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Abstract. A cloud system resolving model including photo- transport of @ is simulated to occur episodically in thin fil-
chemistry (CSRMC) has been developed based on a protcaments in the 2-D runs, but on average net upward transport
type version of the Weather Research and Forecasting (WRF)f O3 from below~16 km is simulated in association with
model and is used to study influences of deep convectionmean large scale ascent in the region. Ozone profiles in the
on chemistry in the TOGA COARE/CEPEX region. Lat- TOGA COARE/CEPEX region are suggested to be strongly
eral boundary conditions for trace gases are prescribed fronmfluenced by the intra-seasonal (Madden-Julian) oscillation.
global chemistry-transport simulations, and the vertical ad-
vection of trace gases by large scale dynamics, which is not
reproduced in a limited area cloud system resolving model, is )
taken into account. The influences of deep convective transt ~ Introduction

port and of lightning on N@, O3, and HGQ(=HO,+OH), ) ] )
in the vicinity of the deep convective systems are investi- 1'0POSPheric 0zone is animportant greenhouse gas and a key

gated in a 7-day 3-D 248248 kn?. horizontal domain sim- player in tropospherig chem?stry. Over the remote tropical
ulation and several 2-D sensitivity runs with a 500 km hor- °€€ans deep convection rapidly moveggor air from the
izontal domain. Mid-tropospheric entrainment is more im- marine poundary layer (MBL) to the upper troposphere (UT)
portant on average for the upward transport gfi®the 3-D (e.g. Lehevelo_l and_ Crutzenl994 Wa_ng et al. 1995 Kley

run than in the 2-D runs, but at the same time undilutge O ©t @l- 1996 Pickering et al.200]) while over polluted con-
poor air from the marine boundary layer reaches the uppepne_ntal areas the transport of ozone and |ts_precursors plays
troposphere more frequently in the 3-D run than in the 2-D&0 |mportant role for the upper_troposphenc ozone budget
runs, indicating the presence of undiluted convective cores(€-d-Dickerson etal.1987 Pickering et al.199Q Lawrence

In all runs, in situ lightning is found to have only minor im- etal, 2003. Deep convection can also bring@ch air from
pacts on the local ©budget. Near zero ©volume mixing e lower stratosphere to the troposphere (&/gng et al.
ratios due to the reaction with lightning-produced NO are 1993 Poulida et al.1996 Stenchikov et a].1996 Dye et al,
only simulated in a 2-D sensitivity run with an extremely 2000 Wang and Prinn2000 and air originating in the mid-
high number of NO molecules per flash, which is outside troposphere is carried upwards in association with mid-level
the range of current estimates. The fraction of Nthemi- mf!ow into tropical squall lines%cala et al. 1990 or n_nd-
cally lost within the domain varies between 20 and 24% in l2titude storms\ang and Chand 993. Furthermore, light-

the 2-D runs, but is negligible in the 3-D run, in agreement NN NO« can enhance &oroduction in deep convective out-
with a lower average NQconcentration in the 3-D run de- flow hundreds of kilometers downwind of deep convection

spite a greater number of flashes. Stratosphere to troposphefg-9-Pickering et al. 1990 1993 1998. In the troposphere,
downward transport takes place in association with rear in-
flow into mesoscale convective systems (eSgala et al.

Correspondence tdvl. Salzmann 199Q Salzmann et al2004. WhileKley et al.(1997 argued
BY

(salzmann@mpch-mainz.mpg.de) that observed sharp ozone gradients indicate a lack of vertical
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mixing across the tropopause, dry layers with high ozoneplace in the domainSalzmann et al2004) and for example
mixing ratios are common in parts of the marine tropical tro- lead to a significant overestimate of the thermal decomposi-
posphere and have been suggested to originate either frotion of PAN. We focus on the following issues:

deep convection over continents lifting polluted air or from ) ) ) )

the stratosphereNewell et al, 1996. In global chemistry- 1. The influence of NO production by lightning on NO
transport models, deep convective transport, which is typi- O3, @nd HQ, and the sensitivity of the model results to
cally parameterized using simplistic mass flux approaches, the dimensionality (2-D or 3-D) of the model.
constitutes a major source of uncertaintfahowald et al.
1995 Lawrence and Ras¢R005.

