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[1] Nitrogen oxides (NOx ≡ NO + NO2) produced by lightning make a major contribution
to the global production of tropospheric ozone and OH. Lightning distributions inferred
from standard convective parameterizations in global chemical transport models (CTMs)
fail to reproduce observations from the Lightning Imaging Sensor (LIS) and the Optical
Transient Detector (OTD) satellite instruments. We present an optimal regional scaling
algorithm for CTMs to fit the lightning NOx source to the satellite lightning data in a way
that preserves the coupling to deep convective transport. We show that applying monthly
scaling factors over �37 regions globally significantly improves the tropical ozone
simulation in the GEOS-Chem CTM as compared to a simulation unconstrained by the
satellite data and performs equally well to a simulation with local scaling. The coarse
regional scaling preserves sufficient statistics in the satellite data to constrain the
interannual variability (IAV) of lightning. After processing the LIS data to remove
their diurnal sampling bias, we construct a monthly time series of lightning flash rates
for 1998–2010 and 35�S–35�N. We find a correlation of IAV in total tropical lightning
with El Niño but not with the solar cycle or the quasi-biennial oscillation. The global
lightning NOx source � IAV standard deviation in GEOS-Chem is 6.0 � 0.5 Tg N yr�1,
compared to 5.5 � 0.8 Tg N yr�1 for the biomass burning source. Lightning NOx could
have a large influence on the IAV of tropospheric ozone because it is released in the
upper troposphere where ozone production is most efficient.
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1. Introduction

[2] The extreme heat in a lightning flash channel converts
atmospheric N2 and O2 to nitrogen oxide radicals (NOx ≡NO
+ NO2) that drive the formation of tropospheric ozone and
OH, the principal tropospheric oxidant [Chameides et al.,
1977; Logan et al., 1981; Labrador et al., 2004]. The
global source of NOx from lightning is smaller than the
source from combustion, but its impact on ozone and asso-
ciated outgoing longwave radiation is disproportionately
large because it is mainly released in the upper troposphere
where the lifetimes of NOx and ozone are long [Pickering

et al., 1990; Hauglustaine et al., 1994; Zhang et al., 2003;
Choi et al., 2009]. Lightning is the least understood of the
major atmospheric NOx sources. Global estimates range from
1 to 20 Tg N yr�1, with a most probable range of 2–8 Tg N
yr�1 [Schumann and Huntrieser, 2007]. Parameterizations
used in global chemical transport models (CTMs) show little
skill in reproducing observed lightning distributions [Tost
et al., 2007; Sauvage et al., 2007b]. Here we develop a
method for using satellite observations to constrain the
lightning source in global CTMs in a way that preserves the
coupling to convective transport and allows investigation of
interannual variability of lightning influence. In a companion
paper (L. T. Murray, manuscript in preparation, 2012), we
apply this method to examine the role of lightning in driving
the interannual variability of ozone and OH in the tropical
troposphere.
[3] Quantifying the source of lightning NOx from first

principles is hindered by uncertainties in the physics of
lightning formation. Enormous local electric potentials of up
to �100 MV with respect to the ground develop inside
thunderstorms and are subsequently dissipated in part by
lightning [Marshall and Stolzenburg, 2001]. The most
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widely accepted hypothesis of cloud electrification is that
charge separation occurs from collision of ice particles with
supercooled water droplets [Rakov and Uman, 2003, and
references therein]. The cloud scales involved in lightning
generation are therefore much smaller than the typical grid
size in global models, requiring subgrid parameterizations.
Parameterization of lightning must be consistent with the
convective transport, because mixing of lightning NOx with
boundary layer gases brought up by convection greatly
enhances the resulting ozone production in the upper tro-
posphere [Pickering et al., 1993; Jaeglé et al., 2001]. Simply
prescribing lightning in the CTM on the basis of observa-
tional data would not guarantee such consistency.
[4] A number of lightning flash rate parameterizations for

global and regional models have been developed, all based
on proxies of deep convection [Price and Rind, 1992, 1993,
1994; Price et al., 1997; Allen et al., 2000; Grewe et al.,
2001; Meijer et al., 2001; Allen and Pickering, 2002;
Petersen et al., 2005; Jacobson and Streets, 2009]. Tost et al.
[2007] examined four commonly used lightning schemes
within a suite of convective parameterizations, and found
that all combinations failed to reproduce the observed global
lightning distributions from the combined climatologies
of the Optical Transient Detector (OTD) and the Lightning
Imaging Sensor (LIS) satellite instruments [Christian et al.,
2003].
[5] Here we explore optimal ways to use the LIS/OTD

satellite observations to improve the representation of light-
ning in CTMs, using as test bed the GEOS-Chem CTM [Bey
et al., 2001]. Climatological LIS/OTD data have been used
previously in CTMs to apply correction factors on various
scales to the lightning flash rate parameterizations. Local
correction factors [Sauvage et al., 2007b; Allen et al., 2010]
provide maximum fidelity to the spatial and seasonal distri-
bution of lightning observations. However, they most
strongly decouple lightning frequency from simulated con-
vective intensity, and also suffer from relatively few obser-
vations per grid cell. Correction factors applied to large
regions [Stajner et al., 2008; Jourdain et al., 2010] have less
fidelity to observations but are more statistically robust and
are more consistent with the model convective transport. All
studies so far have used lightning observations averaged over
a number of years in order to have adequate statistics but
interannual variability is then not resolved. Here we develop
an optimal algorithm for selecting coherent lightning regions
over which to apply correction factors, and we use an
improved LIS/OTD data set to examine the sensitivity of
CTM results to the scales over which the correction factors
are applied. We show that adequate fidelity to lightning
observations can be achieved with regions sufficiently coarse
to constrain the interannual variability in lightning and
investigate the resulting impact on atmospheric chemistry.

