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Abstract. Improved estimates of NQfrom lightning crease the bias between TES and GEOS-Chem ozone over
sources are required to understand tropospherig Bi@  the USA in July 2006 by 40%. However, our conclusion on
ozone distributions, the oxidising capacity of the tropospherethe strength of the lightning source of N@ limited by the

and corresponding feedbacks between chemistry and climatiact that the contribution from the stratosphere is underesti-
change. In this paper, we report new satellite ozone obsemated in the GEOS-Chem simulations.

vations from the Tropospheric Emission Spectrometer (TES)
instrument that can be used to test and constrain the param-

eterization of the lightning source of NOn global mod- )
els. Using the National Lightning Detection (NLDN) and the 1 Introduction

Long Range Lightning Detection Network (LRLDN) data
g ¢ ¢ g ( ) Research on the strength and distribution of the source of

as well as the HYPSLIT transport and dispersion model, " ides (NO= NO+NO,) f liahtning has b
we show that TES provides direct observations of ozong'trogen oxides (NG= O) from lightning has been

enhanced layers downwind of convective events over théhe subject of increasing literature in the past decade (for a
USA in July 2006. We find that the GEOS-Chem global review, see Schumann and Huntrieser, 2007). Indeed, a bet-
chemistry-transport model with a parameterization based o knowledg_e O_f th'_s source 1S required to ur_lderstz_ind( NQ
cloud top height, scaled regionally and monthly to OTD/LIS and ozone distributions in the troposphere, in particular in

(Optical Transient Detector/Lightning Imaging Sensor) cli- the upper troposphere where most of the lightningle@is-

matology, captures the ozone enhancements seen by TEgions are deposited by thunders.torms (Pickering et al., 1998).
We show that the model’s ability to reproduce the location The kntOWIdegEi of t_h's soturtf:e |sEhaIso nee_ded to assess the
of the enhancements is due to the fact that this model repropresten an h uture impact ot an rpp;(_)gert'ucl_smirc_es on tup-
duces the pattern of the convective events occurrence on Ber ropospheric ozone. Nnas an in Irect cmate impac
daily basis during the summer of 2006 over the USA, evenViaits effect on ozone and hydroxyl radical (OH) concentra-

though it does not well represent the relative distribution Ofuons..Hence, quantifying this source s also critical to under-.
lightning intensities. However, this model with a value of standing feedbacks between climate change and atmospheric

6 Tg N/yr for the lightning source (i.e.: with a mean produc- chemistry (IPC.C’ 2007). ) . . )

tion of 260 moles NO/Flash over the USA in summer) un- Over the United States, lightning contributes substantially
derestimates the intensities of the ozone enhancements selfh (e 0zone maximum observed in the upper troposphere
by TES. By imposing a production of 520 moles NO/Flash V€' the southeastern United States in summer (Li et al.,
for lightning occurring in midlatitudes, which better agrees 2005; Cooper et al., 2006, 2007). Analyses of observa-

with the values proposed by the most recent studies, we ddion campaigns have also demonstrated lightning contribu-
tions to the ozone and NCGconcentrations over the middle

) US (e.g.: Ridley et al., 1994; Jaegle et al., 1998; Stith et
Correspondence td:. Jourdain al., 1999; DeCaria et al., 2000, 2005), the East Coast of the
BY (line.jourdain@cnrs-orleans.fr) US (Hudman et al., 2007) and over the downwind Atlantic
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measurements from the IONS project, and the GEOS-Chem
model to investigate our understanding of lightning emis-
sions over the United States during summer 2006.

2 Data, model and simulations

Latitude

2.1 TES observations

The TES instrument is an infrared Fourier transform spec-
trometer with a spectral resolution of 0.1thand a spec-
tral range from 650-2250cm (Beer et al., 2001) which
was launched aboard the NASA's Aura satellite in July 2004.
Fig. 1. Coverage of the TES Step and Stare for a 16 days periodStandard products include vertical profiles of ozone, CO and
in July 2006 (blue). The different regions that are distinguished forwater vapor obtained from nadir observations. The vertical
the statistics in Fig. 7 are presented in red. resolution of TES nadir ozone retrievals is about 6 km for
cloud-free scenes, with sensitivity to both the lower and up-
per troposphere (Worden et al., 2004; Bowman et al., 2006;
region (e.g.: Brunner et al., 1998, 2001; Liu et al., 1999; Jourdain etal., 2007). The quality of TES ozone retrievals in
Thompson et al., 1999; Jeker et al., 2000; Crawford et al.the troposphere has been evaluated using ozonesonde mea-
2000; Allen et al., 2000) in summer and fall. The relative Surements (Worden et al., 2007; Nassar et al., 2008) as well
contribution of the lightning source to the ozone observedas lidar measurements (Richards et al., 2008). TES total and
over these regions vs the contributions of the transport fronstratospheric ozone columns have also been computed and
the boundary layer by convection and from the stratospher&ompared with the observations from the Ozone Monitoring
is a source of debate. Li et al. (2005) show that the ele-Instrument and Microwave Limb Sounder (Osterman et al.,
vated ozone concentrations in the upper troposphere over thé008). The algorithm used for retrieving the vertical trace
southeastern region in summer are mainly due to convectivgas profiles from TES radiances is based on an optimal esti-
transport of pollution created in the boundary layer which mation method (Rodgers, 2000) and is described in Worden
are lifted and trapped in an anticyclone, while ozone pro-€t al- (2004) and Bowman et al. (2006). The relationship
duction in-situ, from ozone precursors and \ftom light-  between elements of the true trace gas profile and of the re-
ning, also contributes to this enhancement but plays a sedrieved profile can be expressed as:
ondary role. Thompson et al. (2007a, b), using ozone and
P-T-U soundings, found persistent stratospheric influences =x, + A(Xx—X,) +Ge Q)
over northeastern North America free tropospheric ozone in
summer 2004 (IONS-04; Intercontinental Transport Experi-wherez is the logarithm of the retrieved profilg, is the log-
ment (INTEX) Ozonesonde Network Study) and south cen-arithm of the a priori constraint obtained from monthly mean
tral North America in summer 2006 (Thompson et al., 2008). profiles simulated with the MOZART-3 model (Horowitz et
In both cases, stratospheric origins were implicated in 20-al., 2003) and binned in *0atitudex60 longitude grids,
25% of the tropospheric ozone column, with convection andx is the logarithm of the true profile, is the radiance mea-
lightning sources somewhat less, 10-15%. Detailed analsurement noise, ar@ is the gain matrix converting the noise
ysis of the IONS site at Beltsville, Maryland (39N, 77 W) to spectral measurement error. The averaging keedl¢-
over four summers, 2004—-2007, found that stratospheric inscribes the sensitivity of the retrieved profile to the perturba-
fluences on tropospheric ozone above the boundary layetjons of the true state.
were typically >30% of the column (Yorks et al., 2009).  TES has several modes of observations (Beer et al., 2006).
Cooper et al. (2006, 2007) used a FLEXPART approach ton this study, we use the Step and Stare mode that has nadir
IONS sonde analySiS. When Stratospheric ozone inﬂuence@rget Spaced about Gépart and typ|ca||y covers a 50at-
are filtered from the IONS sondes, upper tropospheric 0zongude range. In order to study the ozone budget over the
origins are dominated by lightning NOmore than 80% be-  ynited States during the summertime and the pollution ex-
tween 9-11km. port from North America, 144 Step and Stare were per-
Here, we report new satellite ozone observations that cafiormed over the North American and North Atlantic regions
be used to test and constrain the parameterization of the lightsetween 4 July and 21 August 2006. Figure 1 shows an ex-
ning source of NQ in global models. In the present study, ample of the Step and Stare track performed during that pe-
the vertical ozone profiles from TES are used in conjunc-riod for 16 days coverage. For this study, we use the 39 Step
tion with NLDN and LRLDN lightning data, ozonesonde and Stare performed over North America during July 2006.