Wang and Prin§2000 studied a CEPEX storm (CEPEX:
Central Equatorial Pacific ExperimeriRamanathan et al.
1993 using 2-D and 3-D cloud resolving model simulations
including chemistry and found that downward transport of
Os-rich air in association with deep convection, which took

place in thin filaments in their simulations, lead to increases\\,e also discuss the ozone results in the light of very low
in upper tropospheric §mixing ratios in spite of the upward  ypper tropospheric ozone concentrations observed during
transport of @-poor air. They suggesteds@oss due the re-  cEpEX Kley et al, 1996 1997). Unfortunately, chemistry
action with lightning-produced NO in cloud anvilregions can anq flash rate observations are not available for the episode
help explain thg occaS|o_naIIy observed layers with extremely(19_26 December 1992) simulated in this model sensitivity
low concentrations of ®in the upper troposphere. Further- sy,qy. In order to constrain the simulated flash rates and for
more, they found that a considerable fraction of lightning the discussion of our chemistry results, we instead rely on
NOy was photochemically converted to H¥® the vicinity  gpservations from nearby regions and/or at other times.

of the storms. This fraction decreased with increasing NO The cSRMC is described in the next section. In Sects.
production from 28% in a 2-D sensitivity run with a fairly 3_g results for N@, Os, and HQ, are presented. The influ-
large NO production to 12% in a 2-D run with an extremely gnce of the intra-seasonal (Madden Julian) oscillation (ISO)
large NO production. At very high simulated N@oncen- 4 gz0ne profiles is discussed in Sédbased on output from
trations they found N@loss to be HQ limited. Although  the global Model of Atmospheric Transport and Chemistry -
lightning is much less frequent over oceans than over landyjax planck Institute for Chemistry version (MATCH-MPIC,
(e.g.Chns_nan et al.2003, lightning NO constitutes one Qf Lawrence et a).1999h von Kuhlmann et aJ2003 and refer-

the most important sources of N@ver the remote tropi-  gnces therein). The CSRMC simulated meteorology (similar
cal oceans next to ship emissions and the thermal decomyy g51zmann et al.2004 and details of the CSRMC such
position of peracetyl nitrate (PAN), which is advected over 55 the algorithms used for identifying updrafts and anvils
long distances at high altitudes and subsequently transported] {he |ightning parameterization are described in the elec-
downwards. Large photochemical losses of lightningxNO  onic supplemertittp://www.atmos-chem-phys.net/8/2741/
in the vicinity of the storms would therefore be important in 2008/acp-8-2741-2008-supplement.paididitional material
spite of the large uncertainty still related to the amount of Noproviding a rather comprehensive view of the details of our

produced per flash. Globally, lightning has been shown t0gjmyjations and a brief description of MATCH-MPIC is also
have an important impact on OH and the lifetime of methanesy ;nd in the supplement.

(Labrador et al.2004 Wild, 2007).

