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[1] The impact of nitric oxide (NO) emissions by lightning on summertime North
American nitrogen oxides (NOx) and ozone is studied using the Global Modeling Initiative
(GMI) CTM and an improved lightning NO algorithm. The spatial distributions of
modeled and National Lightning Detection Network‐based flash rates during the summers
of 2004–2006 agree well (R2 = 0.49, 18% low bias). Despite this reasonable agreement, 9–
12 km model NOx during the Intercontinental Chemical Transport Experiment (INTEX‐A)
campaign is a factor of 2.2–3.6 too low for a simulation that includes a 480 mol per flash
midlatitude lightning NO source, the source that provides the best agreement with
measurements. Possible causes of this low bias include biases in model convection and/or
too rapid NOx chemistry in the upper troposphere. Model tropospheric NO2 columns over
the southeastern United States during these summers show a 7% high bias with respect to
the OMI DOMINO/GEOS‐Chem tropospheric column NO2 product. Observed changes
between 2004 and 2006 in upper tropospheric ozone at southeastern U. S. INTEX
Ozonesonde Network Study sites are captured by the model and appear to be caused by a
stronger upper tropospheric anticyclone in 2006 that led to an increase from 21 to 30 ppbv
between 2004 and 2006 in the amount of ozone with a lightning NO source; lightning NO
emissions were 15%–20% larger in 2004. The contribution of lightning NO to monthly
average summertime 300 hPa NOx over the eastern United States during 2004–2006 varies
from 61%–73% (0.09–0.16 ppbv), while the contribution to ozone varies from 19%–31%
(15–24 ppbv).
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1. Introduction

[2] Tropospheric ozone is an important atmospheric pol-
lutant and greenhouse gas whose precursors include reactive
odd nitrogen (NOx) and volatile organic compounds
(VOCs). Atmospheric sources of NOx include fossil fuel
emissions (28–32 Tg N/yr), biomass burning emissions (4–
24 Tg N/yr), soil microbial emissions (4–16 Tg N/yr),
stratospheric decomposition of nitrous oxide (N2O) (0.1–
1 Tg N/yr), aircraft emissions (0.7–1 Tg N/yr), and lightning
NO emissions (2–8 Tg N/yr), where estimates of source
magnitudes are taken from Schumann and Huntrieser [2007]
and sources therein.

[3] Production of NO by lightning (LNOx) is a particu-
larly important NOx source in the tropics throughout the
year and in the midlatitudes, especially over the United
States during the summertime [e.g., Biazar and McNider,
1995; Lamarque et al., 1996; Berntsen and Isaksen, 1999;
Levy et al., 1999; Tie et al., 2001; Hauglustaine et al., 2001;
Bond et al., 2001, 2002; Grewe et al., 2001; Zhang et al.,
2003]. For example, model simulations by Grewe [2007]
show that up to 70% of total reactive odd nitrogen (NOy)
in the tropical upper troposphere is from lightning with
much of it existing in the form of nitric acid (HNO3) and
peroxyacetylnitrate (PAN).
[4] In most of the free troposphere ozone production rates

are highly sensitive to NOx mixing ratios. Therefore mid‐
and upper‐tropospheric ozone concentrations are substan-
tially enhanced by lightning NO emissions. For example,
Hauglustaine et al. [2001] used the Model of Ozone and
Related Tracers (MOZART) to determine the enhancement
of ozone associated with LNOx. They found that LNOx was
responsible for a 150% increase in 250 hPa summertime
ozone over South America and Africa and a greater than
100% increase over the South Atlantic. In the Northern
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Hemisphere summer, ozone at 250 hPa increased by 120%
over South Asia and 20%–50% over North America and
Europe.
[5] Li et al. [2005] used GEOS‐Chem to study the sum-

mertime outflow of North American pollution to the
Atlantic. They found that convective outflow over the
eastern United States is often trapped within a semiperma-
nent upper troposphere anticyclone centered over the
southern United States [see also Cooper et al., 2007, 2009].
Rapid ozone production occurs within this anticyclone as
lofted ozone precursors with anthropogenic and biogenic
sources are mixed with free troposphere lightning NO
emissions. The rapid ozone production and recirculation
contributes to an ozone maximum (>80 ppbv) over the
southern United States. Zhang et al. [2003] used MOZART
to investigate the enhancement of ozone associated with
lightning NO emissions in this region. They found that
lightning NO emissions increased mid and upper tropo-
spheric NOx amounts by 60%–90% and mid and upper
tropospheric ozone amounts by 20%–30%. Measurements
taken during the 2004 International Consortium for Atmo-
spheric Research on Transport and Transformation
(ICARTT) experiment allowed the summertime NOx and
ozone budgets over the United States to be examined in
more detail. Analyses of the ICARTT period by Cooper et
al. [2006], Bertram et al. [2007], and Hudman et al.
[2007] confirmed the important role lightning NO plays in
determining the summertime ozone budget over North
America.
[6] Cooper et al. [2007] used version 5 of the atmo-

spheric general circulation model European Center Hamburg
Modular Earth Submodel System (ECHAM‐5 MESSy)
[Jöckel et al., 2006] to isolate the contribution of LNOx to
the summertime ozone maximum in August 2006. They
determined that LNOx was responsible for the production of
25–30 ppbv of ozone at 250 hPa over the southern United
States and that more than 80% (70%) of summertime upper
tropospheric NOx (ozone) has a probable lightning source.
Cooper et al.’s estimate was for a month during which
atmospheric conditionswere particularly conducive for ozone
formation. Choi et al. [2008] found a smaller enhancement
for July–August 2005 in a simulation with the Regional
Chemical Transport Model (REAM). They found that light-
ning NO emissions contributed 15–20+ ppbv to 325 hPa
ozone over the southeastern United States and western
Atlantic. Pfister et al. [2008] used version 4 of MOZART
as a tool to study the budget of ozone during the Inter-
continental Chemical Transport Experiment (INTEX‐A)
period. They found that lightning contributed 10% ± 2%
to the tropospheric ozone column at INTEX Ozonesonde
Network Study (IONS) sites during the INTEX‐A time period.
Hudman et al. [2009] found a 10–17 ppbv enhancement of
ozone due to lightning NO emissions extending from the
southern United States/Gulf of Mexico region downwind
across the subtropical Atlantic toward Europe.
[7] In this study, an improved lightning NO algorithm for

the NASA Global Modeling Initiative (GMI) CTM [Duncan
et al., 2007, 2008; Considine et al., 2008] is introduced. An
improved lightning algorithm was developed because the
existing algorithm used monthly average lightning NO
emissions constrained by climatological ISCCP cloud top
heights [Price and Rind, 1992; Price et al., 1997]. This

monthly average approach was not appropriate because
emissions did not necessarily occur at the same locations as
model convection. The enhanced GMI model is used along
with ozonesonde, aircraft, and satellite observations to
evaluate the impact of lightning NO emissions on North
American NOx and ozone distributions during the summers
of 2004–2006.

2. GMI Modeling System

[8] The GMI CTM is designed to be an assessment tool
and a component of the NASA Goddard Chemistry and
Climate Model (NASA‐CCM) [Pawson et al., 2008].

2.1. GMI Chemical Package

[9] The GMI model includes a combined stratosphere‐
troposphere chemical mechanism with 124 species, 322
chemical reactions, and 81 photolysis processes. The tro-
pospheric portion of the chemical mechanism includes a
detailed description of tropospheric ozone, NOx, and
hydrocarbon photochemistry [Bey et al., 2001]. It has been
updated with recent experimental data from Tyndall et al.
[2001] and Atkinson and Arey [2003] and data for the
quenching reactions of O(1D) by N2, O2, and H2O
[Ravishankara et al., 2002; Dunlea and Ravishankara,
2004]. It is integrated using the SMVGEAR II algorithm
[Jacobson, 1995]. Photolysis rates in the troposphere and
stratosphere are calculated using the Fast‐JX radiative
transfer algorithm [Wild et al., 2000; Bian and Prather,
2002], an efficient algorithm that calculates photolysis
rates in the presence of an arbitrary mix of cloud and aerosol
layers. The scheme treats both Rayleigh scattering as well as
Mie scattering by clouds and aerosol. Radiative and het-
erogeneous effects of aerosols on photochemistry are
included. Biogenic emissions of isoprene and monoterpenes
are calculated online as in the work of Guenther et al.
[2006]. Time‐appropriate biomass burning emissions are
used from the GFEDv2 emission inventory [van der Werf et
al., 2006].
[10] The GMI‐CTM simulates the radiative and hetero-

geneous chemical effects of sulfate, dust, sea salt, organic
carbon, and black carbon aerosol on tropospheric photo-
chemistry. Three‐dimensional aerosol surface area dis-
tributions are calculated offline using a 2001 simulation of
the Goddard Chemistry Aerosol Radiation and Transport
(GOCART) model [Chin et al., 2002] that takes into
account swelling of aerosols in humid environments. The
emission rates for sea salt, sulfate, black carbon (BC),
organic carbon (OC), and dust are monthly averages. The
annual emissions are given in Table 1 of Chin et al. [2002].
The aerosol fields were coupled to the trace gas distributions
as described by Martin et al. [2003]. One important modi-
fication to this implementation is that the reaction proba-
bility for N2O5 is now a function of aerosol type, relative
humidity, and temperature and is significantly lower than
earlier estimates [Evans and Jacob, 2005].
[11] Globally, annual anthropogenic (sum of fossil fuel

and biofuel) emissions of NO and CO in the GMI CTM
equaled 27.4 Tg N and 537 Tg CO, respectively, during
each year of the simulation. Biomass burning emissions
were year specific. Global biomass burning emissions of CO
equaled 431, 428, and 414 Tg CO for 2004–2006, respec-
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tively. Global biomass burning emissions of NO equaled
5.3, 5.3, and 5.0 Tg N over this time period. Anthropogenic
emissions of NOx over the United States were originally
based on the EPA 1999 National Emissions Inventory
(NEI99). However, for this 2004–2006 simulation, June to
September emissions of NO were reduced by 22% with
respect to NEI99 over the United States to account for re-
ductions in power plant emissions associated with the NOx