Longitude
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2.2 Lightning data August 2006. The lightning flashes are then scaled regionally
to match OTD/LIS on a monthly basis. The resulting flashes
Lightning data are used for two purposes in this study. First,are also scaled to obtain an annual mean of 44 F/s glob-
we used them to relate ozone enhanced layers in the TES&lly, again consistent with OTDL/LIS climatology (Christian
data to lightning events. Secondly, we also impose the distriet al., 2003). We then simulate again the same period and
bution of lightning in the model according to these observa-NOy emissions are scaled to 6 Tg N/yr. Over North America
tions for our baseline and sensitivity simulations (see detailamidlatitudes (25—-50 N), the resulting LN@missions total
in Sect. 2.3). 0.1 Tg N for July 2006. It is two times higher than without
The National Lightning Detection Network (NLDN) de- this scaling. This is due to the fact that the original GEOS-
tects cloud-to-ground (CG) flashes over the continental USAChem model tends to overestimate lightning in the tropical
with a detection efficiency of at least 90% (Grogan, 2004).regions and hence place too much of the 6 Tg N/yr in these
For regions outside the continental USA, CG flashes weregregions, as noted in Martin et al. (2006). This is also shown
detected with the Long Range Lightning Detection Network in Fig. 2, where the initial and modified distributions of light-
(LRLDN). The detection efficiency is 60-80% at 60 N and ning for July 2006 in GEOS-Chem are presented. Note that
40-60% at 21 N as reported in Cooper et al. (2006). We tookhe mean NO production per flash over the United States dur-
a detection efficiency of 50% for all the LRLDN data and ing July 2006 is 260 moles of NO/Flash. The value used in
used these data only above 25 N. Note also that LRLDN doe®ur baseline simulation is very close to the most recent best
not include data over Canada in July 2006. estimate by Schumann and Huntrieser (2007) of 250 moles
We also used the LIS/OTD 2.5 Degree Low Resolution NO/Flash. Finally, we have performed a full simulation with
Annual Climatology Time Series (Christian et al., 2003) the GEOS-Chem model for the period January 2006—-August
to regionally adjust lightning flash rates in the model on a2006 driven by the GEOS-4 data updated every 3—6h us-

monthly basis (see details in Sect. 2.3). ing the scaling factors for the lightning parameterization de-
scribed before. Note that this is now the method adopted to
2.3 GEOS-Chem simulations distribute lightning in the most recent version of the GEOS-

Chem model (Lee Murray, personal communication), but this
We use the GEOS-Chem v7.04.09 global 3-D tropospheriavas not available in the standard GEOS-Chem at the time of
chemistry and transport model with a horizontal resolutionour study. Initial concentrations are from the Near-Real-time
of 2° x 2.5° and 55 layers in the verticahttp://acmg.seas. Simulation of the GEOS-Chem model.
harvard.edu/geos/geogelcome.htm. This model has been
described by Park et al. (2004) and a simulation driven by2.3.2  Soanth
the assimilated meteorological GEOS-4 data from the NASA
Global Modeling and Assimilation Office (GMAO) has been In this simulation, anthropogenic sources over North Amer-
recently globally evaluated by Wu et al. (2006). Below we ica, for latitude ranging between 25N-50N, have been
describe the different simulations performed for this study: turned off.

2.3.1 Dase 2.3.3  Suoligh

For this simulation, the lightning emission parameterizationTo study the influence of the lightning N@missions from

is based on Price and Rind (1992) and described in Wang ehidlatitudes North America on the ozone field predicted by
al. (1998). The lightning source is scaled globally to 6 Tg GEOS-Chem, we have also performed an additional simula-
N/yr. Previous work showed that NQGoncentrations pre- tion with the GEOS-Chem model, in which lightning NO
dicted by the GEOS-Chem model were underestimated iremissions over North America, for latitude ranging between
the upper troposphere over the midlatitudes in summer (Mar25 N-50 N, have been turned off.

tin et al., 2006; Hudman et al., 2007). Matrtin et al. (2006)

attribute this problem to the incorrect spatial distribution of 2.3.4  Sojigh+noanth

lightning activity in the model. Indeed, because lightning

NOx emissions are only scaled globally, any shortcoming inin this simulation, lightning and anthropogenic sources over
the lightning distribution in the model is reflected in the NO North America, for latitude ranging between 25N-50N,
emissions distribution. Sauvage et al. (2007) also show théave been turned off.

importance of lightning repartition on the ozone field pre-

dicted by the GEOS-Chem model. In the present study, we2.3.5 Sy pn

have regionally scaled the lightning in the model to match the

OTDILIS climatology (Christian et al., 2003) on a monthly We performed another simulation in which the lightning over
basis. To do this, we have run the lightning scheme of thethe United States and up to few hundred kilometers off the
GEOS-Chem model “off line” for the period August 2005— coasts and borders of the United States in the GEOS-Chem

www.atmos-chem-phys.net/10/107/2010/ Atmos. Chem. Phys., 1011672010
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OTD/LIS Climatology

GEOS—CHEM original
e | § . i e P
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Fig. 2. Top: July Monthly mean Lightning flash densities simulated by GEOS-Chem for 2006 (left) and derived from 5 years of OTD and
LIS observations (see text for more details). Bottom: July Monthly mean Lightning flash densities simulated by GEOS-Chem for 2006,
when GEOS-Chem is scaled regionally to OTD/LIS on a monthly basis (simulation Sbase, left) and then scaled gridbox by gridbox to NLDN
and LRLDN observations over the North America on a daily basis (simulation SNLDN, right).

model are scaled on a daily basis to NLDN and LRLDN ob- sis of the STERAO (Stratosphere-Troposphere Experiment-
servations. Note that, to account for the intracloud fashedRadiation, Aerosols and Ozone) campaign and the mean
(IC), we have applied to the NLDN and LRLDN data a value of 500 moles/Flash reported by Ott et al. (2010) from
IC:CG ratio of 3, which corresponds to the mean value ofcloud-resolved modeling analyses of midlatitude and sub-
this ratio over the USA calculated by Boccippio et al. (2001). tropical storms constrained by observed flash rates and anvil
We have then gridded the lightning data on the GEOS-Chenaircraft observations. Cooper et al. (2006) found that us-
grid and taken the daily average. This resulting lightning dis-ing a production rate of 460 moles/flash in the FLEXPART
tribution is used to scale the lightning activity in the model model provided acceptable comparison with aircraft data
on a daily basis. The resulting LNGource totals 0.14 Tg N  from the International Consortium on Atmospheric Transport
in July 2006 over North America midlatitudes (25-50 N). It and Transformation (ICARTT).

is higher than in Shase because more lightning are observed Hudman et al. (2007) showed that with a value of

in July 2006 in NLDN and LRLDN data than in OTD/LIS 500 mol/Flash, the model NGield agrees better with obser-

climatology as shown in Fig. 2. vations from the ICARTT aircraft campaign over the South-
east United States, but the model was still too low in the Mid-
2.3.6  Sighx2 west and Southeast due to a misrepresentation of the flash

counts. Assuming larger NQproduction per flash in mid-
In this simulation, the NQproduction by flash is increased latitudes is also consistent with the analysis of Huntrieser
by 2 in midlatitudes compared toyEpn. The production et al. (2008). Indeed, they suggest based on field exper-
of NOy by flash is around 520 moles/Flash in mean. Thisiments that the higher vertical wind shear in subtropical
value is close to the updated N@roduction per flash of De and midlatitudes thunderstorms lead to longer stroke lengths
Caria et al. (2005) of 460 moles/Flash based on the analyand thus higher N@ production per flash than in tropical