In this study we use a so-called cloud system resolving
model setup including chemistry (CSRMC) in order to study 2 Model description and setup
the impact of multiple storms and mesoscale convective sys-
tems over a period of several days. Horizontal advectionThe meteorological component of the cloud system re-
in and out of the domain is taken into account by specify-solving model including photo-chemistry (CSRMC) is
ing lateral boundary conditions for trace gases. Furthermorebased on a modified height coordinate prototype ver-
the mean ascent in the domain (associated with the Hadlegion of the Weather Research and Forecasting (WRF)
and Walker cell and the intra-seasonal oscillation), which ismodel Skamarock et al.2001). Modifications to the
not reproduced by limited area cloud system resolving mod-base model and the meteorological setup are largely iden-
els, is taken into account as 8alzmann et a2004 based tical to Salzmann et al. (20049 and are described in
on mean vertical velocities derived from observations overthe electronic supplemehttp://www.atmos-chem-phys.net/
the tropical West Pacific east of Papua New Guinea during8/2741/2008/acp-8-2741-2008-supplement.p8éct. S1.1
TOGA COARE Webster and Lukad.992 Ciesielski et al. and Sect. S1.2). A “background” GHCO—HOyx—NOy tro-
2003. Taking into account the mean ascent largely com-pospheric chemistry mechanism with additional reactions in-
pensates the mass balancing mesoscale subsidence betwemtving PAN (peroxy acetyl nitrate, G3€(O)O>NO,), and
clouds which would otherwise erroneously be forced to takeloss reactions of acetone (GEOCHs;) which is based on

2. Deep convective ozone transport (especially with regard
to implications for its treatment in global chemistry-
transport models), and, closely related to this, the role
of regional scale ozone transport and locally produced
lightning NG in explaining ozone profiles in the TOGA
COARE/CEPEX region.
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the mechanism from MATCH-MPICvbn Kuhlmann et a.  timestep and the vertical grid spacing were increased for the
2003 is used in the present study (Sect. S1.3). Photoly-3-D run. An overview of the meteorological results is pre-
sis rates are computed using the computationally efficiensented in Sect. S3.

scheme bylLandgraf and Crutzerf1998. A simple pa-

rameterization of the production of nitrogen oxide by light- 2.1 Simple lightning NO parameterization

ning (see below) and a scheme for dry deposition over wa- ) . )

ter (based oGanzeveld and Lelieveld 995 and references Li9ntning NO production is parameterized as follows: As a
therein) have been implemented in the CSRMC. For solubldirSt Step, updrafts are localized by fitting rectangles in the
trace gases the uptake into or onto, release from, transport tg10fizontal plane enclosing areas where the vertical veloc-
gether with, and mass transfer between different model catelly exceeds 5 msl_. This is achieved by recur_swely cutting
gories of hydrometeors (cloud droplets, rain, small ice parti_larger rectangles into smaller rectangles until no new edges

cles, graupel, and snow) are calculated aSatemann et al. '€ found withwmax<5 ms* everywhere (for a more de-
(2007, see also Sect. S1.5. For Hy@nd HO, ice up- tailed description of the_ algorithm see Sect S;.4). For each
take from the gas phase is taken into account (Sect. S1.6}/Pdraft, aflash rat¢’»r (in flashes per minute) is calculated
Aqueous phase reactions are currently not explicitly included™©™:
:51_ the (_ZS_RMC, ex_cept for the hydrolysis reaction (ﬁ@é  Fpr=a-5- lO_Gwﬁan. @)
issociation reactions are, however, to some extent implic-
itly included via the use of “effective” Henry’s law coeffi- \wherewnmax is the maximum vertical velocity in meters per
cients in the mass transfer equations (Sect. S1.5). The rate @econd. Based on empirical relationshipsice and Rind
change of the gas phase concentration of itietrace gasis: (1992 derived an exponent df=4.54, which is somewhat
less than the model study based estimate of at least 6 by
9 Cig= =V - (VCig) + 8 Ciglvisat+ 9 Ciglino Baker et al.(1995. Pickering et al.(19989, who among
+9:Ci glturb + 9:Ci glsolu+ 9: Ci gldrydep other convective systems studied a squall line during TOGA
+0:Ci glchem (2) COARE, used different values for different model simulated
storms in order to obtain results comparable to observed flash
where 9; is the partial derivative with respect to time, rates. For their 2-D TOGA COARE simulation, they in-
V=(u, v, w) is the three dimensional wind vectdCi¢|visat  creased the exponent from 4.54 to 5.8.is an empirical
is the rate of change due to the vertical advection by the Iarggca”ng factor which is adjusted to improve the agreement
scale vertical motion which is not reproduced by the CSRMCyith available flash rate observations. For a mid-latitude su-
(Salzmann et 812004 see also Sect. S1.2,Ciglino isthe  percell stormFehr et al.(2004 applied a scaling factor of
rate of NO production by lightningd; C; ¢l is the rate .26, Here, sensitivity studies using various exponents and
of change due to turbulent mixing by sub-grid scale eddiessca”ng factors were conducted (TalileSect.3).
(parameterized applying Smagorinsky’s closure scheme, The ratioZ=N,c/Ncg of the number of intra cloud (IC)
e.g. Takemi and Rotunno2003, 9;C; glsolu is the uptake  flashes to the number of cloud to ground (CG) flashes can
or release rate of soluble gases by or from hydrometeorsgither be prescribed in the CSRMC or estimated from the

