow Kang et al. (2019b) so that regional statistics obtained in this
study can be compared to their results.
Tables 5 and 6 present statistics of maximum daily 8-hour average (MDAS) ozone and daily mean NOx for August 2019,

respectively, when the percentage contribution of LNO,emission to total NOx emissions was the greatest among the simulation
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periods (Table 4). One caveat is that the statistical behavior discussed below may differ for other months because the prediction (Deleted: L
skill varies by month. Details on model performance for June, July, and September 2019 are provided in the supplementary

material (see Tables S3-S8). Generally speaking, the impact of LNQ, emission on ground-level ozone and NOx was (l‘ leted: S1
insignificant when averaged on a monthly scale. The difference in monthly mean concentrations was below 1 ppbv (or 2% of - ‘ (Deleted: S6
the mean observed value) for MDAS ozone and nearly negligible for daily mean NOx. This is because most of the NO,emission N, (Deleted: :
from lightning activity happens in the middle and upper troposphere. Only a small portion of LNQ,emission is released near %E:::::Z fpb
the surface. Some recent studies (e.g., Kang et al., 2019b, 2020) also indicated that the average impact of LNO,emission on (.. leted: ,
ozone and NOx is small at the ground level. o (Deleted: R
As shown in Table 5, the CNTRL simulation had slightly better MDAS ozone statistics than the LGTNO for August 2019 in

the northeast (NE), southeast (SE), Upper Midwest (UM), and Lower Midwest (LM), where the model over-predicted ground-

level ozone concentrations. The situation was reversed in the Rocky Mountains (RM) and Pacific Coast (PC): ground-level

ozone was underestimated in these regions, and statistics of the LGTNO simulation were slightly improved. This behavior

indicates that the extra NOx produced by lightning promotes ozone formation (unless the environment is VOC-limited, which

Jnay be the case in urban areas), increasing ozone biases when over-predicted and reducing when under-predicted. In addition, (l‘ leted: is often
because lightning activity was prevalent in the SE and RM, changes in the mean bias and error were most significant in these

two regions (Fig. 2). Table 6 demonstrates that ground-level NOx mixing ratios were underestimated in most regions. Changes

to the mean ground-level NOx bias and error due to LNO,emission at AQS sites were on the order of 0.1 ppbv (or 0.1% after (l‘ leted: .
normalization), and the correlation was nearly unaffected. Despite this, NOx statistics were marginally degraded in the NE, (Deleted: ppb
SE, and LM and improved in the RM, consistent with the performance of ground-level MDAS ozone.

Figure 5 presents the impact of LNQ, emission on ground-level MDAS ozone at each AQS site during August 2019. For (l‘ leted: .
completeness, ground-level MDAS ozone statistics during June, July, and September 2019 are provided in the supplementary

material (see Figs. S2-S4). In the CNTRL simulation, ground-level ozone tended to be over-predicted in the eastern U.S. and

under-predicted in the western U.S. Adding LNO,emission to the simulation noticeably affected ozone statistics in the SE and (l‘ leted: .
RM. Also, since ground-level ozone was negatively biased in the RM and positively biased in the SE, the LGTNO simulation

improved the prediction of ozone concentrations in the RM (especially in Arizona and New Mexico) but degraded in the SE.

However, the difference between the absolute MB of the two simulations was below 2 ppbv, while the difference could reach (I‘ leted: ppb
up to 4 ppbv when the ANLDN scheme was used (Kang et al., 2019b). As mentioned earlier, this study used a lower (average) (Deleted: ppb
LNO, production rate (i.e., P = 250 moles per flash) than Kang et al. (2019b), which is likely why a lower impact of LNO,on (Deleted: :
ground-level air quality was obtained in this study. Since the LNO, production rate is still highly uncertain, a more accurate gz::::::z :

estimate of the LNO, emission will require a proper constraint on the tropospheric NO2 column, which can be addressed in
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future studies using NO: observations from the NASA Tropospheric Emissions: Monitoring of Pollution (TEMPO; Zoogman
etal., 2017).

4.3 Ozone enhancement in the column

Because a large portion of the LNO, emission takes place in the free troposphere rather than near the surface (Pickering et al.,

1998; Ott et al., 2010; Koshak et al., 2014a; Wang et al., 2015; Kang et al., 2019a,b; Wu et al., 2023), which results in ozone

production with a longer residence time, it is expected that ozone enhancement due to LNO,emission is more significant in the

middle and upper troposphere than at the ground level. To investigate how the LNQ,emission affects ozone concentrations in

the column, vertical distributions of monthly mean ozone enhancement were constructed for different regions, including the
entire domain, the southeast U.S. (arbitrarily selected 25—40°N, 75-95°W for computation), and Huntsville, AL. The result for

August 2019 is presented in Fig. 6 and discussed below, whereas the results for the other months are provided in the

supplementary material (see Figs. S5-S7) to indicate the variation for different months. In August 2019, when averaged for (l‘ leted: sS4
the entire domain, LNQ,increased ozone concentration throughout the troposphere, with a maximum percentage enhancement (Deleted: S6
of 2% (or 1.1 ppbv) at ~4 km, which was about twice the percentage at the ground level (1%, or 0.3 ppbv). The impact of LNO, (Deleted: x
emission on tropospheric ozone was more significant in the southeast U.S., where the average ozone enhancement at 4 km was gz::::::f zz:
4.5% (or 2.3 ppbv). At Huntsville, AL, a 5.3% (or ~2.6 ppbv) ozone increase was simulated at ~3.6 km. However, these ‘ O_ leted: .
numbers are generally lower than in previous studies in which higher LNO, production rates were implemented (e.g., Wang et o (.- leted: ppb
al., 2015; Kang et al., 2019b), which is similar to the ground-level performance as discussed in Section 4.2. (Deleted: ppb
Although average ozone enhancement due to LNO, emission appears to be small, the impact of LNO, can be much greater in (Deleted: x
certain instances. This is because the frequency and intensity of lightning vary significantly with time and location. Shortly -, %Ee:e:e:: :
eleted: .

after a significant lightning event, ozone concentration in the downwind direction could rise substantially. The Huntsville, AL,
area was investigated to demonstrate the details of such scenarios.

The Rocket-city O3 Quality Evaluation in the Troposphere (ROsQET) lidar (Kuang et al., 2011, 2013), one of the eight systems
of the Tropospheric Ozone Lidar Network (TOLNet; https://tolnet.larc.nasa.gov/, accessed 17 January 2023), is located on the

campus of the University of Alabama in Huntsville. The RO3QET is an ozone differential absorption lidar (DIAL) that operates
at 289 and 299 nm wavelengths. It can provide continuous observations of ozone profiles below ~10 km at a typical temporal
resolution of 10 min with an uncertainty of less than 10% (Kuang et al., 2011, 2013).

By examining all available lidar measurements during the 2019 study period, it was realized that better temporal coverage was
available in August. A model-to-lidar comparison was performed for all lidar operational periods in August 2019, and the
results are presented in Fig. 7. One caveat is that optically thick aerosol layers were present on some days. Previous studies
(e.g., Kuang et al., 2011, 2013, 2017) pointed out that heavy aerosol loading can strongly reduce lidar signal-to-noise ratios,
resulting in degraded ozone retrievals. Therefore, caution should be taken when interpreting the results of the model-to-lidar
comparison under such situations. Since lidar has a high vertical and temporal resolution, it can capture ozone gradients that

the model may miss. Despite this, the pattern of model-simulated ozone concentrations was consistent with lidar measurements
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on most days, suggesting model outputs can adequately represent the state of the atmosphere. During the investigated period,

LNO,emission caused significant (~10 ppbv or more) ozone enhancements in the middle and upper troposphere on 12, 13, 19,

(oata

21, and 22 August 2019.

After taking a closer look at the difference between model-simulated and lidar-observed ozone mixing ratios, the 19-23 August
2019 period was chosen for further investigation. Figure 8 presents resolution-matched ozone profiles during this period. Lidar
measurements were processed vertically to obtain averaged values for each model layer. Also, for each hour during which the
lidar made multiple measurements, all 10-min lidar-measured ozone profiles within the hour were averaged. One may notice
that model results did not always agree with the lidar observations. This is likely because model simulations were off by one
hour or so in time (or one grid cell or two in space). For example, at 1300 UTC on 20 August 2019, the model did a fair job in

the lower atmosphere and around 6 km but overpredicted ozone near 4-5.5 km and above ~7 km. In the next few hours, lidar

x
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21.

observations indicated a 1025 ppbv ozone increase in the middle and upper troposphere, but the model did not show a (l‘ leted: ppb

significant temporal variation. As a result, model-simulated ozone agreed with lidar at 1500 and 1600 UTC, suggesting model

predictions represented an air mass approximately two hours ahead of the observation.

Among the hours presented in Fig. 8, the most significant tropospheric ozone enhancement due to LNO,occurred at 1600 UTC (l‘ leted: .

on 21 August 2019, with an increase of 11.8 ppbv at ~4.7 km. To trace the source of this enhancement, NOAA’s Hybrid (l‘ leted: ppb

Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et al., 2015;

https://www.ready.noaa.gov/HY SPLIT.php, accessed 19 January 2023) was executed to perform backward trajectory analysis.

As shown in Fig. 9a and 9c, some lightning activity was observed near the boundary of Illinois and Kentucky at ~2000 UTC

on 20 August 2019. The emitted LNQ,is mixed with the surrounding air when traveling southeastward. This results in increased (l‘ leted: .

ozone production in the airmass during daylight hours. As the ozone (and NOx) gnhanced plume reached the Huntsville area (l‘ leted: -

after 20-hour transport, ozone concentration increased by more than 10 ppbv in the middle troposphere. (l‘ leted: ppb

During the 2019 study period, the only field campaign providing ozone measurements was the Fire Influence on Regional to

Global Environments and Air Quality (FIREX-AQ; https://www-air.larc.nasa.gov/missions/firex-aq/, accessed 23 January

2023). NASA Langley airborne High Spectral Resolution Lidar (HSRL; https://airbornescience.nasa.gov/instrument/HSRL

accessed 29 January 2023), carried by the NASA DC-8 instrument payload, actively remote sensing ozone and other species

in the zenith and nadir directions along the flight path. A preliminary analysis indicated that, during the deployment days,

lightning activity with more than 10 ppbv ozone enhancement was identified on 21, 23, and 26 August 2019 (see Figs. S8— gz:::::; l:;b

S10 in the supplementary material). In particular, Fig. S8 shows up to 15 ppbv ozone enhancements due to LNO,on August O_ leted: 9
N (Deleted: S7

Since the significant lightning events are limited to a relatively small area within a short time period, ozone enhancement (I‘ leted: ppb

caused by LNQ, emission can also be limited in time and space. This means that such enhancements can be significant, but (Deleted: x

may not be evident when averaged over a much larger region and/or longer time. Thus, here we examine the maximum model- N, (Deleted: the

simulated tropospheric ozone enhancement caused by LNQ, emission. As demonstrated by Fig. 10, within the whole model %E::::::; ;

domain, several regions showed ~40 ppbv difference in ozone mixing ratio during the study period, most of which were over (.. leted: ppb
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water bodies. The maximum ozone enhancement over the continental U.S. was ~38.6 ppbv, which occurred at 2100 UTC on

29 June 2019 at 29.970°N, 94.586°W (located between Houston, TX, and Beaumont, TX). Performing backward trajectory
analysis suggested that this significant ozone difference had two sources: (1) long-distance chemical transport and (2) lightning
activity close to the event. Interestingly, this case was associated with the outflow boundary ahead of a southwestward-moving
mesoscale storm (https://www.wpc.ncep.noaa.gov/dailywxmap/index_20190629.html, accessed 25 January 2023).