Atmos. Chem. Phys., 10, 10749 2010 www.atmos-chem-phys.net/10/107/2010/



L. Jourdain et al.: Lightning NQemissions over the USA investigated using TES 111

Mean 03 Profiles Differences / Sondes

100 1 T T T ] 100w T ~C T T
#comparisons = 108 ‘;\ ‘\\
i N
.—ﬂ‘"‘ﬂ ' M
e 1 \ \\
! 1
[ 1
[ !
----- VL !
~ e LT et , 4
° | T e \_\\.\' ,
a - A '
~ -‘ '\ 1
L AN N
2 i ol
o ] AL
o 1 IR
o i il
H TSEoSndes ] "“ 'l_
_——— 1
......... A priori \||| H
— . —. Model Sbase il
— . — . Model Slighx2 i |I
L S
o
1000 L. . i, AR R 170 ] IR TN IR A
50 100 150 200 -40 -20 0 20 40
03 (ppbv) 03 differences (ppbv)

Fig. 3. Left: comparison between the mean ozonesondes profile from the IONS project (black), mean TES profile (black dashed line), mean
TES apriori profile (black dotted line) and mean GEOS-chem profiles forghg.Simulation (black dashed-dotted line)igx2 simulation
(red dashed-dotted line). Right : Mean difference between ozonesondes measurements and respectively TES measurements (black dash

line), mean TES apriori profile (black dotted line), mean GEOS-chem profile forghg Smulation (black dashed-dotted line)ighx2
simulation (red dashed-dotted line).

thunderstorms. Note also that with a NO production of the comparisons with TES, the GEOS-Chem and ozonesonde
around 520 moles/Flash in midlatitudes, the global LNO profiles are interpolated onto the TES pressure grid. Then, in
production would be around 8 Tg N/yr which is within the order to account for the vertical sensitivity of each TES re-
range suggested in the comprehensive review of lightningrieval, they are transformed using the TES observation op-
NOx by Schumann and Huntrieser (2007). The resultingerator, which is composed of the averaging kernel and the
source totals 0.28 Tg N over North America midlatitudes a priori profile using Eq. (1) without the measurement error
(25-50 N) for July 2006. Note that this value is consistenttermGe (Bowman et al., 2006; Worden et al., 2007).
with Hudman et al. (2007), who simulated a lightning source Figure 3 shows the mean ozonesonde profiles, the mean
of 0.45Tg N for 1 July to 15 August 2004 period when using TES profiles, along with the mean GEOS-chem profiles for
500 moles NO/Flash. the different simulations (Rse Sighx2) and the mean TES
Note that the simulationsn§igh, Sholigh+noanth Snoanth apriori profiles. TES data compare better to the ozonesondes
and Sghx2 Start the 1 March 2006. The simulatiof than the TES a priori but the ozone in TES is overestimated
starts the 1 July 2006. All the sensitivity simulations begin by 5 to 15 ppbv in the upper troposphere. The overestima-

with initial concentrations taken from the simulatiopa$ tion of TES in the upper troposphere is consistent with the
previous work of validation of TES using ozonesondes mea-

2.4 Evaluation of TES and GEOS-Chem ozone with surements in Worden et al. (2007) and Nassar et al. (2008)
IONS ozonesondes as well as with lidar measurements by Richards et al. (2008).

We will focus our study at 300 hPa where the bias of TES
TES ozone profiles and GEOS-Chem profiles used in thiscompared to ozonesondes is about +5 ppbv.

study have been compared to the ozonesonde measure-The GEOS-Chem baseline simulation,{$ underesti-
ments from the Intercontinental chemical transport experi-mates ozone mixing ratio by up to 30 ppbv in the upper tro-
ment Ozoneseonde Network Study (IONS) 2006 campaigrposphere. At 300 hPa, the bias-i47 ppbv. A similar un-
(Thompson et al., 20074a, b, 2008) to provide validation spe-derestimation of the GEOS-Chem model in the upper tropo-
cific to the North American summer conditions. The coinci- sphere compared to IONS 2006 was also found by Parrington

dence criteria for the comparison with sondesf6h and  etal. (2008). In the simulationigx2, where NQ production
4200 km, the number of comparisons is 108. Note that for all

www.atmos-chem-phys.net/10/107/2010/ Atmos. Chem. Phys., 1011672010
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Trajectories from NLDN and LRLDN Flashes (subset) 3 Results

3.1 Evidence of lightning NG emissions influence in the
TES data

Latitude

T X 3.1.1 Example of the 12 July 2007

............... SN WO NN e WX S WP ~ SR Figure 4 shows a case where ozone enhanced layers seen
: : : : : 5 by TES on 12 July 2006 can be related to lightning events.
In this figure, the forward trajectories are calculated with
TES OZONE (pprV) . the HYSPLIT transport and dispersion model (Draxler and

Long.itude

1T Rolph, 2003) and initialized from locations where the1l
n F gridded and hourly averaged NLDN and LRLDN indicates
;_'f ] = flashes. The trajectories shown are those that intersect the
Py o TES track within+1 degree latitude;:1 degree longitude
a iy and+1h. These trajectories show that the air parcels are
& trapped in an anticyclone, a typical feature of the upper at-
[ mospheric circulation during summer over the US (Li et al.,
| - i 2005). The ozone retrievals along the TES track are shown
10 20 30 40 50 in Fig. 4. The intersections between the TES track and the
Latitude . . . . . .
trajectories, indicated by black symbols in Fig. 4, are collo-
[ i I - — . : .
5. 10. 20. 25 30. 35. 40. 45. 50. 55. 60. 70. BO. 90.100.110. cated with an ozone enhancement layer in the middle and up-

per troposphere. In this layer, TES observes ozone values up
Fig. 4. Top: five-day forward trajectories initialized from the lo- g 100 ppbv. We have calculated the degrees of freedom for
cation and time of the #1 gridded and hourly averaged NLDN signal (DOF), as defined in Rodgers (2000), to quantify TES
and LRLDN data (red triangles) and intersecting a TES track ony,ericq| sensitivity to the atmospheric variability. The DOF

12 July 2006 withint-1 degree latitude.t1 degree longitude and for the whole tropospheric profile varies between 1.5 and 1.8
+1h. Bottom: cross section pressure-latitude of mean ozone vol- ) )

ume mixing ratio retrieved by TES along the same TES track thatalorlg the TES track as shown in Fig. 5. For the profiles

shown above. The black symbols represent the trajectories that inshowing the ozone enhanced layers between 25-30 degrees,

tersect this particular TES track withinl degree latitudes1 de-  the middle/upper tropospheric (500 hPa to tropopause) part
gree longitude anet1 h. of the retrievals have a DOF larger than 1. This shows that

