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Abstract. Tropospheric N@ column retrievals from the lation methods, from cloud-free and cloud-covered obser-
Global Ozone Monitoring Experiment (GOME) satellite vations, and from two different lightning parameterizations.
spectrometer are used to quantify the source strength andccounting for a wide variety of random and possible sys-
3-D distribution of lightning produced nitrogen oxides tematic errors, we estimate the global N@roduction from
(NOx=NO+NQ,). A sharp increase of Nis observed at lightning to be in the range 1.1-6.4 Tg N in 1997.

convective cloud tops with increasing cloud top height, con-
sistent with a power-law behaviour with powet8. Con-
vective production of clouds with the same cloud height are;
found to produce N@with a ratio 1.6/1 for continents com-

pared to oceans. This relation between cloud properties angightning produces substantial amounts of atmospheric ntro-
NO: is used to construct a 10:30 local time global lightning gen oxides (NQ=NO+NO,), key species that control the for-
NO2 prOdUCtion map for 1997. An extensive statistical com- mation of tropospheric ozone (e@rutzen 1970 and influ-
parison is conducted to investigate the Capablllty of the TMgence the Oxidising Capacity of the troposphere (ba‘ip.rador
chemistry transport model to reproduce observed patterns aft al, 20043. However, recent estimates of the annual global
lightning NG, in time and space. This comparison uses thejightning NO, production range from 0.9 to 13.2 TgN, and
averaging kernel to relate modelled profiles of N@ ob-  the reported uncertainties of individual estimates have com-
served NQ columns. It exploits a masking scheme to min- parable magnitudes (see Table 1 for an overview). The
imise the interference of other N@ources on the observed ozone budget in the upper troposphere (UT) is strongly influ-
total columns. Simulations are performed with two I|ghtn|ng enced by NQ and reliable estimates of the giobai ||ghtn|ng_
parameterizations, one relating convective preciptation (Chyroduced NQ (hereafter LNQ) budget are important for
SCheme) to I|ghtn|ng flash diStributionS, and the other relatingaccurate knowiedge of ozone in the UT where it is an ef-
the fifth power of the cloud top height (H5 scheme) to light- ficient greenhouse gas. Appropriate quantification of the
ning distributions. The satellite-retrieved M@elds show | NO, budget is also important for estimating the lifetime
Significant correlations with the simulated |Ightnlng contri- of |0ng_|ived greenhouse gases such as methane, whose life-
bution to the NQ concentrations for both parameterizations. time is determined by the OH concentration. Furthermore,
Over tropical continents modelled lightning MGhows re-  the current level of uncertainty in LNOs hampering quan-
markable quantitative agreement with observations. Over th@]tative assessments of N(Ioncentrations resulting from
oceans however, the two model lightning parameterizationsmissions by other sources such as industry and transport,
overestimate the retrieved N@ttributed to lightning. Possi-  piomass burning, soils and aircra@Iivier et al, 2007).

ble explanations for these overestimations are discussed. The \ost estimates of the annual LN®udget published so
ratio between satellite-retrieved NM@nd modelled lightning  far (Table 1) have modelled LNOin a “bottom-up” way.
NO; is used to rescale the original modelled lightning,;NO  Bottom-up methods generally count the number of lightning
production. Eight estimates of the lightning N@roduc-  flashes and make assumptions on lightning characteristics
tion in 1997 are obtained from spatial and temporal corre-_ |ike NO, production efficiency per flash, energy ratio of
cloud-to-ground (CG) to intra-cloud (IC) flashes — with only
Correspondence tK. F. Boersma limited observational constraints (e §esbitt et al. 200Q
(boersma@knmi.nl) Price et al. 19973 to estimate the total LNQproduction.

Introduction
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Table 1. Overview of recently published estimates of global annual lightning N@duction.P denotes the estimated production of LNO
inTgNyr—1.

Study P Range Method

Levy et al.(1996 4.0 3.0-5.0 Top-down from aircraft NQpbservations
Ridley et al.(1996 na.  2.0-5.0 Extrapolation of New Mexico storm production
Price et al(19973 12.2 5.0-20.0 Bottom-up from ISCCP cloud climatology
Price et al(1997h 13.2 5.0-25.0 Constraints from atmospheric electricity
Wang et al(1999 na  25-83 Bottom-up from laboratory measurements
Huntrieser et al(1998 40 0.3-22.0 Extrapolation of LINOX storm production
Nesbitt et al(2000 na. 0.9-88 Bottom-up from OTD flash climatology
Huntrieser et al(2002 3.0 1.0-20.0 Extrapolation of EULINOX storm production
Allen and Pickering2002 n.a. 1.7-12.2 Bottom-up from validated model flash rates
Beirle et al.(2004 2.8 0.8-14.0 Top-down from satellite observations over Australia

Until recently there was lack of space observations and funtions. We focus on situations downwind of storm systems
damental difficulties exist in extrapolating local in-sitiegy over areas relatively free from pollution to avoid (1) diffi-
et al, 1996 or regional Beirle et al, 2004 observations to  culties related to large contributions from urban and biomass
the global scale. Satellite measurements have the potentiddurning NG, emissions, (2) complexities related to the ra-
to solve this issue since global tropospheric columns 0f NO diative transport and profile shape dependency over thunder-
from GOME have become available (elgeue et al. 200%; storm situationsHlild et al,, 2002, and partly also to avoid
Richter and Burrows2002 Martin et al, 2002 Boersma  (3) difficulties in extrapolating the 10:30 local time measure-
et al, 2009. Measurements by GOME are sensitive to trac- ments to values representative for the whole day. Because
ers residing in the middle and upper troposphere such gs NOof the large data set available we arrive at significant results
from lightning. However, the LNQcontribution to the total ~ despite the small signal to noise ratio.
observed column is at most 10%, which severely complicates This paper is organised as follows: Sezidescribes the
the discrimination of the lightning contribution from other GOME tropospheric N@observations, and Se&gives ob-
tropospheric sources, the stratospheric background, and theervational evidence that GOME detects strongly enhanced
measurement noise. LNO2 in situations where high clouds are present. Séct.
Several examples of enhanced N@ear thunderstorm describes a statistical method for the comparison of modelled

complexes have been reported based on the GOME observhNO2 and observed patterns of (lightning) bi€olumns, the
tions (e.gChoi et al, 2009. Beirle et al (2004 found agood ~ WaY to correct for interfering NOfrom other sources, and
correlation between monthly mean satellite measurements df followed by a discussion of the results. Sécshows an-
tropospheric N@ columns and monthly mean lightning flash nual mean modelled and _GOME—denved Li@istributions.
distributions measured by the Lightning Image Sensor (LIS)'” Sect.6, we use the ratio betwgen modelled and observed
over AustraliaHild et al. (2002 demonstrated that GOME is -NO2 to provide a top-down estimate of the global LNO
sensitive to LNQ deposited in a thunderstorm cloud. Apart _producﬂon in 1997, and discuss the various sources of error
from information on trace gases, GOME spectra also contaifl 0ur method.

information on cloud fraction and cloud top altitude which

is crucial for the LNQ study. In this paper we will extend . .
the individual observations by presenting a statistical study2 GOME tropospheric NO observations

of NOx enhancements at high clouds, based on the FRESC% this study we use tropospheric N@olumns determined

cloud retrieval schemekpelemeijer et a].2003). with the retrieval-assimilation-modelling approach as devel-
Furthermore, we reverse in this work the often usedoped during the European Union GOA project. The re-
“bottom-up” approach to determine the annual LN@o- trieval is based on a set of slant column densities retrieved
duction by imposing constraints on distributions of modelled by the University of Heidelberg/fagner et al.1999 Wenig
lightning NO, (herafter LNQ) in the tropics by satellite ob- et al, 2004. These columns are assimilated with the TM3
servations.Levy et al.(1996 compared tropospheric NO chemistry-transport model. The analysed stratospherig NO
simulations with aircraft measurements of LNOver var-  model field obtained in this way is consistent with both the
ious isolated regions in the world. While their comparisons GOME observations and analysed stratospheric dynamics
were necessarily based on a limited number of aircraft flights from the European Centre for Medium-Range Weather Fore-
we present an extensive statistical study of LN@ased on  casts (ECMWF) used to drive the model. A tropospheric air
a full year (1997) of contiguous tropical GOME observa- mass factor is used to convert the tropospheric slant column

Atmos. Chem. Phys., 5, 2312331, 2005 www.atmos-chem-phys.org/acp/5/2311/
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density (total slant column — assimilated “stratospheric” slant
column) into a tropospheric vertical column density. Ra-
diative transfer modelling for air mass factor calculation ac- 200/ ) No.oote = || o
counts for viewing geometry, cloud coverage and cloud top 3
pressure, surface albedo and a priori Nrofile shapes
modelled with TM3 for the GOME pixel position and time. 400y
Cloud information is retrieved from the FRESCO algorithm
(Koelemeijer et a].2007) that uses the strength of the absorp-
tion in the @—A band (758-778 nm) to estimate an effective
cloud top height. The effective cloud top altitude is a measure
for how far light penetrated into the atmosphere. Because of 4yl
penetration of the light into the cloud this effective altitude
typically corresponds to a level below the physical cloud top.

Cloud fraction Cloud fraction
00 02 04 06 08 1.0 00 02 04 06 08 1.0
— e

400+

600 - 600

Pressure (hPa)
Pressure (hPa)

800

The “continuum” reflectance level around the-@A band 10%00—0‘0‘ TRy TR RS 100%—0 L

is used to determine the cloud fraction. More details on the NO, subcolumn (x 10* molec. cm?) " Averaging Kemel
tropospheric N@ retrieval can be found iBoersma et al.

