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Introduction

The air quality of any given location is the result of complex interactions between 

meteorology and emissions through dynamical, physical, chemical, and photochemical 

processes. Of the many sources of air pollution, naturally produced emissions such as nitric 

oxide (NO) from soil[1] and lightning[2], biogenic volatile organic compounds (BVOCs)
[3] from vegetation, and sulfur dioxide (SO2) and carbon dioxide (CO2) from volcanic 

eruptions[4] constitute a nonnegligible and relatively stable portion of the total emissions 

of these pollutants. Despite the decreasing trend of anthropogenic emissions in the United 

States (U.S.), surface-level ozone (O3) concentrations have not subsequently decreased 

in many regions including the Mountain West and the Pacific Coast[5]. This seemingly 

contradictory result was further revealed by the lockdowns instituted to control the 

coronavirus disease 2019 (COVID-19) pandemic. During that period in the Spring of 2020, 

surface O3 levels increased by up to 50% in some locations despite large and widespread 

reductions in loading from fossil fuel NO emissions associated with vehicles[6]. In addition 

to the nonlinear atmospheric chemistry under decreasing anthropogenic emissions, changes 

in the relative contribution of natural emissions to the total emissions budget in the 

atmosphere become increasingly important[7]. For example, the oceanic emissions of iodine 

have tripled since 1950, driven by anthropogenic O3 pollution and rising temperatures, as 

registered by Arctic and Alpine ice cores and tree ring measurements[8–10]. To quantify 

the complex impacts of natural emissions on air quality, chemical transport models must 

include realistic characterizations of the source strengths, spatial and temporal distributions 

of the emissions, and evolution of the emitted species from natural sources due to climate 

change. Recent updates to the U.S. Environmental Protection Agency’s (EPA’s) Community 

Multiscale Air Quality (CMAQ) modeling system have included improvements to the 

emission and chemistry of natural emissions. In this paper, we summarize the updates to 
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lightning NOx (LNOx), BVOCs, soil NOx (SNOx), and halogen emissions in CMAQ and 

their impacts on model predicted surface O3.

Lightning NOx Parameterization

Previous studies have shown that about 10–15% of the total global NOx emissions 

originates from LNOx, which accounts for 35–50% of global free-tropospheric O3
[11,12]. 

The contribution of LNOx to surface O3 can be significant at high elevation locations 

including the U.S. Intermountain West, where LNOx may contribute 3–4 ppbv to 

the annual mean 8-hr maximum O3 and up to 18 ppbv during episodic events[2,13]. 

In addition, lightning activity and the associated distribution of LNOx exhibit strong 

geographic and temporal variations[7]. Different options to represent LNOx production 

have been implemented beginning with CMAQv5.2[14–15]. For retrospective (i.e., historical) 

simulations, hourly lightning flashes from ground-based lightning observation networks are 

used, when observed lightning data are unavailable (such as in future climate studies and air 

quality forecasts), a LNOx parameterization is available that use climatological relationships 

associated with convective precipitation (CP) and observed lightning flashes[14].

The initial implementation of the climatological LNOx parameterization in CMAQ was 

formulated using available modeled CP data from the Weather Research and Forecasting 

(WRF) model versions (3.4 to 3.8) and observed lightning flashes from the National 

Lightning Detection Network (NLDN) from 2002 to 2014[14]. Leveraging the EPA’s Air 

QUAlity TimE Series (EQUATES) project in which WRFv4.1.1 is consistently used to 

produce the meteorological fields from 2002 to 2018, the LNOx parameterization scheme 

was reformulated to consider the longer time period and unified CP prediction from a single 

version of WRF. In addition, the updated WRF dataset presented an opportunity to assess 

the reliability of the methodology over time and space. For that purpose, the parameters are 

formulated with the following time periods: 2002–2014 (the same period used to develop the 

original parameterization), 2002–2009, and 2010–2018 (for assessment of consistency over 

non-overlapping time periods). The climatological regression relationships between monthly 

CP and lightning flashes for all parameterizations are comparable across geographic regions, 

indicating that the original methodology is reliable and consistent. Figure 1a displays the 

total monthly LNOx emissions generated by these different parameter sets and hourly NLDN 

lightning flashes when they are applied to the 2016 annual CMAQ simulations. Examples 

of the spatial distributions of LNOx emissions generated by hourly NLDN lightning flashes 

and one of the parameterizations in July 2016 are shown in Figure 1b and Figure 1c, 

respectively. The LNOx emissions from these parameterizations closely follow the NLDN 

case for the monthly variations, but they are 10–20% lower than those generated by directly 

using the NLDN data during the warm months. These reduced LNOx emission rates had a 

minor impact on surface O3 concentrations[15].