TES is sensitive to the ozone variability in this region. This is

further confirmed by the analysis of the a priori (not shown),

which does not present this ozone enhanced layer. For com-

parisons with TES, the model profiles from the simulation
per flash is increased by a factor of 2 and flash rates are basef)zseare sampled along the Aura orbit track at the observa-
on NLDN and LRLDN, ozone in GEOS-Chem increases tion times and modified as explained in Sect. 2.4 for com-
by about 10 ppbv throughout the upper troposphere. Thigarison with TES. We find that the GEOS-Chem model also
shows that ozone mixing ratios simulated by GEOS-Chemshows the ozone enhanced layer seen by TES. The differ-
are very sensitive to the lightning N@missions parameter- ence between the GEOS-Chem simulations with and without
ization. This suggests that an underestimation of this sourcéhe lightning source is also shown along the TES track, con-
could contribute to the discrepancy between GEOS-Chenfirming that lightning NQ emissions contribute to the ozone
and measurements (TES and IONS). However, the variatiomnhancement seen by TES. In particular, the model predicts
of the bias with altitude suggests also an underestimation ofin increase of the ozone up to 16 ppbv due to the lightning
the downward ozone flux from the stratosphere by the modelemissions. However, the ozone values in the ozone enhanced
Indeed, the difference betweepsSand Sighxe at 120 hPais layer in the model simulation are weaker than in TES by
zero while the bias is about 25 ppbv. To conclude, the differ-about 25 ppbv. As described in Bowman et al. (2006), differ-
ences between GEOS-Chem and measurements (IONS armahces between TES and GEOS-Chem should be compared to
TES) suggest that contributions from the stratosphere and/6FES reported observational errors (sum of the measurement
lightning could be larger than predicted by the GEOS-Chemand cross-state errors estimates). This error is typically about
model. The present study focuses on the treatment of th&—10 ppbv for the retrievals between 25-30 in latitude in the
lightning source in the GEOS-Chem model using profilesmiddle/upper troposphere. This suggests that the difference
from TES, which have better spatial coverage than sondedetween TES and GEOS-Chem is significant. The reasons
as well as NLDN and LRLDN data and the Hysplit model.  for discrepancies are investigated in Sect. 3.2.

Atmos. Chem. Phys., 10, 10749 2010 www.atmos-chem-phys.net/10/107/2010/
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Fig. 5. Top: cross section pressure-latitude of mean ozone volume mixing ratios retrieved by TES (left) and simulated by GEOS-Chem (right)
along the particular TES track shown in Fig. 4. Bottom: latitudinal variation of the DOF for TES ozone retrievals for the whole troposphere
(black triangle), the surface-500 hPa region (red triangles), the 500 hPa—100 hPa region (blue triangles) for the same TES track (left) and
cross section pressure-latitude of the difference in ozone between the simulation Sbase and Snolight (right). The black circle represents the
area downwind of the recent lightning events as shown in Fig. 4.

3.1.2 Generalization to North America (Spase 0zone mixing ratios sampled along the TES track and
modified as explained in Sect. 2.4 for comparison with TES.
We now show results for TES and GEOS-Chem over all of e also show the difference between TES and GEOS-Chem
North America. Figure 6 shows a map of the ozone mixing and the ozone changes due to the lightning source in the
ratios retrieved by TES over the USA averaged over the 25¢Nnodel.
and 350 hPa vertical domain. Only the measurements taken As for the particular case presented previously, these figu-
between the 4 and 18 July 2006 are shown here on the ma?s show ozone enhancements in TES at intersections with
to avoid the overlapping of symbols. In this map, we havelorward trajectories emanating from NLDN and LRLDN
distinguished measurements recently influenced by lightnindlashes, i.e.. downwind of convective events. These ozone
(large filled dots) and non-recently influenced (small filled €hancements are clearly seen over the Pacific Ocean be-
dots) according to our analysis using HYSPLIT and flashesween 25-30N, West of Mexico and North West of the
from NLDN and LRLDN. For this analysis, “recently influ- Gulf of Mexico, where color gradients between recently
enced by lightning” means that the air masses sampled binfluenced by lightning measurements (large filled dots) and
TES should have passed through a region of lightning acon recently influenced by lightning measurements (small
tivity less than 5 days before the TES measurements. ifilled dots) are observed. In the southeastern United States,
Fig. 6, we show as well the corresponding GEOS-Chemthe influence of recent convection (as shown by the presence
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Fig. 6. Top: ozone mixing ratios over the North America averaged over the 250 and 350 hPa vertical domain retrieved by TES (left) and
simulated by GEOS-Chem (right). Bottom: difference in ozone between the simulation Sbase and Snoligh (left), difference between TES
and GEOS-Chem Sbhase mean ozone mixing ratios (right). Large filled circles represent the recently influenced by lightning as found by the
analysis using HYSPLIT and NLDN and LRLDN. Note that only the measurements taken between the 4 and 18 July 2006 are shown here
on the map to avoid the overlapping of the symbols.

of large filled dots) is observed everywhere. The Fig. 6 However, the last figure in Fig. 6 shows clearly that dif-
also shows that ozone mixing ratios in the upper tropo-ferences between GEOS-Chem and TES are not only ob-
sphere in the GEOS-Chem simulation are generally lowerserved in the air masses recently influenced by lightning but
and less variable than in TES. The differences TES — GEOSalso everywhere, in particular at high latitudes, where low
Chem vary between-10 to +25 ppbv. But again, as for the influence from lighting is expected. The spatial pattern of
particular case presented previously, the difference betweethe difference between GEOS-Chem and TES suggests that
the GEOS-Chem simulations with and without the lightning the underestimation of several sources and among them the
source shows that the model generally predicts an ozone erstratospheric source could potentially contribute to the un-
hancement due to lightning at the TES locations where re-derestimation of the ozone concentrations in the upper tro-
cent influence from lightning (large filled dots) is expected posphere, as suggested by the analysis of the vertical vari-
according to the analysis of forward trajectories emanatingation of the difference between GEOS-Chem and sondes
from NLDN and LRLDN observations. This suggests that (Sect. 2.5). In the following, we focus on the treatment of
the model captures the spatial pattern of ozone enhancemettie lightning source in global models (here GEOS-Chem) us-
due to lightning. Cooper et al. (2007) based on IONS cam-ing information from TES ozone, NLDN and LRLDN data.
paign and model simulations find a very similar ozone en-More particularly, we test whether improving the lightning
hancement pattern due to lightning for summer 2006 (sedlistribution and increasing the N@roduction by lightning
their Figs. 2c and 3c). This also further confirms the sig-in the model would reduce the discrepancy between TES and
nature of convection and lightning events in the TES dataGEOS-Chem.

indicating that TES data can be used to investigate lightning

emissions over the US in conjunction with the GEOS-Chem

model.
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Fig. 7. Comparison between TES ozone and GEOS-Chem ozone at 300 hPa in terms of correlation (left), mean bias (middle), centered
pattern RMS difference (right) for 6 different regions and the Snoligh+noanth, Snoligh, Sbase, SNigak$, SEOS-Chem simulations

(see text for definition of these simulations). The red symbols are for the 60-90 W longitude band, black symbols are for the 120-90 W
longitude band. Triangles are for the 40-50 N latitude band, diamonds for the 30—40 N latitude band, plus for the 25—-30 N latitude band.
Distinction is made between these different regions because TES a priori varies. The different regions are presented in Fig. 1.