(2004). Fig. 1. Example of a GOME pixel with a low cloud over the At-

There are four important features that make these retrieval@ntic Ocean West of Angola (14.68, 2.7 E) on 5 January 1997.
The left panel shows the predicted TM3 N@opospheric profile

especially suitable .for the LI tudy: (1) The Cor.reCtlon and FRESCO cloud parameters. The right panel shows the corre-

for the stratospheric background is performed with an as- . .
L . .~ sponding averaging kernel.

similation approach that explicitly accounts for zonal vari-

ability in the stratospheric N©Ocolumn caused by strato-

spheric dynamics, (2) A detailed error propagation is carried oL
out for each individual retrievaBoersma et al2004). This shows good quantitative agreement of yearly-mean values

fully accounts for all error sources in the retrieval method alrlld dSpgﬂT,l\AFéa;EmS (;ver Europe tfro;n meafsurg;j and”mod-
(i.e., errors in the slant column fitting, in estimating strato- elled ( ) surface concentrations 0 biQas we
spheric NQ, and errors in cloud and albedo information), as between modelled and retrieved (SCIAMACHY) columns

(3) The averaging kernel (AK)Eskes and Boersma2003 of NO,. These SCIAMACHY columns have been retrieved

that is associated with every individual retrieval is part of the With the same approach as used in this work. _

data product. The AK allows model-predicted profiles to be _Alrcraft measurements and cloud-resolved modelling have
compared directly to satellite retrieved columns by removingShown that a large fraction of the LNGs deposited in the

the comparison’s dependence on the a priori assumed profile'T and upper part of clouds (e.Bidley et al, 1994 Pick-
shape. The averaging kernels also allow a meaningful model€fing et al, 1998. Figure 1 inEskes and Boersm@003
GOME comparison in cases of full or partial cloud cover. (4) shows that even for scenes completely free of clouds the sen-
Explicit information of cloud fraction and cloud top altitude Sitivity to UT NOz is only slightly below typical stratospheric

is retrieved based on the FRESCO algorithiodlemeijer ~ Sensitivities. The situation for cloudy scenes is more com-
etal, 200J). plex as clouds can both increase and decrease the capability

of GOME to detect a tropospheric NGignal. Clouds be-
low a NO, layer increase the effective albedo of the scene,
thereby increasing the detected slant column. On the other

Up till now, there is little independent NOprofile data
available to validate the tropospheric column retrievals.

Also, nitrogen oxides in the boundary layer have a large )
spatial and temporal variability. A comparison with in situ and, high clouds may (partly) screen the N€lumn be-

aircraft observations reported bjartin et al.(2004 shows ~ 10W: thereby decreasing the signal. The larger the cloud frac-
that, on average, uncollocated in situ aircraft measurementidon the stronger the effects described above. Figuie
of tropospheric N@ are consistent with GOME retrievals as lustrates the effects for a scenario in terms of cloud height,

described byartin et al.(2002. An extensive set of surface Ccloud fraction, the Tracer Model 3 (TM®entener et al.
NO, measurements is available on a routine basis from oper2003 predicted vertical N@ profile shape, and the corre-

ational networks in Europe and America. However, in orderSponding a\(eraging kerne¢kes and Boersmao03. The
to relate these surface concentrations to the retrieved columf'© Panels in Figl serve as an example of a scene with an
abundances, additional information is needed on the vertica‘i‘fﬁecnve cloud top altitude of=750hPa and a cloud frac-

distribution of NG.. A recent study by Blond et al. (2005) tion of 0.25. T_he surff_ice albedo was 0._05, solar zenith angle
5.8, and viewing zenith angle 26.or this scene. The right

1Blond. N., Boersma, K. F., Eskes, H. J., van der A, R., Van panel shows the high sensitivity of GO_ME for N@bove
Roozendael, M., De Smedt, |., Bergametti, G., and Vautard, R.:the cloud. Note that N@may be present just above 750 hPa,

Intercomparison of SCIAMACHY nitrogen dioxide observations,
in-situ measurements and air quality modeling results over Westeriicurope, J. Geophys. Res., submitted, 2005.

www.atmos-chem-phys.org/acp/5/2311/ Atmos. Chem. Phys., 5, 23812005
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Tropospheric NO, column Fig. 3. Schematic illustration of photons sampling the upper part

of a cloud (left) and how this process is modelled in FRESCO and
Fig. 2. Average tropospheric Nfcolumn retrieval error as a func- - NO, air mass factor calculations (right).
tion of column value (both in ¥ molec. cnT?2). Average calcu-
lated for the month of January 1997 for pixels in the 865 N
region.

of the storm dimension — or cloud top H, i.e. higher
clouds are expected to have strong increases in lightning
activity. Ushio et al.(200]) also found an exponential in-
crease in satellite-observed lightning intensity as a function
of satellite-observed cloud height.

while NO, below the cloud top is effectively invisible for
GOME.

The uncertainties for individual GOME measurements ) ) ) )
(Boersma et a).2004 in the Southern Hemisphere trop- Figure 3 schematically describes the retrieval approach
ics are shown in Fig2. For retrieved columns with small When clouds are present: the left part shows how photons
values, the uncertainty is dominated by the combined erroS@MPple the upper parts of the cloud before they are scattered

from the spectral fitting and from the stratospheric columnPack, and the right part shows the simplified representation
estimate. For columns exceeding 905 molec. cnt?2 of cloud scattering in our cloud scheme. In the FRESCO

the uncertainty grows due to increasing errors related tg-/oud retrieval, a cloud is approximated as a Lambertian re-
cloud fraction, albedo and profile shape. In this study flecting surface with an albedo of 0.8 and the effective cloud

95% of the encountered columns are between values ofoP height corresponds to the height the surface needs to be
—0.7x10% molec. cnt? and +1.0<10% molec.cnt? and  lifted in aradiative transfer model to best match the measured
corresponding retrieval errors for individual GOME pixels depj[h of the @—A band. This e;ffegﬂve cloud top helgh't IS
are in the [0.3-0.6} 1015 molec. cnt? range. The retrieval depicted as the lowest dotted line in the left panel of Big.

procedure subtracts an estimated stratospheric slant columh'€ Same Lambertian reflector model is used in the radiative
from an observed total slant column, and hence occasionallyf@nsfer calculations for the NOetrievals.

small, negative tropospheric columns may occur, consistent In situations of high clouds with strong lightning activity,
with the error bars on the total and stratospheric column es2 large fraction of the LNQends up in the top and anviR(-

timate. Both positive and negative values should be used irfiley etal, 1996 of the cloud where GOME has an enhanced
the analysis to avoid biases. sensitivity to LNQ,. A radiative-transfer study bMild et al.

(2002 shows that even in the case of thick clouds GOME is

able to detect NQpresent several kilometers below the cloud
3 Detection of LNO, top, consistent with our own calculations. One source of er-

ror in the cloud height is the fact that the FRESCO cloud top
In this section we investigate the dependence of LNéb- height is retrieved from photons with wavelengths near 758—
duction on cloud height, based on the cloud properties and 78 nm, and may be different from the penetration depth (ef-
NO, columns retrieved from the GOME observations. High fective cloud top height) of photons with wavelengths near
clouds are known to be related to enhanced lightning activ440nm used in the Nretrieval procedure. Nevertheless,
ity and enhanced NQproduction. Price and Rind(1992) we expect that this error is small as cloud particles have scat-
argue that the lightning activity is correlated with cloud tering characteristics that hardly depend on wavelength in the
top height, since both are largely determined by the up-Visible part of the spectrum.
draft intensity. For a range of simultaneous lightning and For our study of the dependence of observedN&@umns
cloud top height observations, they derived a relationshipon cloud height for cloudy scenes, we used GOME observa-
where lightning activity is proportional to the fifth power tions over tropical oceans and continents in the 365 N

Atmos. Chem. Phys., 5, 2312331, 2005 www.atmos-chem-phys.org/acp/5/2311/
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area. This area is characterised by strong lightning activity 1997 Tropical Ocean
and the influence of other sources of N@ee Sec#) is rel- 0.8 ‘ ‘ ‘ ‘
atively small compared to the industrialized Northern Hemi- I
sphere. We consider the subset of GOME observations where L
the reflectance of the cloud-covered part of the scene exceeds 0.6
75% of the total measured reflectance. Ghost column diffi- <

culties occur in situations when clouds screen the lower part’:53

of the atmosphere and the retrieved total column comes tode8 0.4
pend heavily on the assumptions on the lower, unseen pargy’ I
To avoid these difficulties, the “above-cloud” part of the NO <
column is retrieved by discarding the model predicted ghost 0.2
column in the air mass factoM,=N,/N,) calculation, with I
the corrected vertical columi, defined as:

o

Gradient: 4.6 o]
R: 0.98

N

Log(NO, column)

_d A b D

6 18 20 22 24 26
log(Cloud height)

OO a 4 + ——l |
N =w- (N, — N, +(1—w)-N,, 1 0 2 4 6 8 10 12
v (No = Noghosd + (1= w) - Ny @ Cloud height (km)

with N, the total predicted vertical column (thatis normally | 1997‘ TrOP'C?I Cont‘lnent
used in air mass factor calculation8), gnostthe ghost col- e 0 Gradient: 5.1 |
umn from the surface up to the effective cloud height, and e R: 0.92 1
w the cloud reflectance fraction. Note that the satellite thus 6-— g -2 ? ]
measures the integral of N@oncentrations from the cloud R e = i
top to the tropopause. All tropospheric above-cloudoNO g r 3? ab X * 1
columns were stored in 5hPa cloud top pressure bins. Thez I 5 1

o 0-4_' 16 1.8 20 22 24 26 o N

annual mean tropospheric N@olumn was calculated only
if there were more than 15 measurements in a bin.