State Implementation Plan Call [Hudman et al., 2007; Frost
et al., 2006]. Power plant emissions of NOx over the eastern
United States during the ozone season decreased by 43%
between 1995–2002 and 2003–2006 [Bloomer et al., 2009].
Model anthropogenic emissions of NOx amount to 0.67 Tg
N over the contiguous United States (130°W–70°W, 25°N–
50°N) during the INTEX‐A period (1 July to 15 August), a
period of focus during this study. This emission source is
slightly higher than the 0.62 Tg N source used in GEOS‐
Chem for simulations of this same time period [Hudman et
al., 2007]. Globally anthropogenic NOx emissions during
this period equal 3.3 Tg N. Anthropogenic emissions of CO
during the same time period equaled 11.2 and 63.4 Tg CO
for the contiguous United States and the globe, respectively.
Biomass burning emissions over the contiguous United
States were only a minor source of CO and NOx.

2.2. Transport Core and Driving Meteorological Fields

[12] The GMI‐CTM can be driven by meteorological
fields from version 4 [Bloom et al., 2005] or version 5
[Rienecker et al., 2008] of the NASA‐Goddard Earth
Observing System (GEOS) General Circulation Model
(GCM) and Data Assimilation System (DAS). The simula-
tions presented here were driven by the GEOS‐4 DAS. The
GEOS‐4 GCMwas jointly developed by the Global Modeling
and Assimilation Office (GMAO) at NASA Goddard and the
Climate and Global Dynamics Division at National Center
for Atmospheric Research (NCAR). Lin [2004] describes the
finite volume dynamical core. Physics parameterizations were
adopted from version 3 of the NCAR CCM and the Whole
Atmosphere Community Climate Model (WACCM) [Kiehl
et al., 1985; 1998]. Zhang and McFarlane [1995] describe
the method used to parameterize deep convection. Bloom
et al. [2005] provide details on the GEOS‐4 GCM and also
describe modifications and enhancements to CCM3 physics
that were made while constructing the GEOS‐4 GCM and
DAS. The vertical structure of the GEOS‐4 output is a
generalized hybrid sigma‐pressure coordinate system that
includes 42 layers and a smooth transition between sigma
in the troposphere (representative pressures > 176 hPa) and
pressure in the stratosphere. The model top is at 0.01 hPa.

Before use in the GMI CTM, 1° in latitude × 1.25° in
longitude output was degraded to 2° × 2.5°.

2.3. Lightning NO Emissions

[13] Global CTMs require the lightning NO source as a
function of time and space. The source strength depends on
the flash frequency, flash energy, and the NO production per
unit energy. Our understanding of the geographical distri-
bution of the flash frequency has increased greatly during
the last decade as satellite flash count information has
become available from the Optical Transient Detector
(OTD) [Boccippio et al., 2000; Christian et al., 2003] and
the Lightning Imaging Sensor (LIS) [Boccippio et al., 2002;
Mach et al., 2007]. It might seem reasonable to directly use
observed flashes when specifying flash frequency in CTMs;
however, lightning production is highly correlated with
upward vertical motion. In addition, the upper tropospheric
concentrations of other ozone precursors with low‐level
sources, such as odd hydrogen (HOx) and its precursors
(e.g., peroxides, acetone, water vapor, etc.) are likely to
be enhanced in regions of upward motion. Therefore, it is
necessary to parameterize the flash rate in terms of model
fields, such that the lightning occurs at the same times
and locations as the vertical transport of ozone precursors.
Satellite‐retrieved flash rates are useful for constraining flash
frequencies obtained using theoretical and/or empirical rela-
tionships between model convective fields (e.g., cloud top
height, convective mass flux, convective precipitation rate,
convective available potential energy) and observed flash
rates.
[14] Early versions of the GMI model parameterized flash

rates in terms of climatological monthly average ISCCP
cloud top heights [Price and Rind, 1992; Price et al., 1997].
This algorithm has been replaced by a new scheme that is
similar to the method of Allen and Pickering [2002] in that it
uses upward cloud mass flux in the upper troposphere as the
indicator of when and where lightning NO emissions occur.
The 2002 scheme used upward cloud mass flux as the
predictor variable for lightning flash rate through best fit
polynomials developed from ranked distributions of this
variable and observed National Lightning Detection Network
(NLDN) [Cummins et al., 1998; Orville and Huffines, 2001]
flash rates. The new scheme assumes flash rates are propor-
tional to the square of upward convective mass flux but then
constrains flash rates on an individual grid cell basis to ensure
that flash rates when averaged over a period of interest
match monthly average climatological flash rates from v2.2
of the OTD/LIS climatology. Details on this lightning NO
emission algorithm follow.
[15] The calculation of lightning NO emissions in the

GMI CTM is a two step procedure. In step 1, the lightning
flash frequency is calculated for each model grid point and
the resulting lightning NOx production rate is determined for
each model column. In step 2, the resulting emissions are
partitioned in the vertical.
[16] The flash frequency (LFi,j) for grid box (i,j) is ob-

tained by multiplying global (G) and local (ai,j) scaling
factors by the upper tropospheric deep convective mass flux
to the power g. Mathematically,

LFi;j ¼ G� �i;j � zmmui;j � threshold
� ��

; ð1Þ

Table 1. Bias (ppbv) Between Modeled and Measured Upper
Tropospheric Ozone During the Summers of 2004 and 2006 at
Wallops Island, VA; Houston, TX; and Huntsville, AL IONS Sites

Simulation

No Lightning Low NOx High NOx

2004 2006 2004 2006 2004 2006

IONS Site
Wallops −19 −24 −4 −5 +3 +3
Houston −28 −35 −14 −11 −8 −2
Huntsville −24 −35 −9 −14 −2 −6
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where “zmmu” is the deep convective mass flux at GEOS‐4
GCM sigma layer 9 (∼434 hPa), “threshold” is the value of
zmmu below which the flash rate is assumed to equal zero,
and g is a power (0, 1, or 2). The choice of sigma layer 9
limits lightning production by this parameterization to
clouds with clouds tops of <∼440 hPa (i.e., deep convective
clouds). This definition of deep convection is consistent
with the definition used by the International Satellite Cloud
Climatology Project (ISCCP) [Rossow et al., 1996] and is
used in the work of Allen and Pickering [2002]. The value
chosen for g determines the amount of weighting assigned
to the magnitude of zmmu when calculating the flash rates.
For g = 0, the magnitude of zmmu gives little or no (for
threshold = 0) information on the flash rate intensity asso-
ciated with each deep convective event. As g increases, the
magnitude of zmmu plays an increasingly important role in
determining the flash rate associated with each event.
Increasing the value of threshold decreases the spatial
coverage of lightning but increases the intensity of lightning‐
producing events, while decreasing the value of threshold
does the opposite. In theory, threshold can be chosen so that
the time‐averaged spatial coverage of model‐calculated
flashes matches the time‐averaged spatial coverage of
observed flashes from a detection network such as the
NLDN. In this study, we set threshold equal to 0.57 kg m−2

min−1. For this value of threshold, when averaged over
2001, lightning flashes occur in 6.6% of GEOS‐4 DAS grid
boxes. The deep convective mass flux (zmmu) exceeds
zero in 19.9% of grid boxes during the same time period.
Figure 1 compares model flash rate time series (g = 0, g = 1,
and g = 2) over the eastern United States (110°W–70°W,
25°N–45°N) during the summer of 2004 with NLDN‐based

CG + IC flash rates during the same period. NLDN‐based
total flash rates were calculated by aggregating CG flashes
from the NLDN onto the 2° × 2.5° GMI grid and then
multiplying the resulting flash rates by Z + 1, where Z is the
climatological IC to CG ratio appropriate for that grid box
and month. Boccippio et al. [2001] provide values for Z on a
0.5° × 0.5° grid. These values were smoothed with a 7.5°
east‐west and north‐south filter before mapping onto the
GMI grid. Boccippio et al.’s IC/CG ratios were originally
obtained using colocated NLDN and OTD flashes over the
United States during the May 1995 to April 1999 time
period. The mean Z during this time period was 2.94. Most
detected NLDN flashes are CG in character although a
recent upgrade in the NLDN network has made it possible to
record a small percentage of IC flashes. In this study, NLDN
flashes with peak currents (Ip) between 0 and 20 kA are
assumed to be IC in character [Biagi et al., 2007] and were
removed from the database. Resulting NLDN‐based flash
rates were then divided by the detection efficiency, where
the detection efficiency was obtained from the Vaisala
detection efficiency model (Ron Holle, personal communi-
cation, 2010) but constrained to be between 0.1 and 0.93,
where 0.93 is the estimated detection efficiency of the
NLDN over the United States during the 2004–2006 time
period [Biagi et al., 2007].
[17] Globally, increasing g leads to an increase in flash

rates over midlatitudes and a decrease in flash rates over the
tropics. Over the eastern United States, the increase in flash
rates as g increases from 0 to 2 reduces the centered root
mean square bias (rmsb) between modeled and observed
flash rates from −2.8 to −1.5 flashes s−1. Increasing g from
0 to 2 doubles day‐to‐day variability (s increases from 2.9 to