2. Satellite Lightning Observations

[6] We use satellite observations from the OTD instru-
ment for May 1995 to December 2000 and its successor the
LIS instrument for December 1997 to present. The two
instruments detect total optical pulses from cloud-to-ground
(CG) and intracloud (IC) lightning flashes during both day
and night, with a clustering algorithm used to lump the
optical pulse events into individual flashes [Christian et al.,

1989; Boccippio et al., 2000, 2002;Mach et al., 2007]. OTD
flew on the Microlab I satellite with near-global coverage
(75�S–75�N), and detection efficiencies (DEs) of 35–55%
relative to regional ground–based detection networks. LIS is
a component of the NASA Tropical Rain Measuring Mis-
sion (TRMM), with a narrower latitudinal range of 35�S–
35�N, and higher DEs of about 70–90% [Koshak et al.,
2000; Boccippio et al., 2002; Christian et al., 2003; Mach
et al., 2007].
[7] In this study, we use two products available from the

NASAGlobal Hydrology and Climate Center (GHCC; http://
thunder.msfc.nasa.gov/): (1) the High Resolution Monthly
Climatology (HRMC) gridded product version 2.2 and
(2) the LIS Science Data version 4.1. The HRMC gridded
product consists of long-term monthly mean flash densities
(km�2 d�1) from OTD and LIS averaged over 1995–2005,
determined by dividing the total observed flash counts in a
given area by its effective view time. They are intercalibrated
and have corrections applied for their respective DEs. This
product is prepared by GHCC at a resolution of 0.5� � 0.5�,
using spatial smoothing of 2.5�. It improves over the earlier
LIS/OTD gridded products from GHCC by (1) using more
years of data, (2) providing monthly temporal resolution
instead of seasonal, and (3) providing finer spatial resolution.
The LIS Science Data product available for December 1997
to present contains the individual orbital data for lightning
flashes on a 0.5� � 0.5� grid. This product has been filtered
for noise and quality assurance, and corrected for DE. We
omit observations with bad data or warning flags.

3. GEOS-Chem Chemical Transport Model

[8] The GEOS-Chem global 3-D CTM (version 9.01.01;
http://www.geos-chem.org) simulates tropospheric ozone-
NOx-CO-hydrocarbon-aerosol chemistry with transport driven
by assimilated meteorological fields from the Goddard Earth
Observing System (GEOS) of the NASA Global Modeling
and Assimilation Office (GMAO). Here we use archived
GEOS-4 fields for 2003–2005, with 2003 used for model
initialization and 2004–2005 for analysis. The meteorological
data are 6 h means (3 h for surface fields and mixing depths)
and have horizontal resolution of 1� latitude by 1.25� longi-
tude with 55 layers in the vertical. We degrade the horizontal
resolution to 2� by 2.5� for input to GEOS-Chem. Convective
transport in GEOS-Chem mimics that in the parent GEOS
general circulation model (GCM) [Hack, 1994; Zhang and
McFarlane, 1995]. It uses 6 h GEOS-4 data for updraft,
downdraft, and entrainment mass fluxes archived separately
for deep and shallow convection [Wu et al., 2007]. For this
work we have updated the GEOS-Chem chemistry module in
the stratosphere by archiving monthly mean production and
loss frequencies of species from the NASA Global Modeling
Initiative (GMI) Combo CTM Aura4 simulations using
GEOS-4 meteorology [Duncan et al., 2007; Considine et al.,
2008; Allen et al., 2010].
[9] Table 1 summarizes the global NOx sources in GEOS-

Chem for 2004–2005. The lightning source is described in
section 4. Anthropogenic sources are from the Emission
Database for Global Atmospheric Research (EDGAR) base
inventory for 2000 [Olivier, 2001], overwritten with regional
inventories for the United States (EPA NEI2005), Canada
(CAC), Mexico (BRAVO) [Kuhns et al., 2003], Europe
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(EMEP) [Auvray and Bey, 2005], and south and east Asia
[Streets et al., 2003, 2006], and scaled for each year as
described by van Donkelaar et al. [2008]. Biofuel emissions
are from Yevich and Logan [2003]. Biomass burning emis-
sions are from the Global Fire Emissions Database (GFED
v2) [van der Werf et al., 2006]. Soil NOx emissions follow
the Yienger and Levy [1995] parameterization as imple-
mented by Wang et al. [1998].