Spatial Matching Frequencies between observed (NLON and LRLDN) 6 regions (see Fig. 1). This ensures that the variability in
of I and simtljloted Iighltning in Jluly 2006I "] the TES data .IS from TES rather than from the TES a priori.
[ ] We also consider only the data for which the DOF between
o8r 500 hPA-tropopause is equal or larger than 1 to ensure that
w [ TES has sensitivity.
L 06y
?,, [ 3.2.1 Sensitivity studies to the lightning distribution
& 04T ] over the United States
0'2:_ ] In Spase the lightning activity in the model is scaled to
ool . . . . . ] OTDI/LIS climatology on a regional and monthly basis to re-
0 5 10 15 20 25 30 alistically distribute the 6 Tg N/yr of NO produced by light-
Days ning over the globe and throughout the year. This means

that the lightning is uniformly scaled over the United States,
Fig. 8. Frequencies of spatial matching between the observedyyt the relative distribution of lightning intensities within the
(NLDN and LRLDN) and simulated dallyllghtnlng dIS'[I’IbU.'[IO.nS iN United States still relies on Price and Rind (1992) and the
July 2006 (black line). Expected frequenciestandard deviations convection simulated by GEOS4. However, as demonstrated
due to rant_jomness (blue line). NLDN and LRLDN were averagedb Boccinbio (2002). th terizati fPri d Rind
over the grid box of the GEOS-Chem model. y Boccippio ( ). the parame erl_za lon o . ”.C.e an . n
(1992) cannot fully represent the regional variability of light-
ning activity. In addition, several studies pointed out that
o ) . . o GEOS4 meteorological dataset has some biases, in partic-
3.2 Sensitivity studlgs to the lightning distributions ular, cloud top height (Hudman et al., 2007). As a result,
and NOx production per flash the correlation between daily lightning activity values in the
SpaseSimulation and observed by NLDN and LRLDN ranges
In this section, we perform two sensitivity studies, one to theonly between 0.3 and 0.5 over the US (not shown). There-
lightning distribution and the other one to the value of the fore we test whether imposing the distribution of lightning
NOy production per flash in the GEOS-Chem model. We intensities according to observations can explain part of the
compare TES and GEOS-Chem in terms of correlation, bi-discrepancy between model and observations. In the sim-
ases and centered pattern RMS difference. We have split thelation Sy pn, lightning flashes in GEOS-Chem are scaled
data into 6 regions defined by 3 latitude bands and 2 lon-on a daily basis to the NLDN and LRLDN observations for
gitude bands because the TES a priori is different in theseeach particular grid box where lightning is simulated in the
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GEOS-Chem model (see Sect. 2.2). We observe that the coter agreement between the GEOS-ChenyXl€@d and mea-
relation between TES and GEOS-Chem ozone changes onlsurements from the ICARTT campaign. In our case, the bias
slightly in the Sy pn Simulation compared topgse (Fig. 7). between GEOS-Chem and TES is reduced by about 40%,
This suggests that even though the model does not reprodude now ranges betweer-18 to —6 ppbv, compared to be-
the relative lightning intensities observed by NLDN, this tween—22 ppbv to—12 ppbv previously (Fig. 7). This is
cannot account for the difference between TES and GEOSstill larger than the bias between sondes and TES at this level
Chem. Furthermore, we see that the correlation betweenf —5 ppbv (see Fig. 3). This simulation is also compared
TES and GEOS-Chem is only slightly sensitive to the pres-to IONS ozonesondes. The difference between IONS and
ence of NQ from lightning (Sioligh). This leads to look at GEOS-Chem decreases by 10 ppbv when the production per
the correlation between TES and the simulation without sur-flash is doubled. However, the correlation between the TES
faces sources (ganth as well as the simulationgigh+noanth and GEOS-Chem field does not improve. A closer look at
for which lightning and anthropogenic sources over Northscatter plots of TES vs. GEOS-Chem (not shown) indicates
America have been turned off. We see that the correlatiorthat the ozone in the model is scaled up everywhere. As a
is only slightly sensitive to the absence of N@®om light- result, the model now slightly overestimates the low ozone
ning (Swligh) or from surfaces sourcesdsanty. But when  values not influenced by recent lightning emissions. Indeed,
these 2 sources are omittechg@nhnoanth, i€. 0zone pre-  with the increased NQproduction/Flash, lightning occur-
cursors do not emanate from convective grid box, the modeting in midlatitudes in Europe and Asia increase the ozone
fails capturing the ozone variability exhibited by TES. As background in the upper troposphere in the US.

seen in Fig. 7, only one of these sources is necessary to re- |t js important to note that we use the vertical distribu-
produce most of the observed variability, as they both havejon of NO, produced by lightning given by Pickering et
the same spatial distribution, linked to the spatial distributiona|, (1998). More recently, Ott et al. (2010) used a 3-D cloud
of the convective activity. Figure 8 presents the frequenciesscale chemical transport model that includes a parameter-
of spatial matching between observed and simulated dailyzed source of lightning N@source based on observed flash
lightning distributions for each day of July 2006. We follow rates to simulate six midlatitudes and subtropical thunder-
Price and Rind (1992) to calculate the frequencies of spatiaktorms. This study suggests that our model using Pickering
matching. The gridboxes having a non-null daily lightning et al. (1998) may place too much N@ear the surface and
activity are assigned the value 1 and the gridboxes havingipper troposphere and too little in the middle troposphere at
a null daily lightning activity are assigned a value of 0. If mjd-latitudes. Ott et al. (2010) calculates the impact on the
both observations and calculations have a value of 1 or Otropospheric ozone at the g|0ba| scale using the GMI (G|0ba|
they match spatially. Otherwise, if the values are different, Modeling Initiative) model and show that it leads to a de-
they are not spatially in agreement. The expected frequencrease of the ozone in the upper troposphere up to 10 ppbv.
cies+ standard deviations due to randomness are also calCufhjs indicates that implementing the new profiles would lead
lated according to Price and Rind (1992). The total numbertg an additional small negative bias for ozone in the upper-
of matching gridboxes varies approximately between 65%most troposphere in the model. Thus, it would indicate that
and 90%. This number is more than one standard deviatiofhe lightning NQ production/Flash found in our work may
larger than what would be expected under complete randompe ynderestimated.
ness. This suggests that the spatial pattern of the convective
activity occurrence over the USA in July 2006 is correctly re-
produced by the model on a daily basis. This is likely due to
the fact that GEOS-Chem runs with assimilated meteorology4 Conclusions

To conclude, the model’s ability to reproduce the location
of the ozone enhancements seen by TES is due to the fact thslYe find ozone enhanced layers downwind of lightning
this model reproduces the pattern of the occurrence of conflashes in TES data over the United States in summer 2006
vective events and their associated lightning on a daily basisising lightning observations from NLDN and LRLDN as
during the summer of 2006, even though it does not well rep-well as the HYSPLIT model. The global chemistry trans-
resent the relative distribution of lightning flash intensities. port model GEOS-Chem with lightning activity calculated

with the Price and Rind (1992) parameterization, scaled to
3.2.2 Sensitivity studies to the NQ@ production per flash OTD/LIS climatology, and with a production of 260 mol
NO/Flash captures the ozone enhancements seen by TES.

We investigate the sensitivity of our results to the light- A sensitivity study performed with this model confirms the
ning NG production/Flash. We use a production of 520 influence of the N lightning emissions on these enhance-
molecules of NO/Flash very close to the one found by De-ments. However, we find that the model generally under-
Caria et al. (2005) (460 mol/Flash) and the mean value foundestimates these ozone enhancements and the differences be-
by Ott et al. (2010). This updated value was also usedween TES and GEOS-Chem are larger than the TES obser-
by Hudman et al. (2007) (500 mol/Flash), who found bet- vational errors.
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We tested whether this discrepancy between TES angbaigns focused on understanding the influence of convection
model could be due to a deficiency of the lightning param-and lightning on the chemistry of the upper troposphere over
eterization. Two sensitivities studies, one to the distributionthe United States, such as the Deep Convective Clouds and
of the lightning source and the other one to the strength ofChemistry experiment (DC3) planned for the summer 2012.
the source, have been performed. We find that imposing thén this framework, TES ozone profiles could be used to con-
NLDN lightning distribution in the model on a daily basis strain model calculations in conjunction with additional data
does not change the location of the ozone enhancements frooollected during the campaign, particularly N@nd OH
lightning in the model, and only slightly changes the magni- concentrations in the upper troposphere which affect ozone
tude of these enhancements as more lightning are observgatoduction and lifetime. This campaign will also involve dif-
in 2006 in NLDN than in OTD/LIS climatology. We show ferent chemistry transport models, including global and re-
that the model’s ability to reproduce the location of the en-gional models, which could help better understand limita-
hancements is due to the fact that this model reproduces thigons of the models, as indicated by our findings, in terms of
pattern of the occurrence of the convective events on a dailgreatment of the stratosphere, convection, and model resolu-
basis during the summer of 2006, even though it does notion and their impacts on the interpretation of the data. In
well represent the relative distribution of lightning flash in- particular, given that the IONS sondes reveal stratospheric
tensities. influences are important (Thompson et al., 2007a, b, 2008;