Figure 1. Time series compared NLDN‐based total flash rates (a) over the United States during the
summer of 2004 with model flash rates for (b) g = 0, (c) g = 1, and (d) g = 2.
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6.0 flashes s−1), improves the correlation factor from 0.37 to
0.52, but also leads to an increase of 1.2 flashes s−1 in the
centered root mean square error. For the simulations in this
paper, we opted for the increased variability, reduced biases,
and improved correlations and set g = 2, thus assuming that
the flash frequency is proportional to zmmu2.
[18] The local adjustment factor ai,j is a grid box‐specific

(or region‐specific) adjustment factor chosen so that the
monthly average monthly flash rate for each grid box (or
region) when averaged over a multiyear period (in this case
2001, 2004, 2005, and 2006) equals the v2.2 OTD/LIS
climatological monthly average flash rate. The multiyear
averaging allows for interannual variability in monthly
average model flash frequencies.
[19] The adjustment factors are calculated in two steps.

We begin by calculating a global adjustment factor (G) for
each month. This factor is the amount that the multiyear
average global sum of (zmmui,j − threshold)g must be
multiplied by in order to match the observed (v2.2 OTD/LIS
climatology) global flash rate. This global factor is applied
to each grid box (or region). We then calculate the local
adjustment factors (ai,j) needed to best match the v2.2 OTD/
LIS climatological monthly average flash rates at each grid
point (or region). The value of ai,j is an indicator of how
well the parameterization is working (i.e., how closely flash
rate and [zmmui,j − threshold]g are related) and how well the
model’s convective parameterization captures the intensity
and location of deep convection. In order to avoid very large
values of ai,j, we constrained ai,j to be between 0.02 and 20.
In order to avoid very large flash rates, we also constrained
the total flash frequency to be ≤150 flashes min−1 per 2° ×
2.5° grid box. We then recalculated the global flash fre-
quency and adjusted G to ensure that the model‐calculated
global flash frequency equaled the v2.2 OTD/LIS frequency
of 46.3 flashes s−1. This final adjustment to G does cause

local flash frequencies to exceed 150 flashes min−1 at a few
grid boxes (or regions).
[20] The initial parameterization used with the GEOS‐4

meteorological fields included region‐specific local adjust-
ment factors and g = 1. The eight regions were continental
Africa (60°S–15°N, 30°W–45°E), continental South Amer-
ica (60°S–0°S, 130°W–30°W), continental North America
(27.5°N–60°N, 130°W–60°W), continental southeast Asia
(60°S–22.5°N, 45°E–180°E), continental north Asia/Europe
(22.5°N–60°N, 30°W–160°E), coastal grid boxes, marine
grid boxes, and the rest of the world. Continental grid boxes
are 2° × 2.5° grid boxes that are within one grid box of a grid
box that is at least 50% land. Coastal grid boxes are oceanic
grid boxes that border continental grid boxes. Since biases at
marine grid boxes were largest in the tropics and decreased
with increasing latitudes, the marine adjustment factors
also varied with latitude. They were largest in the tropics
(10°S–10°N) and smallest in the midlatitudes (90°S–30°S,
30°N–90°N) with a linear decrease between the tropics and
midlatitudes. The initial parameterization was used for the
standard Aura4 GMI runs. It has since been replaced by the
g = 2 grid box‐specific flash rate parameterization. This
more recent parameterization was used in this paper and is
expected to be used in all simulations driven by the GEOS‐5
DAS.
[21] Modeling studies of Ott et al. [2010] are used as the

basis to partition lightning NO in the vertical in the GMI
model. Separate vertical profiles are used for tropical marine
(15°S–15°N), tropical continental (15°S–15°N), subtropical
(30°S–15°S, 15°N–30°N), and midlatitude (90°S–30°S,
30°N–90°N) grid boxes. The profiles specify the percent-
age of total NO mass deposited into 17 equally thick layers.
The cloud top for each grid box with lightning is defined as
the height at the top edge of the highest layer with detrain-
ment. Figure 2 shows lightning NO emissions as a function

Figure 2. Vertical profile showing lightning NO emissions from Ott et al. [2010] as a function of
altitude for tropical marine locations (solid), tropical continental locations (dashed‐dotted), subtropical
locations (dotted), and midlatitude locations (lowed dashed for original; upper dashed for adjusted).
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of altitude for each of the four different lightning NO regimes.
The midlatitude and subtropical emission profiles are
Gaussian in character with emissions peaking between 7 and
8 km. The tropical emission profiles are more skewed in
character with continental emissions peaking at 12 km and
marine emissions peaking at 10.5 km. Within the GMI
model, these profiles are scaled to the GEOS‐4 DAS cloud
top heights on an individual grid cell basis.
[22] Recently, it has come to our attention that midlatitude

convection often has subtropical characteristics during the
summertime. Future GMI simulations driven with GEOS‐4
or GEOS‐5 meteorological fields will transition between the
subtropical and midlatitude profiles at 40° during the sum-
mer season (June–September in Northern Hemisphere and
December–March in Southern Hemisphere). In addition, the
altitude of NO emissions for midlatitude storms will be
shifted upward in the vertical by 1 km to better account for
the surface elevation at the location of the Ott et al. [2010]
midlatitude storms (see Figure 2). These profiles will be
referred to as adjusted Ott et al. profiles in following
sections.
[23] The total mass of nitrogen produced per second

(LNOx) is given by

LNOx ¼ fCG � LF� ECG þ 1� fCGð Þ � LF� EICð Þ½ �
� P � CONV; ð2Þ

where LF is the total flash frequency (flashes s−1), fCG is the
cloud‐to‐ground (CG) fraction, ECG is the mean energy of a
CG flash in joules (J), EIC is the energy of an intracloud (IC)

flash (J), P is the mean NO production rate per unit energy
(molecules NO/J), and CONV is a conversion factor equal to
the molecular weight of N (14 g/mol) divided by Avogadro’s
number (6.02 × 10−23 molecules/mol).
[24] The EIC/ECG ratio has been the subject of much

recent research. Recent field studies including STERAO
[DeCaria et al., 2000, 2005], CRYSTAL‐FACE [Ott et al.,
2010], and EULINOX [Ott et al., 2007; Fehr et al., 2004]
have found that IC flashes are approximately as energetic as
CG flashes [see also Ridley et al., 2005]. Recent laboratory
work by Cooray et al. [2009] also suggests that on average
NO production by an IC flash is approximately equivalent to
that of a CG flash. Assuming ECG = EIC makes the esti-
mation of fCG unnecessary and reduces equation (2) to

LNOx ¼ LF� PROD� CONV; ð3Þ

where PROD (molecules NO/flash), the mean energy per
flash, is the product of E and P. If we assume the global sum
of LF equals 46.4 flashes s−1, the global flash rate for ver-
sion 2.2 of the OTD/LIS Low Resolution Annual Clima-
tology (LRAC), we can adjust the value of PROD to obtain
any desired global emission rate.
[25] The GMI model driven by GEOS‐4 DAS fields was

run for the 2004–2006 time period. For the “low NOx”
simulation discussed in this study, we set PROD equal to
1.47e26 molecules of NO per flash (240 mol per flash) re-
sulting in a mean lightning NO emission rate of 5.00 Tg N/yr
over the 4 year period. Global lightning NO emissions from
this simulation were 4.30, 4.59, and 5.47 Tg N/yr for 2004,
2005, and 2006, respectively. The mean source during

Figure 3. Monthly average NLDN‐based total (CG + IC) flash rates for (top) June–August 2004, (cen-
ter) June–August 2005, and (bottom) June–August 2006. Domain average flash rates for each month
(flashes s−1) are shown in the top right of each panel.
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2004–2006 did not equal 5 Tg N/yr because the initial fit
used meteorological fields from 2001, 2004, 2005, and
2006. For the “high NOx” simulation we doubled PROD
poleward of 24°. This 480 mol per flash extratropical source
increased the global lightning NO source by approximately
30% and resulted in a global source of 5.71, 6.05, and
7.11 Tg N/yr for 2004, 2005, and 2006, respectively.