4. Lightning Source of NOx

4.1. Unconstrained Parameterization

[10] The use of a convection-based lightning parameteri-
zation in the CTM is necessary, even if it is to be subse-
quently corrected by lightning observations, because it
allows the corrected lightning to be colocated with the con-
vective transport in the model. We refer to a parameteriza-
tion that relies solely on model convection variables as
“unconstrained” since it is not constrained by the satellite
lightning data. The standard GEOS-Chem model uses the
Cloud Top Height (CTH) parameterization of Price and
Rind [1992, 1993, 1994], who fit observed lightning fre-
quency to a fifth-power function of CTH over continents and
extrapolated a second-power function over oceans. The CTH
in each deep convective model column is determined as the
altitude where the upward convective mass flux vanishes to
zero. The original Price and Rind [1992] parameterization
treated grid cells up to 500 km from shore as continental, but
here we treat grid cells as continental only if they contain
over 50% land, which provides better correlation with the
LIS/OTD HRMC product. We also evaluate two alternative
flash rate parameterizations: the convective mass flux
scheme (MFLUX) of Allen et al. [2000] used as the base
parameterization for the GMI model [Allen et al., 2010], and
the convective precipitation (PRECON) scheme of Allen and
Pickering [2002]. As the latter two determine cloud-to-
ground (CG) but not intracloud (IC) flash densities, we infer
total (IC + CG) flashes locally using the IC/CG ratio
parameterization from Price and Rind [1993]. Each param-
eterization is adjusted by a dimensionless uniform scaling
parameter b, following Tost et al. [2007], to bring the annual
average global flash rate to that of the observed LIS/OTD
HRMC product, 46 flashes s�1 [Christian et al., 2003] (for
GEOS-4 at 2� � 2.5�, CTH: b = 0.56; MFLUX: b = 5.0;
PRECON: b = 0.34).
[11] Any grid cell with a surface temperature less than

�40�C is assumed too cold for lightning, a requirement
necessary to prevent lightning in polar clouds. In addition,
we assume no lightning in any convective column that does

not span the full temperature range from 0� to �40�C, taken
as the range of the mixed phase layer over where heteroge-
neous nucleation and charging can occur [Williams, 1985].
This effectively suppresses lightning in marine stratus
clouds.
[12] Figure 1 compares each of the three unconstrained

lightning flash rate parameterizations in GEOS-Chem with
the LIS/OTD HRMC climatology. The schemes capture less
than half of the variability of the observations at 2� � 2.5�
monthly resolution (CTH: R = 0.66; MFLUX: R = 0.40;
PRECON: R = 0.41; n = 144 longitudes � 91 latitudes � 12
long-term monthly means). None captures the strong maxi-
mum observed over central Africa and all have excessive
lightning over Oceania. CTH overestimates lightning over
Amazonia while the other two underestimate it. The
MFLUX and PRECON parameterizations have spurious
lightning over the tropical oceans, and their inability to
reproduce the land-sea contrast is the primary reason for
their lower correlation to observations. Much of the CTH
error comes from underestimating the amplitude of the sea-
sonal cycle. As the CTH scheme yields the best a priori
distribution of the three approaches, we choose to use it as
our unconstrained physical parameterization. Tost et al.
[2007] also found it to be the most accurate lightning dis-
tribution model and most robust within different convective
model frameworks.

4.2. LIS/OTD Correction Factors

[13] Previous global CTMs that use the GEOS meteoro-
logical fields have constrained their flash rate para-
meterizations to LIS/OTD products, including GEOS-Chem
[Sauvage et al., 2007b; Stajner et al., 2008; Jourdain et al.,
2010], GMI [Allen et al., 2010], and the University of
Maryland CTM (D. Allen, personal communication, 2007).
The constraint involves correcting the unconstrained model
flash rates over selected spatial and temporal domain D by a
factor a to match the climatological LIS/OTD data:

a ¼ b
ZZ

D

Fo x; tð Þdxdt=
ZZ

D

Fp x; tð Þdxdt ð1Þ

where Fo is the observed LIS/OTD flash rate over D, Fp is
the corresponding value from the unconstrained model
parameterization, x is the horizontal location vector, t is
time, and b was introduced previously to scale the uncon-
strained global flash rate to match the 46 flashes s�1 of the
LIS/OTD data (section 4.1; b = 0.56 for GEOS-4, CTH, and
2� � 2.5�). As an example, if the model simulated uniform
flash rates for a world divided into two hemispheres and
correctly simulated the total flash rate (via b) but observa-
tions saw twice the lightning in one hemisphere than the
other, the values of a would be 1.5 and 0.75, respectively.
Lightning variability within each domain D is governed by
the CTM lightning parameterization (depending on CTH) to
ensure that lightning NOx emissions are coupled to deep
convective transport.
[14] Here we impose the temporal domain to be monthly

and explore the sensitivity to the choice of spatial domain,
which can be the grid resolution of the CTM (local scaling)
of Sauvage et al. [2007b] and Allen et al. [2010] or the larger
region (regional scaling) of Stajner et al. [2008] and

Table 1. Sources of Tropospheric NOx in GEOS-Chema

Source Value (Tg N yr�1)

Fossil fuel and biofuel combustionb 27.8
Lightning 5.8
Soil microbial activityc 5.6
Open fires 5.3
Transport from stratosphered 0.8
Total 45.3

aAnnual means for 2004–2005.
bIncluding 0.5 Tg N yr�1 from aircraft emissions at cruise altitude.
cIncluding 0.7 Tg N yr�1 from fertilizer application.
dNOx tracked across the monthly mean tropopause.
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Jourdain et al. [2010]. Figure 2 shows the resulting redis-
tributions of lightning in GEOS-Chem for July, for both
local scaling (2� � 2.5�) and regional scaling (described
below). Local scaling effectively forces the model to match
the observed climatology. Corrections can be very large. We
see for example a large upward correction over the western
North Atlantic where lightning over the ocean is much
higher than estimated from the CTH parameterization.
[15] The choice of local or regional scaling can have sig-

nificant implications, as noted in the Introduction. We illus-
trate this in Figure 3, which shows January–April 2005 time
series of tropospheric NO2 columns simulated by GEOS-
Chem and observed by the Ozone Monitoring Instrument