The upper panel of Figd shows the annual mean tro-
pospheric N@ columns for convective events over trop- L
ical oceans as a function of cloud top height and the 3
lower panel shows the same for tropical continents. Trop- [  \ e AT
ical oceans/continents are defined as the three tropical 0 2 4 6 8 10 12
ocean/continent regions shown in Fif) The insets in both Cloud height (km)
panels show a log-log plot of the same curve for cloud top
pressures below 440 hPa (above circa 6.5 km). Clouds with
tops below 6.5km are assumed not to produce substantidfig. 4. The 1997-average of GOME observed near and above cloud
amounts of lightning. The increase relative to a background©P NOz column (unit 16> molecules cmi?) as a function of the
— resulting from other sources of NG- is consistent with clogd top height retrieved from GOME data with thg FRESCO al-
a power law (see insets). The background is defined as th?onthm. The red curves represent the power-law fits. The dashed

. . . ines estimate the background due to otheryNOurces. The bot-
fixed, non-lightning integral of N@iram the cloud top to the tom solid lines represent the standard deviations of the mean NO

top of the troposphere. The background is determined frorT1:olumn per cloud-top pressure bin of 5hPa. The top panel shows

all cloudy-sky situations in 1997 with cloud tops lower than e cioud top dependency for tropical oceans, and the lower panel
6.5km. The solid line is a fit of the formi+B HC with for tropical continents.

H the cloud top heightA, B free coefficients and a power

C=4.6 for tropical oceans, ar@=>5.1 for tropical continents.

This power however is quite sensitive to assumptions about Often, the optical thickness of clouds is proportional to
the (height-dependence of the) background, or coeffiddent their geometrical thicknesd-€igelson 1984. Also, there
From fits with different choices oA we arrive at a conser- may be transitions from mixed phase (supercooled droplets
vative error estimate o of 42 for both tropical oceans andice) clouds to ice-only clouds at thé0°C level, so mul-
and continentsUshio et al, 2001). The dependence of the tiple scattering effects may change with cloud height. How-
observed N@on cloud height is surprisingly consistent with ever,Hild et al. (2002 found that the air mass factor is hardly
the power-law parameterization of L@ CTMs (Priceand  dependent on the cloud particle densities typical for thunder-
Rind, 1992. However, the power-law relation that we found storm clouds. We observe a continuous and large increase
is one of many functions that may fit the increase of ;NO of tropospheric N@ for clouds higher than 6.5km. It is un-
with cloud height well, and this result should not be inter- likely that this observed increase would be the result of a
preted as a validation of of the power-law parameterizationstrong change in cloud properties with altitude.

of Price and Rind1992.

~ .
o log(Cloud height)
z

www.atmos-chem-phys.org/acp/5/2311/ Atmos. Chem. Phys., 5, 23812005
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Deriving quantitative N@ estimates from the observed
cloud height dependence is difficult. The visible light de-
tected by GOME samples only part of the cloud and the col-
umn above the cloud, as shown in F&). Quantitative es-
timates of the N@ column depend on assumed LN@ro-
files inside the cloud and cloud anvil, and on details of the
light paths in the inhomogeneous cloud cover inside the large
GOME footprint of 40<320 kn?. Moreover, a meaningful
guantitative estimate of the NQoroduction requires scal-
ing of the 10:30 h local time observed production to values
representative for 24-h averages. Also the large footprint of
GOME of 320x40 kn? as compared to typical sizes of con-
vective cloud complexes complicates the interpretation of the

—120

60 O X ; X
o 0.10 R 020 025 results. Nevertheless, the rapid increase in observegfdiO

high clouds strongly suggests that GOME is indeed capable
Fig. 5. The 1997 average of 10:30 h lightning-produced above andof detecting LNQ production.
near cloud top N@ columns as derived from GOME. Produced
columns in 18°molec. cnr2,

4 Statistical comparison of observed N@ and modelled
The results in Fig4 allow us to derive a ratio of LNQ LNO»
production efficiencies of clouds over land and sea respec-

tlvelly. F'?“”Q the power I""',IW coefficienC to 4'9,_ a Apart from investigating above-cloud NCcolumns as a
choice which is allowed within the error bars —we find that ,tion of cloud height, additional information on the NO
the prsoducuon |n2terms of lightning NOcolumn (ger:lsny from lightning may be obtained from a comparison of mod-
(x10'°molec. cnr?) over continents equals 4.2 °H™",  g|led LNO, and observed N@columns. We compare space
and over oceans 2.8 °H"". On average, we find that 5,4 time-dependent patterns of observecsM@h modelled
clouds of equal_he|ght produce (4.75/2.98=) 1.6 times MO’ NO, downwind of thunderstorms. First, the model and
LNO over continents than over oceans at 10:30 h local im&;gining parameterizations are introduced. Then, the com-
(the overpass time of GOME). This ratio is not sensitive {0 5 ison method is explained, followed by an introduction on

details of our calculation (choice of background or differ- 5 ¢orrection for the influence of NGrom other sources. The
ence between exponents), butis a direct measurement resulte .ion concludes with the results of the comparison and an
The size of the increase observed over high clouds is qu't‘?nterpretation of the results.

similar in absolute amount. For comparison, in TM3 a 24-h
average ratio of 10evy et al, 1996 is used, whereas for in- ) ) o
stanceMichalon et al(1999 derive a 24 h-average ratio of 5. 41  TM3 model and lightning parameterizations
Mesoscale convective systems over continents have a distinct
minimum in convective activity at approximately 10:30 h and The TM3 model, driven by 6-hourly meteorological anal-
a strong maximum in the late afternoon whereas the diurnayses of the European Centre for Medium-Range Weather
cycle over the oceans is much weakBlegbitt and Zipser  Forecasts (ECMWF), is a 3-D global chemistry-transport
2002. Hence a ratio of 1.6 is most likely at the lower end of model that evaluates the N(roduction by lightning and
the 24-h cycle of convective intensity ratios. subsequent transport, chemical conversion, and the removal
The relation between cloud top height and LN@oduc- ~ ©f NO2 from the atmosphere. The model simulations are
tion allows us to produce a map of the global distribution Performed with a spatial resolution of 1442 grid cells
of the 1997 average LNOproduction at 10:30 h. Applica- (2.5°x2.5°) and 310 hybrid-pressure levels from the surface
tion of the LNG, production parameterizations over conti- UP to 10hPa. Recently the performance of TM3 was evalu-
nents (4.75.0-6H49) and over oceans (2.98-°H49) to ated by comparing model simulations with aircraft observa-
all available FRESCO cloud height’ data in 1997 results tions from various aircraft campaignM¢ijer et al, 200Q
in Fig. 5. The most striking feature in Fig is the large  Brunner et al.2003 2009.
average production of LN©over tropical oceans relative to TM3 has two parameterizations available for the calcula-
the small production over tropical continents. The observedion of lightning flashes and subsequent Nfdoduction, one
patterns in Fig5 are representative for a 10:30 h local time based on convective precipitatioMéijer et al, 2001) (CP)
snapshot of convective activity: little convective activity and and one based on a power-law (H5) parameterizattoicé¢
hence little lightning over continents is opposed to consider-and Rind 1992. Both schemes are described in more detail
able activity over the tropical oceans. below.
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4.1.1 Convective precipitation scheme and temporal distribution of the lightning flashes, all other
specifications are identical to those in the CP scheme. An

The CP scheme is motivated by the observed good correimportant deviation from the “standard” H5 scheme is that

lation between convective precipitation and the number ofthe distribution of flashes for marine cloudsg*’3) is re-

lightning flashesNleijer et al, 2001) over summertime Cen- placed by the distribution of flashes for continental convec-

tral Europe. Analysis of the National Lightning Detection tive clouds (H*°) scaled with 0.1, a factor that suppos-

Network (NLDN) data of the United States IBrunner and  edly corrects for weaker convection over seéavy et al,

Van Velthoven(1999 also indicates a linear relationship of 1996. For 1997, the total nitrogen lightning emissions is

lightning with convective precipitation. Moreover the CP 6.4 TgNyr 1, of which 86% between 3 and 30 N.

scheme showed good results between modellegd dd@cen-

trations and aircraft observations for situations downwind of4.2 Comparison method

thunderstormsN]eijer et al, 2001). To account for differ-

ences in convective regimes between continents and ocea

the CP scheme follows the recommendationLieyy et al.

r@nalysed meteorological fields represent a reconstruction of
the actual meteorological state based on observations. The

(1996 that deep convection over oceans is 10 times less effillghtning schemes are driven by cloud parameters taken from
cient in generating lightning than deep moist convection overtn® ECMWF analyses, which enables TM3 to approximately

continents, due to much weaker vertical velocities in tropicalPSition the LNQ production at the actual locations and
clouds over oceans than over continents. The fraction of cGimes of convective activity. Modelled LNOprofiles are

to the total number of flashes (CG+intra-cloud (IC)) is deter- Simulated by taking the difference of two TM3 model runs,
mined by a 4th order polynomial fit of the thickness of the ON€ run with the lightning parameterization included, and
(ECMWF) cloud above T as proposed bprice and Rind ~ °"€ run_W|_th lightning excluded. LN_pproflles are mter_-
(1993. CG strokes are assumed to be 10 times more eneolated in time and space to the location of the GOME pixel.
getic than IC strokes followingrice et al(19973, although

a number of recent analyses point toward CG and IC flashe

being nearly equally energetiGéllardo and Coorayl996 | order to compare modelled NQwith the GOME tro-
DeCaria et a|.200Q Fehr et al.2004. The production effi-  yospheric column observations we compute a modelled
ciency of NG by lightning is set by constraining the global GOME-equivalent tropospheric colunin y o, based on the

annual LNQ to 5 Tg N for the reference year 1998, a number 44l LNQy profile x v 0, and the averaging kernd:
recommended byee et al.(1997 and commonly applied

in CTM studies. Due to meteorological variations, the netXLnvo, = A - XLN0,- (2)

production of NQ from lightning may be slightly different = o 54yantage of a comparison through the kernel is that
from 5TgN in other years, as the scale factor of the refer'the comparison is now independent of the a priori profile

ence year (1998) remaﬁns constant. For the year 1997, th?hape chosen in the retrievaiskes and Boersm2003
total emission by lightning amounts to 5.65TgN, of which ,, that cloud-covered pixels can be compared more real-