2.4. Evaluation of Spatial Flash Rate Distributions

[26] In order to evaluate the performance of the flash rate
parameterization over the United States, model flash rates
were compared to an independent data set. Figures 3a–3i
show NLDN‐based total flash rates over the United States
during the summers of 2004, 2005, and 2006. Figures 4a–4i
show model flash rates for the same time period. Overall,
the spatial distributions and monthly variations of NLDN‐
based total flashes are reasonably well captured by the mass
flux square based parameterization. The mean monthly
spatial correlation equals 0.71 with correlations for indi-
vidual months ranging from 0.58 during June 2006 to 0.80
during June 2004. Both NLDN‐based and model flash rates
are largest in a band that extends from southern Louisiana to
central Florida although model flash rates are often 20%–
40% too low in this region (e.g., June 2004 and to a lesser
degree July and August 2005). Over the eastern United
States (100°W–70°W, 25°N–50°N) model flash rates are
15%–25% smaller than NLDN‐based flash rates with the
low bias being largest during June 2004 (36%) and August
2006 (34%). The low bias with respect to the NLDN‐based
flash rates is likely due to the fact that NLDN‐based flash
rates show a yet unexplained high bias with respect to OTD/

LIS long range monthly time series data [M. Martini, et al.,
The impact of North American anthropogenic emissions and
lightning on long range transport of trace gases and their
export from the continent during the summers of 2002 and
2004, submitted to J. Geophys. Res., 2010]. Jourdain et al.
[2010] also obtained higher monthly flash rates during July
2006 when they assumed an IC/CG ratio of 3 and scaled to
NLDN observations instead of OTD/LIS observations.
Therefore, investigators that use NLDN‐based flash rates
when studying the impact of lightning NO emissions on
upper tropospheric photochemistry [e.g., Cooper et al.,
2006, 2009] are likely to predict a larger contribution
from lightning NO than studies such as this one that scale to
OTD/LIS flash rates.
[27] Both model and NLDN‐based flash rates are largest

over the region shown in Figures 3 and 4 during July 2004
and smallest during June 2006. Farther west, model and
NLDN‐based flash rates show a local maximum over the
Sierra Madre mountain range in Mexico, especially during
August 2005 and June–August 2006. This region of
enhanced flash rates is associated with the North American
monsoon. NLDN‐based flash rates in this region are low
because the NLDN does not have any sensors in Mexico,
and detection efficiency falls off rapidly with distance from
the United States.

3. Evaluation of GMI Simulations With
Measurements

[28] In order to investigate the enhancement of tropo-
spheric composition associated with lightning NO emis-

Figure 4. Monthly average model total (CG + IC) flash rates for (top) June–August 2004, (center) June–
August 2005, and (bottom) June–August 2006. Domain‐average flash rates for each month (flashes s−1)
are shown in the top right of each panel.
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sions, simulations of the 2004–2006 time period were run
with varying amounts of lightning NO emissions. The first
simulation (“No Lightning”) did not include lightning NO
emissions. The second simulation (“low NOx”) assumed
240 mol of NO were produced per flash. The third simulation
(“high NOx”) included a doubled lightning NO emission
source poleward of 24°. Although not strictly true due to
the nonlinear nature of the ozone response to NOx emissions,
the lightning contribution to tropospheric composition is
assumed to equal the difference between simulations with
lightning NO emissions and the simulation without lightning
NO emissions.
[29] The INTEX‐A field campaign was conducted from

1 July to 15 August 2004 over North America and the
westernAtlantic [Singh et al., 2006]. Its goals included source
attribution. Singh et al. [2007] analyzed reactive nitrogen
measurements during INTEX‐A. They found unexpectedly
large amounts of NOx in the upper troposphere and sug-
gested that lightning NO emissions are a “far greater con-
tributor to NOx in the upper troposphere than previously
believed.” Most modelers have found that increasing the
lightning NO source substantially is necessary to bring model‐
calculated and measured NOx during the INTEX‐A campaign
into agreement [Hudman et al., 2007; Pierce et al., 2007;
Bousserez et al., 2007; Fang et al., 2010]. This increased
lightning NO source is consistent with recent storm‐scale
field campaigns that indicate that lightning NO emissions

from storms with midlatitude characteristics are larger than
lightning NO emissions from storms with tropical char-
acteristics [Huntrieser et al., 2008; Ott et al., 2010]. The Ott
et al. [2010] cloud‐resolvedmodeling and analysis of observed
midlatitude and subtropical convective events has yielded a
mean production per flash of 500 mol, which is similar to
the value determined by Hudman et al. [2007]. The results
of Jourdain et al. [2010] from a summer 2006 GEOS‐Chem
simulation in comparison with TES observations also cor-
roborate the mean production of ∼500 mol per flash.

3.1. Comparison With INTEX‐A Measurements

[30] Before comparing with INTEX‐A measurements, it is
useful to compare the model lightning NO source with the
lightning NO source used in other studies of this period.
Lightning NO emissions over the contiguous United States
during the INTEX‐A time period equaled 0.17 Tg N for
simulation low NOx and 0.34 Tg N for simulation high NOx.
These values can be compared to the 0.27 Tg N contiguous
U. S. INTEX‐A lightning NO source used by Hudman et al.
[2007, 2009] for their “improved (source) magnitude”
simulation with GEOS‐Chem and the 0.16 Tg N source
used in RAQMS by Pierce et al. [2007].
[31] The primary aircraft used during INTEX‐A was

NASA’s DC‐8, and 1 min merge data sets are available for
all species measured aboard the DC‐8. We compared GMI

Figure 5. Curtain plot comparing (a) model NOx and (b) ozone as a function of time (EST) and pressure
(hPa) with measurements from DC‐8 Flight 5 on 8 July 2004. Top shows results from simulation No
Lightning. Bottom shows results from simulation high NOx. Measured values are shown with a ribbon.
Modeled values are shown in the background. The location and time of INTEX‐A samples are shown on
the U. S. map. The color bars shows the time of 1 min average samples and the scales (pptv for NOx and
ppbv for ozone).
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output with these measurements after removing 1 min per-
iods when contributions from fresh pollution, biomass
burning, or stratosphere‐troposphere exchange were greatly
enhanced. Samples with greatly enhanced fresh pollution or
biomass burning were removed as they are likely unrepre-
sentative of a larger 2° × 2.5° grid box. Samples with a
greatly enhanced stratospheric contribution were removed
because this study focuses on the upper troposphere. The
contribution of fresh pollution was deemed to be greatly
enhanced when carbon monoxide (CO) mixing ratios ex-
ceeded 240 ppbv, ethane (C2H6) mixing ratios exceeded
3000 pptv or the acetylene (C2H2) to CO ratio exceeded 2.
Singh et al. [2007] used the 240 ppbv CO and 3000 pptv
C2H6 criteria for identifying INTEX‐A periods with
enhanced pollution. The C2H2 to CO ratio is often used as
surrogate for air mass age because C2H2 and CO have dif-
ferent lifetimes (2 weeks for C2H2 and 2 months for CO) but
similar combustion sources and OH sinks [e.g., Xiao et al.,
2007]. We did not use the NOx/NOy ratio as a fresh pollu-
tion indicator as its value during the INTEX‐A period
increased with increasing age in the upper troposphere and
decreased with age in the lower and middle troposphere [see
Singh et al., 2007, Figure 4]. Following Hudman et al.
[2007], we filtered out periods with biomass burning
plumes as diagnosed by HCN > 500 pptv or CH3CN > 225
pptv and stratospheric air as diagnosed by ozone/CO > 1.25
mol mol−1. We also filtered out aircraft samples taken in the
model stratosphere as diagnosed by comparing the aircraft
sampling pressure with the GEOS‐4 tropopause pressure
available with the GMI output. When averaged over all of
the INTEX‐A DC‐8 observations, the pollution, strato-

spheric, and biomass burning flags removed 1.6%, 2.8%,
and 1.3% of the 1 min average samples, respectively.
Overall, these three flags removed 5.7% of the samples. The
tropopause pressure filter removed only 0.14% of samples.
All subsequent comparisons are made using the filtered data
sets.
[32] Nitric acid (HNO3) measurements were made by the

California Institute of Technology (CIT) using the chemical
ionization mass spectrometry (CIMS) technique and by the
University of New Hampshire (UNH) using a mist chamber/
ion chromatograph (MC/IC) technique [Singh et al., 2007].
Averaging over periods when both UNH and CIT mea-
surements are available, UNH measurements are 10%–15%
high with respect to CIT measurements in the lower and
middle troposphere and approximately 40% low with
respect to CIT measurements in the upper troposphere with
a crossover point of approximately 5.5 km. UNH HNO3

measurements will be used in this study as they are available
for 96% of 1 min periods while CIT measurements are only
available for 60% of the periods. The relatively large biases
between these data products in the upper troposphere sug-
gest that caution should be used when comparing model and
measured HNO3, NOy, and NOx/NOy ratios in the upper
troposphere. For example, UNH‐based NOx/NOy ratios in
the upper troposphere are approximately 10% larger than
CIT‐based NOx/NOy ratios.
[33] Figures 5a and 5b compare model NOx and ozone

from simulations No Lightning and high NOx to 1 min
average DC‐8 measurements during INTEX‐A flight 5 on
8 July 2004. Only periods when NO, NO2, and ozone
measurements are all available were considered. Lightning