in the liquid or ice phase (Sect. S1.6}Ci gldrydep iS the  empirical relationshipRrice and Ring1993:
dry deposition rate, and;C; ¢|chem is the rate of change

due to gas phase chemical reactions. The advection of tracé= 0.021(Ah)* — 0.648(Ah)3 + 7.493(Ah)2

gases, of water vapor, and of hydrometeors in the liquid and _ 3654 (A#) + 63.09 (3)
ice phase is calculated using the monotonic algorithm by
Walcek(2000. for clouds with Ah>5.5km, whereAh=z.,—z0-c iS the

vertical distance between thé© isotherm and the cloud

Lateral boundary conditions for trace gases are derivedop at the location of the maximum vertical updraft velocity
from 3-hourly MATCH-MPIC output (see Sect. S2 and (z.w). The cloud top height,, is defined for each vertical
Sect. S8). In the 3-D run (LTN3D), the horizontal domain column as the level above which the sum of the mass mix-
size is 248&248 knt and the horizontal resolution is 2km. ing ratios of all hydrometeor categoriegtm=gcloud water+
The vertical resolution is 500 m in the troposphere with in- grain + gice + ¢graupel+ ¢gsnow drops to below 0.01g kgt in
creasing grid spacings above 19km and a total of 46 levelsll overlying levels. For clouds witihh<5.5 km all flashes
up to 24707 m. A timestep of 8s is used. In the 2-D runsare assumed to be IC flashes based on the observation that
(NOLTN, LTN1, LTN2, LTNWP, and LTNHWP), the hor- very little lightning is produced by clouds with/ <5.5 km
izontal domain extension is 500 km and the domain is ori-and that clouds produce almost exclusively IC flashes dur-
ented in East-West direction. The horizontal resolution ising their growth stage before they start producing CG flashes
again 2 km and the vertical resolution is 350 m in the tropo- (Price et al. 1997 Pickering et al.1998.
sphere with a timestep of 5s. The meteorological setup in The vertical distribution of lightning channel segments
the 2-D runs is identical t8alzmann et al2004), while the is essentially that oDeCaria et al(200Q 2005, i.e., CG

www.atmos-chem-phys.net/8/2741/2008/ Atmos. Chem. Phys., 8, 27812008
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Table 1. Lightning NO sensitivity runs.

Label molec molec «in kin Neg? NicP z° Pot? Pt Piotd
CG? IC? Eq.@ Eq.@Q CG IC

LTN3D 10 5 0.06 45 1021 10644 1023 10.0 533 634
NOLTN - - - - - - - - - -
LTN1 10 5 1.0 5.0 176 1447 891 18 72 9.0
LTN2 10 5 1.0 4.8 254 702 2.76 25 35 6.1
LTNWP 67 6.7 1.0 4.8 258 702 2.76 17.0 47 217
LTNHWP  30¢¢ 30 1.0 4.8 254 702 2.76 76.2 211 97.3

a 10?5 molecules per flash.

b Number of flashes calculated for the 7-day TOGA COARE runs usingZkg. (

¢ Ratio of number of IC flashes to number of CG flashes.

d Total NO production (1@ molecules).

f Diagnosed from calculated total flash numbers.