91% occurs between 3G and 30N. The lightning NQis  igtically. The contributions to the (forward model parameter)
d|str|_buted vgrtlca_lly following lightning NQp_roflle shapes error in the comparison now only originate from errors in
obtained byPickering et al(199§. These profiles are scaled e gjant column and representativeness errors in the altitude-

to cloud top heights in TM3 with the following specifica- dependent air mass factor (@eersma et al2004).
tions: (1) all IC NG, and 70% of CG NQis placed between

T=-15°C and cloud top, (2) 10% of CG NQs placed be- 4.2.2 Masking NQ source areas

tween the Earth’s surface and ¥25°C, and (3) 20% of CG

NOy is placed in the boundary layer. Subsequently, the light-Note that, contrary to the modelled pure lightning Nedl-
ning NG, within a model layer is distributed proportional to umn, the observed column comprises contributions of LNO

é.z.l Averaging kernels

the mass of each layer. but also from contributions by biomass burning, urban, and
soil NOy emissions as well as inflow from the stratosphere.
4.1.2 H5scheme Therefore we apply a masking scheme to exclude areas

with known urban and biomass burning emissions. First
The H5 scheme is based on the observed relation between thbe highly industrialised Northern Hemisphere is ruled out,
lightning activity and approximately the fifth power of the leaving the six tropical regions defined in Fig0. These
storm cloud height? (Price and Rind1992. There is ad- regions are subject to additional masking using the DMSP
ditional observational evidence for the validity of applying a Optical Linescan System (OLS) global nighttime lights cli-
fifth power law to cloud top heights frotdshio et al(2007), matology Elvidge et al, 2001) as a proxy for urban N&
with a reported uncertainty at2 on the power 5 number. In  emissions. Monthly-mean ERS-2 Along-Track Scanning Ra-
TM3 maximum altitudes of convective transport are used adiometer (ATSR) fire countsAfino and Melinotte 1999
measure for the storm dimensidh Apart from the spatial serve as a proxy to exclude areas recently exposed to biomass

www.atmos-chem-phys.org/acp/5/2311/ Atmos. Chem. Phys., 5, 23812005
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Table 2. TM3 grid cell acceptance criteria based on OLS nighttime lights climatology. The relative intensity applies to the average (binned)

relative light intensity in a 2.5x2.5° TM3 grid cell.

Relative intensity  Decision

<4% Accept grid cell
4-8% Reject grid cell
8-20% Reject grid cell and 8 surrounding grid cells &
>20% Reject grid cell, 8 surrounding, and 3 adjacent East and West grid celi§ (3

Table 3. TM3 grid cell acceptance criteria based on monthly ATSR fire counts maps. The relative intensity applies to the summed number

of firesina 2.8x2.5°> TM3 grid cell.

No. of fires in month  Decision

0 Accept grid cell
<50 Reject grid cell and 8 surrounding grid cells«@®
50-100 Reject grid cell and 8 surrounding grid cells, and 3 adjacent East and West gridxB)ls (3
>100 Reject grid cell, 8 surrounding, ane 2 adjacent East and West grid cells«®B)
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Fig. 6. GOME observed tropospheric N@s a function of the TM3
modelled LNG (H5) column, for the Australian region defined in

Fig. 10. Shown is a 1997 average for scenes with small cloud frac-

of 6-24 h Beirle et al, 2003, long enough to occasionally
cross distances of the order of 100500 km and flow into our
analysis area. This is the main motivation to mask also adja-
cent grid cells in situations of high fire counts and high rel-
ative light intensity. NQ that is rapidly transported upward
and out of the boundary-layer, for instance by the same deep
convective processes that are associated with lightning NO
production, may live even longer. This potential error source
will be discussed in more detail in Sedt3.2

4.3 Correlation between GOME N@Gnd modelled LNGQ

As an example we present the 1997 annual mean corre-
lation (1997) between GOME observed troposphericoNO
and collocated TM3 LN (H5 scheme) for Australia in

Fig. 6. Only observations with a cloud reflectance fraction
less than 50% have been selected, corresponding to FRESCO
cloud fractions smaller thaw0.15. Modelled and observed

tions. Due to the masking of areas exposed to biomass burning the0lumns are stored on the 2:62.5° TM3 grid. Only grid
winter-spring period is sampled more often. Error bars correspondc€lls with at least three GOME observations were used in the

to the standard deviation of the mean of the observations in a givenalysis. The good correlation coefficient0.82) demon-

bin. The line represents an error-weighted linear fit.

strates that, on average, observed patterns of&®in good
agreement with simulated LN(patterns over Australia. For
all regions we find convincing annual correlations with co-

burning. These maps capture the seasonal variability okfficients ranging from 0.66 to 0.91 (not shown). For CP-

biomass burning patterns.

simulated LNQ we find similar high spatial correlation co-

Application of the criteria to accept or reject grid cells efficients (not shown).

based on OLS and ATSR data is tabulated in TaBlesid

3. Masking based on OLS data effectively excludes large ar4.3.1 Spatial and temporal correlation methods

eas in South America, South Africa, Perth and vicinity, and

Eastern Australia.

In the comparisons between modelled and observed NO

In spite of the masking described above, it cannot be ruledields we focus on the spatial and temporal patterns,
out that NQ produced in urban or biomass burning may still and not on the average NOamounts (background).

affect the comparison. Boundary-layer Bl@as a lifetime

Atmos. Chem. Phys., 5, 2312331, 2005

Modelled and observed lightning N@olumns are generally
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<0.5 13®molec. cnt?, and even a small bias in observed LRSS Ea B B R
NO, may lead to considerable errors in an estimate of the Lar
ratio between observed and modelled NOThis statisti- 1ol
cal pattern-amplitude comparison method is less sensitive to.
possible offsets in either modelled or observed columns.

Correlations in space and time between GOME and models.
are studied independently. The temporal approach compare$ %8|
the time dependence of modelled Lh@nd observed N®
at a given location and consists of a linear least squares re
gression of modelled LN@®and observed total NOfor a
particular grid celli. Taking into account all data for 1997
results in slope; and intercepb; for every individual grid 02p
cell. The regressions also account for errors on the individual | ' ~- -4 N AT
observations. A minimum of at least 5 observations in 1997 0 20 40 60 80 100 00 01 02 03 04 05 06
is required for a grid cell to be included in the comparison. Day of year TM3 NO; column

Subsequently, the 1997 average regional slope is determlnelglg_ 7. An example of the temporal correlation method for a TM3

as a weighted mean of the individual grid cell slopes: modelled LNGQ and GOME observed N&column timeseries from
_ Z?:l S W; 1 Januaryto 1 May 1997, for the model grid cell at 18.858.75 E
St =< 3) (Congo, Africa).
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with w; the inverse of the variance gf.
The comparison in temporal variability between TM3 4.3.2 Correction for other sources
LNO2 and GOME NQ columns is illustrated for a grid cell
in the Congo basin. The left panel of Figshows a time-  The intercept of regressions like the one shown in Bigan
series of TM3 LNQ (triangles) and GOME (squares) MO be interpreted as that part of the M@bservation which has a
columns at 8.75S, 18.75 E for observations with cloud re- pattern orthogonal to the modelled LMOThis background
flectance<50%. The period covers January—April 1997 be- part is attributed mainly to sources other than lightning. The
fore the start of the biomass burning season in the grid cellintercept in Fig.6 (+0.24x 10 molec. cnT?) is small com-
The right panel shows the corresponding correlation and leagpared to the range of values found. Similar small inter-
squares fit of the timeseries with a correlation coefficient ofcept values between0.05 and 0.28 10'° molec. cnt? are
0.78 and a slope of 2.38£14). found for other regions. These results show that our masking
In the spatial correlation method, data of one day is com-scheme is efficient in reducing the influence of other sources,
pared for a complete region, with the regions defined inenhancing the significance of the regressions.
Fig. 10. A plot of all pairs of model LNQ and GOME NQ However, part of the N@distribution resulting from other
values results in a slopg and intercepb, for a given day.  emissions will not be orthogonal to the LN@istributions.
Atleast 5 gridcells with observations are required for a day toThe slopes of the regressions as shown in Figend7 need
be included in the analysis. Subsequently a weighted meato be corrected for contributions from other sources that have
for 1997 is computed based on the individual values for similar patterns as LN® This is done by simulating GOME
observations with TM3 for the same subset of observations,

n
S5 = M, (4) and computing slopes;,, between these simulated observa-
2d=1Wd tions of the total NG column and the simulated LNO In
with wy the inverse of the variance of, andn the number  other words, we compute again slopes following Egsafd
of days for which a slope was computed. (4) but now by comparing TM3 total O, to TM3 lightning