Figure 5. (continued)
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NO emissions are responsible for the observed 16:00 EST
peak in upper tropospheric NOx. Measured NOx mixing
ratios were highest between 15:33 and 16:10 EST when
they exceeded 350 pptv. During this period, the DC‐8 flew
430 km in a southwesterly direction between Goldsboro,
NC (78.0°W, 35.1°N) and Greenville, SC (82.6°W, 34.6°N)
while ascending from 350 to 240 hPa before descending to
390 hPa. The median observed NOx value during this period
equaled 963 pptv, while model medians equaled 45, 280, and
703 pptv for simulations No Lightning, low NOx, and high
NOx, respectively. Enhancement factors of model NOx with
respect to the no‐lightning simulation at the location of
one‐minute samples during this period ranged from 2.9 to
8.9 (6.8–24.2) for the low NOx (high NOx) simulation. As
expected, ozone was also enhanced during this period. The
median ozone mixing ratio during this period along this flight
path equaled 80 ppbv. Model medians equaled 50, 78, and
88 ppbv for simulations No Lightning, low NOx, and high
NOx, respectively. Upper tropospheric NOx amounts were
enhanced to a lesser degree from 10 to 10:30 and 11:30 to
12:30 EST. These regions of enhanced NOx were not cap-
tured by the model as it did not place convection at the right
location and time leading to a substantial underestimation of
NOx by the model when averaged over the entire flight path.
[34] The underestimation of upper tropospheric NOx is

also seen on several other flights. Figure 6a compares mean
model NOx profiles with the mean profile from the INTEX‐A
field campaign. At altitudes above 9km, mean measured NOx

equals 557 pptv, while model NOx ranges from 110 pptv for
simulation low NOx to 157 pptv for simulation high NOx.
Averaged over all DC‐8 flight track samples, model NOx for
simulation lowNOx (high NOx) is a factor of 2.7 (1.7) too low
for 7–9 km and a factor of 5.1(3.6) too low for 9–12 km.
Substantial underestimations were also seen at the 10th, 25th,
50th, 75th, and 90th percentiles of the NOx distribution. Si-
mulations with GEOS‐Chem [Hudman et al., 2007],
RAQMS [Pierce et al., 2007], Modélisation de la Chimie
Atmosphérique Grande Echelle (MOCAGE) [Bousserez
et al., 2007], and MOZART‐4 [Fang et al., 2010] were
also unable to reproduce observed NOx amounts in the upper
troposphere during the INTEX‐A field experiment. The
GEOS‐Chem simulations were driven with the same mete-
orological fields and used a very similar chemical mecha-
nism as the GMI model. NOx in the improved source
GEOS‐Chem simulation was approximately a factor of 1.7
too low for 7–9 km and a factor of 2.2 too low for 9–12 km.
Biases in the GEOS‐Chem simulation were largest in the
Midwest and were partially attributed to an underestimation
of flash rates within GEOS‐Chem. The RAQMS simulations
were initialized with GFS fields and used an updated version
of the CBMZ chemical mechanism; Upper tropospheric
NO2 was approximately a factor of 2 too low. Low biases
in MOCAGE ranged from approximately a factor of two at
9 km to a factor of 4 at 11 km.
[35] The underestimation of upper tropospheric NOx may

be partially caused by an underestimation of the vertical

Figure 6. Mean model versus observed profiles of (a) NOx, (b) C2H6/C3H8, (c) NOx/NOy, (d) OH, and
(e) ozone during the INTEX‐A field campaign. Means are calculated using data from 18 flights between
1 July and 14 August. Observed median mixing ratios within 0.5 km vertical bins are shown with an
asterisk, while bars show the 25th and 75th percentiles. Model median mixing ratios for simulations
No Lightning, low NOx, and high NOx are shown in black, blue, and red, respectively. Model profiles
were obtained by sampling daily 13:30 LT GMI files at the location (9‐pt 1/distance square weighting
used) and altitude (linear interpolation in height used) of the aircraft.

ALLEN ET AL.: IMPACT OF LIGHTNING‐NO ON PHOTOCHEMISTRY D22301D22301

10 of 24



extent of deep convection in the GEOS‐4 DAS. Figure 6b
compares model and measured ratios of ethane (C2H6) to
propane (C3H8) during INTEX‐A. Both ethane and propane
have surface sources; however, the lifetime of propane is
1–2 weeks while the lifetime of ethane is 5 × greater [Wang
and Zeng, 2004]. Therefore, the ratio of ethane to propane
increases as air masses age. During the INTEX‐A mission,
the measured ratio was 3–4 in the boundary layer, 7–8 in the
midtroposphere, and 5–6 in the upper troposphere [see also
Zhao et al., 2009]. Upper tropospheric air has a lower mean
age than midtropospheric age due to periodic rapid injection
of boundary layer air by deep convection. The model ethane
to propane ratio agrees very well with INTEX‐A measure-
ments except in the upper troposphere. In this 10.5–12 km
region, the model shows a high bias of 10%–20%. While
small, this high bias suggests that the injection of boundary
layer air and lightning NO emissions into these layers by
deep convection is underestimated. Hudman et al. [2007]
lessened the impact of this possible bias in convective cloud
top heights by assuming lightning‐producing storms extend
to the tropopause. This assumption led to better agreement
with INTEX‐A measurements. Bousserez et al. [2007] also
noted that the agreement between NO from MOCAGE and
NO from INTEX‐A would have been better if model‐
calculated convective clouds extended to a higher altitude.
[36] In order to investigate the sensitivity of the upper

tropospheric low bias to the vertical partitioning of lightning
NO emissions, high NOx simulations were run for 2004 using

the Pickering et al. [1998] and the adjusted Ott et al. [2010]
(see section 2.3) profiles. Averaged over all DC‐8 flight
track samples, model NOx for the NOx simulation with the
adjusted Ott et al. (Pickering et al.) profiles is a factor of
1.4 (1.2) too low for 7–9 km and a factor of 2.8(2.2) too
low for 9–12 km. These biases can be compared with the
1.7 and 3.6 for the original Ott et al. profiles. Biases with
respect to the INTEX‐A NOx measurements are smaller
because these profiles place 26% (43%) of their emissions
above 9.5 km, for a 17 km cloud, while the Ott et al. profile
places 17% of its emissions above this level. After including
the uncertainty resulting from vertical partitioning of emis-
sions, we conclude that upper tropospheric NOx is a factor of
1.2–1.7 too low for 7–9 km and a factor of 2.2–3.6 too low
for 9–12 km. These differences in partitioning are also likely
to explain the upper tropospheric NOx low bias GMI shows
with respect to GEOS‐Chem.
[37] Figure 6c compares model NOx/NOy ratios from si-

mulations No Lightning, low NOx, and high NOx to observed
ratios calculated using UNH HNO3. Model means were
obtained by sampling monthly average (July or August as
appropriate) NOx and NOy fields at the location of INTEX‐A
measurements. Monthly average fields were sampled because
HNO3 and PAN were not contained in the daily GMI over-
pass fields (see Appendix A). With the exception of the
boundary layer, model NOx/NOy ratios are biased low with
respect to UNH ratios. As expected, the high NOx simula-
tion with the GMI model does the best job of capturing the

Figure 7. Mean summer 2005–2006 316 hPa ozone (ppbv): (a) TES‐retrieved ozone after adjusting TES
for 3 ppbv positive bias, (b) model ozone from simulation No Lightning, (c) model ozone from simulation
low NOx, and (d) model ozone from simulation high NOx. Mean mixing ratio over domain is shown in
upper right.
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vertical profile of NOx/NOy. Low‐biases for this simulation
are 5%–10% in the lower and midtroposphere increasing to
40%–50% in the upper troposphere. Actual upper tropo-
spheric biases are likely to exceed what is shown here
because monthly averaging removes the diel cycle of the
NOx/NOy ratio and most of the measurements were taken
during the late morning and early afternoon when NOx/NOy

ratios are lower than diel averages. For example, model
upper tropospheric NOx/NOy ratios at ten eastern U. S. sites
during July 2004 have a 15%–30% low bias with respect to
the diel mean between 18 and 24 UT and a 15%–30% high
bias with respect to the diel mean between 06 and 12 UT.
Low biases of 20% are typical at the mean INTEX‐A
sampling time of 18 UT. Adjusting the NOx/NOy ratios for
the diel bias would increase upper tropospheric low biases to
50%–60%. Biases in upper tropospheric HNO3 are rela-
tively small with simulation low NOx agreeing best with the
UNH measurements and simulation high NOx agreeing best
with the CIT measurements (not shown). Model PAN is
approximately 30% lower than measured PAN in the upper
troposphere (not shown). Figure 6d compares model OH at
the time of the INTEX‐A measurements with measured OH.
Biases in the boundary layer (0–2 km) are small although
model OH increases with altitude while measured OH is
nearly constant with altitude. The increase in model OH
with altitude results in a 27% (41%) high bias for simulation
low NOx (high NOx) in the middle troposphere (2–7 km).
Observed OH increases more rapidly with height than model
OH in the mid and upper troposphere. This difference in

slope leads to a relatively small 16 (2%) high bias in the
upper troposphere (7–12 km) for the low NOx (high NOx)
simulation. The relatively small bias in model OH indicates
that excessive upper tropospheric model OH is not the cause
of the low bias in model NOx.
[38] The underestimation of upper tropospheric NOx and

the NOx/NOy ratio is consistent with too rapid conversion of
NOx to HNO3 and PAN in the model and may indicate a
fundamental problem with upper tropospheric NOy chem-
istry. Henderson et al. [2010] evaluated upper tropospheric
NOy chemistry using seven different chemical mechanisms
and an observation‐based aging model. They found that
each of the models overestimated PAN and the rate of
conversion from NOx to HNO3.
[39] Despite the underestimation of NOx, model ozone

agrees well with or is a bit higher than measured ozone in
the upper troposphere (Figure 6e). Biases range from −3%
to 10% for simulation low NOx to 6%–23% for simulation
high NOx. The GMI simulation without lightning NO
emissions has a 10%–22% low bias above the boundary
layer. Surprisingly, both the measurements and the model
show a decrease in ozone in the uppermost observational
layer (11.5–12.0 km). The cause of the decrease is unclear,
but it does appear to be robust. The average in this layer was
calculated using 260 samples from 15 different flights.
[40] Doubling the extratropical lightning NO source as is

done in simulation high NOx introduces a high bias in mid to
upper tropospheric ozone at the location of INTEX‐A
samples. This increase in bias argues against a doubled