Same as in LTN run ofWang and Prinf(2000, based orPrice et al.(1997) who suggested 6.70°6 NO
molecules per CG flash.

9 Same as the LTNH case Wfang and Prini2000, based orFranzblau and Pop{d989.

h For comparisonWang and Prinf{2000 calculated a total of about 750 flashes, out of whiekl0 were
CG flashes for the first hours of a 30 h 2-D run with 1000 km horizontal domain length.

flash segments are assumed to have a Gaussian distribte the convective systems which have previously been iden-
tion and IC segments are assumed to have a bimodal didified by fitting rectangles as described above.

tribution corresponding to a superposition of two Gaussian In the 2-D runs lightning-produced NO is released into
distributions. The pressure dependence of the NO producvertical columns of the same horizontal base area as in the
tion is taken into account. In the present study, the uppe3-D run, i.e., 2knx2km. For numerical efficiency, light-
mode of the IC distribution is assumed to be centered aning NO production is calculated every 56s in the 3-D run
z=2(-15) + 0.8-(zesw—2(~15)), Wherez(_15) is the altitude of  and every 60s in the 2-D runs. This choice to some extent
the —15C isotherm, thus allowing the altitude of the upper mimics the discreteness of flashes at times when flash rates
mode to vary depending on the growth stage of the cloud. are low.

CG flashes are placed (horizontally) in the vertical grid
column at the location of the maximum updraft velocity,
which is consistent wittRay et al.(1987, who based on
dual Doppler radar and VHF lightning observations found
that in a multi-cell storm, lightning tended to coincide with
the reflectivity and updraft core. Nevertheless, this assump
tion potentially leads to a small over-estimate of the upward
transport of lightning NQ. IC flashes are horizontally placed
inside the previously identified anvil area in the vertical col-
umn whereg,,;,, abovez_1s) is largest and which is still
located within 80 km of the maximum updraft.

3 Lightning NO sensitivity runs
3.1 Flashrates

Lightning in the TOGA COARE region is relatively infre-
qguent. Orville et al. (1997, for example, found the annual
number of CG flashes per unit area in the TOGA COARE
region for 1993 to be at least one order of magnitude lower
than that observed close to the nearby Papua New Guinean
islands. From a number of dedicated observations during
For each system, the anvil is identified as follows: First all TOGA COARE it is possible to estimate typical CG flash
grid points in the entire domain with a cloud top height rates per storm and area densities of CG flashes. These es-
betweenz.;,,—1400 m and;.,,,+1400 m are flagged. Then, timates have been used to adjust the parameters in the flash
one grid point wide connections between flagged regiongate parameterization EQR)( Large uncertainty exists, how-
(“bridges™) and single points (“bumps”) on the edges of the ever, regarding the rati@=N,c/Ncg. Furthermore, the
flagged regions are removed. Finally, all the flagged pointsnumber of molecules produced per flash is still uncertain.
are identified which lie inside the region in which the column Here, we conduct a number of 2-D sensitivity runs with var-
with the maximum updraft velocity is located, and which are ious assumptions regarding lightning NO production, in ad-
less than 80 km away from this column (see Sect. S1.4 fodition to a 3-D reference run (see Talle In the LTN3D
details). This fairly simple method allows us to assign anvilsreference run and the LTN1 rui, is calculated using the
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Fig. 1. Lightning NO production rates in molecules per flash from
the literature based on Table 21¢humann and Huntriesg007).