Biogenic VOCs and Soil NOx

Highly reactive BVOCs such as isoprene are abundant[16] and their rapid oxidation results 

in O3 formation. The Biogenic Emission Inventory System (BEIS) model has been the 

only option for simulating inline BVOC with CMAQ since its implementation in 2002[17]. 
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BEIS calculates BVOC as a function of simulated meteorology and vegetation data, 

including the Biogenic Emission Landuse Database (BELD). Since BELD is currently only 

available for domains within North America, using BEIS for other geographic domains 

requires additional user development. To update and expand the inline BVOC capability in 

CMAQ, a second BVOC option (the Model for Emissions of Aerosols and Gasses from 

Nature (MEGAN) version 3.1[18]) will be available in future releases of CMAQ. MEGAN 

calculates BVOC emissions as the product of emission activity, a function of meteorological 

conditions and plant stress factors, and time-independent averages of emission rates that are 

prepared using the MEGAN preprocessor.

July is the month with the most emitted isoprene over the Northern Hemisphere [19] and 

a time when we expect to see large sensitivities to different BVOC model options. Results 

from a July 2016 simulation using a configuration[20] for the U.S. illustrate differences 

in isoprene from the CMAQ implementations of MEGAN and BEIS (Figure 2a,b). The 

domain total isoprene emissions for this month are 4.63 Tg for MEGAN and 4.26 Tg for 

BEIS. When the drought stress setting for MEGAN is enabled, the emissions of isoprene 

decrease roughly 30% to 3.27 Tg. Reduction of isoprene emissions due to MEGAN’s 

parameterization of drought stress varies from 7%[16] to 21%[21] for global emissions, and 

up to 68%[3] for regional emissions. Reducing BVOC emissions due to drought sensitivity 

improves model skill for air quality metrics in the CMAQ and MEGAN configuration used 

in Figure 2.

Soil NO from agricultural and non-agricultural sources is included as biogenic emissions in 

both BEIS and MEGAN. Both BVOC models use a soil NO calculation based on Yienger 

and Levy (YL)[1], but the MEGAN implementation produces less soil NO due to different 

emissions factors (Figure 2c,d). MEGAN 3.1 also introduces the Berkley Dalhousie Soil NO 

Parameterization (BDSNP) [22], which produces significantly more soil NO than either YL 

option (not shown).

The effect of BVOC modeling choice on O3 is ultimately small (Figure 3), reducing 

monthly-mean bias by up to 2 ppb relative to BEIS in the midwestern U.S. The 

reduction in high O3 bias coincides with the decreased soil NO emissions in the MEGAN 

implementation. In the western U.S., the O3 underprediction in the BEIS simulation is 

worsened in the MEGAN implementation. These comparisons highlight the challenges/

uncertainties in representing biogenic emissions in current air quality models. Having 

two BVOC models in CMAQ enables users to pick the suitable option for their specific 

application and facilitates quantification of the uncertainties associated with biogenic 

emissions.

Halogen Emissions and Chemistry

Bromine and iodine (hereafter “halogen”) compounds emitted from the oceans contribute 

to atmospheric chemistry and reduce O3 concentrations over seawater, as well as in 

some coastal and inland areas[23]. Marine halogen emissions in CMAQv5.3.2 include both 

organic and inorganic compounds. The organic halogen compounds, collectively known 

as halocarbons, are produced by phytoplankton and macroalgae[24]. Specifically, emissions 
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of nine halocarbon species are included in CMAQv5.3.2 and are estimated using monthly 

climatological chlorophyll-a concentrations retrieved from the Moderate Resolution Imaging 

Spectroradiometer (MODIS) satellite. The emissions rates of inorganic halogen compounds 

are a function of sea surface temperature and 10-meter wind speed[25] and included in 

CMAQv5.3.2.