Figure 8. Mean tropospheric NO2 columns for June–August 2005–2006 from the (a) DP‐GC product,
(b) GMI simulation No Lightning, (c) GMI simulation low NOx, and (d) GMI simulation high NOx.
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extratropical lightning NO source. However, excessive
stratosphere‐troposphere exchange, excessive vertical dif-
fusion, insufficient convection, and/or insufficient vertical
resolution could all contribute to high biases for ozone in the
upper troposphere. Considine et al. [2008] compared mean
monthly tropopause level ozone amounts from a multiyear
GMI combo model simulation driven by GCM fields with
ozonesonde measurements at nine Northern Hemisphere
midlatitude locations including Wallops Island, Virginia.
This simulation used a cloud top height based flash rate
parameterization [Price and Rind, 1992] and climatological
monthly average ISCCP cloud top heights. In general,
model ozone amounts showed a high bias of 40%–60% at
the tropopause. At Wallops Island, a substantial high bias
was present during the fall through spring but not during the
summer months comprising the INTEX‐A period. During
this period of limited STE, biases were relatively small and
mostly associated with differences between the observed
and modeled tropopause pressures. While the seasonal cycle
of the biases at Wallops Island indicates a STE component,
[Considine et al., 2008] argue that the most likely cause of
the midlatitude high biases is insufficient vertical resolution
and/or excessive diffusion near the tropopause. Given the
many processes that could impact upper troposphere ozone,
we do not believe that the increasing high bias is a strong
argument against the high NOx source. In order to investi-
gate this further, we will now compare model upper tropo-
spheric ozone with satellite retrievals from the Tropospheric
Emission Spectrometer (TES).

3.2. Comparison With Aura Measurements

[41] The Tropospheric Emission Spectrometer (TES)
aboard NASA satellite Aura (launched 15 July 2004) re-
trieves ozone from the 9.6 mm ozone absorption band.
Nassar et al. [2008] validated TES retrievals using ozone-
sonde measurements. Overall, they found that TES retrievals
have a positive bias of 3–10 ppbv, although biases varied
latitudinally and seasonally. Mean summertime biases in the
northern midlatitudes ranged from 5 to 10 ppbv in the lower
troposphere to about 3 ppbv in the upper troposphere.
[42] Figures 7a–7d compare TES‐retrieved and model

316 hPa mean summertime ozone for the 2005–2006 time
period. The mean TES plots were created by mapping TES
global survey observations onto the 2° × 2.5° GMI grid after
removing suspect observations. Observations were flagged
as suspect if any of the following were true: (1) retrieval
quality master flag of zero, (2) C curve criteria satisfied,
or (3) surface mixing ratio exceeding 200 ppbv. C curve
retrievals are retrievals with anomalously high ozone near
the surface and anomalously low ozone in the middle tro-
posphere. The C curve test of L. Zhang was used in this
study [see Osterman et al., 2009]. In order to account for
biases in the TES retrievals, ozone values in the 316 hPa
TES plot were reduced by 3 ppbv before plotting. Model
output was passed through the TES averaging kernel before
comparisons.
[43] In general, both TES‐retrieved and model 316 hPa

ozone increases from west to east over the eastern United
States. The mean difference between model and TES‐

Figure 9. Mean ratios between various model columns and the DP‐GC tropospheric NO2 column for
June–August 2005–2006: (a) No Lightning/DP‐GC product, (b) low NOx/DP‐GC product, and (c) high
NOx/DP‐GC product.
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retrieved ozone (after the 3 ppbv adjustment) is a 7 ppbv
(2 ppbv) low bias for the low‐NOx (high‐NOx) simulation.
Therefore, the high‐NOx simulation yields the best agreement
with TES upper tropospheric ozone. Jourdain et al. [2010]
found that the low bias of GEOS‐Chem with respect to
TES upper tropospheric ozone over the United States during
July 2006 decreased from 12–22 ppbv to 6–18 ppbv with a
doubled lightning NO source. They cautioned that several
other factors may also contribute to the low bias including
an underestimation of STE, PBL ventilation, or precursor
emissions. The mean enhancement of 316 hPa ozone asso-
ciated with lightning NO emissions equals 16 (21) ppbv for
the low‐NOx (high‐NOx) GMI simulation.
[44] The Ozone Monitoring Instrument (OMI) aboard the

Aura satellite measures direct and backscattered sunlight in
the ultraviolet‐visible range. It retrieves NO2 with a reso-
lution of up to 13 km × 24 km. Four tropospheric NO2

products are currently available. These products are the OMI
standard product [Bucsela et al., 2008; Celarier et al.,
2008], the DOMINO product [Boersma et al., 2007], the
DOMINO/GEOS‐Chem product (DP‐GC) [Lamsal et al.,
2010], and the University of Bremen product [Kim et al.,
2009]. Each of these algorithms begins with the same
slant column but differ in their separation of the strato-
spheric column from the tropospheric column and in their
calculation of the tropospheric air mass factor. These dif-

ferences lead to substantially different tropospheric column
amounts [e.g., Bucsela et al., 2008]. Lamsal et al. (submitted
manuscript, 2009) compare the standard, DOMINO, and
DP‐GC products to each other and to indirect estimates of
columns based on bottom‐up emission inventories and in
situ surface layer measurements. Over North America, they
found that the mean tropospheric summertime NO2 column
from the standard product has a 22% high bias with respect
to the DOMINO product and a 67%–74% high bias with
respect to the inferred columns. The DOMINO column has a
25%–33% high bias with respect to the inferred columns,
while the DP‐GC product has only a 5% low bias with
respect to the inferred columns. We will primarily use the
DP‐GC product in this study; however, we will also use
version 1.0.2 of the DOMINO product as it is the only
product that has readily available averaging kernels.
[45] Figures 8a–8d compare the satellite‐retrieved DP‐GC

mean summer 2005–2006 tropospheric NO2 column over the
eastern United States (a) with columns from simulations No
Lightning (b), low NOx (c), and high NOx (d). Model col-
umns were obtained by integrating model output at the time
of the afternoon Aura overpass from the surface to 150 hPa.
Mean model columns were obtained by averaging model
columns on days when the DP‐GC product was available.
When averaged over the entire domain, the mean column
from simulation low NOx (1.45 Peta mol cm−2) agrees with
the DP‐GC column (also 1.45 Peta mol cm−2); however, the
agreement masks a high bias in the northern portion (36°N–
45°N) of the domain centered over the Ohio River Valley
and a low bias in the southern portion (25°N–35°N) of the
domain. Figure 9 shows ratios between model columns and
the DP‐GC product. The mean bias in the northern portion of
the domain equals −13%, 3%, and 18% for simulations No
Lightning, low NOx, and high NOx, respectively. The mean
bias for the southern portion of the domain equals −38%,
−13%, and 7%, respectively. Doubling the midlatitude
lightning NO source improves the agreement with DP‐GC
columns in the southern United States, although a minor
low bias still exists over south central states centered over
Arkansas possibly due to an underestimation of flash rates by
GMI over this region compared with the adjusted NLDN
data, but exacerbates high biases with respect to the DP‐GC
columns over the northeastern United States. The Ohio River
Valley centered high bias over the northern portion of the
domain is at least partially due to an overestimate of
anthropogenic NO emissions in this region by GMI. Model
NO emissions over the United States were decreased uni-
formly by 22% from NEI99 values to obtain year 2004
emissions (see section 2.1), although CEMS data indicates
that reductions were largest over the Ohio River Valley, and
emissions continued to decrease from 2004 to 2006. Overall,
the spatial pattern of the biases is consistent with the high
NOx lightning source and an overestimated anthropogenic
source.
[46] Figures 10a and 10b show the ratio between the

model tropospheric column from simulation high NOx and
the DOMINO column over the eastern United States during
the summers of 2005 and 2006. Ratios are shown before
(Figure 10a) and after (Figure 10b) application of the
averaging kernel to the GMI fields (see Appendix A).
Overall, application of the kernel increased the model col-
umn and changed the mean 5% low bias with respect to the

Figure 10. Ratio between model tropospheric NO2 col-
umns and mean satellite‐retrieved DOMINO column for
summer months during 2005–2006: (a) unprocessed high
NOx column and (b) processed high NOx column.
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DOMINO column to a mean 8% high bias with respect to
the DOMINO column. In general, application of the aver-
aging kernel can increase or decrease model columns de-
pending on the vertical distribution of model trace gases.
Application of the averaging kernel to simulation No
Lightning decreased the mean column and increased the low
bias with respect to DOMINO from 37% to 43%. Of course,
this finding is not surprising. A priori assumptions about the
vertical distribution of a retrieved constituent are necessary
in order to accurately retrieve column amounts.
[47] Processing of the GMI field using the DOMINO

averaging kernel increased the NOx column in simulation
high NOx. This enhancement would increase the small (7%)
model high bias with respect to the DP‐GC product in the
southern United States. Thus, it appears that the best
agreement between the DP‐GC product and the GMI model
would be obtained with a midlatitude lightning NO source
that is slightly less than the 480 mol per flash of the high‐
NOx simulation. Zhao et al. [2009] also found an incon-
sistency between the lightning NO source that minimizes
biases with respect to upper tropospheric measurements and
the source that minimizes differences with respect to tro-
pospheric columns. They used INTEX‐A measurements and
columns from the Scanning Imaging Absorption Spec-

trometer for Atmospheric Cartography (SCIAMACHY)
[Martin et al., 2006].