(OMI) on the Aura satellite [Bucsela et al., 2006] for two
lightning-prone 2� � 2.5� grid squares in the Congo rain
forest and the Argentina plains. We apply either local or
regional scaling (see below for regional scaling definition) to
the GEOS-Chem fields. The Congo grid cell is well behaved,
with scaling factors that vary moderately across scales. In
that case, the local scaling captures better the observed OMI
variability. The Argentina grid cell is ill behaved, with large
variations in scaling factors across scales, and in that case the
local scaling produces spurious variability compared to
observations. Although local scaling maximizes fidelity to
the location of lightning in the observations, the amount of
lightning NOx released per convective event may be

Figure 1. Mean observed and simulated lightning densities (flashes km�2 d�1) for May 1995 to Decem-
ber 2005. LIS/OTD satellite data from the High Resolution Monthly Climatology (HRMC) v2.2 are com-
pared to unconstrained GEOS-Chem model distributions from parameterizations based on cloud top
height (CTH) [Price and Rind, 1992, 1993, 1994], upward mass flux (MFLUX) [Allen et al., 2000],
and convective precipitation (PRECON) [Allen and Pickering, 2002].

Figure 2. Spatial redistribution of lightning flash densities in GEOS-Chem to match the LIS/OTD
HRMC data for July. Results from the local, fine regional, and coarse regional redistributions are com-
pared and the unconstrained distribution is also shown. (top) The log of the scaling factors a computed
from equation (1). (bottom) The corresponding July lightning flash distributions averaged over 1995–
2005. Figure 2 (bottom, first panel) (local adjustment) essentially corresponds to the July LIS/OTD clima-
tology. Gray regions have no lightning in GEOS-Chem. Statistics for the different redistributions are given
in Table 2.
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unrealistic. In addition, the dependence of lightning on con-
vective top height may be broken, altering the mean altitude
of emission as well as the relative amount of convected sur-
face precursors colocated with the lightning emissions.
[16] Using regional scaling addresses these difficulties

with local scaling, but the distribution of lightning within a
region may then not match the observations. Here we
address the latter difficulty by using hierarchical clustering
[Johnson, 1967] as an objective data-driven aggregation
technique to select coherent scaling regions in a way that
tries to maximize the domain size (D) while preserving the

fit to the observed global lightning distribution. The princi-
pal benefit of the hierarchical technique over other clustering
algorithms is that it makes no prior assumptions about how
the regions are to be clustered. The algorithm initially
assigns each 2� � 2.5� grid square to its own region, cal-
culates the “distance” to all other regions, and joins the two
most similar; this proceeds iteratively until eventually only
one region remains. We thus obtain a hierarchical tree or
“dendogram” of optimally clustered regions, and can com-
pare in the CTM the effect of choosing different levels of the
dendogram (i.e., different numbers of regions).
[17] To construct the dendogram we define the “location”

for a region i by the vector vi = (x, a, b)T where x is the
position of the region centroid on the sphere, a is the abso-
lute difference between the unconstrained model and the
observed monthly mean flash rates averaged over the region,
and b is the logarithm of the relative difference. All variables
are standardized globally to unit variance and zero mean. We
then define “distance” between two regions i and j as the
norm kvi � vjk. This aggregates regions that are geograph-
ically close (though not necessarily contiguous) and that
match the observations similarly well or poorly. Coherent
regions are calculated separately for each month of the year.
We impose that the first branch separate between land and
ocean because the CTH parameterization is different for
these two domains.
[18] Figure 2 shows the different redistributions of light-

ning in GEOS-Chem for July and Table 2 gives the
corresponding climatological redistribution statistics. We
consider two levels of regional scaling, fine and coarse,
corresponding to different levels of the dendogram with an
average of 137 and 37 regions globally respectively per
month. The regions for July are identified in Figure 2 by
different colors. The coarse resolution is still finer than the
continental scales used by Stajner et al. [2008] and Jourdain
et al. [2010]. As the regions increase in size, the range of
scaling factors considerably decreases as shown in Table 2.
Correlation with the monthly LIS/OTD climatology ranges
from R = 0.66 for the unconstrained case to R > 0.99 for
the local redistribution. The high bias of tropical lightning in
the unconstrained parameterization is corrected. Most of the
improvement in fitting the LIS/OTD data is already achieved

Figure 3. Time series of simulated and observed daily tro-
pospheric NO2 columns. The monthly redistribution factors
a are given for each simulation. The OMI NO2 gridded daily
global Level-3 product (OMNO2e v3) is produced by the
Atmospheric Chemistry and Dynamics branch at NASA
GSFC and is available online at http://disc.gsfc.nasa.gov/
Aura/OMI.