We tested whether increasing the NO production per flashvorks et al., 2009) when upper tropospheric ozone is elevated
would reduce the discrepancy between TES and the GEOSsver the summertime US, the treatment of the stratospheric
Chem model. For this test, we used the value of 520 NOozone flux in global models merits further investigation.
mol/Flash, for lightning occurring in midlatitudes, that bet-

ter agrees with the values proposed by the recent studies qcknowledgementsThis work was performed at the Jet Propulsion

DeCaria et al. (2005) and Ott et al. (2010). At 300hPa, | aporatory, California Institute of Technology, under a contract

the mean bias between TES and the original GEOS-Chenyith the National Aeronautics and Space Administration. We thank

is between—22 and—12 ppbv depending the latitude band. Rynda Hudman at Harvard University for helpful discussions. We

With the increased NO/Flash production, the bias is now be-used the v0.1 gridded OTD/LIS satellite lightning data produced

tween—18 and—6 ppbv. This is still larger than the bias by the NASA LIS/OTD Science Team (Principal Investigator,

between sondes and TES at this level-¢&& ppbv. How- Hugh J. Christian, NASA/Marshall Space Flight Center) and

ever, this improvement should be considered with caution@vailable from the Global Hydrology Resource Center (GHRC)

Indeed, the ozone in the GEOS-Chem simulations is biase ;:2”(’3 ?)nrre%trgcsif%;a\jaaifgll\;wfnilSgnudsea(:ct:i?/e’\c:ll_grl:ldagigtlr_it?ul_tzcli\l by

B s e . Wt o 0 0 NOA A s Laoray
- i ) o ARL) for the provision of the HYSPLIT transport and dispersion

Iatltud_e, sugge_stmg the st_ratosph_erlc contribution to tr_o_po-mode| fittp:/Awww.arl.noaa.gov/ready/hysplit. himl

spheric ozone is underestimated in the model. In addition,

although the bias between TES and GEOS-Chem decreasesiited by: T. Wagner

in the simulation with the increased NO/Flash, the correla-

tion improves only very slightly. One explanation for this is

that GEOS-Chem now overestimates the ozone baCkgroun&eferences

as compared to TES. Other factors that could be impacting

the.b.las {fmd .Correlathn.s between TES and GEOS-Chem arlgeer, R., Glavich, T. A., and Rider, D. M.: Tropospheric emission

de‘f'c'?m'es 'n. the efficiency of the. ConveCt'V,e t.ranSport of spectrometer for the Earth Observing System’s Aura satellite,

pO”UtIOI’] (FO”(IHS et al., 2006), or in the emissions of the Appl. Optics, 40, 2356—2367, 2001.

ozone precursors at the surface in the model. For the lattegeer, R.: TES on the Aura mission: Scientific objectives, mea-

it is important to note that NOsurface sources from NEI99  surements, and analysis overview, IEEE T. Geosci. Remote, 44,

and soil emissions had not been updated from the more re- 1102-1105, 2006.

cent estimates (Hudman et al., 2007; Jaegle et al., 2005) iBoccippio, D. J., Cummins, K. L., Christian, H. J., et al.. Combined

the present study. However, this update would likely lead satellite- and surface-based estimation of the intracloud-cloud-

to less ozone production. It is also important to note that if to-ground lightning ratio over the continental United States,

we used the vertical distribution of lightning N®f Ott et Mon. Weather Rev., 129, 108-122, 2001. N

al. (2010) instead of Pickering et al. (1998), the bias betweerF’OCC'pp'o’ D. J.: Lightning Scaling Relations Revisited, Atmos.

TES and GEOS-Chem ozone would increase in the uppeéosvrr]r\]/ggn'l’(‘r’%vloii;zt?g’ 2((:)02D. Kulawik S. S. Worden. J

trOpPSphere' . . Sarkissian, E., Osterman, G., Steck, T., Lou, M., Eldering, A.,
Since TES data provide direct measurements of ozone ghephard, M., Worden, H., Lampel, M., Clough, S., Brown, P.,

enhanced layers from lightning, they constitute a valuable Rinsland, C., Gunson, M., and Beer, R.: Tropospheric Emis-
dataset for characterizing ozone production from lightning sion Spectrometer: Retrieval Method and Error Analysis, IEEE
NOy emissions. TES can provide a unique capability to cam- T. Geosci. Remote, 44, 1297-1307, 2006.

www.atmos-chem-phys.net/10/107/2010/ Atmos. Chem. Phys., 1011672010


http://ghrc.msfc.nasa.gov
http://www.arl.noaa.gov/ready/hysplit4.html

118

L. Jourdain et al.: Lightning NOemissions over the USA investigated using TES

Brunner, D., Staehelin, J., and Jeker, D.: Large-Scale Nitrogen K.: Testing convective parameterizations with tropical mea-

Oxide Plumes in the Tropopause Region and Implications for

Ozone, Science, 182, 1305-1309, 1998.

Brunner, D., Staehelin, J., Jeker, D., Wernli, H., and Schumman,

surements of HNg, CO, H,O, and @Q: Implications for
the water vapor budget, J. Geophys. Res., 111, D23304,
doi:10.1029/2006JD007325, 2006.

U.: Nitrogen oxides and ozone in the tropopause region of theGrogan, M. J.: Report on the 2002—-2003 US NLDN system-wide
Northern Hemisphere : Measurements from commercial aircraft upgrade, Vaisala Thunderstorm, Tuscon, Ariz., 2004.
in 1995/1996 and 1997, J. Geophys. Res., 106, 27673—-2769%lorowitz, L., Walters, S., Mauzerall, D., Emmons, L., Rasch,

2001.

Christian, H. J., Blakeslee, R. J., Boccippio, D. J., Boeck, W. L.,
Buechler, D. E., Driscoll, K. T., Goodman, S. J., Hall, J. M.,
Koshak, W. J., Mach, D. M., and Stewart, M. F.: Global fre-

guency and distribution of lightning as observed from space by

P., Granier, C., Tie, X., Lamarque, J.-F., Schultz, M., Tyn-

dall, G., Orlando, J., and Brasseur, G.: A global simulation of

tropospheric ozone and related tracers: Description and eval-
uation of MOZART, version 2, J. Geophys. Res., 108, 4784,

doi:10.1029/2002JD002853, 2003.

the Optical Transient Detector, J. Geophys. Res., 108, 4005Hudman, R. C., Jacob, D. J., Turquety, S., Leibensperger, E. M.,

doi:10.1029/2002JD002347, 2003.