3.3. Comparison With IONS Ozone Profiles

[48] During the summers of 2004 and 2006 as part of the
INTEX Ozonesonde Network (IONS) several hundred
ozonesondes were launched from North American sites
across the southern and eastern United States [Thompson
et al., 2007a, 2007b]. Figure 11 compares mean IONS
summertime profiles at Wallops Island, VA (75.7°W,
37.9°N); Houston, TX (95.3°W, 29.72°N); and Huntsville,
AL (86.64°W, 34.72°N) with mean profiles from GMI
simulations No Lightning, low NOx, and high NOx at the
same locations. Lightning NO emissions are an important
contributor to the ozone profiles at each of these sites with the
mean upper tropospheric (7–12 km) summertime enhance-
ment of ozone associated with lightning NO for simulation
high NOx equaling 21 ppbv in 2004 and 30 ppbv in 2006.
[49] Upper tropospheric biases between the GMI simula-

tions and IONS are summarized in Table 1. Mean upper
tropospheric profiles from simulation No Lightning have a
low bias of 19–35 ppbv with respect to the IONS profiles.
Overall, simulation high NOx provides the best agreement
with measurements. At Wallops Island, model upper tro-

Figure 11. Mean summertime profiles of ozone at (top) Wallops Island, VA (75.7°W, 37.9°N); (middle)
Houston, TX (95.3°W, 29.72°N); and (bottom) Huntsville, AL (86.64°W, 34.72°N) for (left) 2004 and
(right) 2006. Measured profiles taken as part of the IONS campaign. GMI‐calculated profiles from simula-
tions No Lightning, low NOx, and high NOx. Smoothed IONS profiles for each day were obtained by aver-
aging measurements within pressure bins defined by the vertical resolution of the GMI time series data sets.
The 11 layers shown correspond to pressure layers centered at 1000, 900, 800, 700, 600, 500, 400, 350,
300, 250, and 200 hPa. Bars (whiskers) show the 25th and 75th (10th and 90th) percentiles of the smoothed
daily profiles. An asterisk shows the median observed ozone mixing ratio for each pressure layer. Mean
mixing ratios of the highest seven layers (approximately 7–12 km) are shown in parentheses.
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pospheric ozone amounts have a 4–5 ppbv low bias for
simulation low NOx and a 3 ppbv high bias for simulation
high NOx. At Houston, TX, a low bias of 11–14 (2–8) ppbv
is seen for the low NOx (high NOx) simulation. At Hunts-
ville, the low biases are 9–14 ppbv for the low NOx simu-
lation and 2–6 ppbv for the high NOx simulation. The low
biases at Houston and Huntsville are at least partially due to
the underestimation of flash rates by GMI in the southern
United States.
[50] Measurements show an increase in upper tropo-

spheric ozone between 2004 and 2006 at Houston (5 ppbv)
and Huntsville (11 ppbv) (see Table 2). The GMI simulation
without lightning NO emissions does not show this increase.
In this simulation, mixing ratios at Houston decrease by
2 ppbv and are unchanged at Huntsville. The GMI simula-
tions with lightning NO emissions do capture this interannual
signal. For the high‐NOx simulation, upper tropospheric
model ozone amounts increase by 11 ppbv at Houston and

7 ppbv at Huntsville. Apparently, a 13 ppbv (7 ppbv) change
in the ozone produced from lightning NO emissions is
responsible for the increases in ozone at Houston (Huntsville)
between 2004 and 2006. Observed ozone amounts at Wal-
lops Island decrease by 6 ppbv between 2004 and 2006;
however, the GMI simulations indicate that the decrease
would have been even larger (perhaps 11 ppbv) if not for an
5 ppbv increase in the contribution of lightning NO between
2004 and 2006. For the high‐NOx simulation, lightning NO
contributed 22 ppbv during 2004 and 27 ppbv during 2006.
The increased contribution of lightning NO to the ozone
budget during 2006 did not result from an increase in the
lightning NO source between 2004 and 2006. NLDN‐based
(model) flash rates in July 2004 averaged 12.9 (12.2) flashes
per second while NLDN‐based (model) flash rates in July
2006 averaged 10.3 (10.0) flashes per second. Cooper et al.
[2009] used a Lagrangian approach to evaluate 2004–2006
differences in ozone profiles at IONS sites. They also found
more ozone in 2006 but less NO emissions. They attributed
the cause to weather. Weather conditions in 2006 were more
conducive to ozone formation than weather conditions in
2004. In a typical summer, an upper tropospheric anticy-
clone forms over northern Mexico and the southern United
States. This anticyclone lessens outflow from the United
States and leads to a build up of lightning NO produced
ozone over the southern United States. In 2004, this anti-
cyclone was weaker and further south than normal. In 2006,
this anticyclone was stronger than average and positioned
further north. Recirculation was enhanced in 2006 compared
to 2004. This enhancement increased the residence time of

Table 2. Measured and Modeled Difference (ppbv) Between
Summer 2006 and Summer 2004 Upper Tropospheric Ozone at
IONS Sitesa

IONS No Lightning Low NOx High NOx

Wallops −6 −11 −7 −6
Houston +5 −2 +8 +11
Huntsville +11 +0 +6 +7

aFrom left, IONS measurements, simulation No Lightning, simulation
low NOx, and simulation high NOx.

Figure 12. Upper tropospheric (300 hPa) mixing ratios of NOx (ppbv) from GMI simulation high NOx

for (top) June, July, and August 2004; (middle) June, July, and August 2005; and (bottom) June, July, and
August 2006.
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Figure 13. Upper tropospheric (300 hPa) mixing ratios of O3 (ppbv) from GMI simulation high NOx for
(top) June, July, and August 2004; (middle) June, July, and August 2005; and (bottom) June, July, and
August 2006.

Figure 14. Percentage of 300 hPa NOx due to lightning NO emissions during (top) June, July, and
August 2004, (middle) June, July, and August 2005, and (bottom) June, July, and August 2006. Results
shown obtained by dividing differences between simulations high NOx and No Lightning by results from
high NOx.
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lightning‐produced NO resulting in an increase in ozone
production from lightning NO emissions.

4. Impact of Lightning NO Emissions on
Tropospheric Photochemistry

[51] Figures 12 and 13 show upper tropospheric (300 hPa)
mixing ratios of NOx and O3 from GMI simulation high
NOx during summer 2004 (top), summer 2005 (middle), and
summer 2006 (bottom). NOx mixing ratios for simulation
low NOx are about 40% lower in the upper troposphere.
Upper tropospheric ozone mixing ratios in simulation low
NOx are 7%–10% lower. Model upper tropospheric NOx in
the southeastern United States (100°W–70°W, 25°N–40°N)
is largest during 2004 and smallest during 2006. However,
model upper tropospheric ozone is smaller in 2004 than in
2006. The decrease in NOx between 2004 and 2006 is siz-
able. Mean NOx mixing ratios in 2004 average 0.23 ppbv
while mean mixing ratios in 2006 average 0.15 ppbv. In-
creases in ozone are smaller in terms of percent. Mean 300
hPa ozone in summer 2004 averages 72.7 ppbv, while mean
values in 2006 average 78.6 ppbv.
[52] The mean enhancement of 300 hPa NOx resulting

from lightning NO emissions was 67.5% (0.12 ppbv)
(Figure 14). The contribution of lightning NO to 300 hPa
NOx is largest in 2004 and does not show a clear trend from
June to August. Percentage contributions during these 9
months range from 61% to 73% at 300 hPa and vary little
with pressure between 175 hPa (57%–68% contribution)
and 400 hPa (61%–75% contribution). These percentage

contributions agree closely with the results of Zhao et al.
[2009] for 1 July 1 to 15 August 2004 (INTEX‐A) but are
a bit lower than those found by Zhang et al. [2003] for July
in a MOZART‐2 simulation driven by meteorological fields
from a GCM. Zhao et al. [2009] found that lightning NO
emissions contributed 60%–75% of 8–12 km NOx over the
INTEX‐A region during the INTEX‐A time period. Zhang
et al. [2003] found that the lightning NO contribution to
NOx in the 5–15 km layer exceeded 90% for 30°N–40°N
over the United States.
[53] The mean enhancement of 300 hPa ozone resulting

from lightning NO emissions was 25.4% (17.4 ppbv) for
simulation high NOx (Figure 15). The contribution was
smallest during June 2006 (19.2%), largest during August
2006 (31.2%), and varied only slightly with pressure
between 175 (19%–30% contribution) and 500 hPa (18%–
31% contribution). In contrast to NOx, the contribution of
lightning NO to upper tropospheric ozone increased from
June to August. In units of ppbv, area‐averaged monthly
contributions from lightning in the GMI model ranged from
15 to 24 ppbv.
[54] Tables 3 and 4 summarize the methods used and

results of other studies that have investigated the impact of
lightning NO emissions on upper tropospheric photochem-
istry over North America. With few exceptions, the studies
show that 60%–90% of upper tropospheric NOx and 15%–
35% of upper tropospheric ozone has a lightning NO source.
This consensus exists despite the use of six different models
and at least four different lightning parameterization
schemes.