Fig. 2. (a)Flashes per 30 min in the LTN3D run and smoothed (5
point running mean) total flash rates (green lin€)) Maximum
NO (solid line) and NQ (dotted line) volume mixing ratios below
~16 km for the LTN3D run. Local 'solar’ time is UTC plus 10.5h.

parameterization in Eq3]. In the other runsZ=2.76 is
prescribed for clouds witi\2>5.5km. The same value of
Z has also been adopted kiyang and Prinr{2000 in their
cloud resolving model study of a storm during CEPEX. Fur-

thermore, in the LTNWP and the LTNHWP run we prescribe passesPetersen et a(1996 also noted that the majority of
the same number of molecules per IC and per CG flash agonvection over the tropical oceans does not produce light-
Wang and Prinr{2000 in their LTN and LTNH sensitivity  ning. For four cells with similar characteristics which were
run, respectively. In our LTN3D, LTN1, and LTN2 run we gl observed on 15 February 1993 they found CG flash rates
adopt a lower NO production per CG flash (FID, but a  peaking at slightly above 7 CG flashes within 20 min (see
greater ratio of molecules per IC flash to molecules per CGtheir Fig. 5). Here, the maximum CG flash rates are typi-
flash based on recent literatu@dllardo and Cooray1996  cally between 10 and 20 flashes per 30 min in all lightning
Cooray 1997 DeCaria et a).200Q Fehr et al,2004). sensitivity runs (see Figa for the LTN3D, Fig.3a for the

Figure2a shows modeled 30 min flash rates for the LTN3D LTN1 run, and Fig4a for the other 2-D lightning sensitivity
run. The area density and maximum number of CG flashesuns). Often only the single most vigorous updraft signifi-
in the LTN3D run are in line with the available observations. cantly contributes to these rates (not shown).
The daily area flash density in the TOGA COARE region can
roughly be estimated to equal 0.0022 CG flashes périen
day from Fig. 10 ofPetersen et a(1996 on days with high
lightning activity during seasons with high lightning activ- The maximum NO mixing ratios in the LTN3D run (Figh)
ity. The number of CG flashes in our LTN3D run is 1021 fall largely within the range of available observations from
(Table 1) and the average area flash density during the lasthe literature; several airborne observations of deep convec-
6 days of the simulation (after the onset of deep convectiortive outflow in the Central and West Pacific yielded max-
in the model) is 0.0028 CG flashes perkper day, which  imum NO mixing ratios of slightly below 1 nmol mot
agrees with the observations withirB0%. (Huntrieser et a).1998 Kawakami et al.1997. In the out-

In selecting the parameters in the flash rate parameterizaiow from continental thunderstorms, on the other hand, max-
tion (Eq.2) we attempted to approximatively match observed imum NO mixing ratios of a few nmol mol are not uncom-
CG flash area densities as well as flash rates per storm. In seaon (e.g.Huntrieser et a).1998. Only occasionally, the
vere continental thunderstorms rates of 20 and more flashesutputs from the LTN3D, LTN1, and LTN2 runs (Figab,
per minute can be sustained over an hour or more (see e.@b, and4b) yield higher maxima than those observed over
Skamarock et al.2003 Fehr et al, 2004. In the TOGA the Pacific. In the LTNWP and the LTNHWP (Fig& and
COARE region, on the other hand, during more active stormsd) run we often find significantly higher maxima than ob-
flash rates of only 1-2 (and in one case 4) discharges (botkerved. Somewhat higher maxima in the model are likely re-
IC and CG) per minute were observed by two NASA air- lated to aircraft typically sampling deep convective outflow
craft during storm overpasse®iyille et al, 1997). Light- outside the region of maximum lightning activity. The ex-
ning was only observed during 19 out of 117 storm over-tremely high NO maxima due to lightning in the LTNHWP