Table 2. Global GEOS-Chem Lightning Redistribution Statisticsa

Redistribution
Number

of Regionsb
Range of

Scaling Factorsc R

Lightning
Distributiond (%)

Global Lightning
NOx Source

e (Tg N yr�1)
Monthly LIS

Overpasses per RegionfTropics
Northern

Extratropics

Local 13,104 10�11–10+4 >0.99 65 23 6.1 67
Fine regional 137 10�10–10+3 0.93 68 22 6.0 406
Coarse regional 37 10�5–10+2 0.89 74 20 6.0 1044
Unconstrainedg 1 1 0.66 84 13 5.6 -

aThe redistributions constrain the lightning flash statistics in the GEOS-Chem CTM to match the monthly observed LIS/OTD HRMC v2.2 climatology
over local or regional scaling domains D. The Pearson correlation coefficients R measure the fit between the resulting 1995–2005 GEOS-Chem and LIS/
OTD long-term monthly mean climatologies on the 2� � 2.5� grid of the model (n = 144 longitudes � 91 latitudes � 12 months).

bThe number of regions can vary slightly from month to month with regional scaling and the values given here are annual means.
cGlobal range of scaling factors a computed from equation (1).
dFraction of global simulated flashes in the tropics (23�S–23�N) and northern extratropics (23�–90�N).
eRedistribution affects the global lightning NOx source because of the difference in the NOx yield per flash between the tropics and the extratropics

(section 4.3).
fMean number of LIS orbital overpasses per region in the month of October, calculated for data from 1998 to 2006.
gOriginal CTH parameterization of lightning in GEOS-Chem with no redistribution (section 4.1).
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with the coarse regional scaling and its �37 regions (R =
0.89). We compare below the local and regional scaling
approaches in terms of their effects on the GEOS-Chem
simulation of ozone.

4.3. Converting Flash Rates to NOx Emissions

[19] There is large uncertainty in relating flash rates to
lightning NOx emissions [Schumann and Huntrieser, 2007].
Standard practice in GEOS-Chem and other global CTMs
has been to adjust the global lightning NOx source to optimize
the simulation of tropospheric ozone and nitrogen oxides.
The resulting source range in global CTMs is 3–7 Tg N yr�1

[Denman et al., 2007]. Martin et al. [2007] derived a best
estimate of 6 (4–8) Tg N yr�1 in GEOS-Chem to match
satellite estimates of the column of tropospheric ozone in
the tropics.
[20] There is evidence for higher NOx yields per flash in

the extratropics than in the tropics from aircraft campaigns
[Huntrieser et al., 2002, 2007, 2008], satellite observations
[Martin et al., 2006, 2007; Sauvage et al., 2007b; Boersma
et al., 2008] and model studies [Hudman et al., 2007]. We
use here a yield of 500 mol N per flash from Hudman et al.
[2007] for all extratropical lightning north of 23�N in
America and 35�N in Eurasia. This yield is consistent with
several studies of lightning NOx production over the U.S.
[DeCaria et al., 2005; Cooper et al., 2007; Jourdain et al.,
2010; Ott et al., 2010]. For the rest of the world, we use the
constraint of 4.4 Tg N yr�1 for that region derived byMartin
et al. [2006, 2007], together with the LIS/OTD climatologi-
cal flash rate, to infer 260 mol N per flash. This is within the
range of current literature [Schumann and Huntrieser, 2007].

[21] Unlike earlier versions of GEOS-Chem going back to
Wang et al. [1998], we do not include a dependence of the
NOx yield on the length of the flash (which is poorly con-
strained) or whether the flash is CG or IC. The studies by Ott
et al. [2007, 2010] suggest no difference in yield between
CG and IC flashes. A recent study for northern Alabama by
W. Koshak et al. (The NASA Lightning Nitrogen Oxides
Model (LNOM): Application to air quality modeling, sub-
mitted to Atmospheric Research, 2012) using a detailed
process-based model of NOx production finds substantially
higher yields in CG than IC flashes.
[22] The lightning NOx emitted in the model for a given grid

cell and 6 h period is distributed vertically between the surface
and convective cloud top height following standard profiles
for marine, tropical continental, subtropical, and midlatitude
storms simulated by Ott et al. [2010] using a cloud-resolving
model. This updates the vertical profiles from Pickering et al.
[1998] used in previous versions of GEOS-Chem. The prin-
cipal difference is that Pickering et al. [1998] release 10–20%
of LNOx below 2 km, as compared to 1–7% of Ott et al.
[2010]. The newer profiles also have a lower median height
of emission. The effect on simulated ozone is small, at most a
few percent anywhere.

5. Implications for Modeling Tropospheric Ozone

[23] Figure 4 shows the impacts of the different lightning
redistribution methods on the GEOS-Chem simulations of
lightning NOx emissions and zonal mean tropospheric
ozone. All simulations are identical except for the lightning
redistribution. The dominant effect of the redistribution is to
shift lightning flashes from the tropics to the extratropics, as

Figure 4. Effect of different lightning redistributions on lightning NOx emissions and tropospheric ozone
in GEOS-Chem. Annual mean results from a simulation for 2004–2005 with local redistribution based on
the LIS/OTD HRMC satellite climatology: (top) zonal mean lightning NOx emissions, (middle) zonal
mean ozone mixing ratio profiles, and (bottom) tropospheric column of ozone (TCO). Also given are
the differences (D) relative to that simulation when the regional redistribution is used (fine or coarse) or
when no redistribution is applied (unconstrained). The diamonds show the location of stations used in
Figure 5.
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previously found by Sauvage et al. [2007b]. This decreases
tropical ozone while increasing extratropical ozone by up to
4 ppbv relative to the unconstrained simulation. Similar
results are found for seasonal differences (not shown).
[24] Figure 5 compares simulated ozone with climatolog-