Spatial patterns related to LN@missions may well re- NO». Hence, the slops;,, is representative for the modelled
semble NQ patterns related to other emissions such asratio of <xp+x¢, xp>/<xr, x> where <> denotes the
biomass burning. For instance, slopes inNf@tween land  covariance. This can be written a®4x¢ /x; for the part of
and sea are common to most sources obM©their origins  xo that correlates positively with patternsxf, with x;, the
are concentrated over continents. The temporal correlationssimulated LNQ column andx the simulated contributions
in contrast, are not influenced by such an overlap of emis-of other sources to the total N@olumn. The other sources
sion areas. We expect that temporal patterns for individuainclude soil and biomass burning emissions, as well as inflow
sources are more different because lightning, biomass burmef anthropogenic emissions (including aircraft emissions).
ing and soil NQ emissions all have their own characteristic Subsequently, we account for the influence of other sources
temporal behaviour. As a consequence, the spatial and tenby subtracting the slope correction tersgy 4 —1) froms.
poral correlation approaches can be seen as largely indepen- Slope correctionss(;,, — 1) range from +0.08 to +0.46 for
dent methods to estimate the LN@oncentration. the CP parameterization and from +0.15 to +0.43 for the H5
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Table 4. Slope correctionss(;,,—1) from TM3 LNO, vs. TM3 port an interannual variability in biomass burning emissions
. wXxim . . .

total NO, analyses. These numbers were computed with the temOf @Pproximately 10%. Error estimates for the slope correc-

poral and spatial correlation method for grid cells with cloud-free tions have been obtained by applying a 10% increase and

observations. decrease in biomass burning and 40% increase and decrease
in soil emissions. From these runs, we arrive at uncertainties
CcP H5 in sgim—21 0of 0.02-0.15.
Area Temporal Spatial Temporal Spatial
— 4.4 Mean regional slopes
Pacific Ocean 0.19 0.22 0.33 0.38
iﬁ;:ﬂi?gi‘;? 8'83 8'23 8'5; g'gé Results of statistical regressions can be misleading and are
Africa 0-13 0_3'1 0.i5 0_2'0 easily overmte.rpreted. This is @ main motlvayon to investi-
indian Ocean 0.36 0.35 0.43 041 gate as many inependent estimates as possible. The spread

Australia 0.23 0.46 0.18 0.41 in values found then provides an independent error estimate
and is a check for the robustness of conclusions drawn. In-
dependent analyses have been performed for:

scheme. For cloudy situations we find similar slope correc- — 1n€ subset of cloud-free and cloudy observations.

tions. Table4 summarizes t.he results of the simulation for  _ e temporal and spatial correlation methods.
both the temporal and spatial methods for both schemes for
clear-sky scene situations. Indeed, results from the spatial — The CP and H5 parameterization schemes.
correlation method are influenced by other sources of NO
with similar spatial patterns. This is reflected in, on average,
slope correction terms that exceed the slope correction terms Regional mean slopes and intercepts corrected for the in-
for the temporal method by +0.07. Intercepts are (0.02—fluence of non-lightning N@sources are presented in Fgy.
0.11)x10*>molec.cnT?, giving an estimate of N@from  The upper panel of the figure shows the results for the CP
other sources in TM3 with patterns orthogonal to LNO scheme, and the lower panel for the H5 scheme for both the
Generally, slope corrections are smaller than the slopes frorpatial and temporal method in situations of clear-sky GOME
the GOME-TM3 comparison themselves, providing confi- ohservations. Over the tropical continents mean slopes for
dence in the final resullts. the CP scheme are 0.9 for Africa and 1.4 for Australia,
One source of NQ that interferes with LNQ are soil  clearly higher than over South America (0.6). For the H5
emissions. In TM3 a time-independent climatology of soil scheme mean slopes over tropical continents are all close
emissions is used, that does not take into account that sotb 1.0 for both the spatial and temporal method, indicating
emissions are triggered by precipitation (“pulsinyffenger  a remarkable agreement in modelled LN&nd observed
and Levy 1995. The annual pulsing soil NQemission = NOy. Over tropical oceans both the H5 and CP scheme
budget is estimated to amount to 1.3 Tg N¥(Yienger and  significantly overestimate LNfconcentrations. The error
Levy, 1995, compared to approximately 5 Tg NV from bars on the slopes have been computed as the combined
lightning. Because pulses last for several days, only a fracuncertainty ons,; and ss,,. Here we express the error
tion of the pulsed NQ will be transported to high altitudes variance of the mean regional slopes by adding contribu-
by uplifting in convective systems, and N@oncentration tions from the estimated error in the regression coefficient
patterns from soil pulsing will not fully coincide with LNQ  and from the estimated error in the slope correction term,
patterns. Moreovelduntrieser et al(1998 found that over  i.e.(¢)=02 +02, .
Europe, with high levels of boundary layer NGstill more There is a number of model lightning parameterization as-
than 80% of the NQin large thunderstorms originated from pects that may explain the regional differences in slopes:
lightning. We estimate that boundary layer N©olumns
for summertime Europe are at least 50 times larger than
daily columns from soil (0. 10> molec. cnT?, Beirle et al.
(2004); Jaegt et al.(2004), so we expect the systematic ef-

fect of “pulsing” on UT NG levels to be small. .
P g . % . tinents (e.gMcCollum et al, 2000, and between con-
The uncertainty estimate for the slope correctigp,(—1) tinents and oceans (e.Betersen and Rutledge998
is based on the combined estimates of soil and biomass Allen and Pickering2002

burning emission uncertainties. Soil emissions in TM3 are

— The various tropical regions.

— CP (specific). The CP scheme assumes a constant rain-
fall to lightning flash ratio. However, there are sev-
eral papers reporting on strong regional differences in
rainfall-to-lightning flash ratios between different con-

5.5 Tg N/yr after canopy reductiolYienger and Levy1995 — Both schemes assume that the energy ratio of CG and
with an uncertainty of 40%. TM3 biomass burning emissions IC flashes equals 10. Howevegallardo and Cooray
are 6.9 TgN in 1997, and as a measure of the uncertainty we (1996 suggested that this ratio is more likely to have a
use a number obtained froBDuncan et al(2003 who re- value of approximately 1.0DeCaria et al(2000 and
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Fehr et al.(2004 both suggest that the ratio is closer CP - clear
to 1.0 than to 10. As the (occurence) fraction of IC ;5| |
. . . . . . ntercept (temporal method)
lightning flashes of total lightning is higher over con- gggﬁm tseng1 ié’{%lé‘t‘ﬁé%"d
tinents than over oceans (elurz and Grewg2002), - P 1
a CG:IC energy ratio of approximately 1.0 would ef- Jr

fectively increase slopes over the oceans at the cost ot
slightly smaller slope values over the continents at con-
stant initial LNQ, emissions.

0.5+
— Both schemes also assume that convective intensity Jf +
is 10 times stronger over continents than over ocean. | Jf
Strong overestimations in parameterized marine light- * Jr .

ning flash ratios have been found for the H5-scheme”
by Jourdain and Hauglustain@001) who assumed a L _
similar (5 times) convective intensity ratio. Increas- P T S S T S O S O S S S N
ing the continent divided by ocean convective inten- Racfic  South ~ Afantic  Afica Indian - Australia
sity ratio would effectively reduce the overestimation H5 - clear

in LNO produced over oceans, due to the scaling to; 5|
a fixed global annual LN@production.

Intercept (temporal method)
Gradient temporal method
Gradient spatial method

With respect to this last issue, it is interesting to note that the
observed continent divided by ocean LN@roduction ra- 10
tio presented in SecB has a value of only 1.6 at 10:30h
local time, apparently in contrast with a value exceeding
10 required here. However, convective activity over land iso.5
at a distinct minimum at 10:30 h local time, and the conti- i

%

nent:ocean ratio is expected to be much higher in the after- I Il ' Jf I

noon. For instance, TRMM dat&éhio et al, 2001) could [ | [ |

be used to investigate the diurnal cycle of continent divided | Il + +

by ocean lightning activity. L _
As discussed in SecB, cloudy observations are sensitive e T

to errors in the vertical distribution of NO Nevertheless, Racific  South ~Aflantic  Africa Indian  Australia

they constitute an independent data sample and we may inter-

pret the results from the cloudy analysis as independent from

the clear-sky results. The N@riginating from mostly yes-  Fig. 8. Mean (corrected) slopes and intercepts of the GOME tro-

terday’s lightning will largely reside above (today’s) cloud Pospheric NQ columns as a function of TM3 LN§ for the six

cover, where GOME has a large sensitivity compared toregions shown ip Figl0. GOME observations with small cloud

clear-sky. Boundary layer pollution, on the other hand, will reflectance fractions{0.5) and modelled LN@columns based on

be effectively shielded from view by the presence of clouds;hri S:etljlgrg:rrl](g fgh_egs ggﬁoﬁiﬂzlie?:doﬂasl f:hreer;\;élr?vxl/ie:q{)ap:p
and near-ground contributions to the NE&plumn will influ- ' grey: slop P g - nght grey:

. : .. Slopes for the spatial regression; black: mean intercepts expressed
ence the comparison differently. The study for cloudy grid as fraction of the absolute mean (temporal method). Error bars com-

cells ShOWS similar rgsults for most regions except for Southyine uncertainties of the mean regional slopes and the bias correc-
America and the Indian Ocean (F#§). tion.