As illustrated by Fig. 11d, prior to 0300 UTC on 29 August 2019 (2200 CDT on 28 August 2019, local time) background
ozone and NOx in the upwind direction were higher in the LGTNO ghan in the CNTRL. This is perhaps due to the prior LNO,

ppb
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emissions in the LGTNO simulation that causes approximately 5-10 ppbv of the ozone difference. The air mass altitude

model run

(Deleted :

increases as it moves toward Houston, TX, and fresh LNO, after this time (Fig. 11c) leads to another ~30 ppbv ozone increase

(Fig. 11d) by the time it is above Houston. Fig. 10c indicates LNO, emission over southwestern Arkansas and northwestern

Louisiana after midnight and in southeastern Texas in the morning. The time series in Fig. 11 indicates that NO was first
produced by lightning at night. Then, since there was no sunlight, the emitted NO was almost instantly oxidized by ozone and
converted to NO:. This is evident from the sharp NO: increase in Fig. 11g and the corresponding ozone reduction in Fig. 11d.

Ozone concentration starts to increase ghortly after sunrise, due to photochemistry,and boundary layer mixing, Photochemical
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activity and the injection of additional LNQ,along the trajectory leads to a significant ozone increase (38.6 ppbv more than the ‘

Shortly

(Deleted :

CNTRL). In addition, surface insolation drops dramatically at the time of LNQ, emission during the day, suggesting that the g N

model correctly produced clouds at locations where lightning flashes were observed.

An interesting feature in this trajectory is the chemical evolution of the air mass with respect to its location and the role of
atmospheric dynamics (Parrish et al., 2012). Figure 11h shows a rapid increase in formaldehyde after sunrise up to 1500 UTC.
This increase is positively correlated with NO and negatively correlated with NO», indicating the presence of adequate VOC
and a very active photochemistry. The elevation of air mass is more than 5 km during this period. Thus, the VOC must have
been transported from near surface pollution in the Houston area. After 1500 UTC, HCHO starts to decrease, while ozone
continues to increase. The timing of the decrease coincides with the injection of fresh lightning NO. This is typical behavior
of a NOx-limited air mass. From the time-series in Fig. 11, it can be deduced that prior to 1500 UTC as the clouds are forming,
vertical transport of boundary-layer air to higher altitudes, increases VOC and creates a NOx-limited chemical environment.
This is evident by the decrease in NOx, increase in HCHO, increase in relative humidity, and relatively lower surface insolation.

However, after 1500 UTC, with the injection of fresh LNQ, in this NOx-limited air mass, rapid ozone production transpires.

i (Deleted:

ozone concentration starts to increase
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The rapid ozone production is being helped by the fact that at this time the air mass is higher up in the clouds and perhaps
exposed to relatively higher actinic flux (Ryu et al., 2017).

5 Conclusions

This study is our first attempt to employ the LNO,emission estimates derived from GLM space-borne lightning observations

in air quality model simulations. Our results showed that, for the CONUS domain, lightning activity released approximately
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0.174 Tg N of NQ, into the atmosphere between June and September 2019, accounting for 11.4% of the total NOx budget over

(ot

this area. Performing two CMAQ simulations revealed that adding the GLM-based LNOQ, emission could increase ozone

=

concentration by a domain-wide average of 1-2% (or 0.3—1.5 ppbv), with the maximum enhancement at ~4 km above ground

=

level and the minimum near the surface. The strength and frequency of lightning events are not evenly distributed across the

CONUS, and so is the impact of LNO, emission on ozone concentration. Due to relatively more lightning and biogenic VOC
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in the southeast U.S., this region exhibited the most significant difference in ground-level ozone, with up to 1 ppbv (or 2% of

(ot

the mean observed value) increase for MDAS8 ozone. However, although the numbers above generally fall within the
uncertainty range given in previous studies, many are closer to the lower bound. This is due to using a smaller average LNO,

production rate (i.e., P = 250 moles NQ,per flash) in the estimation of B in this study compared to other recent studies (Kang

ppb
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et al., 2019a, 2020). It is important to note that although this work assumes a fixed value of the average LNO, production rate

per flash, the  method employed still assigns distinct LNO, production values to each flash in general, based directly on the

=

=

variable/unique GLM flash optical energy observations.

While the average influence of LNO,on tropospheric ozone over the entire study period was small, the local impact on a shorter

AN NI N A N
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time scale could be considerable. The LGTNO simulation at Huntsville, AL agreed with the hourly averaged ozone lidar
observations in general, despite some discrepancies due to the different temporal resolutions. The results of backward trajectory
analyses illustrated that long-range chemical transport and upwind lightning activity are the two major contributing factors for

significant ozone enhancement. A case study was presented, exhibiting a tropospheric ozone enhancement of 38.6 ppbv over

Houston, TX. Trajectory analysis demonstrated that during the formation of storms, boundary layer air that is rich in VOC can

be transported to higher altitudes and diluted to create a NOx-limited environment. In such an environment, the addition of

fresh NO from lightning can lead to significant ozone production. Furthermore, storms provide a mechanism for the transport

of higher tropospheric LNO, to the surface and the transport of boundary layer air to higher altitudes.
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In future studies, potential improvements are expected after making proper adjustments. As indicated, the average LNO, (l‘ I Potential
emission rate in this study is on the lower end of the estimates and needs to be increased for the follow-up studies. A more ‘ (Deleted: in future studies
reasonable average LNO, production rate can be obtained by constraining tropospheric NOx columns based on geostationary i . (Deleted: x

(e.g., TEMPO) satellite observations. Also, implementing cloud/lightning data assimilation techniques can reduce the temporal S gz::::::: I‘/I‘"WVCE a

and spatial discrepancy between model-simulated clouds and GLM-captured lightning flashes. Moreover, as this study focuses

mainly on the impact of GLM-derived LNO emission on ozone-related gas-phase photochemistry, it would be interesting to

investigate how the LNO emission affects particulate matters, particularly wet and dry depositions of aerosol nitrates (NOs"),

which is another often studied area in the literature (e.g., Kang et al., 2022b).

Author Contributions. Conceptualization: A. Pour-Biazar, R. T. McNider, W. J. Koshak. Data curation: P. Cheng. Formal

analysis: P. Cheng. Funding acquisition: A. Pour-Biazar. Investigation: P. Cheng, A. Pour-Biazar. Methodology: P. Cheng, A.

Pour-Biazar, Y. Wu, W. J. Koshak. Project administration: A. Pour-Biazar. Software: P. Cheng. Supervision: A. Pour-Biazar.

14

NC

AN




670

675

680

685

690

695

Validation: P. Cheng. Visualization: P. Cheng, S. Kuang. Writing — original draft preparation: P. Cheng. Writing — review &
editing: P. Cheng, A. Pour-Biazar, Y. Wu, S. Kuang, R. T. McNider, W. J. Koshak.

Acknowledgments. The present research was originally conducted as part of the author’s Ph.D. dissertation work at the
University of Alabama in Huntsville. The findings presented here were accomplished under partial support from NASA
Science Mission Directorate Applied Sciences Program (NASA Grant 80NSSC18K1598). In addition, a portion of the work
by co-author Koshak was supported by the Precipitation and Lightning Work Package for the Internal Science Funding Model
(ISFM) project Lightning as an Indicator of Climate under NASA Headquarters (Dr. Jack Kaye and Dr. Lucia Tsaoussi), that
in part supports NASA's participation in the National Climate Assessment (NCA). Koshak's work on this effort pertaining to
GLM-16/17 data was supported by the NOAA GOES-R Series Program (Calibration and Algorithm Working Groups) under
Drs. Dan Lindsey and Jaime Daniels. Shi Kuang’s work is supported by NASA’s TOLNet program. Note that the results in

this study do not necessarily reflect policy or science positions by the funding agencies.

Data Availability. The NAM analysis and 3-hourly forecast datasets used in this study are publicly available at

https://www.ncei.noaa.gov/products/weather-climate-models/north-american-mesoscale. The collaborative 2016v1 EMP can

be accessed from https://www.epa.gov/air-emissions-modeling/2016v1-platform. The CAM-chem datasets can be downloaded

at https://www.acom.ucar.edu/cam-chem/cam-chem.shtml. The TOLNet datasets are available at https://tolnet.larc.nasa.gov.

References

Allen, D. J., Pickering, K. E., Duncan, B., and Damon, M, Impact of lightning NO emissions on North American

C" leted: Allen, D., K. Pickering, B. Duncan, and M. Damon, 2010 )

photochemistry as determined using the Global Modeling Initiative (GMI) model, J. Geophys. Res. Atmos., 115, D22301,

=3 )

https://doi.org/10.1029/2010JD014062, 2010.
Allen, D. J.. Pickering, K. E., Pinder, R. W., Henderson, B. H., Appel, K. W., and Prados, A.:, Impact of lightning-NO on

eastern United States photochemistry during the summer of 2006 as determined using the CMAQ model, Atmos. Chem. Phys.,

12, 1737-1758, https://doi.org/10.5194/acp-12-1737-2012, 2012.
Allen, D. J., Pickering, K. E., Bucsela, E., Van Geffen, J., Lapierre, J., Koshak, W. J., and Eskes, H: Observations of

lightning NOx production from Tropospheric Monitoring Instrument case studies over the United States, J. Geophys. Res.

Atmos., 126, €2020JD034174, https://doi.org/10.1029/2020JD034174, 2021.

leted: Allen, D., K. Pickering, R. Pinder, B. Henderson, K.
Appel, and A. Prados, 2012:

CDeIeted: . )

(Deleted H

Appel, K. W., Gilliam, R., Davis, N., Zubrow, A. and Howard, S; Overview of the atmospheric model evaluation tool (AMET)

vl.l for evaluating meteorological and air quality models, Environ. Model. Software, 26, 434-443,

https://doi.org/10.1016/j.envsoft.2010.09.007, 2011.

15

CDeIeted: .
CDeIeted:,ZOll

(pss

R.
(Deleted: N
A
S,

AN

(Deleted: .



https://www.ncei.noaa.gov/products/weather-climate-models/north-american-mesoscale
https://www.epa.gov/air-emissions-modeling/2016v1-platform
https://www.acom.ucar.edu/cam-chem/cam-chem.shtml
https://tolnet.larc.nasa.gov/
https://doi.org/10.1029/2010JD014062
https://doi.org/10.5194/acp-12-1737-2012
https://doi.org/10.1029/2020JD034174
https://doi.org/10.1016/j.envsoft.2010.09.007

715

720

725

730

735

740

Appel, K. W., Bash, J. O., Fahey, K. M., Foley, K. M., Gilliam, R. C., Hogrefe, C., Hutzell, W. T., Kang, D., Mathur, R.
Murphy, B. N., Napelenok, S. L., Nolte, C. G., Pleim, J. E., Pouliot, G. A., Pye, H. O. T., Ran, L., Roselle, S. J., Sarwar, G.

Schwede, D. B., Sidi, F. 1., Spero, T. L., and Wong, D. C.: The Community Multiscale Air Quality (CMAQ) model versions Deleted: Appel, K., J. Bash, K. Fahey, K. Foley, R. Gilliam, C.
. . Hogrefe, W. Hutzell, D. Kang, R. Mathur, B. Murphy, S. Napelenok,
5.3 and 5.3.1: system updates and evaluation, Geosci. Model Dev., 14, 2867-2897, https://doi.org/10.5194/gmd-14-2867-2021 C. Nolte, J. Pleim, G. Pouliot, H. Pye, L. Ran, S. Roselle, G. Sarwar,
D. Schwede, F. Sidi, T. Spero, and D. Wong, 2021: ...he Community
2021. Multiscale Air Quality (CMAQ) model versions 5.3 and 5.3.1:

Bash, J. O., Baker, K. R., and Beaver, M. R Evaluation of improved land use and canopy representation in BEIS v3.61 with system updates and evaluation. - [1]

. . . . . . Deleted: Bash, J., K. Baker, and M. Beaver, 2016... Evaluation of
biogenic VOC measurements in California, Geosci. Model Dev., 9, 2191-2207, https://doi.org/10.5194/gmd-9-2191-2016 improved land use and canopy representation in BEIS v3.61 with
[2]

biogenic VOC measurements in California.