ical profiles from four representative tropical stations of the
SHADOZ network [Thompson et al., 2003a]. Also shown is
a simulation without lightning NOx, which greatly under-
estimates observations and illustrates the model sensitivity to
the lightning source of NOx. The model reproduces the
general vertical, zonal, and seasonal patterns in the obser-
vations, except over the South Atlantic during October and
over equatorial Arica in July and October, as well as in the
upper troposphere (UT) in April. We find that lightning
redistribution changes ozone concentrations by typically a
few ppbv relative to the unconstrained simulation, the largest
effect being at San Cristóbal in April (�4.7 ppbv) due to
excessive wet season lightning over Amazonia in the
unconstrained simulation. The differences between the
redistribution techniques are typically less than 1 ppbv.
These effects are sufficiently small that no method emerges
as significantly better for reproducing the observations.
[25] High-quality satellite ozone data in the tropics pro-

vide a more sensitive test. We compared the different
simulations with the OMI/MLS tropospheric column of

ozone (TCO) product developed by Ziemke et al. [2006],
who subtracted coincident measurements of stratospheric
ozone made by the Microwave Limb Sounder (MLS)
[Waters et al., 2006] from total column ozone measurements
made by the Ozone Monitoring Instrument (OMI) [Levelt
et al., 2006], both on the Aura satellite. We determined
model TCO using hourly ozone profiles and the local lapse
rate tropopause, and averaged over each month. Figure 6
compares the simulation with local redistribution to the
seasonal mean observations. The model is biased low by a
few DU over most of the tropics. It reproduces well the
observed spatial and seasonal patterns. Figure 7 shows the
Pearson correlation coefficient R for model versus observed
monthly mean TCO values on the 2� � 2.5� grid for 23�S–
23�N and for October 2004 to December 2005. Values are
relatively high (R = 0.84–0.96), reflecting the dominance of
large-scale variability in the TCO observations (Figure 6)
that the model can generally simulate well. Lightning redis-
tribution improves the simulation of ozone variability for
almost every month. The improvements are statistically sig-
nificant. Comparison of the three different redistributions
shows slightly better results for the local scaling but the dif-
ferences are not statistically significant.
[26] There is a well-known zonal “wave one” pattern in

tropical TCO [Fishman et al., 1990, 1991; Shiotani, 1992;

Figure 5. Monthly mean vertical profiles of ozone mixing ratios for four tropical stations of the SHADOZ
ozonesonde network [Thompson et al., 2003a]: San Cristóbal, Ecuador (0.9�S, 89.6�W), Ascension Island
(8.0�S, 14.4�W), Nairobi, Kenya (1.3�S, 36.8�E), and Kuala Lumpur, Malaysia (2.7�N, 101.7�E). Plotted in
black are observed mean profiles for 1998–2010 with bars indicating standard deviations of the individual pro-
files for 1 km vertical bins. The colored lines represent the mean daily ozone profiles for 2004–2005 simulated
by GEOS-Chem using the different lightning redistributions. Also shown is a simulation without lightning
NOx (purple).
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Thompson and Hudson, 1999; Thompson et al., 2000, 2003b;
Sauvage et al., 2006]. We illustrate this pattern in Figure 8
with Hovmöller plots for TCO in the latitude bands 0–23�S
and 0–23�N as a function of longitude and time. In the
southern tropics, the model reproduces the wave one pattern
with a maximum over the South Atlantic and Africa (60�W to
40�E), peaking in September to November (SON), and a
minimum over the Pacific (140–180�E). The maximum is
driven by persistent radiative subsidence over the South
Atlantic anticyclone drawing in NOx (including from light-
ning) and other precursors lofted by deep convection over the
continents [Krishnamurti et al., 1993; Chatfield et al., 1996;
Jacob et al., 1996; Martin et al., 2002; Sauvage et al.,
2007a]. The unconstrained model has a relatively low cor-
relation with observations over the South Atlantic and adja-
cent landmasses, mainly because of underestimate of the
SON seasonal maximum and a 2 month early shift in the
timing of the maximum. The lightning redistributions all
greatly improve the correlation with observations in that
region by delaying the maximum by 1 month; there is no
significant difference between the different redistributions. In
the northern tropics, lightning redistribution has little effect
except for a large improvement over the western North
Atlantic, and a modest improvement over Africa where the
model shows low skill in reproducing ozone variability.

6. Interannual Variability of Lightning
Flash Rates

[27] We have shown above that the local and regional
approaches for lightning redistribution using the LIS/OTD

data are statistically indistinguishable in their ability to sim-
ulate tropospheric ozone, although the local redistribution
may be marginally better. All improve model ozone over the
unconstrained lightning simulation. An important advantage
that we will demonstrate of the coarse regional over the finer
redistributions is that it provides better observational statis-
tics with which to use LIS to constrain interannual variability
(IAV) in flash rates and its effects on the IAV of tropical
tropospheric ozone and OH.
[28] Here we constrain the IAV of tropical lightning using

the coarse regional redistribution applied to LIS orbital data
for 1998 to present (section 2). LIS is in inclined orbit and
sweeps between 35�S and 35�N about 15 times a day. Care

Figure 6. Seasonal mean tropospheric column ozone (TCO) for December 2004 to November 2005.
Model results using the local lightning redistribution are compared to OMI/MLS observations [Ziemke
et al., 2006] available from ftp://jwocky.gsfc.nasa.gov/pub/ccd/data_monthly. Also shown are the differ-
ences between the two.