CMAQv5.3.2 contains a detailed treatment of bromine and iodine reactions[23] which are 

further updated for the next version of CMAQ model. Three sets of annual simulations 

were completed over the Northern Hemisphere for 2016 by using: (1) updated halogen 

emissions/chemistry (2) existing halogen emissions/chemistry in CMAQv5.3.2, and (3) no 

halogen emissions/chemistry. The halogen updates increase seasonal mean O3 over seawater 

and land areas compared to the existing emissions/chemistry (Figure 4a–d). The impacts 

are higher in winter months than those in summer months. Existing halogen emissions 

and chemistry in CMAQv5.3.2 reduces annual mean surface O3 by ~21% compared to the 

simulation without halogens while the updated halogen emissions and chemistry reduces 

surface O3 by ~16% over seawater.

Summary

EPA’s premier modeling system (CMAQ) helps shape up and/or analyze policy scenarios 

to support air quality management decisions. Representation of various natural emissions 

in CMAQ are continually being improved, and their impact on surface air quality are 

being assessed. Differing levels of improvement of surface O3 retrospective predictions 

are achieved from the updates of different natural emissions with more options available 

for a variety of applications. With the decreasing trend of anthropogenic emissions and 

the increasing trend of global warming, efforts to improve the characterization of natural 

emissions in air quality models will be increasingly desirable.

Acknowledgements:

The authors thank Tanya Spero and Jerry Herwehe for technical reviews of the initial draft of this manuscript. J. 
Mike Madden is supported in part by an appointment to the ORISE participant research program supported by an 
interagency agreement between EPA and DOE.

Biographies

Daiwen Kang, Jeff Willison, Golam Sarwar, Christian Hogrefe, and Rohit Mathur are 

research scientists at Center for Environmental Measurement and Modeling, Office of 

Research and Development, U.S. Environmental Protection Agency, Research Triangle Park, 

NC

J. Mike Madden is ORISE fellow at Center for Environmental Measurement and Modeling, 

Office of Research and Development, U.S. Environmental Protection Agency, Research 

Triangle Park, NC

Brett Gantt is statistician with the Office of Air Quality Planning and Standards of the U.S. 

Environmental Protection Agency

Kang et al. Page 4

EM (Pittsburgh Pa). Author manuscript; available in PMC 2024 January 17.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Alfonso Saiz-Lopez is professor at Department of Atmospheric Chemistry and Climate, 

Institute of Physical Chemistry Rocasolano, CSIC, Madrid, 28006, Spain

References

1. Yienger JJ and Levy II H, Empirical model of global soil-biogenic NOx emissions, Journal of 
Geophysical Research: Atmospheres 100, 11 447–11 464, 10.1029/95JD00370, 1995

2. Kang D, Mathur R, Pouliot GA, Gilliam RC, and Wong DC, Significant ground-level ozone 
attributed to lightning-induced nitrogen oxides during summertime over the Mountain West States. 
npj Clim Atmos Sci 3 (6), 10.1038/s41612-020-0108-2, 2020.

3. Wang Y, Tan X, Huang L, Wang Q, Li H, Zhang H, Zhang K, Liu Z, Traore D, Yaluk E, Fu JS, and 
Li L, The impact of biogenic emissions on ozone formation in the Yangtze River Delta region based 
on MEGANv3.1, Air Quality, Atmosphere &Health, 10.1007/s11869-021-00977-0, 2021.

4. Fischer TP, Arellano S, Carn S, Aiuppa A, Galle B, Allard P, Lopez T, Shinohara H, Kelly P, 
Werner C, Cardellini C, and Chiodini G, The emissions of CO2 and other volatiles from the world’s 
subaerial volcanoes. Sci Rep 9, 18716. 10.1038/s41598-019-54682-1, 2019. [PubMed: 31822683] 

5. Simon H, Reff A, Wells B, Xing J, and Frank N, Ozone trends across the United States over a 
period of decreasing NOX and VOC emissions. Environ. Sci. Technol 49, 186–195, 2015. [PubMed: 
25517137] 

6. Gkatzelis GI, Bilman JB, Brown SS, Eskes H, Gomes AR, Lange AC, McDonald BC, Peischl J, 
Petzold A, Thompson CR, and Kiendler-Scharr A, The global impacts of COVID-19 lockdowns 
on urban air pollution: A critical review and recommendations. Elem Sci Anth, 9: 1. DOI: 10.1525/
elementa.2021.00176, 2021.