Cooper, O. R., Stohl, A., Trainer, M., Thompson, A. M., Witte,
J. C., Oltmans, S. J., Morris, G., Pickering, K. E., Crawford,
J. H., Chen, G., Cohen, R. C., Bertram, T. H., Wooldridge, P.,
Perring, A., Brune, W. H., Merrill, J., Moody, J. L., Tarasick,
D., Nécklec, P., Forbes, G., Newchurch, M. J., Schmidlin, F. J.,

Murray, L. T., Wu, S., Gillland, A. B., Avery, M., Bertram, T.
H., Brune, W., Cohen, R. C., Dibb, J. E., Flocke, F. M., Fried, A.,
Holloway, J., Neuman, J. A., Orville, R., Perring, A., Ren, X.,
Sachse, G. W, Singh, H. B., Swanson, A., and Wooldridge, P. J.:
Surface and lightning sources of nitrogen oxides over the United
States: Magnitudes, chemical evolution, and outflow, J. Geo-

Johnson, B. J., Turquety, S., Baughcum, S. L., Ren, X., Fehsen- phys. Res., 112, D12S05, doi:10.1029/2006JD007912, 2007.
feld, F. C., Meagher, J. F., Spichtinger, N., Brown, C. C., McK- Huntrieser, H., Schumann, U., Schlager, Haller, H., Giez, A,

een, S. A., McDermid, I. S., and Leblanc, T.: Large upper tropo-

Betz, H.-D., Brunner, D., Forster, C., Pinto Jr., O., and Calheiros,

spheric 0zone enhancements above mid-latitude North America R.: Lightning activity in Brazilian thunderstorms during TROC-

during summer: In situ evidence from the IONS and MOZAIC

CINOX: implications for NG production, Atmos. Chem. Phys.,

ozone measurement network, J. Geophys. Res., 111, D24S05, 8, 921-953, 2008,

doi:10.1029/2006JD007306, 2006.

http://www.atmos-chem-phys.net/8/921/2008/

Cooper, O. R., Trainer, M., Thompson, A. M., Oltmans, S. J., Tara-Jaegé, L., Jacob, D. J., Wang, Y., Weinheimer, A. J., Ridley, B.

sick, D. W., Witte, J. C., Stohl, A., Eckhardt, S., Lelieveld, J.,

Newchurch, M. J., Johnson, B. J., Portmann, R. W., Kalnajs, L.,

Dubey, M. K., Leblanc, T., McDermid, I. S., Forbes, G., Wolfe,
D., Carey-Smith, T., Morris, G. A., Lefer, B., Rappeiagk, B.,

A., Campos, T. L., Sasche, G. W., and Hagen, D. E.: Sources
and chemistry of NQ in the upper troposphere over the United
Stated, Geosphys. Res. Lett., 25, 1705-1708, 1998.

Jaegg, L., Steinberger, L., Martin, R. V., and Chance, K.: Global

Joseph, E., Schmidlin, F., Ravishankara, A., Meagher, J., Fehsen- partitioning of NQ, sources using satellite observations: Relative

feld, F. C., Keating, T. J., Van Curen, R. A., and Minschwaner,
K.: Evidence for a recurring eastern North American upper tro-

roles of fossil fuel combustion, biomass burning and soil emis-
sions, Faraday Discuss., 130, 407—423, 2005.

pospheric ozone maximum during summer, J. Geophys. Res.Jeker, D. P., Pfister, L., Thompson, A. M., Brunner, D., Boccipio,

112, D23306, doi:10.1029/2007JD008910, 2007.

Crawford, J., Davis, D., Olson, J., Chen, G, Liu, S., Fuelberg, H.,
Hannan, J., Kondo, Y., Anderson, B., Gregory, G., Sachse, G.,

Talbot, R., Viggiano, A., Heikes, B., Snow, J., Singh, H., and

D. J., Pickering, K. E., Wernli, H., Kondoa, Y., and Staehelin, J.:

Measurements of nitrogen oxides at the tropopause: Attribution
to convection and correlation with lightning, J. Geophys. Res.,
105, 3679-3700, 2000.

Blake, D.: Evolution and chemical consequences of lightning- Jourdain, L., Worden, H. M., Worden, J. R., Bowman, K., Li, Q., El-

produced NQ observed in the North Atlantic upper troposphere,
J. Geophys. Res., 105, 19795-19809, 2000.

DeCaria, A. J., Pickering, K. E., Stenchikov, G. L., Scala, J. R,,
Stith, J. L., Dye, J. E., Ridley, B. A., and Laroche, P.: A cloud-
scale model study of lightning-generated N an individual

dering, A., Kulawik, S. S., Osterman, G., Boersma, K. F., Fisher,
B., Rinsland, C. P., Beer, R., and Gunson, M.: Tropospheric ver-
tical distribution of tropical Atlantic ozone observed by TES dur-
ing the northern African biomass burning season, Geophys. Res.
Lett., 34, L04810, doi:10.1029/2006GL028284, 2007.

thunderstorm during STERAO-A, J. Geophys. Res., 105, 11601-Li, D. and Shine, K. P.: A 4-Dimensionnal Ozone Climatology for

11616, 2000.

UGAMP Models, UGAMP Internal Report N 35, 1995.

DeCaria, A. J., Pickering, K. E., Stenchikov, G. L., and Ott, Li, Q., Jacob, D. J., Park, R., Wang, Y., Heald, C. L., Hudman, R.,

L. E.: Lightning-generated N and its impact on tropo-

Yantosca, R. M., Martin, R. V., and Evans, M.: North American

spheric ozone production: A three-dimensional modeling study pollution outflow and the trapping of convectively lifted pollu-
of a Stratosphere-Troposphere Experiment: Radiation, Aerosols tion by upper-level anticyclone, J. Geophys. Res., 110, D10301,
and Ozone (STERAO-A) thunderstorm, J. Geophys. Res., 110, doi:10.1029/2004JD005039, 2005.

D14303, doi:10.1029/2004JD005556, 2005.

Draxler, R. R. and Rolph, G. D.: HYSPLIT (Hybrid Single-Particle
Lagrangian Integrated Trajectory) model. Web addrelsp:
IlIwww.arl.noaa.gov/ready/hysplitd.htmNOAA Air Resources
Laboratory, Silver Spring, MD, 2003.

Liu, S. C,, Yu, H., Wang, Y., Davis, D. D., Kondo, Y., Anderson,

B. E., Sachse, G. W.,, Gregory, G. L., Ridley, B., Fuelburg, H. E.,
Thompson, A. M., and Singh, H. B.: Sources of reactive nitrogen
in the upper troposphere during SONEX, Geophys. Res. Lett.,
26, 2441-2444,1999.

Folkins, I., Bernath, P., Boone, C., Donner, L. J., Eldering, Martin, R. V., Sioris, C. E., Chance, K., Ryerson, T. B., Bertram,

A., Lesins, G., Martin, R. V., Sinnhuber, B.-M., and Walker,

Atmos. Chem. Phys., 10, 10749 2010

T. H., Wooldridge, P. J., Cohen, R. C., Neuman, J. A., Swanson,

www.atmos-chem-phys.net/10/107/2010/


http://www.arl.noaa.gov/ready/hysplit4.html
http://www.arl.noaa.gov/ready/hysplit4.html
http://www.atmos-chem-phys.net/8/921/2008/

L. Jourdain et al.: Lightning NQemissions over the USA investigated using TES 119

A., and Flocke, F. M.: Evaluation of space-based constraints onSauvage, B., Martin, R. V., van Donkelaar, A., Liu, X., Chance,
global nitrogen oxide emissions with regional aircraft measure- K., Jaegé, L., Palmer, P. I., Wu, S., and Fu, T.-M.: Remote
ments over and downwind of eastern North America, J. Geophys. sensed and in situ constraints on processes affecting tropical tro-
Res., 111, D15308, doi:10.1029/2005JD006680, 2006. pospheric ozone, Atmos. Chem. Phys., 7, 815-838, 2007,

McLinden, C. A, Olsen, S. C., Hannegan, B., Wild, O., Prather, M.  http://www.atmos-chem-phys.net/7/815/2Q07/