2016.
Bateman, M., and Mach, D Preliminary detection efficiency and false alarm rate assessment of the Geostationary Lightning ..ach, D.2020... Preliminary detection efficiency and
. . false alarm rate assessment of the Geostationary Lightning Mapper
Mapper on the GOES-16 satellite, J. Appl. Remote Sens., 14, 032406, https://doi.org/10.1117/1.JRS.14.032406, 2020. on the GOES-16 satellite. e
Bateman, M., Mach, D., and Stock, M ; Further investigation into detection efficiency and false alarm rate for the geostationary ..ach, D., and M. ...tock, M. 2021... Further
. . . mvestlgdtlon mto detection efficiency and false alarm rate for the
lightning  mappers  aboard  GOES-16 and  GOES-17_ Earth  Space  Sci., 8,  ¢2020EA001237, geostationary lightning mappers aboard GOES-16 and GOES< " [4]

https://doi.org/10.1029/2020EA001237, 2021.
Blakeslee, R. J., Lang, T. J., Koshak, W. J., Buechler, D., Gatlin, P., Mach, D. M., Stano, G. T., Virts, K. S., Walker, T. D. 7 Deleted: T. ...ang, T.J., W. ...oshak, W. J., D. ...uechler, D., P.

Gatlin, P., D. ...ach, D. M., G. ...tano, G. T., K. ...irts, K. S., T.
Cecil, D. ], Ellett. W., Goodman, S. J., Harrison, S., Hawkins, D. L., Heumesser. M., Lin, H., Maskey. M., Schultz, C. J. /| Gatlin acl ano. ints,

Walker, T. D., D. ...ecil, D. J., W. ...1lett, W., S. ...oodman, S.J., S.
Stewart, M., Bateman, M., Chanrion, O., and Christian, H; Three years of the Lightning Imaging Sensor onboard the

Harrison, S., D. ...awkins, D. L., M. ...eumesser, M., H. ...in, H., M.
M. ...askey, M., C. ...chultz, C.J., M. ...tewart, M., M. ...ateman,
M., O. ...hanrion, O., and H. ...hristian, H., 2020... Three years of
the Lightning Imaging Sensor onboard the International Space

International Space Station: Expanded global coverage and enhanced applications, J. Geophys. Res. Atmos., 125, /

€2020JD032918, https://doi.ore/10.1029/2020JD032918. 2020. Station: Expanded global coverage and enhanced applications(... [5]
Boccippio, D. J., Cummins, K. L., Christian, H. J., and Goodman, S. J; Combined satellite- and surface-based estimation of Deleted: Boccippio, D., K. Cummins, H. Christian, and S.
. . . . ) . Goodman, 2001... Combined satellite- and surface-based estimation
the intracloud-cloud-to-ground lightning ratio over the continental United States, Mon. Wea. Rev., 129, 108-122, of the intracloud-cloud-to-ground lightning ratio over the continental
United States. ... [6]

https://doi.org/10.1175/1520-0493(2001)129<0108:CSASBE>2.0.CO;2, 2001.
Bond, D. W., Zhang, R., Tie, X., Brasseur, G., Huffines, G., Orville, R. E., and Boccippio, D. J; NOx production by /[ d: Bond, D., R. Zhang, X. Tie, G. Brasseur, G. Huffines, R.
1

. . . . Orville, and D. Boccupplo 2001... NOx production by lightning over
lightning  over the continental United States, J.  Geophys. Res.  Atmos., 106, 27701-27710, he continental United States.

https://doi.org/10.1029/2000JD000191, 2001.

Borucki, W._J., and Chameides, W. L. Lightning: estimates of the rates of energy dissipation and nitrogen fixation, Rev. ides, W. L., 1984... Lightning: estimates of
. 3 the rates of energy dlSSlpathn and nitrogen fixation.

Geophys. Space Phys., 22, 363-372, https://doi.org/10.1029/RG022i004p00363. 1984.

Buchholz, R. R., Emmons, L. K., Tilmes S., and the CESM2 Development Team; CESM2.1/CAM-chem instantaneous output 7{ ..mmons, L. K., S. ...ilmes S., and the CESM2

Development Team 2019.. CESMZ 1/CAM-chem instantaneous
output for boundary conditions,.

S

for boundary conditions, UCAR/NCAR — Atmospheric Chemistry Observations and Modeling Laboratory, accessed 06 April
2022, https://doi.org/10.5065/NMP7-EP60. 2019.

Bucsela, E. J., Pickering,
Holzworth, R., Cipriani, J. P., Vargas-Navarro, D

,Gleason, ,,Blakeslee R.J.. Albrecht, R. ., Deleted: K. ...ickering, K. E., T. ...untemann, T. L., R. ...ohen, R.
C.,A. ...emring, A.,J. ...leason, J. F., R. ...lakeslee, R. J., Albrecht,
R. I, Holzworth, R., J. ...ipriani, J. P., D. ...argas-Navarro, D., I.
Mora-Segura, L., A. Pacheco- ...acheco-Hernandez, A., and S.
Laporte-Molina, S., 2010... Lightning-generated NOx seen by the
Ozone Monitoring Instrument during NASA’s Tropical Composition,
Cloud and Climate Coupling Experiment (TC4).

., Mora-Segura, I., Pacheco-Hernandez, A., and Laporte-Molina, S,

Lightning-generated NOx seen by the Ozone Monitoring Instrument during NASA’s Tropical Composition, Cloud and Climate
Coupling Experiment (TC4), J. Geophys. Res., 115, D00J10, https://doi.org/10.1029/2009JD013118, 2010.

16


https://doi.org/10.5194/gmd-14-2867-2021
https://doi.org/10.5194/gmd-9-2191-2016
https://doi.org/10.1117/1.JRS.14.032406
https://doi.org/10.1029/2020EA001237
https://doi.org/10.1029/2020JD032918
https://doi.org/10.1175/1520-0493(2001)129%3c0108:CSASBE%3e2.0.CO;2
https://doi.org/10.1029/2000JD000191
https://doi.org/10.1029/RG022i004p00363
https://doi.org/10.5065/NMP7-EP60
https://doi.org/10.1029/2009JD013118

850

855

860

865

870

875

880

Byun, D., and Schere, K. L Review of the governing equations, computational algorithms, and other components of the

Deleted: K. ...chere, K. L., 2006... Review of the governing

models-3 Community Multiscale Air Quality (CMAQ) modeling system, Appl. Mech. Rev., 59, 51-77,

https://doi.org/10.1115/1.2128636. 2006.
Caiazzo, F., Ashok, A., Waitz, I. A,, Yim, S. H. L., and Barrett, S. R. H, Air pollution and early deaths in the United States.

equations, computational algorithms, and other components of the
models-3 Community Multiscale Air Quality (CMAQ) modeling
system,.... . [11]

| d: A....shok, A., I ...aitz, I. A, S. ...im, S. H. L., and S.

Part I Quantifying the impact of major sectors in 2005, Atmos. Environ., 79, 198-208,

https://doi.org/10.1016/j.atmosenv.2013.05.081. 2013.
Carey, L. D., Koshak, W. J., Peterson. H., and Mecikalski, R. M; The kinematic and microphysical control of lightning rate,

extent, and NOx production,J. Geophys. Res. Atmos., 121, 7975-7989, https://doi.org/10.1002/2015JD024703. 2016.

Deleted: W. ...oshak, W. J., H. ...eterson, H., and R. ...ecikalski,
R. M., 2016... The kinematic and microphysical control of lightning

Barrett, S. R. H., 2013... Air pollution and early deaths in the United
States. Part I: Quantifying the impact of major sectors in 200(,, 12

4

rate, extent, and NOx production,.

... [13]

Cecil, D._J., Buechler, D. E., and Blakeslee, R. J; Gridded lightning climatology from TRMM-LIS and OTD dataset

description, Atmos. Res., 135-136, 404—414, https://doi.org/10.1016/j.atmosres.2012.06.028. 2014.

Chameides, W. L., Stedman, D. H., Dickerson, R. R., Rusch, D. W., and Cicerone, R. J; NOx production in lightning,J. Atmos.

Sci., 34, 143-149, https://doi.org/10.1175/1520-0469(1977)034<0143:NPIL>2.0.CO;2, 1977.

Chen, T.-M., Kuschner, \W. G., Gokhale, J., and Shofer, S; Outdoor air pollution: Ozone health effects, Amer. J. Med. Sci., .- L <M°"ed (insertion) [1]

~(Moved down [1]: W.G.

Deleted: D. ...uechler, D. E., and R. ...lakeslee, R. J., 2014...
Gridded lightning climatology from TRMM-LIS and OTD dataset

\

3L

description. ...

Deleted: D. ...tedman, D. H., R. ...ickerson, R. R., D. ...usch, D.
W.,and R. ...icerone, R. J., 1977... NOx production in lightr” [15]

g

333, 244248, https://doi.org/10.1097/MAJ.0b013e31803b8e8c, 2007.

Cheng, P., Pour-Biazar, A., White, A. T., and McNider, R. T, Improvement of summertime surface ozone prediction by

Deleted: J. ...okhale, J., and S. ...hofer, S., 2007... Outdoor air
pollution: Ozone health effects.

=
=

]
Deleted: A. ...our-Biazar, A., A. ...hite, A. T., and R. ...cNider, R.

assimilating Geostationary Operational Environmental Satellite cloud observations, Atmos. Environ., 268, 118751,

T., 2022... Improvement of summertime surface ozone prediction by
imilating Geostationary Operational Environmental Satellite cloud

https://doi.org/10.1016/j.atmosenv.2021.118751, 2022.
Cooper, O. R., Eckhardt, S., Crawford, J. H., Brown, C. C., Cohen, R. C., Bertram, T. H., Wooldridge, P., Perring, A., Brune,

W. H., Ren, X., Brunner. D., and Baughcum, S. L, Summertime buildup and decay of lightning NOx and aged thunderstorm

outflow above North America, J. Geophys. Res., 114, D01101, https://doi.org/10.1029/2008JD010293. 2009,

/

Cooray, V., Rahman, M., and Rakov, V; On the NOx production by laboratory electrical discharges and lightning,J. Atmos.

observations. ... ... [17]

Deleted: S. ...ckhardt, S., J. ...rawford, J. H., C. ...rown, C. C., R.
Cohen, R. C., T. ...ertram, T. H., P. ...ooldridge, P., A. ...erring, A.,
W. ...rune, W. H,, X. ...en, X, D. ...runner, D., and S. ...aughcum,
S. L., 2009... Summertime buildup and decay of lightning NOx and
aged thunderstorm outflow above North America. ... [18]

(Deleted :

Sol.-Terr. Phys., 71, 1877-1889, https://doi.org/10.1016/j.jastp.2009.07.009, 2009.
Dinan, M., Elias, E., Webb, N. P., Zwicke, G., Dye, T. S., Aney, S., Brady, M., Brown, J. R., Dobos, R. R., DuBois, D.