7. Kang D, and Pickering K, Lightning NOx Emissions and the Implications for Surface Air Quality 
over the Contiguous United States, EM, A&WMA, November 2018.

8. Cuevas CA, Maffezzoli N, Corella JP, Spolaor A, Vallelonga P, Kjar A, Simonsen M, Winstrup M, 
Vinther B, Horvat C, Fernandez RP, Kinnison D, Lamarque J-F, Barbante C, and Saiz-Lopez A, 
Rapid increase in atmospheric iodine levels in the North Atlantic since the mid-20th century. Nature 
Communications 9, 1452, 2018.

9. Legrand M, McConnell JR, Preunkert S, Arienzo M, Chellman N, Gleason K Sherwen T, Evans 
MJ, and Carpenter LJ, Alpine ice evidence of a three-fold increase in atmospheric iodine deposition 
since 1950 in Europe due to increasing oceanic emissions. Proceedings of the National Academy of 
Sciences 115, 12136–12141, 2018.

10. Zhao X, Hou X, and Zhou W, Atmospheric iodine (127I and 129I) record in spruce tree rings 
in the Northeast Qinghai-Tibet Plateau. Environ. Sci. Technol 53, 8706–8714, 2019. [PubMed: 
31306582] 

11. Pickering KE, Bucsela E, Allen D, Ring A, Holzworth R, and Krotkov N, Estimates of lightning 
NOx production based on OMI NO2 observations over the Gulf of Mexico, J. Geophys. Res. 
Atmos 121, doi:10.1002/2015JD024179, 2016

12. Gordillo-Vazquez FJ, Perez-Inveron FJ, Huntrieser H, and Smith AK, Comparison of six lightning 
parameterizations in CAM5 and the impact on global atmospheric chemistry, Earth and Space 
Science 6 (12), 23172346, doi:10.1029/2019ea000873, 2019.

13. Murray LT, Lightning NOx and impacts on air quality, Curr. Pollution Rep 2:115–133, 
doi:10.1007/s40726-016-0031-7, 2016.

14. Kang D, Pickering K, Allen D, Foley K, Wong D, Mathur R, and Roselle S, Simulating Lightning 
NO Production in CMAQv5.2: Evolution of Scientific Updates. Geosci. Model Dev 12, 3071–
3083, 10.5194/gmd-12-3071-2019, 2019. [PubMed: 32206207] 

15. Kang D, Foley K, Mathur R, Roselle S, Pickering K, and Allen D, Simulating Lightning NO 
Production in CMAQv5.2: Performance Evaluations, Geosci. Model Dev 12, 4409–4424, 10.5194/
gmd-12-4409-2019, 2019. [PubMed: 31844504] 

16. Guenther A, Karl T, Harley P, Wiedinmyer C, Palmer PI, and Geron C, Estimates of global 
terrestrial isoprene emissions us-ing MEGAN (Model of Emissions of Gases and Aerosols from 
Nature), Atmos. Chem. Phys 6, 3181–3210, 10.5194/acp-6-3181-2006, 2006.

Kang et al. Page 5

EM (Pittsburgh Pa). Author manuscript; available in PMC 2024 January 17.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



17. Pierce TE Jr., Geron CD, Kinnee E, and Vukovich J, Integration of the Biogenic Emissions 
Inventory System (BEIS3) Into the Community Multiscale Air Quality Modeling System. 
Presented at 25th Conference on Agricultural and Forest Meteorology, Norfolk, VA, May 20–24, 
2002.

18. Guenther A, Jiang X, Shah T, Huang L, Kemball-Cook S, and Yarwood G, Model of Emissions 
of Gases and Aerosol fromNature Version 3 (MEGAN3) for Estimating Biogenic Emissions: Air 
Pollution Modeling and its Application XXVI, edited by Mensink C, Gong W, and Hakami A, pp. 
187–192, Springer International Publishing, Cham, 2020.

19. Sindelarova K, Granier C, Bouarar I, Guenther A, Tilmes S, Stavrakou T, Müller J-F, Kuhn U, 
Stefani P, and Knorr W, Global data set of biogenic VOC emissions calculated by the MEGAN 
model over the last 30 years, Atmos. Chem. Phys 14, 9317–9341, 10.5194/acp-14-9317-2014, 
2014.