J., and Sundet, J.: Stratospheric ozone in 3-D models: A simpleSchumann, U. and Huntrieser, H.: The global lightning-induced ni-
chemistry and the cross-tropopause flux, J. Geophys. Res., 105, trogen oxides source, Atmos. Chem. Phys., 7, 3823-3907, 2007,
14653-14666, 2000. http://www.atmos-chem-phys.net/7/3823/2007/

Nassar, R., Logan, J. A., Worden, H. M., Megretskaia, I. A., Bow- Stith, J., Dye, J., Ridley, B., Laroche, P., Defer, E., Baumann, K.,
man, K. W., Osterman, G. B., Thompson, A. M., Tarasick, D.,  Hubler, G., Zerr, R., and Venticinque, M.: NO signatures from
Austin, S., Claude, H., Dubey, M., Hocking, W., Johnson, B., lightning flashes, J. Geophys. Res., 104, 16081-16089, 1999.
Joseph, E., Merrill, J. T., Morris, G., Newchurch, M. J., Oltmans, Thompson, A. M., Pickering, K. E., Dickerson, R. R., Ellis, W. G.,
S., Posny, F., Schmidlin, F.,0rmel, H., Whiteman, D., and Witte, Jacob, D. J., Scala, J. R., Tao, W. K., McNamara, D. P., and
J.: Validation of Tropospheric Emission Spectrometer (TES) Simpson, J.: Convective Transport over the central United States
Nadir Ozone Profiles Using Ozonesonde Measurements, J. Geo- and its role in regional CO and ozone budgets, J. Geophys. Res.,
phys. Res., 113, D15S17, doi:10.1029/2007JD008819, 2008. 99, 18703-18711, 1994.

Osterman, G. B., Kulawik, S. S., Worden, H. M., Richards, N. A. Thompson, A. M., Sparling, L. C., Kondo, Y., Anderson, B. E.,
D., Fisher, B. M., Eldering, A., Shephard, M. W., Froidevaux, Gregory, G. L., and Sachse, G. W.: Perspectives on NO, NOy
L., Labow, G., Luo, M., Herman, R. L., Bowman, K. W., and and fine aerosol sources and variability during SONEX, Geo-
Thompson, A. M.: Validation of Tropospheric Emission Spec-  phys. Res. Lett., 26, 3073-3076, 1999.
trometer (TES) Measurements of the Total, Stratospheric andThompson, A. M., Stone, J. B., Witte, J. C., et al.: Intercontinen-
Tropospheric Column Abundance of Ozone, J. Geophys. Res., tal Chemical Transport Experiment Ozonesonde Network Study
113, D15S16, doi:10.1029/2007JD008801, 2008. (IONS) 2004: 1. Summertime upper troposphere/lower strato-

Ott, L. E., Pickering, K. E., Stenchikov, G. L., DeCaria, A. J., Lin, sphere ozone over northeastern North America, J. Geophys. Res.,
R.-F., Wang, D., Lang, S., and Tao, W.-K.: Production of light- 112, D12S12, doi:10.1029/2006JD007441, 2007a.
ning NOy and its vertical distribution calculated from 3-D cloud- Thompson, A. M., Stone, J. B., Witte, J. C., et al.: Intercontinen-
scale transport model simulations, J. Geophys. Res., in press, tal Chemical Transport Experiment Ozonesonde Network Study
2010. (IONS) 2004: 2. Tropospheric ozone budgets and variability over

Park, M., Randel, W. J., Kinnison, D. E., Garcia, R. R., northeastern North America, J. Geophys. Res., 112, D12S13,
and Choi, W.: Seasonal variation of methane, water vapor, doi:10.1029/2006JD007670, 2007b.
and nitrogen oxides near the tropopause: Satellite observaThompson, A. M., Yorks, J. E., Miller, S. K., Witte, J.
tions and model simulations, J. Geophys. Res., 109, D03302, C., Dougherty, K. M., Morris, G. A., Baumgardner, D.,
doi:10.1029/2003JD003706, 2004. Ladino, L., and Rappenigtk, B.: Tropospheric ozone sources

Parrington, M., Jones, D. B. A., Bowman, K. W., Horowitz, L. W., and wave activity over Mexico City and Houston during
Thompson, A. M., Tarasick, D., and Witte, J. C.: Constraining MILAGRO/Intercontinental Transport Experiment (INTEX-B)
the Summertime Tropospheric Ozone Distribution over North  Ozonesonde Network Study, 2006 (IONS-06), Atmos. Chem.
America through Assimilation of Observations from the Tropo-  Phys., 8, 5113-5125, 2008,
spheric Emission Spectrometer, J. Geophys. Res., 113, D18307, http://www.atmos-chem-phys.net/8/5113/2008/
doi:10.1029/2007JD009341, 2008. Wang, Y., Logan, J. A., and Jacob, D. J.: Global simulation of tro-

Pickering, K. E., Wang, Y., Tao, W.-K., Price, C., andilér, J.- pospheric O3-N@-hydrocarbon chemistry 2. Model evaluation
F.: Vertical distributions of lightning N@for use in regional and and global ozone budget, J. Geophys. Res. 103, 10727-10755,
global chemical transport models, J. Geophys. Res., 103, 31203— 1998.

31216, doi:10.1029/98JD02651, 1998. Worden, J., Kulawik, S. S., Shephard, M. W., Clough, S. A,

Price, C. and Rind, D.: A simple lightning parameterization for ~ Worden, H., Bowman, K., and Goldman, A.: Predicted er-
calculating global lightning distributions, J. Geophys. Res., 97, rors of tropospheric emission spectrometer nadir retrievals from
9919-9933, 1992. spectral window selection, J. Geophys. Res., 109, D09308,

Richards, N. A. D., Osterman, G. B., Browell, E. V., Hair, J. W,, do0i:10.1029/2004JD004522, 2004.

Avery, M., and Li, Q.: Validation of Tropospheric Emission Worden, H. M., Logan, J. A., Worden, J. R., Beer, R., Bowman,
Spectrometer ozone profiles with aircraft observations duringthe K., Clough, S. A., Eldering, A., Fisher, B. M., Gunson, M. R.,
Intercontinental Chemical Transport Experiment-B, J. Geophys. Herman, R. L., Kulawik, S. S., Lampel, M. C., Luo, M., Megret-
Res., 113, D16S29, doi:10.1029/2007JD008815, 2008. skaia, I. A., Osterman, G. B., and Shephard, M. W.: Comparisons

Ridley, B. A., Walega, J. G., Dye, J. E., and Grahek, F. E.: Distri-  of Tropospheric Emission Spectrometer (TES) ozone profiles to
butions of NO, NQ, NOy, and G to 12 km altitude during the ozonesondes: Methods and initial results, J. Geophys. Res., 112,
summer monsoon season over New Mexico, J. Geophys. Res., D03309, doi:10.1029/2006JD007258, 2007.
99(D12), 25519-25534, d0i:10.1029/94JD02210, 1994. Yorks, J. E., Thompson, A. M., Joseph, E., and Miller, S. K.: The

Rodgers, C. D.: Inverse Methods for Atmospheric Sounding: The- variability of free tropospheric ozone budgets over Beltsville,
ory and Practise, Singapore: World Scientific, Series on Atmo- Maryland (39N, 77 W) in the summers 2004-2007, Atmos. En-
spheric, Oceanic and planetary physics, 2, 1-11, 2000. viron., 43, 1827-1838, 2009.

www.atmos-chem-phys.net/10/107/2010/ Atmos. Chem. Phys., 1011672010


http://www.atmos-chem-phys.net/7/815/2007/
http://www.atmos-chem-phys.net/7/3823/2007/
http://www.atmos-chem-phys.net/8/5113/2008/