Edwards, B. L., Heimel, S., Luke, N., Rottler, C. M., and Steele, C; Addressing air quality, agriculture, and climate change

production by laboratory electrical discharges and lightning,

across the Southwest and Southern Plains: A roadmap for research, extension, and policy, Bull. Amer. Meteor. Soc., 102,

/ Aney, M. Brady, J. Brown, R. Dobos, D. DuBois, B. Edwards, S.

d: M. ...ahman, M., and V. ...akov, V., 2009... On the NOx
... [19]
Deleted: Dinan, M., E. Elias, N. Webb, G. Zwicke, T. Dye, S.

Heimel, N. Luke, C. Rottler, and C. Steele, 2021... Addressing air
quality, agriculture, and climate change across the Southwest and
Southern Plains: A roadmap for research, extension, and poli___

E1394-E1401, https://doi.org/10.1175/BAMS-D-21-0088.1, 2021.
Emmons, L. K., Schwantes, R. H., Orlando, J. J., Tyndall, G., Kinnison, D., Lamarque,J.-F., Marsh, D., Mills, M. J., Tilmes,

S., Bardeen, C., Buchholz, R. R., Conley, A., Gettelman, A., Garcia, R., Simpson, [., Blake, D. R., Meinardi, S., and Pétron.

G The chemistry mechanism in the Community Earth System Model version 2 (CESM2). J. Adv. Model. Earth Syst., 12,

€2019MS001882, https://doi.org/10.1029/2019MS001882, 2020.
USEPA (U. S. Environmental Protection Agencyy); Criteria air pollutants, https://www.epa.gov/sites/default/files/2015-

10/documents/ace3_criteria_air_pollutants.pdf, last access: 27 November 2022, 2015.

USEPA; Health effects of ozone in the general population, https://www.epa.gov/ozone-pollution-and-your-patients-

(Moved down [2]: J.-F.

D)
-(Moved (insertion) [2] )

< Deleted: R. ...chwantes, R. H., J. ...rlando, J. J., G. ...yndall, G.,
D. ... ... [21]

Deleted: D. ...arsh, D., M. ...ills, M. J,, S. ...ilmes, S., C.

Bardeen, C., R. ...uchholz, R. R, A. ...onley, A., A. ...ettelman, A.,
R. ...arcia, R., I. ...impson, I, D. ...lake, D. R., S. ...einardji, S., and
G. ...étron, G., 2020... The chemistry mechanism in the Community
Earth System Model version 2 (CESM2). ... [22]

Deleted: EPA..., 2015... Criteria air pollutants,. U.S.
Environmental Protection Agency,... accessed 27 November [23]
,2021... Health effects of ozone in the general

health/health-effects-ozone-general-population. last access: 27 November 2022, 2021.

17

population. U.S. Environmental Protection Agency, accessed 27
November 2022... ... [24]



https://doi.org/10.1115/1.2128636
https://doi.org/10.1016/j.atmosenv.2013.05.081
https://doi.org/10.1002/2015JD024703
https://doi.org/10.1016/j.atmosres.2012.06.028
https://doi.org/10.1175/1520-0469(1977)034%3c0143:NPIL%3e2.0.CO;2
https://doi.org/10.1097/MAJ.0b013e31803b8e8c
https://doi.org/10.1016/j.atmosenv.2021.118751
https://doi.org/10.1029/2008JD010293
https://doi.org/10.1016/j.jastp.2009.07.009
https://doi.org/10.1175/BAMS-D-21-0088.1
https://doi.org/10.1029/2019MS001882
https://www.epa.gov/sites/default/files/2015-10/documents/ace3_criteria_air_pollutants.pdf
https://www.epa.gov/sites/default/files/2015-10/documents/ace3_criteria_air_pollutants.pdf
https://www.epa.gov/ozone-pollution-and-your-patients-health/health-effects-ozone-general-population
https://www.epa.gov/ozone-pollution-and-your-patients-health/health-effects-ozone-general-population

020

025

030

035

040

045

Fuhrer, J., Val Martin, M., Mills, G., Heald, C. L., Harmens, H., Hayes, F., Sharps, K., Bender, J. and Ashmore, M. R

6, 8785-8799,

Current and future ozone risks to global terrestrial biodiversity and ecosystem processes, Ecol. Evol.,

https://doi.org/10.1002/ece3.2568. 2016.
Fusco, A. C., and Logan, J. A;

A Analysis of 1970—1995 trends in tropospheric ozone at Northern Hemisphere midlatitudes with

Deleted: Fuhrer, J., M. Val Martin, G. Mills, C. Heald, H.
Harmens, F. Hayes, K. Sharps, J. Bender, and M. Ashmore, 2016...
Current and future ozone risks to global terrestrial biodiversity and
ecosystem processes. . [25]

d ..ogan, J. A., 2003..

the GEOS-CHEM model, J. Geophys. Res., 108, 4449, https://doi.org/10.1029/2002JD002742, 2003.

Goodman, S. J., Blakeslee, R., Christian, H., Koshak, W. J., Bailey, J., Hall, J., McCaul, E., Buechler, D., Darden, C., Burks,

_— . Analysis of 1970-1995 trends in
troposphenc ozone at Nonhem Hemisphere midlatitudes with the
.. [26]

GEOS-CHEM model.

J., Bradshaw, T., and Gatlin, P, The North Alabama Lightning Mapping Array: Recent severe storm observations and future

prospects, Atmos. Res., 76, 423—437, https://doi.org/10.1016/j.atmosres.2004.11.035, 2005.

%

Goodman, S. J., Blakeslee, R. J., Koshak, W. J., Mach, D., Bailey, J., Buechler, D., Carey, L., Schultz, C., Bateman, M.,

d ...lakeslee, R., H. ...hristian, H., W. ...oshak, W. J., J.
Bailey, J., J ..all, J, E. ...cCaul, E., D. ...uechler, D., C. ...arden,
..urks, J T. ...radshaw, T., and P. ...atlin, P., 2005... The

Nonh Alabama nghtnmg Mapping Array: Recent severe storm

observations and future prospects. . [27]

d: R. ...lakeslee, R. J., W. ...oshak, W. J., D. ,,,ach, D, J.

McCaul_Jr., E., and Stano, G; The GOES-R geostationary lightning mapper (GLM,). Atmos. Res., 125-126, 3449,

https://doi.org/10.1016/j.atmosres.2013.01.006., 2013.

Heath, N. K., Pleim, J. E., Gilliam, R. C., and Kang, D.: A simple lightning assimilation technique for improving retrospective
WREF simulations, J. Adv. Model. Earth Syst.. 8. 1806—1824, https://doi.org/10.1002/2016MS000735, 2016.

Holle, R. L., Cummins, K. L., and Brooks, W. A Seasonal, monthly, and weekly distributions of NLDN and GLD360 cloud-

Balley, J.,D. ...uechler, D., L. ...arey, L., C. ...chultz, C., M.
Bateman, M., E. ...cCaul Jr., E., and G. ...tano, G., 2013... The
GOES-R geostationary lightning mapper (GLM).

.ummins, K. L., and W. .

to-ground lightning, Mon. Weather Rev., 144, 2855-2870, https://doi.org/10.1175/MWR-D-16-0051.1, 2016.

Tacono, M. J., Delamere, J. S., Mlawer, E. J., Shephard, M. W., Clough. S. A., and Collins, W. D, Radiative forcing by long-

..rooks, W. A, 2016..
Seasonal, momhly, and weekly dlstnbuuons of NLDN and GLD36O
cloud-to-ground lightning. .. [29]

d ..elamere, J. S, E. ...lawer, E. J., M. ...hephard, M.

lived greenhouse gases: calculations with the AER radiative transfer models, J. Geophys. Res., 113, D13103,

https://doi.org/10.1029/200817D009944, 2008.

Kang, D., and Pickering, K. E; Lightning NOx emissions and the implications for surface air quality over the contiguous

W., S. .. lough S.A,and W.. ollms, 'W. D., 2008... Radiative
forcing by long-lived greenhouse gases: calculations with the AER
radiative transfer models. .. [30]

..ickering, K. E., 2018..

United States, EM: Air Waste Manag. Assoc. Mag. Environ. Manag., 11, 1-6,

. Lightning NOx emissions
and the 1mpllcatmns for surface air quality over the contiguous
United States. . . [31]

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6559371/,2018.

Cl‘ leted: https://pubs.awma.org/flip/EM-Nov-2018/kang.pdf )

Kang, D., Pickering, K. E., Allen, D. J., Foley, K. M., Wong, D. C., Mathur, R., and Roselle, S. I; Simulating lightning NO

production in CMAQVS5.2: evolution of scientific updates, Geosci. Model Dev., 12, 3071-3083, https://doi.org/10.5194/gmd-

12-3071-2019, 2019a.
Kang, D., Foley, K. M., Mathur, R.. Roselle, S. J., Pickering, K. E., and Allen, D. J; Simulating lightning NO production in

d: Kang, D., K. Pickering, D. Allen, K. Foley, D. Wong, R.
Mathur, and S. Roselle, 2019a... Simulating lightning NO production
in CMAQVS5.2: evolution of scientific updates. .. [32]

Kang, D., K. Foley, R. Mathur, S. Roselle, K. Pickering,

CMAQV5.2: performance evaluations, Geosci. Model Dev., 12, 4409-4424, https://doi.org/10.5194/gmd-12-4409-2019

2019b.
Kang, D., Mathur, R., Pouliot, G. A., Gilliam, R. C., and Wong, D. C. Significant groundlevel ozone attributed to lightning-

/{CMAQVS 2: performance evaluations.

nd D. Allen, 2019b... Simulating lightning NO production in
.. [33]

Deleted: R. ...athur, R., G. ...ouliot, G. A., R. ...illiam, R. C., and

induced nitrogen oxides during summertime over the Mountain West States, npj Clim. Atmos. Sci., 3, 6,

D. ...ong, D. C., 2020... Significant groundlevel ozone attributed to
lightning-induced nitrogen oxides during summertime over the

https://doi.org/10.1038/s41612-020-0108-2, 2020.
Kang, D., Heath, N. K., Gilliam, R. C., Spero, T. L., and Pleim, J. E.: Lightning assimilation in the WRF model (Version
15,

4.1.1): technique updates and assessment of the applications from regional to hemispheric scales, Geosci. Model Dey.

8561-8579, https://doi.org/10.5194/gmd-15-8561-2022, 2022a.

18

Mountain West States. ...



https://doi.org/10.1002/ece3.2568
https://doi.org/10.1029/2002JD002742
https://doi.org/10.1016/j.atmosres.2004.11.035
https://doi.org/10.1016/j.atmosres.2013.01.006
https://doi.org/10.1002/2016MS000735
https://doi.org/10.1175/MWR-D-16-0051.1
https://doi.org/10.1029/2008JD009944
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6559371/
https://doi.org/10.5194/gmd-12-3071-2019
https://doi.org/10.5194/gmd-12-3071-2019
https://doi.org/10.5194/gmd-12-4409-2019
https://doi.org/10.1038/s41612-020-0108-2
https://doi.org/10.5194/gmd-15-8561-2022

145

150

155

160

165

170

Kang, D., Hogrefe, C., Sarwar, G., East, J. D., Madden, J. M., Mathur, R., Henderson, B. H.: Assessing the Impact of Lightning
NOx Emissions in CMAQ Using Lightning Flash Data from WWLLN over the Contiguous United States, Atmosphere, 13
1248. https://doi.org/10.3390/atmos 13081248, 2022b.
Kaynak, B., Hu, Y., Martin, R. V., Russell, A. G., Choi, Y., and Wang, Y The effect of lightning NOx production on surface leted: Y. ...u, Y., R. ...artin, R. V., A. ...ussell, A. G., Y. ...hoi,

3 . . . Y.,and Y. ...ang, Y., 2008... The effect of lightning NOx production
ozone in the continental United States, Atmos. Chem. Phys., 8, 5151-5159, https://doi.org/10.5194/acp-8-5151-2008, 2008., - [35]
Koshak, W. J., Khan, M., Pour-Biazar, A., Newchurch, M. J., and McNider, R. T; A NASA model for improving the lightning (" leted )

NO emission inventory for CMAQ, in:,4th Conf. on Meteor. Appl. Lightning Data and 11th Conf. on Atmos. Chem., Amer. | Deleted: M. ...han, M., A. ...our-Biazar, A., M. ...ewchurch, M.
x Ty Q" f Lp & g f > / J.,and R. ...cNider, R. T., 2009... A NASA model for improving the

on surface ozone in the continental United States.