Figure 7. Spatial correlation coefficient R for GEOS-Chem
versus OMI/MLS monthly mean tropospheric column ozone
(TCO) on the 2� � 2.5� grid of GEOS-Chem and for 23�S–
23�N. Values are for October 2004 to December 2005. Results
are shown for the different model lightning redistributions.

MURRAY ET AL.: IAV OF LIGHTNING CONSTRAINED BY LIS/OTD D20307D20307

8 of 14



must be taken to correct for the interannually varying diurnal
schedule of the orbit tracks as the lightning frequency
varies greatly with time of day. This is illustrated in Figure 9
with the diurnal distribution of LIS sampling for October

2002 and 2003 at 35�N and the equator, together with the
global mean diurnal distribution of lightning observed from
OTD in 1995–2000 in Sun-asynchronous near-polar orbit
[Schumann and Huntrieser, 2007]. Lightning activity is

Figure 8. Tropospheric column ozone (TCO) in the 0–23�N and 0–23�S bands as a function of longitude
and time for October 2004 to December 2005. Observations from OMI/MLS are compared to GEOS-
Chem simulations with the unconstrained lightning parameterization and with local lightning redistribu-
tion based on the LIS/OTD data. Also shown are the correlation coefficients of simulated versus observed
values for specified longitudes and months (n = 12 latitudes per hemisphere on the 2� � 2.5� model grid �
15 months), for the simulations with unconstrained lightning and with different lightning redistributions.

Figure 9. Diurnal distribution of LIS satellite observations for October 2002 and 2003. (a) Rose plots of
the total LIS viewing times (kiloseconds or ks) at different local times of day for October 2002 (red and
purple) and October 2003 (blue and purple) aggregated zonally over 2� latitudinal bands at 35�N and
the equator. Note the difference in scales for 35�N and the equator, as 35�N is observed 10 times more
frequently because of the inclined satellite orbit. Also shown in the same rose plots is the climatological
global frequency of lightning (flashes per second or fl/s) as a function of local time of day measured by
the OTD satellite instrument in Sun-asynchronous near-polar orbit. (b) The LIS diurnal sampling bias
for October 2003 as the mean relative departure of hourly observation frequencies from 24 h uniform sam-
pling. A region with uniform sampling would have a relative departure of 0%, while a region with twice as
frequent sampling in the daytime than at night would show a relative departure of 33%.
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minimum at 09:00–10:00 local time (LT) and maximum at
15:00–16:00 LT. LIS observations sample this distribution
very differently in October 2002 and 2003. There is greater
diurnal bias in observations at 35� than at the equator, but
observations at the equator are 10 times less frequent.
[29] Figure 9b shows the diurnal sampling bias of LIS for

October 2003 as measured by the relative departure from
uniform daily sampling. The diurnal sampling bias increases
from about 30% at the equator to 60% at 35� latitude,
varying little with longitude. The time required for LIS to
sample all hours of day at least once ranges from about 30
days at the equator to about 98 days in the subtropics,
making a local redistribution inappropriate to constrain flash
rates for a specific month and year. However, Figure 9b
shows that regional distribution greatly reduces this diurnal
bias through the merging of areas at different latitudes. This,
combined with the much greater number of observations per
coarse region (Table 2) allows an effective correction of the
diurnal sampling bias.
[30] We represent IAV in the global distribution of light-

ning in GEOS-Chem for the LIS observation domain (35�S–
35�N) by first applying the local climatological scaling
described in section 4, and then applying the coarse regional
scaling using the LIS data for individual years (1998–2010).
The flash rates from the LIS Science Data 4.1 product are
determined by dividing the total observed flash counts in a
given area by its effective view time, and are then aggre-
gated into 24 hourly bins (local time) for each region, month,
and year. They are then adjusted with the hourly LIS
detection efficiencies from Boccippio et al. [2002], and
averaged to derive monthly regional flash rates for scaling
the climatological values. In the event that any hour was not
observed in a region and month, the monthly mean for
1998–2010 is used. Poleward of 35� where there are no LIS
data we use the LIS/OTD climatology (effectively OTD)
with local redistribution and no IAV constraint; 25% of
global lightning flashes are poleward of 35� and any simu-
lated IAV there is driven by model meteorology.
[31] Figure 10 shows the resulting flash rate time series in

the tropics (23�S–23�N) for the 1998–2010 period. Mean
lightning activity increased slowly from 1998 until early
2002 and then leveled off. Also shown are climatological

indices for the solar flux and for the El Niño–Southern
Oscillation (ENSO). We correlated the 12 month running
means of tropical flash rates with those of the two indices
and find little correlation with the solar flux (R = �0.21) but
strong correlation with the Niño Region 3.4 index (R =
0.79). This suggests that ENSO plays an important role in
driving IAV in mean tropical lightning activity. We find no
correlation of lightning with the stratospheric Quasi-Biennial
Oscillation (not shown), which has been previously linked to
tropical deep convection [Collimore et al., 1998, 2003].
[32] The positive correlation of lightning with ENSO is