For the CP scheme, considerable differences are found
over South America. Cloudy-sky situations give a slope that
is 0.4 smaller than for clear sky. Over the Indian Ocean theobservations have mainly been taken in the rainy sea-
spatial correlation method gives a slope that is 0.5 larger forson and cloud-free observations mainly during the rest of
cloudy than for clear-sky situations, opposed to an insignifi-the year. For all regions apart from South America, the
cant difference for the temporal method. For the H5 schemeaverage difference between clear and cloud covered ob-
cloudy-sky slopes are 0.6 smaller than clear-sky slopes. Oveserved columns is +0.6410'° molec. cnt2. South Amer-
the Indian Ocean the spatial method gives a slope that is 0.fca, however, shows clear-sky columns that are on average
higher than the slope from the temporal method, just as in ther0.15x 10 molec. cnt? larger than cloudy-sky observa-
CP analysis. tions. As correlation coefficients for the clear0.77) and
The higher slopes for clear observations over Southcloudy-sky ¢=0.69) situations are similar, this may indicate
America may be related to the fact that cloud-coveredthat the cloud covered data sample over South America is
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CP - cloud NOy subsequently follow the same transport pathways as UT
151 e (Epora e ] LNO.X, resulting in a similar spatial_ distribution of biom_as_s
Gradient temporal method burning NG and LNG; over the Indian Ocean. These simi-
- Gradient spatial method 1 lar patterns may well explain the enhanced spatial slope rela-
tive to the temporal slope. The temporal method is designed
1.0~ Jf Jf 7] to track variations with time at one given location and hence
| additional NQ increases from other sources are more likely
to result in higher intercepts than in higher slope values. In-
05 % - deed, the temporal scheme features intercepts over the Indian
+ Ocean higher by +0.30 (CP), +0.43 (H5) compared to the
" + 1 spatial method. The fact that there is no significant difference
0.0 Jf | between the two methods for clear-sky situations may there-
' * fore be related to the fact that the cloud-free observations do
L not sample the monsoon (i.e. clouded) transition period.
N .
H5 - cloud 5 Tropical LNO 2 maps
1.5H Intercept (temporal method) . Figure 10 shows the modelled LN©for the CP and H5
e o poral etnod schemes and the GOME observations for 1997, corrected for
I 1 estimated contributions of other sources of NO'his con-
10k + i tribution is taken asp=(ss;» —1.0) - xz+o0 with s, —1.0

the slope correction from Tabk x; the modelled LNGQ
column, andv the intercept. It is important to note that the
maps of Fig10represent the annual mean LM @istribution

% f
0.5 + for clear-sky situations. Note that slopes as discussed above
| {( + | cannot be directly inferred from these plots, since these are
determined from modulations (in space and time) on top of
0.0 + + - the average patterns in Figj0. The purpose of these maps

is mainly to visually compare average modelled and “ob-
served” LNQ patterns.
IIDa(:IificI ISotljt_hI Altlalntklz IAfrlicaI Ilnd;anI Alustlral;a The TM:‘?’ SimUIations ?md measurements are shown for
Ocean America Ocean Ocean clear-sky situations only in 1997. Over the large ocean re-
gions where no masking is applied and many clear-sky ob-
servations are available, the fields represent a yearly average.
Over continents, the fields should not be regarded as annual
means, as grid cells may have been sampled during one sea-
son or for a few occasions only due to masking or few avail-

likely to represent a different lightning regime. Cloud cover able crlloud-free(;)bservations. . h h dval
is highest over South America in the DJF and SON seasons, Both TM3 and GOME N@in Fig. 10show enhanced val-

and these seasons appear to have less,Lpt@duction than ues over the tropical continents. Also the “outflow” patterns
modelled in the MAM and JJA seasonsx off the South American West coast and — in the CP scheme —

The difference between cloud covered results for the tem-for the Eas_te_rn A“"?‘”“C seem to agree reaso_nably. .BUt t_h ere
. : re also distinct differences: TM3 shows higher lightning
poral and spatial methods over the Indian Ocean may wel .
L . . O, values than GOME over most of the oceans, consistent
reflect the enhanced sensitivity of the spatial method for sim-

. . with the low slope values in Fig8. Furthermore it shows
ilar spatial patterns from other NGources. Plumes of tro- ) . . e

. L ) . that the GOME fields exhibit much stronger spatial variabil-
pospheric NQ originating from Africa and Indonesia can de-

velop during the monsoon transition periods over the IndianIty than TM3. This may be related to observational noise

Ocean as described tgunhikrishnan et al(2004. These and the mcom_plete removal _of contributions of other NO
: . . . sources affecting the comparison.

plumes are associated with enhanced mid-tropospheric NO

concentrations originating from mainly biomass burning in

Africa and Indonesia. Especially in so-called monsoon tran-6  Global LNOy production in 1997

sition periods such as April-May, and September—October,

NOy from continental surface sources is transported to then Sect. 4 we have shown that observed GOME;N@l-

MT and UT by deep convection. The continental MT and UT ues correlate well with model predicted patterns of y\NO

Fig. 9. As Fig. 8, but now for GOME observations with cloud re-
flectance fractions-0.5.
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Fig. 10. Average (1997) lightning N@column as modelled with the CP scheme (top panel), modelled with the H5 scheme (middle panel),
and observed by GOME (bottom panel) as a function on longitude and latitude. Columr$ mdiéc. cnt 2.

produced by lightning. The Southern Hemisphere tropicalre-6.1 Approach
gions used in our study contain a considerable fraction of the

total global LNG, source, namely about 35-50%. Therefore ) )
we can use the GOME/model slopes to derive a top-downThe ratio between observed and modelled atmospheric quan-

index number for a regionj€1 for the Pacific Ocean;=2

for South America and so on). Hence, the annual KNO
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Table 5. Results from 8 methods to estimate the global L\\®oduction. The column headed “World” includes the random error estimate.
The column headed “Total error” combines the random and systematic contributions to the error estimate.

Scheme  Method Observationtype  World  Total error ° 885 N

CP Temporal Clear sky 320.8 1.4 1.10.2
CP Spatial Clear sky 240.7 1.2 1.80.2
CP Temporal Cloudy sky 2480.9 1.2 0.20.2
CP Spatial Cloudy sky 2:80.8 1.3 1.30.2
H5 Temporal Clear sky 4:60.8 1.8 1.6:0.1
H5 Spatial Clear sky 450.8 1.8 1.%#0.1
H5 Temporal Cloudy sky 3015 2.0 1.6:0.1
H5 Spatial Cloudy sky 4€1.2 1.8 1.40.1
Average: 3.50.9 1.6 1.1

production P is estimated by rescaling the modelled pro- world. The basic assumption is that we may use the mean
duction Pr as follows: continental and ocean slopes derived from thé 38 N

Zj s;%7a area fors7 — s10.
S — 5) .
" a ( In the CP scheme, more than 50% of the LN®@oduction

Z,:l Xjaj . T
takes place outside 4&-5 N, and these emissions can only

with x; the mean simulated LNfcolumn, andz; the total  be rescaled indirectly. For these areas we assume for oceans

P = Pr

surface of ared. 57, 59=0.93 and for continentsg, s10=0.21, corresponding
o to the mean continent and ocean slopes determined in the
6.2 LNO production in the 40S-5 N area 40° S-5 N regions for the CP scheme. The values for

ands; outside the tropical areas have been derived from the
same model runs as used to determine the slopes within the
analysis area. Usingy andsg in 5° N-30° N, we find that
0tpe LNO production there is rescaled from 2.5t0 1.7 TgN
In 1997. Outside of the tropics, LN(production is rescaled

throughsg, s10 from 0.5 to 0.4, a relatively small reduction

transport between the regions 1 to 6 is considerable, makin . . ; .
I ) . . s the relative area of continents is larger than in the South-
it difficult to estimate the production per region. Furthermore : LT
) . - ern Hemisphere. In effect, the global LN@roduction is
we also assume that chemistry can be approximated to be lin:

ear in the TM3 difference run. rescaled from 5.7 10 3:2TgN.

For the CP scheme, 2.7 Tg N is produced in the&63 N In the H5 scheme, more than 60% of the LiN@roduc-
area. This production is rescaled directly with the slopes pretion takes place outside 48-5 N. Using s7, s¢=0.19 and
sented in Fig8. Using slopes from the temporal correlation sg, s10=1.03, we find a LNQ reduction outside 405-5 N
method for clear-sky observations, this approach rescales thigom 4.2 Tg N to 3.6 Tg N. Thus, the global LN®udget for
modelled 2.7 Tg N LNQ production to 1.1 Tg N. For the H5 1997 for the H5 scheme is rescaled from a model value of
scheme, 2.2 Tg N is produced in the’4-5 N area and this 6.4 to (1.0+3.6=) 4.6 Tg N. The difference with the 3.2 TgN
is rescaled with the slopes obtained with the temporal correderived for the CP-scheme is largely due to extrapolation as-
lation method for clear-sky situations to 1.0 Tg N. This num- sumptions, as the rescaled values within the28 N area
ber is very close to the rescaled value of 1.1 Tg N obtained forare only 0.1 Tg N apart.
the CP-scheme, even though the original CP and H5 L NO

Application of Eq. 6) with j=1,...,6 allows for a direct
rescaling of the modelled productidty over the 40 S-5 N
area. The slopes to sg are directly deduced from Fig8.
and9. We assume that the annual average net transport
LNO; into the 40 S—-5 N area is negligible. Note that LNO

production differed by (2.7-2.2=) 0.5 TgN. In this work 8 methods, of which 4 are independent, to
determine slopes; have been applied. Tabfesummarizes
6.3 Global LNG production the estimates for the global LNOproduction based on the

results from the 8 experiments. The arithmetic mean of the
An estimate of the annual global LNOproduction Pg 8 experiments is 3.5 Tg N, and individual results range from
requires important assumptions on the observation/mode2.3—4.6 TgN. The H5 results are on average systematically
slopes outside the 4G-5 N area. We arrive at an esti- higher by about 1.5 Tg N than the CP results. This is mainly
mate from Eg. %) for j=1,...,10, wheresy (continent) and  a consequence of the determination of the budget outside the
sg (ocean) are the estimated slopes for tA&l530° N area,  40° S—5 N analysis area as all methods give very similar re-
andsg (continent) andjg (ocean) the same for the rest of the sults within the analysis area.
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6.3.1 Random errors 6.3.2 Systematic errors