Meteor. Soc., Phoenix, AZ, https://ams.confex.com/ams/pdfpapers/147334.pdf, last access: 02 April 2022, 2009. lightning NOx emission inventory for CMAQ, in:.....4th Conf. on
Meteor. Appl. Lightning Data and 11th Conf. on Atmos. Chem.,
Koshak, W._J; Optical characteristics of OTD flashes and the implications for flash-type discrimination, J. Atmos. Oceanic Amer. Meteor. Soc., Phoenix, AZ, accessed 02 April 2022, (. [36]
\\ . N Py
Technol., 27, 1822—1838, https://doi.org/10.1175/2010JTECHA1405.1, 2010. Deleted: , 2010... Optical characteristics of OTD flashes and the
implications for flash-type discrimination. ... [37]

Koshak, W. J., Peterson, H., Pour-Biazar, A., Khan, M., and Wang. L; The NASA Lightning Nitrogen Oxides Model (LNOM): 7{ leted: H. ...cterson, H., A. ...our-Biazar, A., M. ...han, M., and
(... [38] J

Application to air quality modeling, Atmos. Res., 135-136, 363-369, https://doi.org/10.1016/j.atmosres 2012.12.015. 2014a. O e e iy 1o Nitrogen Oxides Model
Koshak, W. J., Vant-Hull, B., McCaul, E. W., and Peterson, H. S Variation of a lightning NOy indicator for national climate /[ leted: B. ...ant-Hull, B., E. ...cCaul, E. W., and H. ...eterson, .
o, ... [39]

. S., 2014b
assessment. ing, XV Int. Conf. on Atmos. Electr., Norman, OK, Sy

. i (Formatted: Subscript )
https://www.nssl.noaa.gov/users/mansell/icae2014/preprints/Koshak 137.pdf, last access: 27 November 2022, 2014b.
Deleted: ....XV Int. Conf. on Atmos. Electr., Norman, OK, accessed
Koshak, W. J., Solakiewicz, R. J., and Peterson, H. S, A return stroke NOx production model, J. Atmos. Sci., 72, 943-954, 27 November 2022 ... [40]
. : Deleted: R. ...olakiewicz, R. J., and H. ...eterson, H. S., 2015... A
https://doi.org/10.1175/JAS-D-14-0121.1. 2015. \[remm stroke NOy production model. ﬁ
Koshak, W. J; Lightning NOy estimates from space-based lightning imagers, in: /6th Annual CMAS Conf. on Remote Sens. (r leted: , 2017 )

Meas., Chapel Hill, NC, https://www.cmascenter.org/conference/2017/abstracts/koshak_lightning_nox_2017.pdf, last access: Deleted: . ... in: /6th Annual CMAS Conf. on Remote Sens. Meas.,
- | Chapel Hill, NC, accessed 27 November 2022, ... [42]
27 November 2022, 2017. ‘ -
(Formatted: Subscript
Kuang, S., Burris, J. F., Newchurch, M. J., Johnson, S., and Long, S; Differential absorption lidar to measure subhourly 7{ leted: . . urris. J.F.. M. ...owchurch. M. J..S. .. .ohnson. .

/

and S. ...ong, S., 2011... Differential absorption lidar to measure
subhourly variation of tropospheric ozone profiles. .. [43]

variation ~ of  tropospheric  ozone profiles, [EEE  Trans. Geosci.  Remote  Sens., 49, 557-571,

https://doi.org/10.1109/TGRS.2010.2054834, 2011.

Kuang, S., Newchurch, M. J., Burris, J., Wang, L., Knupp, K., and Huang, G Stratosphere-to-troposphere transport revealed Deleted: M. ...ewchurch, M. I, J. ...urris, J., L. ...ang, L., K.
Knupp, K., and G. ...uang, G., 2012... Stratosphere-to-troposphere
transport revealed by ground-based lidar and ozonesonde at a

midlatitude site. ...

) (Formatted: Font: Italic

by ground-based lidar and ozonesonde at a midlatitude site, J. Geophys. Res, Atmos., 117, D18305,
http://doi.org/10.1029/2012JD017695, 2012.

... [44]

Kuang, S., Newchurch, M. J., Burris, J., and Liu, X Ground-based lidar for atmospheric boundary layer ozone measurements, — - -
M. ...ewchurch, M. J., J. ...urris, J., and X. ...iu, X,
Appl. Opt., 52, 3557-3566, https://doi.org/10.1364/A0.52.003557, 2013. 2013... Ground-based lidar for atmospheric boundary layer ozone
L . measurements. ... ... [45]
Kuang, S., Newchurch, M. J., Thompson, A. M., Stauffer, R. M., Johnson, B. J., and Wang, L Ozone variability and anomalies Deleted: M. _ewchurch, M. J.. A. ._Lhompson, A. M., R.

: : : = Stauffer, R. M., B. ...ohnson, B. J.,and L. ...ang, L., 2017... Ozone
observed during SENEX and SEAC4RS campaigns in 2013, J. Geophys. Res. Atmos., 122, 11227-11241, varinbility and anomalies observed during SENEX and SEACARS

https://doi.org/10.1002/2017JD027139. 2017. campaigns in 2013. ... ... [46]
Lapierre, J. L., Laughner, J. L., Geddes. J. A., Koshak, W. J., Cohen, R. C., and Pusede, S. E; Observing U.S. regional leted: J. ...aughner, J. L., J. ...eddes, J. A., W. ...oshak, W. J.,

V. . . . . R. ...ohen, R. C.,and S. ...usede, S. E., 2020... Observing U.S.
variability in  lightning NO: production rates, J. Geophys. Res. Atmos., 125, ¢2019JD031362, regional variability in lightning NOx production rates. 471
https://doi.org/10.1029/2019JD031362, 2020.

19


https://doi.org/10.3390/atmos13081248
https://doi.org/10.5194/acp-8-5151-2008
https://ams.confex.com/ams/pdfpapers/147334.pdf
https://doi.org/10.1175/2010JTECHA1405.1
https://doi.org/10.1016/j.atmosres.2012.12.015
https://www.nssl.noaa.gov/users/mansell/icae2014/preprints/Koshak_137.pdf
https://doi.org/10.1175/JAS-D-14-0121.1
https://www.cmascenter.org/conference/2017/abstracts/koshak_lightning_nox_2017.pdf
https://doi.org/10.1109/TGRS.2010.2054834
http://doi.org/10.1029/2012JD017695
https://doi.org/10.1364/AO.52.003557
https://doi.org/10.1002/2017JD027139
https://doi.org/10.1029/2019JD031362

290

295

300

305

310

1315

Liang, Q.. Douglass, A. R., Duncan, B. N., Stolarski, R. S., and Witte, J. C; The governing processes and timescales of Deleted: Liang, Q., A. Douglass, B. Duncan, R. Stolarski, and J.
Witte, 2009... The governing processes and timescales of
stratosphere-to-troposphere transport and its contribution to ozone in

the Arctic troposphere.

stratosphere-to-troposphere transport and its contribution to ozone in the Arctic troposphere, Atmos. Chem. Phys., 9, 3011—
3025, https://doi.org/10.5194/acp-9-3011-2009, 2009.
Luecken, D. J., Yarwood, G., and Hutzell. W. T, Multipollutant modeling of ozone, reactive nitrogen and HAPs across the ..arwood, G., and W. ...utzell, W. T., 2019..

. . 3 . Multlpollutam modelmg of ozone, reactive nitrogen and HAPs across
continental US with CMAQ-CB6, Atmos. Environ., 201, 6272, https://doi.org/10.1016/j.atmosenv.2018.11.060, 2019. 491

the continental US with CMAQ-CB6.
Marchand, M., Hilburn, K., and Miller, S. D Geostationary lightning mapper and Earth networks lightning detection over the

..ilburn, K., and S. ...iller, S. D., 2019...

Geostanonary hghtmng mapper and Earth networks lightning

detection over the contiguous United States and dependence on flash
.. [50

contiguous United States and dependence on flash characteristics, J. Geophys. Res. Atmos., 124, 11552-11567,

https:/doi.org/10.1029/2019JD031039, 2019. characteristics ]
Mecikalski, R. M., and Carey, L. D Radar reflectivity and altitude distributions of lightning as a function of IC, CG, and HY d ..arey, L. D., 2018... Radar reflectivity and altitude
dlstnbuuons of lightning as a function of IC, CG, and HY flashes:

flashes: ~ Implications ~ for ~ LNOx  production, _ J. Geophys.  Res.  Atmos., 123, 1279612813, Implications for LNOj production. 510
https://doi.org/10.1029/2018JD029263. 2018.

Medici, G., Cummins, K. L., Cecil, D. J., Koshak, W. J., and Rudlosky. S. D The intracloud lightning fraction in the ..ummins, K. L., D. ...ecil, D. J., W. ...oshak, W. J.,

. . 3 and S. . udlosky S.D., 2017.. The intracloud llghtmm> fraction in

contiguous United States, Mon. Wea. Rev., 145, 4481-4499, https://doi.org/10.1175/MWR-D-16-0426.1, 2017. the contiguous United States. 521

Morrison, H., Thompson. G., and Tatarskii, V; Impact of cloud microphysics on the development of trailing stratiform G.,and V. ...atarskii, V., 2009... Impact
ofcloud mlcrophysws on the development oftrallmg stratiform
precipitation in a simulated squall line: comparison of one- and two-

moment schemes. .. [53]

precipitation in a simulated squall line: comparison of one- and two-moment schemes, Mon. Wea. Rev., 137, 991-1007,
https://doi.org/10.1175/2008MWR2556.1, 2009.
Murphy, M. J., and Said, R. K Comparisons of lightning rates and properties from the U.S. National Lightning Detecﬂn:ﬂ Deleted: R. ...aid, R. K., 2020... Comparisons of lightning rates

Network (NLDN) and GLD360 with GOES-16 Geostationary Lightning Mapper and Advanced Baseline Imager dat ?ﬁigﬁ?ﬁfg{gégﬁ: G%Eg“f é Lciffstﬂﬂﬁnzfyteﬁ;ﬁﬂféwmk
Geophys. Res. Atmos., 125, ¢2019JD031172, hitps://doi.org/10.1029/2019JD031172. 2020. Mapper and Advanced Baseline Imager data.

Murray, L.; Lightning NOx and impacts on air quality, Curr. Pollution Rep., 2, 115-133, https://doi.org/10.1007/s40726-016- ,//<l‘ leted: , 2016... Lightning NO, and impacts on air quali@
0031-7,2016.