Figure 15. Percentage of 300 hPa ozone due to lightning NO emissions during (top) June, July, and
August 2004, (middle) June, July, and August 2005, and (bottom) June, July, and August 2006. Results
shown obtained by dividing differences between simulations high NOx and No Lightning by results from
simulation high NOx.
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[55] In summary, with the exception of the FLEXPART
simulations that constrain flash rates using NLDN/LRLDN
data, most models underestimated upper tropospheric NOx

amounts during INTEX‐A by a factor of 2–3. Despite this
underestimation, upper tropospheric ozone amounts were
reasonably well simulated with most models having biases
of less than 20%. For example, Pfister et al. [2008] show a
9–14 ppbv high bias between 9 and 12 km, while Hudman
et al. [2007] show a 5–10 ppbv low bias for the same alti-
tudes. These surprising results may be partially explained by
the fact that DC‐8 samples appear to be biased toward fresh
convection [Bertram et al., 2007], but they also suggest that
future studies and/or field campaigns are needed to reduce
uncertainties in stratosphere‐troposphere exchange of ozone,
ozone production rates, lightning NO emission rates, and
upper tropospheric NOx lifetimes. For example, samples of
trace gas concentrations could be made within anvils and
also 24–48 h later downwind of storms. These measurements
could be coupled with three dimensional observations of
flash rates to increase our understanding of the upper tro-
pospheric budgets of NOx and ozone.

5. Summary

[56] As part of an evaluation of the effect of clouds,
convection, and lightning on tropospheric photochemistry,
we have developed a new lightning parameterization
scheme for the GMI model and used it to simulate the 2004–
2006 time period and to evaluate the summertime contri-
bution of lightning NO emissions to upper tropospheric NOx

and ozone over the eastern United States and the adjacent
Atlantic Ocean.
[57] This parameterization replaces the default scheme in

which lightning NO emissions were a function of climato-
logical monthly average ISCCP cloud top heights [Price et
al., 1997]. The new scheme is similar to the scheme of Allen
and Pickering [2002] in that it uses upward cloud mass flux
in the upper troposphere as the indicator of when and where
lightning NO emissions occur. The 2002 scheme used
upward cloud mass flux as the predictor variable for light-
ning flash rate through best fit polynomials developed from
ranked distributions of this variable and observed NLDN
flash rates. The new scheme assumes flash rates are pro-
portional to the square of upward convective mass flux but
then adjusts flash rates locally and monthly so that flash
rates when averaged over a time period of interest best
match v2.2 of the OTD/LIS climatology for each grid box
and month. Overall, the spatial distribution of observed
flashes is reasonably well captured by the mass flux square
based parameterization. Both observed and model flash rates
are largest in a band that extends from southern Louisiana to
central Florida although model flash rates are often 20%–
40% too low in this region when compared with adjusted
NLDN data. Month‐to‐month variations in flash rate loca-
tion are also well captured by the model.
[58] In agreement with several other studies, we find that

upper tropospheric model NOx is much lower than measured
NOx during the INTEX‐A field campaign. Middle tropo-
spheric (7–9 km) biases for high NOx simulations range
from a factor of 1.2–1.7 depending on the vertical parti-
tioning of lightning NO emissions while upper tropospheric
(9–12 km) biases range from 2.2 to 3.6.T
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[59] Biases between modeled and satellite‐retrieved tro-
pospheric NO2 columns are also sensitive to the lightning
NO source. Tropospheric NO2 columns from the OMI DP‐
GC product and the GMI model were compared over the
eastern United States during the summers of 2005 and 2006.
Over the northeastern United States, GMI columns exceeded
DP‐GC columns by 3% (18%) for the low NOx (high NOx)
simulation. Comparison of model NO emissions with
CEMS measurements indicates that much of the overesti-
mation is due to an overestimation of anthropogenic emis-
sions over the Ohio River Valley during this period. Over
the southeastern United States, GMI columns were 13%
lower than DP‐GC columns in the low NOx simulation and
7% higher than the DP‐GC columns in the high NOx

simulation.
[60] Upper tropospheric ozone amounts agreed reasonably

well with measurements despite the upper tropospheric low
bias in NOx. Mean model 316 hPa ozone amounts showed a
7 (2) ppbv low bias with respect to TES for the low NOx

(high NOx) simulation. Mean model 7–12 km ozone showed
a −9 ± 5 (1 ± 5) ppbv bias with respect to eastern U. S.
IONS ozonesondes for the low NOx (high NOx) simulation.
Mean model 7–12 km ozone did show a high bias with
respect to INTEX‐A measurements. The bias ranged from
4 ± 7 ppbv for the low NOx simulation to 14 ± 9 ppbv for
the high NOx simulation.
[61] Overall, comparisons with upper tropospheric

INTEX‐A NOx measurements, OMI DP‐GC tropospheric
NO2 columns, TES ozone retrievals, and upper tropospheric
IONS ozone profiles argue that the high NOx simulation that
includes a 480 mol per flash NO source is the most realistic.
This high NOx source reduces low biases with respect to
INTEX‐A NOx, TES ozone, and IONS ozone, while intro-
ducing a small high bias with respect to the OMI DP‐GC
product. This high bias is not a major concern given the
uncertainties in and between tropospheric NO2 products and
the uncertainties introduced by the use of averaging kernels.
Possible causes of the remaining upper tropospheric low bias
with respect to the INTEX‐A NOx measurements include a
mistiming or misplacement of deep convection, an under-
estimation of its vertical extent and/or too rapid NOx chem-
istry in the upper troposphere in the model.
[62] Lightning NO emissions are an important contributor

to the ozone profiles at southeastern U. S. IONS sites with
the mean upper tropospheric (7–12 km) summertime
enhancement of ozone associated with lightning NO for
simulation high NOx equaling 21 ppbv in 2004 and 30 ppbv
in 2006. Observed changes in upper tropospheric ozone at
southeastern U. S. IONS sites between 2004 and 2006 (−6
to +11 ppbv) are captured by the GMI model when it in-
cludes a lightning NO source. These changes appear to be
caused by 5–13 ppbv increases between 2004 and 2006 in
the amount of ozone originating from lightning NO emis-
sions. These increases occur despite the fact that model
lightning NO emissions are 15%–20% larger in 2004 than
2006. A stronger upper tropospheric anticyclone in 2006
than in 2004 led to longer NO lifetimes and additional ozone
formation.
[63] Finally, we looked at the contribution of lightning

NO emissions to upper tropospheric NOx and ozone
amounts. For the high NOx simulation, the contribution of
lightning NO to 300 hPa NOx (ozone) during summer

months varied from 61% to 73% (19%–31%) with the
contribution to ozone but not NOx increasing as the summer
progressed. Percent contributions did not vary much with
altitude within the upper troposphere.

Appendix A: Application of DOMINO Averaging
Kernel to GMI Product

[64] Whenever the GMI model is run, gridded “overpass”
files are produced each day containing selected variables at
the time of Aura satellite overpasses. For comparison with
the DOMINO product, NO2 mixing ratios were extracted
from the 13:30 local time overpass file. These NO2 mixing
ratios were interpolated onto the vertical grid of the TM4
CTM, the CTM that was used to provide first‐guess col-
umns for the DOMINO product [Boersma et al., 2007]. NO2

partial columns (X) were then calculated for each TM4 layer
from the GMI output. In order to ensure mass conservation,
the surface pressure from the GMI model as opposed to the
TMI model was used when calculating the partial column of
the lowest layer. Finally, the tropospheric raw (unprocessed)
NO2 column (Yrawtrop) was obtained by summing X within
the troposphere.
[65] In many instances, it makes sense to apply an aver-

aging kernel to the model output before comparing with
satellite‐retrieved fields. The “averaging‐kernel processed”
tropospheric NO2 column (Ytrop) is calculated by taking the
dot product of X within the troposphere (Xtrop) and the tro-
pospheric averaging kernel, where the tropospheric aver-
aging kernel is obtained by multiplying the averaging kernel
(A) by AMF/AMFtrop, where AMF/AMFtrop is the ratio of
the total air mass factor to the tropospheric air mass factor.
Mathematically,

Ytrop ¼ Xtrop � A� AMF=AMFtrop: ðA1Þ

The A, the number of tropospheric layers “TM4TropoPause-
Level,” and the air mass factors are available within the level 2
DOMINO product.
[66] For comparison with Yrawtrop and Ytrop, the level 2

DOMINO fields were mapped onto the GMI grid. The
mapping of the DOMINO product was done in three steps.
In step 1, retrievals contaminated by clouds were removed
from the DOMINO data sets. This step involved removing
level 2 DOMINO pixels with a radiative cloud fraction
exceeding 0.5 or a snowy/icy surface [Boersma et al., 2007].
This threshold ends up removing approximately 50% of the
pixels. On 30 June 2006, for example, the 0.5 radiative
threshold removed 56% of OMI DOMINO pixels. The
threshold is somewhat arbitrary and monthly average tro-
pospheric NO2 columns are sensitive to the cloud screening
thresholds with mean columns generally increasing as the
threshold is decreased. In step 2, daily gridded tropospheric
NO2 columns were created by averaging level 2 NO2 col-
umns within each 2° × 2.5° GMI grid box. A missing data
flag was used at grid boxes that did not have a valid OMI
sample that day. In step 3, monthly average tropospheric
NO2 columns were created by averaging the valid daily
average values.
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