The errors ins; are estimated from combining the errors as- One approach in estimating the systematic erratgn(Bp;)
sociated with the statistical comparison and the errors in thés to assume that the errors in the slopgare correlated. In
slope correction term. The uncertainty dp is thus deter-  such an approach, errors in the GOME observations and in
mined by GOME observation errors, model pattern errorsthe GOME-model comparison are interpreted as biases. A
(i.e. meteorology) and by errors in the modelled strength offirst order estimate of the deviation from the true value for

other NG, sources. Pc may then be obtained as follows:
Random errors inP; have been determined from errors
. C : 10 -
in the individual slopes;. As explained above, the slopes Prxjn;
R i : - Bp; = ——— | o;,. @)
of the individual regressions contain uncertainties that ac- = Z}le_jnj /

count for both the spread of points around the straight line fit,

and GOME retrieval errors. Subsequently the uncertainty-For Bp, we find values between 1.0 Tg N (CP, clear sky, spa-
weighted mean of these individual regressions for region tial method) and 2.3 Tg N (H5, cloudy sky, temporal method)
is determined (e.g. averaging over grid cells for the tempo-with an average oBp,=1.4 Tg N.

ral method). In the 40S-5 N area, these correspond to the  Apart from this approach, there may be important system-
uncertainties reported in Fig8.and9. These slope errors atic errors related to (1) the GOME observations, to (2) the
are typically between 0.1 and 0.2. In theN6-30° N area,  model, and to (3) the regressions. Each of these types of er-
we assume that the standard deviation from the mean (oceamrs is discussed below.

continent) derived for regions 1 to 6 is a reasonable estimate

for the uncertainty in; andsg since this area is still charac- 6.3.3 GOME errors

terised as “tropical”. These uncertainties are on average 0.3.

For the extratropical slopes ands1o, we conservatively es- Not all systematic errors in GOME observations introduce
timate the uncertainty to be 1.0. A measure of the randon£Tors in the slopes in Tabk If the observed columns suf-

error in the overall global productiofi; can be determined fer from a constant bias, this will result in an increase (de-
with two methods: crease) of the offset;, and not translate in a systematically

erroneous; value. Only if a bias scales with the reported
— The random error (or standard deviation) in a single es-column values; will be in error. Thus, as GOME columns
timate of the global LNQ production can be obtained are inversely proportional to the air mass factor, systematic
if we assume that errors in the slopes are uncorrelatedoverestimations in the AMF are expected to lead to under-
The error variance{e%c) is calculated from the error estimated slopes. However, most of the LN® deposited
propagation of uncertainties in the regional slopgs inthe upper troposphere where GOME has a high sensitivity

(with n; the number of grid cells used per argeas: and AMF errors are generally small. Systematic AMF errors
are to be identified and eliminated, which is beyond the scope

Ug _ (6123 ) of this paper.
¢ ¢ 5 There may also be difficulties in accurately observing pat-
0 prxion; terns of NQ because there may be stratospheric patterns

— Z ) T ) 42 (6) . . S
10 - sj° which are not modelled well in the assimilation part of the
j=1 > j=1Xj N

retrieval approach. However, since the results in Tdble
for cloud-free and cloud-covered scenes are consistent, this

If\SeTunlgertalntleqpﬁ for the 8 estlmalttes "’:fel '8 ':'heNOZ'_ strengthens our confidence in the GOME retrievals and both
-~ 1gIN range V,V't ' an average value ot LU IgN. 1a- AppE and assimilation errors are likely small.
ble 5 quotes the individual uncertainty estimatesP.

The random error for the estimate of the LNfroduc- 6.3.4 TM3 errors
tion within the 40 S—5 N area is on the order of 10%—
20% only. In our method to rescale modelled regional LiN@roduc-
) ] tions, we need to be especially suspicious of the model’s ca-
— We can use the spread in values of the 8 experiments asapility to accurately reproduce spatial and temporal patterns
_est|mate of the error on the mean. The data set presentegk LNO,. Systematic model errors are not easy to quantify,
in TableS has a standard deviation of 0.9 TgN. and we have chosen a practical approach to assess the possi-

These two independent ways of estimating the random erple impact on our production estimates. The following gives

ror produce a very similar result. The value for the statistical 2" OVETVIEW of possible systematic model errors:

error seems to indicate that we have obtained a rather pre- _ |ncorrect NG lifetime.

cise estimate of the LNOproduction. Taking the arithmetic

mean we arrive at 3:50.9 Tg N. — Errors in the vertical distribution of LNOproduction.
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— Errors in photo-chemistry. The description of clouds in numerical weather prediction
analyses is known to be problematic, especially in the trop-
— Errors in parameterization of convection and cloud topical regions. The modelled LNQOis sensitive to a correct
heights. timing and strength of convective complexes. The represen-
tation of these processes on the model grid of 2.5 degree res-
A reasonably well described lifetime in TM3 is essential olution causes additional errors. Nevertheless, we found on
to estimate the production of LNCGrom modelled and ob-  average good correlations between modelled LN®d ob-
served concentrations of NO An incorrect NQ lifetime  served NQ columns, indicating that the major features of
would result in too high or low overall concentrations if NO, distribution resulting from modelled convection-related
transport is descibed realistically. This would in turn lead emissions and subsequent transport are realistic.
to systematic errors in the slopes. The literature however
provides support that TM3 produces realistic Néstribu- 6.3.5 Comparison errors
tions. For instance, we note that various studiEsifhonds
et al, 1997 Wauben et a).1997 Meijer et al, 2000 have  Apart from errors directly related to the TM model and to
indicated that TM3 is capable of reproducing aircraft- and GOME, there are also errors that may result from our sta-
surface-observed NQoncentrations for a range of different tistical analysis, indirectly related to GOME and model er-
meteorological and chemical situations. Also, recent studiesors. Therefore, we set up a simple study to provide a qual-
by Brunner et al(2003 2009 showed that TM3 is well capa- itative estimate of errors that may occur in the comparison
ble of reproducing observed N@nd NQ.-related species.  of patterns in independent data sets. The upper panels of
The vertical distribution of LNQ influences the horizon- Figs.11and12 show fictitious modelled (solid line) and ob-
tal distribution and observed spatial patterns. We expect thaserved (dashed line) patterns. The observations are based on
the effect of errors in the vertical distribution of LNGs assumed “true” patterns (shown as dotted line) with added
small. For instance, botkurz and Grewg2002 andJour-  random observational noise. Subsequently, the pattern was
dain and Hauglustain€001), using similar parameteriza- simulated with a model that suffers from two types of sys-
tions to the CP and H5 schemes, respectively, found largéematic errors. These errors are either a (spatial or temporal)
flash density overestimations over oceans. Therefore we amismatch with the “true” pattern (a shift, Figi1), or an ex-
gue that the overestimations of oceanic LN\that we find  aggerated (spatial or temporal) smearing or diffusion of the
are a result of flash density overstimation rather than the re-true” pattern (Fig.12).
sult of errors in the modelled vertical distribution of light-  The spatial correlation method is sensitive to errors in the
ning NO,. Moreover, a recently submitted paperltabrador  spatial distribution of LNQ patterns. Relevant systematic
et al.(2004h shows little difference in LN@Qconcentrations  errors are to be expected in the modelling of the transport,
for model runs with the vertical LNQdistribution according  lifetime and vertical distribution of LN@ The shift exper-
to Pickering et al. (1998) and a vertical distribution in the 5 iment also has an interpretation for the temporal method, as
highest layers of the convective cloud. The same is found by NOy production may take place too early or too late in the
Olivié (2005) who used a lightning parameterization basedparameterizations, leading to a shifted temporal pattern
on convective updrafts. Processes such as deep convection typically take place on
The relation between LNQproduction and the N©con-  a scale much smaller than the size of a grid cell. For in-
centration in the atmosphere is in reality non-linear. This isstance, in the H5 scheme ECMWF cloud heights are sam-
consequence of the photochemical production of ozone vigled once every 6 h, giving instantaneous values, clearly too
NOy, leading to OH-formation. This radical may — depend- low to properly resolve much shorter periods of thunderstorm
ing on chemical and meteorological conditions — constituteand lightning activity. The model may thus suffer from errors
an important sink for NQ. The scaling of the LNQ bud- in representing such processes. Furthermore, numerical dif-
get based on the slopes observed neglects this non-linearitfusion in the advection, vertical transport processes and the
This may be an issue especially for the oceans where théimited resolution of the model tend to smoothen N&Druc-
slopes found are significantly smaller than one. The parti-tures. Part of this effect is taken care of by averaging the
tioning of nitrogen between Nfand NO, and between NO  GOME observations over model grid cells before making the
and NG is also a potential source of model error. Even if comparisons. To simulate this effect we also study the cor-
the lifetime of NQ and NG, is modelled correctly, errors in  relation of the “true” toy pattern with a smoothed (smeared)
the NG:NO ratio, for instance due to errors in the modelled version.
ozone concentration, would result in incorrect slopes. Fortu- The lower panels of Figd1l and12 show the result of our
nately,Brunner et al(2005 show that a comparison of TM3 systematic error study. One important requirement in this
modelled ozone and in situ measurements of ozone over thetudy is that the correlation coefficients between “observed”
South Pacific gives quite reasonable agreement, indicatingnd “modelled” patterns do not fall below0.65, the low-
that slope errors due to ozone errors over the South Pacifiest regional value found in our 1997 average correlation of
are likely small. GOME and TM3 columns.
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) ) ) ) Fig. 12. Smearing experiment. Same as in Fid, but now for a
Fig. 11. Shift experiment. Upper panel: simulated observed and«smeared” pattern.

modelled patterns against arbitrary x-axis units (distance, time).