Odman, M. T., White, A. T., Doty, K., McNider, R. T., Pour-Biazar, A., Qin, M., Hu, Y., Knipping, E., Wu, Y., and Dornblaser

.. [54]

B, Examination of nudging schemes in the simulation of meteorology for use in air quality experiments: application in the Deleted: Odman, M., A. White, K. Doty, R. McNider, A. Pour-
Biazar, M. Qin, Y. Hu, E. Knipping, Y. Wu, and B. Dornblaser,
Great Lakes region, J. Appl. Meteor. Climatol., 58, 2421-2436, https://doi.org/10.1175/JAMC-D-18-0206.1, 2019. o aation st mdeim e i s Shlrion ot
Orville, R. E., Huffines, G. R., Burrows, W. R., Holle, R. L., and Cummins, K. L; The North American Lightning Detection rgf;:??;ﬁcgsy rf:gri;l:_e in air quality experiments: application in t_l_]_e[ss]
Network (NALDN) - first results: 1998-2000, Mon. Wea. Rev., 130, 2098-2109, https://doi.org/10.1175/1520- ~{ Deleted: G. ...uffines, G. R., W. ...urrows, W.R., R. ...olle, R. L.,
and K. ...ummins, K. L., 2002... The North American Lightning
0493(2002)130<2098: TNALDN>2.0.CO;2, 2002. Detection Network (NALDN) — first results: 1998-2000. [57]

Orville, R._E., Huffines, G. R., Burrows, W. R., and Cummins, K. L; The North American Lightning Detection Network 7{ leted: G. ...uffines, G. R, W. ...urrows, W. R., and K. J
tection
[58]

. . Cummins, K. L., 2011... The North American Lightning De
(NALDN) — analysis of flash data: 2001-09, Mon. Wea. Rev., 139, 1305-1322, https://doi.org/10.1175/2010MWR3452.1 Network (NALDN) — analysis of flash data: 2001-09.

2011.

Ott, L. E., Pickering, K. E., Stenchikov, G. L., Allen, D. J., DeCaria, A. J., Ridley, B., Lin, R.-F., Lang, S., and ;Tao, W.-K Deleted: K. ...ickering, K. E., G. ...tenchikov, G. L., D. ...1len, D.
. . . . . L. . . . . J., A....eCaria, A. ], B. ...idley, B, R. ...in, R.-F., S. ...ang, S., and

Production of lightning NOx and its vertical distribution calculated from three-dimensional cloud-scale chemical transport W. ...a0, W.-K., 2010... Production of lightning NO, and its vertical
. . . distribution calculated from three-dimensional cloud-scale chemical

model simulations, J. Geophys. Res. Atmos., 115, D04301, https:/doi.org/10.1029/2009JD011880. 2010. transport model simulations. e S

20


https://doi.org/10.5194/acp-9-3011-2009
https://doi.org/10.1016/j.atmosenv.2018.11.060
https://doi.org/10.1029/2019JD031039
https://doi.org/10.1029/2018JD029263
https://doi.org/10.1175/MWR-D-16-0426.1
https://doi.org/10.1175/2008MWR2556.1
https://doi.org/10.1029/2019JD031172
https://doi.org/10.1007/s40726-016-0031-7
https://doi.org/10.1007/s40726-016-0031-7
https://doi.org/10.1175/JAMC-D-18-0206.1
https://doi.org/10.1175/1520-0493(2002)130%3c2098:TNALDN%3e2.0.CO;2
https://doi.org/10.1175/1520-0493(2002)130%3c2098:TNALDN%3e2.0.CO;2
https://doi.org/10.1175/2010MWR3452.1
https://doi.org/10.1029/2009JD011880

415

420

425

430

435

440

Parrish, D. D., Ryerson, T. B., Mellqvist, J., Johansson, J., Fried, A., Richter, D., Walega, J. G., Washenfelder, R. A., de Gouw

Fried, D. Richter, J. Walega, R. Washenfelder, J. de Gouw, J. Peischl,
K. Aikin, S. McKeen, G. Frost, F. Fehsenfeld, and S. Herndon,
2012... Primary and secondary sources of formaldehyde in urban
atmospheres: Houston Texas region.

sources of formaldehyde in urban atmospheres: Houston Texas region, Atmos. Chem. Phys., 12, 3273-3288,

https://doi.org/10.5194/acp-12-3273-2012, 2012. 601
Peyrous, R., and Lapeyre. R.-M; Gaseous products created by electrical discharges in the atmosphere and condensation nuclei D . ...apeyre, R.-M., 1982... Gaseous products created by

. . . electrical discharges in the atmosphere and condensation nuclei
resulting from gaseous phase reactions, Atmos. Environ., 16, 959968, https://doi.org/10.1016/0004-6981(82)90182-2, 1982. [61]

Pickering, K. E., Wang, Y., Tao, W.-K., Price, C., and Miiller, J.-F; Vertical distributions of lightning NOy for use in regional /[
i M
5

J. A., Peischl, J., Aikin, K. C., McKeen, S. A.. Frost, G. J., Fehsenfeld, F. C., and Herndon, S. C; Primary and secondary leted: Parrish, D., T. Ryerson, J. Mellqvist, J. Johansson, A.

resulting from gaseous phase reactions.

leted: R
d: Y. .. .ang, Y., W....a0, W.-K., C. ...rice, C., and J.
iiller, J.-F., 1998 ... [62]

and global chemical transport models, J. Geophys. Res., 103, 31203-31216, https://doi.org/10.1029/98JD02651, 1998. (Formatted: prom— )
Pickering, K. E., Bucsela, E., Allen, D., Ring, A., Holzworth, R., and Krotkov, N; Estimates of lightning NOx production )
based on OMI NO: observations over the Gulf of Mexico, J. Geophys. Res. Atmos., 121, 8668-8691, ™~
https://doi.org/10.1002/2015JD024179. 2016.

Deleted: E. ...ucsela, E., D. ...1len, D., A. ...ing, A, R.
Holzworth, R., and N. ...rotkov, N., 2016... Estimates of lightning
NOx production based on OMI NO: observations over the Gulf of

Pleim, J. E., and Xiu, A Development of a land surface model. Part II: Data assimilation, J. Appl. Meteor., 42, 1811-1822, Mexico. ... .. [63]
. Deleted: A. ...iu, A., 2003... Development of a land surface
https://doi.org/10.1175/1520-0450(2003)042<1811:DOALSM>2.0.CO:2, 2003. model. Part IT: Data assimilation. 641
Pleim, J. E; A simple, efficient solution of flux-profile relationships in the atmospheric surface layer, J. Appl. Meteor. __—{ Deleted: ,2006... A simple, efficient solution of flux-profile
relationships in the atmospheric surface layer. ... [65]

Climatol., 45, 341-347, https://doi.org/10.1175/JAM2339.1. 2006.
Pleim, J. E; A combined local and nonlocal closure model for the atmospheric boundary layer. Part I: Model description and leted: , 2007a... A combined local and nonlocal closure model

. . for the atmospheric boundary layer. Part I: Model description and
testing, J. Appl. Meteor. Climatol., 46, 1383—1395, https://doi.org/10.1175/JAM2539.1, 2007a. testing. ... . [66]

Pleim, J. E; A combined local and nonlocal closure model for the atmospheric boundary layer. Part II: Application and /[ leted: , 2007b... A combined local and nonlocal closure model

for the atmospheric boundary layer. Part II: Application and
evaluation in a mesoscale meteorological model. ... [67]

evaluation in a mesoscale meteorological model, J.  Appl.  Meteor.  Climatol., 46, 1396-1409,
https://doi.org/10.1175/JAM2534.1, 2007b.

Post, E. S., Grambsch, A., Weaver, C., Morefield, P., Huang, J., Leung, L.-Y., Nolte, C. G., Adams, P., Liang, X.-Z., Zhu, J.- leted: A. ...rambsch, A., C. ...caver, C., P. ...orefield, P., J.
.. . . . . . . Huang, J., L. ...eung, L.-Y., C. ...olte, C. G., P. ...dams, P., X.
H., and Mahoney, H; Variation in estimated ozonerelated health impacts of climate change due to modeling choices and Liang, X.-Z., J. ...hu, J.-H., and H. ...ahoney, H., 2012... Variation
. . . in estimated lated health i ts of climate ch: due t
assumptions, Environ. Health Perspect., 120, 1559-1564, https://doi.org/10.1289/ehp. 1104271, 2012. modeling chotees and assumptions, e "[68]

Pour-Biazar, A., and McNider, R. T Regional estimates of lightning production of nitrogen oxides, J. Geophys. Res., 100, leted: R. ...cNider, R. T., 1995... Regional estimates of
. lightning production of nitrogen oxides.
22861-22874, https://doi.org/10.1029/95JD01735, 1995.
Rakov, V. A., and Uman, M. A Lightning: Physics and Effects. Cambridge Univ. Press, 145 pp., 7[ leted: M. ...man, M. A., 2003... Lightning: Physics and Effects.
C:

[
O

]

. N ambridge Univ. Press, 145 pp., accessed 27 November 202, . [70]
Jhttps://assets.cambridge.org/97805210/35415/frontmatter/9780521035415_frontmatter.pdf, last access: 27 November 2022
2003.
Ryu, Y.-H., Hodzic, A., Descombes, G., Hall, S., Minnis, P., Spangenberg, D., Ullmann, K., and Madronich, S; Improved /£ leted: Ryu, Y.-H., A. Hodzic, G. Descombes, S. Hall, P. Minnis,
{ ..[71]]

i

leted: https:/doi.org/10.5065/1dfh-6p97

D. Spangenberg, K. Ullmann, and S. Madronich, 2017... Improved
modeling of cloudy-sky actinic flux using satellite cloud retr{”,

modeling of cloudy-sky actinic flux using satellite cloud retrievals, Geophys. Res. Lett., 44, 1592-1600,
https://doi.org/10.1002/2016GL071892, 2017.

Rutledge, S. A., Hilburn, K. A., Clayton, A., Fuchs, B., and Miller, S. D Evaluating Geostationary Lightning Mapper flash 7{ leted: K. ...ilburn, K. A, A. ...layton, A, B. ...uchs, B., and S.
.. [72]

I . . Miller, S. D., 2020... Evaluating Geostationary Lightning Mapper
rates within intense convective storms, J. Geophys. Res. Atmos., 125, ¢2020JD032827, https://doi.org/10.1029/2020JD032827 flash rates within intense convective storms.
2020.

21


https://doi.org/10.5194/acp-12-3273-2012
https://doi.org/10.1016/0004-6981(82)90182-2
https://doi.org/10.1029/98JD02651
https://doi.org/10.1002/2015JD024179
https://doi.org/10.1175/1520-0450(2003)042%3c1811:DOALSM%3e2.0.CO;2
https://doi.org/10.1175/JAM2339.1
https://doi.org/10.1175/JAM2539.1
https://doi.org/10.1175/JAM2534.1
https://doi.org/10.1289/ehp.1104271
https://doi.org/10.1029/95JD01735
https://assets.cambridge.org/97805210/35415/frontmatter/9780521035415_frontmatter.pdf
https://doi.org/10.1002/2016GL071892
https://doi.org/10.1029/2020JD032827

545

550

555

560

565

570

575

Schmit, T. J., Griffith, P., Gunshor, M. M., Daniels, J. M., Goodman, S. J., and Lebair, W. J A closer look at the ABI on the

GOES-R series, Bull. Amer. Meteor. Soc., 98, 681698, https://doi.org/10.1175/BAMS-D-15-00230.1, 2017.