20. Appel KW, Bash JO, Fahey KM, Foley KM, Gilliam RC, Hogrefe C, Hutzell WT, Kang D, Mathur 
R, Murphy BN, Napelenok SL, Nolte CG, Pleim JE, Pouliot GA,Pye HOT, Ran L, Roselle SJ, 
Sarwar G, Schwede DB,Sidi FI, Spero TL, and Wong DC, The Community Multiscale Air Quality 
(CMAQ) model versions 5.3 and 5.3.1: system updates and evaluation, Geosci. Model Dev 14, 
2867–2897, 10.5194/gmd-14-2867-2021, 2021. [PubMed: 34676058] 

21. Müller J-F, Stavrakou T, Wallens S, De Smedt I, Van Roozen-dael M, Potosnak MJ, Rinne J, 
Munger B, Goldstein A, and Guenther AB, Global isoprene emissions estimated using MEGAN, 
ECMWF analyses and a detailed canopy environment model, Atmos. Chem. Phys 8, 1329–1341, 
10.5194/acp-8-1329-2008, 2008.

22. Hudman RC, Moore NE, Mebust AK, Martin RV, Russell AR, Valin LC, and Cohen RC, Steps 
towards a mechanistic model of global soil nitric oxide emissions: implementation and space 
based-constraints, Atmos. Chem. Phys 12, 7779–7795, doi:10.5194/acp-12-7779-2012, 2012.

23. Sarwar G, Gantt B, Schwede D, Foley K, Mathur R, Saiz-Lopez A, Impact of enhanced ozone 
deposition and halogen chemistry on tropospheric ozone over the Northern Hemisphere, Environ. 
Sci. Technol 49 (15):9203–9211, 2015. [PubMed: 26151227] 

24. Liss PS, Marandino C, Dahl EE, Helmig D, Hintsa EJ, Hughes C, Johnson MT, Moore RM, 
Pane JMC, Quack B, Singh HB, Stefels J, Glasow R, Williams J, Short-Lived Trace Gases in 
the Surface Ocean and the Atmosphere Ocean-Atmosphere Interactions of Gases and Particles. 
Springer, Berlin, Germany, 1–54, doi:10.1007/978-3-642-25643-1_1, 2014.

25. MacDonald SM, Martin JCG, Chance R, Warriner S, Saiz-Lopez A, Carpenter LJ, and Plane JMC, 
A laboratory characterization of inorganic iodine emissions from the sea surface: dependence on 
oceanic variables and parameterization for global modelling. Atmos. Chem. Phys 14, 5841–5852, 
2014.

Kang et al. Page 6

EM (Pittsburgh Pa). Author manuscript; available in PMC 2024 January 17.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Figure 1. 
(a) The monthly LNOx emissions over the contiguous U.S. from 2016 annual CMAQ 

simulations using NLDN (hourly lightning flashes), PARM (the existing parameters), 

PARM02_14EQ (parameters formulated using WRF4.1.1 and input data period from 2002–

2014), PARM02_09EQ (input data from 2002–2009), and PARM10_18EQ (input data from 

2010–2018). (b) The monthly mean hourly LNOx emissions using NLDN in July 2016. (c) 

The monthly mean hourly LNOx emissions using PARM in July 2016
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Figure 2. 
Average July 2016 isoprene emissions rates (moles/s) for (a) CMAQ-BEIS and (b) CMAQ-

MEGAN with drought stress option enabled. Average July 2016 soil NO emission rates 

(moles/s) for (c) CMAQ-BEIS and (d) CMAQ-MEGAN.
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Figure 3. 
(a) July 2016 daily 8-hr maximum O3 bias for CMAQ-BEIS. (b) Difference in July 2016 

daily 8-hr maximum O3 absolute bias between CMAQ-BEIS and CMAQ-MEGAN with 

drought stress option enabled, where positive values indicate larger bias when using CMAQ-

BEIS. Observations for bias values are from EPA’s Air Quality System (AQS).
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Figure 4. 
Seasonal mean impact of updated halogen emissions and chemistry compared to the existing 

halogen emissions and chemistry in CMAQv5.3.2 on O3 over the Northern Hemisphere (a) 

Winter, (b) Spring, (c) Summer, (d) Fall.
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