Lower panel: corresponding regression analysis of observation

vs. model (solid line). The dotted line indicates the regression line

if there was no systematic error in the model and no noise on the We conducted a similar experiment with a model pattern
observations. smeared by 50% (width now 0.45 x-axis units) relative to the
“true” width of the pattern. No shift was assumed and the
random errors are similar to the previous experiment. The
lower panel of Figl2 shows a regression fit with.s=1.44
(£0.37) for anr=0.65. Repeating this experiment 1000 times

The upper panel of Figl1 shows a model pattern shifted
by —50% relative to the width (0.3 x-axis units) of the “true”

Eattim' Thed do_t_)ser\lled %attern follor\]/vs _the FruT ¢ pattg(;nwe arrive at a significant systematic slope errongf=+0.35
dUId gg&r&a bltlonat. ran °¥‘h erlrort atis tlyplr(]:a Ort'hgrl " (£0.18) andAo=-0.10 for a mean correlation coefficient
€ observations. € lower panel Shows 1h€ 1€-._q g3 |y conclusion, if the model smears “true” patterns

gression plot corre_sp(_)nding to the data presented in the l_Jps'ystematicaIIy by 50%, slopes may be overestimated by up
per panel: the solid line gives the least squares regressiof) asos  Note that a smearing factor of 50% is on the high

fit_(:i:O%SEi]i—O.ZG), and tr}ehdash%d Ilinedgi\t/)es thgx line Idside and that possible systematic “smearing” errors such as
(s=1. )Tth atwe elx p_ectl t ff.”?o eoagé fo s;:‘_rvatmns vlvou diffusion, or representativity of instantaneous cloud heights,
agree. e correlation coefficient0.66 for this example. likely less than 50%.

By repeating this experiment with random noise a 1000 times L )
we arrive at, on average, a systematic slope underestimation Generally, a strong shift in a modelled pattern results in a
Ag=—0.20 (£0.13) andAo=+0.05 for a mean correlation co- loss of correlation between model and observation. In such
efficientr=0.70. Apparently, a (spatial or temporal) shift of situations, a model-observation scatter shows a strong scat-
half a unit (i.e. half a grid cell, half a time step) results in € Of points. A strong smear effect in TM3 is expected

underestimations of the slope of approximately 20%. to result in a strong, non-linear shape of the distribution of
points in a model-observation comparison. Since neither of

these are observed in Fignor in any of the annual average
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correlation figures for the other continents (not shown), it Modelled LNG and observed tropospheric N@atterns
seems that neither shift nor smearing errors in TM3 haveare found to correlate surprisingly well, with spatial corre-
systematically influenced the results in Table This also  lation coefficientsr ~0.80 in 1997 in six distinct tropical
follows from our simple experiment: shifts and smears upregions between 4% and 3 N. We use spatial and tempo-
to 60% are still consistent with correlations found in the ral correlations to determine linear regression coefficients for
GOME-model comparison (minimum=0.65). The errors these 6 tropical regions. The intercepts of these regressions
from the shift and smearing experiments ar0%,+35%)  show that these regions are little affected by Ngnissions
and from these numbers we conservatively estimate the sydrom other sources. The slopes, corrected for possible influ-
tematic error to amount to an additional error #)85% in  ences of other NQsources, indicate that TM3 significantly
the estimated global LNOproduction budget. As the signs overestimates LNQemissions over the oceans. Over trop-
of these effects are opposite, we expect at least a partial caneal continents, we find a good quantitative agreement be-

cellation of errors from shift and smear effects. tween modelled LN@ and observed N® This is true for
_ two different lightning parameterizations, one based on con-
6.3.6 Total error estimate vective precipitation, and one based on the fifth power of the

cloud top height. The modelled overestimations over oceans
Model shifts and smears are just two examples of possimay pe reduced if the assumed energy ratio (10:1) between
ble systematic errors. Nevertheless, their effects may lea@|oud-to-ground and intra-cloud lightning is decreased. An
to systematic errors with opposite signs. CTM-experimentsincrease in the assumed ratio (10:1) between continent-to-
typically suffer from a variety of possible systematic errors, ocean convective intensity is also expected to reduce mod-
and therefore an ensemble of systematic errors is sometimes|ed oceanic LNQ overestimations. This work also sug-
treated as a random error. Subsequently we proceed by comests that for the convective precipitation scheme, there are
bining all the errors as though they were random and indesjgnjficant regional differences in rainfall-to-lightning ratios

pendent: that should be accounted for.
2,2 5 8 By rescaling the original LNQ production modelled by
Ofinal = (€random T (€syst- ®) M3 for the year 1997, 8 estimates of the global LNO

We calculate total errors for the 8 individual estimates of thePreduction have been obtained. We find that the LKNO
LNOy production budget given in TabEby using Eq. §). production between 406 and 5 N amounts consistently to
The systematic errdsysy is assumed to be 0.35. Results are ~1.0:0.2TgN for both the CP and H5 schemes. Here the
summarised in Tablg in the column headed “Total error”.  €rror bar accounts for random errors only. Assuming that the
In summary, the results of the 8 experiments range fromslopes may be extrapolated to the rest of the world, we arrive

2.3-4.6 Tg N, largely due to systematic errors associated witft @ global LNQ production of approximately 2.8 Tg Nyt

extrapolation of the slopes to areas of the globe not coveredr the CPand 4.3 TgN for the HS model version. The differ-
by our analysis. A more conservative view consists of tak-€Nce between these two estimates is largely due to assump-

ing the largest and smalleg; values from the 8 readings tions with respect to ex.trapolating ;Iopes to the re_st of the
and adding resp. subtracting the estimated standard error if0rld. Random errors in these estimates are dominated by

Pg. This leads to an estimated LN@roduction in the 1.1~  €'TOrs in the observations and in the correction of the slopes
6.4TgN range. for the influence of other sources. Accounting for random

errors the LNQ production is estimates as 3:8.9 TgN in

1997. Accounting for random and systematic errors, as well
7 Conclusions and outlook as the range of independent estimates, kN@duction is

conservatively estimated in the 1.1-6.4 Tg N range.
Nitrogen dioxide measurements of GOME are sensitive to This study presents a first attempt to estimate the global
NO, produced by lightning. In situations with high clouds, LNOx production by comparing observed hN@ith mod-
the tropospheric N® column shows a rapid increase con- elled LNG;, distributions. Such estimates can be extended
sistent with the parameterization Bfice and Rind1992. by repeating this method for all years between 1996 and
The observed increase can be well described with an empiri2004, covered by the GOME and SCIAMACHY measure-
cal power-law, where the LNQincreases with the cloud top ments, as well as future Nbservations provided by OMI
height asH*°*2, The uncertainty in the observed value of and GOME-2. Especially N9and cloud observations from
the power is estimated to be 40% related to assumptions witlOMI are expected to contribute to improved estimates of
respect to background N@oncentrations. We interpret this LNO: the small OMI pixels of 1% 24 kn? are better suited
relationship as strong evidence that GOME is capable of deto resolve convective complexes. Also, the OMI 13:30h lo-
tecting LNQ, production. From the ratio of the increases cal time overpass time is closer to the maximum in the diur-
found over continents and oceans, we estimate that continemal cycle of convective activity over continents.
tal storms are stronger by a factor of 1.6 in producing LNO  Future work should investigate the effect of reduced
at the 10:30 h local time of observation. CG:IC energy ratio’s and increased convective intensity
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ratio’s on the capability of models to reproduce observedBrunner, D., Staehelin, J., Rogers, H. L., et al.: An evaluation of the

LNO, patterns. Recently, TM3 has been extended with performance of chemistry transport models by comparison with

an updraft velocity-based lightning scheme that has shown research aircraft observations. Part 2: Detailed comparison with
promising results in the literature (Allen and Pickering, 2002; ~ two selected campaigns, Atmos. Chem. Phys., 5, 107-129, 2005,
Kurz and Grewe, 2002; Oligiet al., 2005). LNO, patterns SRef-ID: 1680-7324/acp/2005-5-107

modelled with this scheme are to be compared to satellite-"" Y- Wang, Y., Zeng, T., Martin, R. V., Kurosu, T. P., and

data. Moreover, a proper description of convective activity in Chance, K.: Evidence of lightning NGand convective trans-
’ » aprop P y port of pollutants in satellite observations over North America,

chemistry-transport models remains crucial for accurate pa- gegpnys. Res. Lett., 32, doi:10.1029/2004GL021436, 2005.
rameterizations of lightning activity. Convective mass fluxes crytzen, P. J.: The influence of nitrogen oxides on atmospheric
are not always stored in operational meteorological data and ozone content, Q. J. R. Meteorol. Soc., 97, 320-325, 1970.

in such situations simplified schemes are used for diagnopecCaria, A. J., Pickering, K. E., Stenchikov, G. L., Scala, J. R.,
sis. More advanced schemes for the diagnosis of convective Stith, J. L., Dye, J. E., Ridley, B. A., and Laroche, P.: A cloud-
mass fluxes in chemistry transport models are clearly needed. scale model study of lightning-generated N@ an individual
Also, the temporal and spatial scale of lightning activity is  thunderstorm during STERAO-A, J. Geophys. Res., 105, D9,

much smaller than most model resolutions. Hence, increas- 11601-11616, 2000.

ing the model resolution is expected to improve the descrip-Pentener, F., van Weele, M., Krol, M., Houweling, S., and van
Velthoven, P.: Trends and inter-annual variability of methane

tion of convection and convection-related processes such as emissions derived from 1979-1993 global CTM simulations, At-

lightning. mos. Chem. Phys., 3, 73-88, 2003,
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