consistent with previous studies for Indonesia and Southeast
Asia [Hamid et al., 2001; Yoshida et al., 2007; Logan et al.,
2008] and the southeastern United States [Goodman et al.,
2000]. However, Yuan et al. [2011] find that lightning
IAV in the western Pacific is not correlated with ENSO but
with volcanic aerosol loadings. We examined the regional
patterns of lightning correlation with ENSO from our work
and find results consistent with these studies. Hamid et al.
[2001] noted that lightning frequencies in the tropics are
very sensitive to small increases in surface air temperature
[Williams, 1992] and that the surface temperature over the
tropical land generally increases during the positive phase of
ENSO [Hansen and Lebedeff, 1987].
[33] Figure 11 shows the variability of the global lightning

source for 1998–2006 and compares it to the other NOx

emissions in GEOS-Chem. We focus on 1998–2006 because
of the common availability of LIS, GFED-2, and GEOS-4
data for this period. Local scaling to the LIS/OTD climato-
logical data (blue line in Figure 11 (top)) increases the sea-
sonal amplitude of the global lightning source relative to the
unconstrained parameterization (green line), mostly because
of increased lightning at northern extratropical latitudes in
summer (Table 2). The IAV constraint (red line) produces
additional variability, including in particular the summer
maximum in 2004 driven by the northern subtropics.
[34] Figure 11 (middle) compares the local + IAV light-

ning NOx source to the biomass burning source from the
GFED2 inventory [van der Werf et al., 2006] as well as other
sources. The mean and interannual standard deviation of the
global lightning source over these 9 years is 6.0 � 0.5 Tg N
yr�1, as compared to 5.5 � 0.8 Tg N yr�1 for the global

Figure 10. The 1998–2010 interannual variability (IAV) of tropical lightning and climatological indices
for 23�S–23�N. (top) Time series of the monthly mean tropical flash rate determined from the LIS Science
Data v4.1 product as described in the text. The dashed line is the 12 month running mean. (bottom) Cli-
matological indices available from NOAA ESRL (http://www.esrl.noaa.gov/psd/data/climateindices/),
including the monthly mean Solar Flux (10.7 cm; orange) provided as a service by the National Research
Council of Canada, and the El Niño Region 3.4 Index (Niño3.4; purple).
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biomass burning source. Figure 11 (bottom) shows the
contributions of different continents to the global lightning
NOx source. The IAV in lightning flash rates is split roughly
equally between the tropics (mostly Africa) and extratropics
(mostly Asia). The extratropics account for two thirds of the
IAV in global lightning NOx emissions because the NOx

yield per flash is higher there than in the tropics.

7. Conclusions

[35] We have explored and compared different approaches
for using LIS/OTD satellite observations to constrain the
lightning NOx source in global chemical transport models,
with focus on enabling simulation of tropical interannual
variability (IAV) in lightning and its implications for tro-
pospheric chemistry. A major challenge was to effectively
deal with the sparseness and sampling bias of the satellite
lightning data.
[36] The standard procedure for using satellite data to

constrain the lightning source in a CTM has been to start
from a parameterization of lightning (based, for example, on
cloud top heights or convective mass fluxes), and then apply
local or regional correction (scaling) factors from the satel-
lite data to redistribute the model lightning. Because of the
sparseness of the satellite lightning data, past studies have
limited themselves to climatological scaling using multiyear
data [e.g., Sauvage et al., 2007b; Stajner et al., 2008; Allen
et al., 2010; Jourdain et al., 2010]. We compared the local
and regional climatological approaches in the GEOS-Chem
CTM, using an updated LIS/OTD data set and a hierarchical
clustering algorithm to optimize the selection of regions. The

local scaling maximizes fidelity to the observations but the
regional scaling has better sampling statistics for LIS and
yields more reasonable daily NO2 columns. We found that
local and regional (coarse or fine) redistributions of lightning
yield very similar simulations of tropical tropospheric ozone
in GEOS-Chem and that all improve significantly over the
unconstrained parameterization.
[37] We used the coherent lightning regions identified by

our hierarchical clustering algorithm as the basis for con-
straining the IAV of lightning from the LIS data for 1998–
2010 and 35�S–35�N, taking advantage of the better statis-
tics afforded by scaling over coarse regions. This involved
processing of the LIS data to remove the interannually
varying diurnal sampling bias. The resulting time series of
tropical lightning shows an interannual correlation with
ENSO (R = 0.79) and no significant correlation with the
solar cycle or the QBO. The resulting interannual variability
of the global lightning NOx source in GEOS-Chem (6.0 �
0.5 Tg N yr�1) is similar to that of biomass burning from the
GFED-2 inventory (5.5 � 0.8 Tg N yr�1). About two thirds
of the IAV in the global lightning NOx source is contributed
by the extratropics. In future work (L. T. Murray, The role of
lightning in driving interannual variability in tropical tro-
pospheric ozone and OH, manuscript in preparation, 2012),
we use these interannually varying NOx sources in GEOS-
Chem to investigate the consequences for IAV of tropo-
spheric ozone and OH.
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Figure 11. Global monthly NOx emissions, 1998–2006. (top) Lightning emissions computed from the
unconstrained parameterization, the parameterization with local climatological scaling from the LIS/
OTD data, and the simulation with local scaling and coarse regional interannual variability (IAV) from
the LIS data. (middle) NOx emissions by source type where lightning is from the local scaling with
IAV; note different scale on the right for the anthropogenic NOx source (fossil fuel and biofuel). (bottom)
Cumulative lightning NOx emissions (including local scaling and IAV) by continent. The time series of
lightning NOx emissions including local scaling and IAV is reproduced for all three.
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