Schumann, U. and Huntrieser, H; The global lightning-induced nitrogen oxides source, Atmos. Chem. Phys., 7, 3823-3907,

leted: P. ...riffith, P., M. ...unshor, M. M., J. ...aniels, J. M., S.
Goodman, S. J., and W. ...ebair, W. J., 2017... A closer look at the

ABI on the GOES-R series. .. [73]

https://doi.org/10.5194/acp-7-3823-2007, 2007.
Simon, H., Reff, A., Wells, B., Xing, J., and Frank, N Ozone trends across the United States over a period of decreasing NOx

__—1 D U., and H. Huntrieser, 2007... The global
lightning-induced nitrogen oxides source. ... [74]

....eff, A, B....ells,B.,J. ...ing, J.,and N. .

and VOC emissions, Environ. Sci. Technol., 49, 186—195, https://doi.org/10.1021/es504514z, 2015.
Skamarock, W. C., Klemp, J. B., Dudhia, J., Gill, D. O., Liu, Z., Berner, J., Wang, W., Powers, J. G., Duda, M. G., Barker,

| d: A ..rank, N.,
2015... Ozone trends across the United States over a period of
decreasing NOx and VOC emissions. ... [75]

Deleted: J. ...lemp, J. B., J. ...udhia, J., D. ...il, D. O, Z. ...iu, Z.,

D., Huang, X, A Description of the Advanced Research WRF Model Version 4.3, NCAR Tech. Note NCAR/TN-556+STR,
148 pp., https://doi.org/10.5065/1dth-6p97. last access: 27 November 2022, 2021.
Smith, S. N., and Mueller, S. F; Modeling natural emissions in the Community Multiscale Air Quality (CMAQ) Model-I:

7

A Del

J. ...erner, J.,, W. ...ang, W_, J. ...owers, J. G., M. ...uda, M. G., D.
Barker, D., X. ...uang, X., 2021... A Description of the Advanced
Research WRF Model Version 4.3,....NCAR Tech. Note NCAR/TN-
556+STR, 148 pp., accessed 27 November 2022, ... [76]

d: S. ...ueller, S. F., 2010... Modeling natural emissions in

building an emissions data base, Atmos. Chem. Phys., 10, 4931-4952, https://doi.org/10.5194/acp-10-4931-2010. 2010.
Stein, A._F., Draxler, R. R., Rolph, G. D., Stunder B. J. B., Cohen, M. D., and Ngan, F; NOAA’s HYSPLIT Atmospheric

] the Community Multiscale Air Quality (CMAQ) Model-I: building
an emissions data base. ... [77]

d: R. ...raxler, R. R, G. ...olph, G. D, B. ...tunder B. J. B.,

Transport and Dispersion Modeling System, Bull. Amer. Meteor. Soc., 96, 20592077, https://doi.org/10.1175/BAMS-D-14-
00110.1, 2015.

Van Dingenen, R., Dentener, F. J., Raes, F., Krol, M. C., Emberson, L., and Cofala, J; The global impact of ozone on

M. ...ohen, M. D., and F. ...gan, F., 2015... NOAA’s HYSPLIT
Atmospheric Transport and Dispersion Modeling System. (., 78]

Deleted: F. ...entener, F. J., F. ...aes, F., M. ...rol, M. C,, L.

agricultural crop yields under current and future air

https://doi.org/10.1016/j.atmosenv.2008.10.033. 2009.
Verma, S., Yadava, P. K., Lal, D. M., Mall, R. K., Kumar, H., and Payra, S; Role of lightning NOy in ozone formation: A

quality legislation, Atmos. Environ., 43, 604-618,

Emberson, L., and J. ...ofala, J., 2009... The global impact of ozone
on agricultural crop yields under current and future air quality
legislation. ...

d: P. ...adava, P. K., D. ...al, D. M., R. ...all, R. K., H.

review, Pure Appl. Geophys, 178, 1425-1443, https://doi.org/10.1007/s00024-021-02710-5, 2021. ]
Wada, R., Sadanaga, Y., Kato, S., Katsumi, N., Okochi, H., Jwamoto. Y., Miura, K., Kobayashi, H., Kamogawa, M., A

/[Kumar, H.,and S. ...ayra, S., 2021

Matsumoto, J.,,Yonemura, S., Matsumi, Y., Kajino, M., and Hatakeyama, S Ground-based observation of lightning-induced

... [80]
(Formatted: Subscript )
“(Deleted: . )
Deleted: Y. ...adanaga, Y., S. ...ato, S., N. ...atsumi, N., H.

nitrogen oxides at a mountaintop in free troposphere, J. Atmos. Chem., 76, 133—150, https://doi.org/10.1007/s10874-019-
09391-4, 2019.
Wang, L., Follette-Cook, M. B., Newchurch, M. J., Pickering, K. E., Pour-Biazar, A., Kuang, S., Koshak, W. J., and Peterson,

Okochi, H., Y. ...wamoto, Y., K. ...iura, K., H. ...obayashi, H., M.
Kamogawa, M., J. ...atsumoto, J., S. ...onemura, S., Y. ...atsumi, Y.,
Y., M. ...ajino, M., and S. ...atakeyama, S., 2019... Ground-based
observation of lightning-induced nitrogen oxides at a mountaintop in

free troposphere. ... [81]

H, Evaluation of lightning-induced tropospheric ozone enhancements observed by ozone lidar and simulated by WRF/Chem,
Atmos. Environ., 115, 185191, https://doi.org/10.1016/j.atmosenv.2015.05.054, 2015.

Deleted: M. ...ollette-Cook, M. B., M. ...ewchurch, M. J., K.
Pickering, K. E., A. ...our-Biazar, A, S. ...uang, S., W. ...oshak, W.
W.J., and H. ...eterson, H., 2015... Evaluation of lightning-induced
tropospheric ozone enhancements observed by ozone lidar and

Wang, Y., DeSilva, A. W., Goldenbaum, G. C., and Dickerson R. R Nitric oxide production by simulated lightning: simulated by WRF/Chem. ... ... [82]
. Deleted: A. ...cSilva, A. W., G. ...oldenbaum, G. C., and R.

Dependence on current, energy, and pressure, J. Geophys. Res.. 103, 19149-19159, https://doi.org/10.1029/98JD01356. 1998. | eyt & 5008, Nitie axide production by simulated

White, A. T., Pour-Biazar, A., Doty, K., Dornblaser, B., and McNider, R. T; Improving cloud simulation for air quality studies lightning: Dependence on current, energy, and pressure. .. [83]

through assimilation of geostationary satellite observations in retrospective meteorological modeling, Mon. Wea. Rev., 146,
29-48, https://doi.org/10.1175/MWR-D-17-0139.1, 2018.

White, A. T., Pour-Biazar, A., Doty, K., and McNider, R. T Tterative assimilation of geostationary satellite observations in

Deleted: A. ...our-Biazar, A, K. ...oty, K., B. ...ornblaser, B., and
R. ...cNider, R. T., 2018... Improving cloud simulation for air
quality studies through assimilation of geostationary satellite
observations in retrospective meteorological modeling.

.. [84]

d: A. ...our-Biazar, A, K. ...oty, K., and R. ...cNider, R. T.,

retrospective for  air

https://doi.org/10.1016/j.atmosenv.2022.118947, 2022.

meteorological ~ modeling quality  studies,  Atmos.  Environ., 272, 118947,

22

2022... Iterative assimilation of geostationary satellite observations
in retrospective meteorological modeling for air quality studi(, ., 185]



https://doi.org/10.1175/BAMS-D-15-00230.1
https://doi.org/10.5194/acp-7-3823-2007
https://doi.org/10.1021/es504514z
https://doi.org/10.5065/1dfh-6p97
https://doi.org/10.5194/acp-10-4931-2010
https://doi.org/10.1175/BAMS-D-14-00110.1
https://doi.org/10.1175/BAMS-D-14-00110.1
https://doi.org/10.1016/j.atmosenv.2008.10.033
https://doi.org/10.1007/s00024-021-02710-5
https://doi.org/10.1007/s10874-019-09391-4
https://doi.org/10.1007/s10874-019-09391-4
https://doi.org/10.1016/j.atmosenv.2015.05.054
https://doi.org/10.1029/98JD01356
https://doi.org/10.1175/MWR-D-17-0139.1
https://doi.org/10.1016/j.atmosenv.2022.118947

720

725

730

735

Deleted: A. ...our-Biazar, A., W. ...oshak, W. J., and P. ...heng,

P.,2023... LNOx emission model for air quality & climate studies

using satellite lightning mapper observations. ... J. Geophys. Res.

Atmos., TBD...28, ¢2022JD037406TBD

Xiu, A., and Pleim, J. E; Development of a land surface model. Part I: Application in a mesoscale meteorological model, J. ... [86]
\CDeIeted' I C..[871 i

Appl. Meteor., 40, 192-209, https://doi.org/10.1175/1520-0450(2001)040<0192:DOALSM>2.0.CO:2, 2001.
Zhang, D., and Cummins, K. L Time evolution of satellite-based optical properties in lightning flashes, and its impact on 7{!‘ leted: K. ...ummins, K. L., 2020... Time evolution of satellite-

Wu, Y., Pour-Biazar, A., Koshak, W. J., and Cheng, P LNOx emission model for air quality & climate studies using satellite
lightning mapper observations, J. Geophys. Res. Atmos., 128, ¢2022JD037406, https://doi.org/10.1029/2022JD037406, 2023.

based optical properties in hghmmg flashes, and its impact on GLM

GLM flash detection, J. Geophys. Res. Atmos., 125, €2019JD032024, https://doi.org/10.1029/2019JD032024, 2020. flash detection. 188
Zhang, R., Tie, X., and Bond, D. W Impacts of anthropogenic and natural NOx sources over the U.S. on tropospheric .ie, X.,and D. ...ond, D. W., 2003... Impacts of

. ) amhropogemc and natural NOx sources over the U.S. on tropospheric
chemistry, Proc. Natl. Acad. Sci., 100, 1505— 1509, https://doi.org/10.1073/pnas.252763799. 2003. chemistry. . . 89]
Zheng, K., Herwehe, J. A, Del Genio, A. D., and Niyogi, D Improving high-resolution weather forecasts using d: K. ...lapaty, K., J. ...erwehe, J. A., A. ...el Genio, A. D.,

and D. ...iyogi, D., 2016... Improving high-resolution weather
forecasts using the Weather Research and forecasting (WRF) model
with an updated Kain-Fritsch scheme. .. [90]

the Weather Research and forecasting (WRF) model with an updated Kain-Fritsch scheme, Mon. Wea. Rev., 144, 833-860,
https://doi.org/10.1175/MWR-D-15-0005.1, 2016.
Zhu, Q., Laughner, J.

L., and Cohen, R. C; Lightning NO: simulation over the contiguous US and its effects on satellite NOz d: J. ...aughner, J. L., and R. ...ohen, R. C., 2019..
nghtnmg NOw simulation over the contiguous US and its effects on
. [91

retrievals, Atmos. Chem. Phys., 19, 13067-13078, https://doi.org/10.5194/acp-19-13067-2019. 2019. satellite NO: retrievals. ]
Zoogman, P., Liu, X., Suleiman, R. M., Pennington, W. F., Flittner, D. E., Al-Saadi, J. A., Hilton, B. B., Nicks, D. K. leted: X. ...iu, X, R. ...uleiman, R. M., W. ...ennington, W. F.,
...Iittner, D.E.J....I-Saadi, J. A., B. ...ilton, B. B., D. ...icks, D.
Newchurch, M. J., Carr, J. L., Janz, S. J., Andraschko, M. R., Arola, A., Baker, B. D., Canova, B. P., Chan Miller, C., Cohen, K., M. ...ewchurch, M. I, I. ...arr, J. L., S. ...anz, S. I, M.
Andraschko, M. R., A. ...rola, A., B. ...aker, B. D., B. ... ,B.
R. C., Davis, J. E., Dussault, M. E., Edwards, D. P., Fishman, J., Ghulam, A., Gonzalez Abad, G., Grutter, M., Herman, J. R. Pncrascha:‘ Miller, C., R“.).:aohen, R Ci Je.r...avis, JE, i,?_ova

Dussault, M. E., D. ...dwards, D. P, J. ...ishman, J., A. ...hulam, A.,

Houck, J., Jacob, D. J., Joiner, J., Kerridge, B. J., Kim, J., Krotkov, N. A., Lamsal, L., Li, C., Lindfors, A., Martin, R. V. A.G. ...onziler Abad G.. M. ...rutter, M., J. ...crman, J. R., 1.
~ ~ ~ Houck, J., D. ...acob, D. J., J. ...oiner, J., B. ...erridge, B. J., J. ...im,
McElroy, C. T., McLinden, C., Natraj, V., Neil, D. O., Nowlan, C. R., O/Sullivan, E. J., Palmer, P. I, Pierce, R. B., Pippin, TN, rotkov N AL ooamenl L G Co A indfors, AR,
M. R., Saiz-Lopez. A., Spurr, R. J. D., Szykman, J. J., Torres, O., Veefkind, J. P., Veihelmann, B., ) . H., Wang, J., and Mam“ R.V.,C. ...cElroy, C. T., C. ...cLinden, C., V. ...atraj, V.,
..eil, D. O C....owlan, C.R., E. ..."...Sullivan, E. J., P.
Chance, K Tropospheric emissions: Monitoring of pollution (TEMPO). J. Quant. Spectrosc. Radiat. Transf., 186, 17-39, Palmer P.L,R. ...icrce, R. B., M. ...ippin, M. R., A. ...aiz-Lopez,
A, R. ...purr, R.J. D, J. ...zykman, J. J., O. ...orres, O., J.
https://doi.org/10. 1016/1,1qs_rt.2016.05.008 2017, Veeﬂ(md J.P., B. ...eihelmann, B., H. ...ang, H., J. ...ang, J., and K.
N, K. ...hance, K., 201 (..[92]
(Deleted: .

23


https://doi.org/10.1029/2022JD037406
https://doi.org/10.1175/1520-0450(2001)040%3c0192:DOALSM%3e2.0.CO;2
https://doi.org/10.1029/2019JD032024
https://doi.org/10.1073/pnas.252763799
https://doi.org/10.1175/MWR-D-15-0005.1
https://doi.org/10.5194/acp-19-13067-2019
https://doi.org/10.1016/j.jqsrt.2016.05.008

Table 1: Model vertical layers and their approximate geopotential height,

Layer

Sigma Pressure [hPa] Height [m] Thickness [m]

Surface
1

O X N AN B W N

1.0000
0.9975
0.9950
0.9920
0.9880
0.9830
0.9780
0.9730
0.9660
0.9580
0.9490
0.9390
0.9270
0.9140
0.9000
0.8850
0.8690
0.8530
0.8370
0.8210
0.8050
0.7870
0.7680
0.7480
0.7260
0.7020
0.6760
0.6480
0.6200
0.5920
0.5640
0.5360

1000.0
997.6
995.3
992.4
988.6
983.9
979.1
974.4
967.7
960.1
951.6
942.1
930.7
918.3
905.0
890.8
875.6
860.4
845.2
830.0
814.8
797.7
779.6
760.6
739.7
716.9
692.2
665.6
639.0
612.4
585.8
559.2

24

0.0
20.9
41.8
66.9

100.5
142.7
185.1
227.6
287.4
356.2
434.1
5214
627.1
742.8
868.9
1005.7
1153.7
1303.8
1456.1
1610.7
1767.7
1947.2
2140.1
23473
2580.2
2840.5
3130.2
3452.0
3784.5
4128.6
4485.1
4855.0

20.9
20.9
25.1
33.6
422
42.4
42.5
59.8
68.8
77.9
87.3
105.7
115.7
126.1
136.8
148.0
150.1
152.3
154.6
157.0
179.5
193.0
207.1
2329
260.3
289.8
321.8
3325
344.0
356.5
370.0

(oa

d: above ground level.




32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

0.5080
0.4810
0.4550
0.4290
0.4040
0.3790
0.3550
0.3330
0.3120
0.2920
0.2730
0.2540
0.2350
0.2160
0.1970
0.1780
0.1590
0.1400
0.1200
0.1000
0.0800
0.0600
0.0400
0.0200
0.0000

532.6
507.0
482.3
457.6
433.8
410.1
3873
366.4
346.4
327.4
309.4
2913
2733
255.2
237.2
219.1
201.1
183.0
164.0
145.0
126.0
107.0

88.0

69.0

50.0

5239.7
5625.7
6012.7
6416.1
6820.9
7244.0
7669.2
8076.9
8483.9
8889.3
9292.1
9714.0
10157.0
10623.8
11117.2
11640.9
12199.2
12797.6
13478.7
14222.8
15044.5
15964.4
17013.3
18240.2
19731.7

384.6
386.0
387.0
403.4
404.8
423.1
4252
407.8
407.0
405.4
402.8
421.9
443.1
466.8
493.4
523.7
5583
598.5
681.1
744.1
821.7
919.9
1048.9
1226.9
1491.5
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1860 Table 2: WRF physics, analysis nudging, and dynamics options.

Option Setting

Physics Microphysics Morrison 2-moment scheme (Morrison et al., 2009)
Cumulus Multiscale Kain-Fritsch (Zheng et al., 2016)
Radiation RRTMG (Tacono et al., 2008)
Surface layer Pleim (Pleim, 2006)
Land surface model (LSM) Pleim-Xiu (Xiu and Pleim, 2001; Pleim and Xiu, 2003)
Planetary boundary layer (PBL) ACM2 (Pleim, 2007a,b)

Analysis nudging | Nudging height cutoff Above the PBL or the ~1.5-km model layer, whichever is higher
U, V nudging coefficient 3.0x107*s™!
T nudging coefficient 3.0x1074s7!
Q nudging coefficient 1.0x107 s7!

Dynamics Model dynamics Non-hydrostatic

Time integration

Vertical coordinate
Turbulence and mixing
Eddy coefficient

Sixth order diffusion
Upper level damping
Vertical velocity damping
Advection options

Runge-Kutta, third order

Terrain following

Without vertical correction
Horizontal Smagorinsky, first order
Off

Off

Off

Positive definite
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Table 3: CMAQ science options.

Science Option Setting

Gas phase chemistry solver CBO6r3 (Luecken et al., 2019)
Aerosol chemistry module AEROT7 (Appel et al., 2021)
Dry deposition scheme M3Dry

In-line biogenic emission module BEIS3
CTM_OCEAN_CHEM Y
CTM_WB_DUST
CTM_WBDUST_BELD
CTM_LTNG NO
KZMIN
CTM_MOSAIC
CTM_FST
PX_VERSION
CLM_VERSION
NOAH_VERSION
CTM_ABFLUX
CTM_BIDI_FERT NH3
CTM_HGBIDI
CTM_SFC_HONO
CTM_GRAV_SETL
CTM_BIOGEMIS

g%
=
)}
[os}

< < < Z < ZZ 2z <2z Z<Z
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Table 4: Total monthly LNQO, anthropogenic NOy, and soil NO of the model d (r I
LNQ,[x10° moles]  Anthropogenic NOx [x10° moles]  Soil NO [x10° moles] ~ Total NOx [x10° moles] (" 1

June 3.37(12.3%) 19.75 (72.3%) 4.20 (15.4%) 27.32

July 3.45 (12.1%) 20.59 (72.0%) 4.58 (16.0%) 28.62

August 3.65 (12.9%) 20.57 (72.5%) 4.15 (14.6%) 28.37

September  1.96 (8.0%) 19.13 (78.1%) 3.42 (14.0%) 24.51

Total 12.43 (11.4%) 80.04 (73.6%) 16.35 (15.0%) 108.82
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Table 5: Ground-level MDAS ozone statistics over the model domain and geographic regions for August 2019. Bold numbers indicate
better performance for each case. See Fig. 4 for the interpretation of geographical regions.

Region Case  Record OBS [ppbv] ~ MOD [ppbv]  MB[ppbv]  NMB[%] cRMSE [ppbv] ~ NME[%] R (Deleted: ppb

Domain CNTRL 35102, 44.0 45.6 1.6 3.7 82, 45 076 (Deleted: ppb

LGTNO 35102, 44.0 46.0 2.0 4.6 8.1 14.6 0.76 (Deeted: ppo>

Ng  CONTRL 518 421 46.2 42 9.9 74, 152 077 g’efe‘e‘f’zz"
LGINO 5518 42.1 46.5 44 106 7.4 154 077 (eieteds 313

g CONTRL 5912 393 437 4.4 13 649 165 078 (Deleted: 54
LGINO 5912 39.3 445 5.2 132 69 174 078 . (Deleted: 35132

um CNTRL 8767 423 43.7 14 33 6.6, 123 075 (Deleted: 5.

LGTNO 8767 42.3 439 1.7 40 6.6, 125 075 @efe‘e‘f 83

v CNTRL 3477 397 436 3.9 9.8 8.0, 181 079 g —— ::

LGTNO 3477 39.7 44.1 4.4 1.0 7.9 183 079 (peietedies
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1895 :I‘al?le 6: Ground-level daily mean NOx statistic§ over the n}odel do‘n‘m.in anq geog‘rappi‘c regi'ons for August 2019. Bold numbers 4 (Delete d: ppb )
indicate better performance for each case. See Fig. 4 for the interpretation of geographical regions. (r teted: ot )
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Figure 2: Spatial distribution of monthly flash density and NOy emissions from lightning, anthropogenic, and soil sources for June
through September 2019. (a) Total flashes per km? per month; monthly total NO, emissions (in 10° moles) from (b) lightning, (c)
anthropogenic, and (d) soil sources per model grid cell (12 km x 12 km, or 144 km?); (e) the ratio of LNQ, to total NOy
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Figure 3: Spatial distribution of mean differences in ground-level ozone, NOy, and NOy mixing ratios between the LGTNO and the
CNTRL simulations for 01 June 2019 through 30 September 2019. (a) Ozone difference, (b) ozone percentage change, (c) NOx
difference, (d) NOx percentage change, (e) NOy difference, and (f) NOy percentage change.
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Figure 4: Geographical regions for statistical analysis.
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bv; (b) ozone enl t in percent.
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Figure 8: Hourly mean lidar ed and model-simulated ozone profiles at Huntsville, AL, for all lidar observation periods

between 19 and 23 August 2019. Black lines represent lidar observations after being averaged hourly and vertically to match the
model resolution. Shaded regions indicate ranges of lidar measurements within each hour for each model layer. The red and blue
2055  lines represent model predictions of the CNTRL and the LGTNO, respectively.
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Figure 9: Backward trajectory analysis of the air mass that arrived at 34.724°N, 86.645°W (Huntsville, AL) at ~4.7 km above ground
level at 1600 UTC on 21 August 2019. (a) Latitude and longitude, (b) parcel height, (c) hourly LLNO, ion, (d) ozone difference

(between the LGTNO and the CNTRL), (e) NO difference, (f) NO difference, (g) NO; difference, (h) HCHO difference, (i) surface
insolation, (j) relative humidity, and (k) air temperature along the trajectory. The squares indicate 6-hour intervals along the
trajectory. The star indicates the ending point of the trajectory. Shaded regions in the time series plots indicate local nighttime hours.
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Figure 11: Backward trajectory analysis of the air mass that arrived at 29.970°N, 94.586°W (located between Houston, TX, and
Beaumont, TX) at ~5.9 km above ground level at 2100 UTC on 29 June 2019. (a) Latitude and longitude, (b) parcel height, (c) hourly

LNO,emission, (d) ozone difference (between the LGTNO and the CNTRL), (e) NOy difference, (f) NO difference, (g) NO, difference,
(h) HCHO difference, (i) surface insolation, (j) relative humidity, and (k) air temperature along the trajectory. The squares indi
6-hour intervals along the trajectory. The star indicates the ending point of the trajectory. Shaded regions in the time series plots

indicate local nighttime hours.
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