3.2 Lightning NG

www.atmos-chem-phys.net/8/2741/2008/ Atmos. Chem. Phys., 8, 27812008
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Lower domain-average NOand NO volume mixing ra- = 100 E
tios in our LTNWP and LTNHWP runs compared to the vol- & 28 3 :
ume mixing ratios at the end of the LTN and LTNH runs of 2 40 LN 3
Wang and Prinr{2000 (also included in Fig5) are in part < 70 L~ AT AN

caused by lower average flash rates in our study and the use ~ 12/19 12/20 12/21 12/22 12/23 12/24 12/25 12/26
of different model setupsWang and Prin{2000 used pe- dote (1992)
riodic lateral boundary conditions and calculated a total of
about 750 flashes (estimated from their Fig. 6) out of which _ )
~210 were CG flashes for a 30h run with a 1000km 2-D Fig- 4. (a) Same as Fig2a for the LTN2, the LTNWP, and the
domain; i.e. 0.17 CG flashes krhday ! (compared to 0.07  LTNHWP run. (b-d) Same as Fig2b for the LTN2, the LTNWP,
CG flashes kimt day‘l in the LTN2 run). and the LTNHWP run, respectively.

The scaling factow in Table 1 is smaller for the 3-D run
than for the 2-D run because of generally higher vertical ve- ] ) o o
locities in 3-D simulations compared to 2-D simulatioRe¢ Using a vertical dIS'{'I’IbUtlon of NO molecules which is
delsperger et al200Q Phillips and Donner200§. In spite ~ constant except for being sc_:aled by pressure for IC gnd CG
of the smallere in the LTN3D run, the number of flashes flashes instead of thBeCaria et al(2000 parameteriza-
and the number of NO molecules produced are greater in th#0n results in smaller maxima for the same number of NO
LTN3D run than in the LTN1 run. Because of the differ- mMolecules produced per flash (not shown), because of the two
ent geometry, the domain-averaged mixing ratios in Big. maxima in the vertical dis_tribytion bgbeQaria et aI(ZQOQ
are, nevertheless, higher in the LTN1 run; i.e. by assumingdcompare also “Ino” term in Figb). The influence of light-
lightning-produced NO to be released into vertical columnshing on the average N(mixing ratio profiles is small in our
of the same horizontal base area (2k&km) inthe 2-Druns ~ 3-D run, but considerable in the 2-D runs (F8y- An exam-
as in the 3-D run, it is implicitly assumed that the horizontal Ple Of the spatial distribution of Nofrom the LTN3D run
“area” of the 2-D domain equals 2 kab00 km. For a given 1S Shown in Fig.6. An example from a 2-D run is shown
number of NO molecules produced by lightning, this leads toin Fig- 7. Note, that this NQ plume is almost completely
generally greater domain-average N@Ilume mixing ratios ~ @dvected out of the domain #2.5-3 hours.
due to lightning in the 2-D simulations. Assuming a lower
NO production per flash in the 2-D runs in order to compen-3.3 NGO budget
sate for this geometry effect, on the other hand, would also

lead to unrealistic consequences for chemistry in the vicinity|n order to assess the influences of deep convection on chem-
of the lightning NO source. istry in the model simulations we performed budget calcula-
tions. For each tendency on the right hand side of Eqwé
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define height dependent contributions by: a) NO, (SZA < 70°)
Lo 1o S

_ . [ .. LTN2 e Es
bproc (z, 11, 12) X7 /0 /0 /tl 0:Ciglprocdxdydt (4) o [ //[; Y
where X and Y is the horizontal extent of the domain in % "°F7 oo W E
West-East and South-North direction, respectively. Horizon- § [~ ™ 3\ ([ ]
tal advectiond; C; glhasv=—V - (V»Ci,,) and vertical advec- °F % : S
tion 9,Cj glvadv=—0; (wCi ) (Wherev,=(u, v) is the hori- of A <
zontal wind vector) are considered separately. The budget 1 i
terms have been divided by time-averaged air density in or- pmol/mol

b) NO (SZA < 70°)

der to express them in mixing ratio units. In addition to the C o ]
“height resolved” terms in Eq4j, the corresponding height 15:—:3:; - = "':"\'-"-'-T.',:_“.‘ """" T =
integrated terms are analyzed for layers betwaesndzo: r ff.'.."fgmp Sy "_f; ]

10— Ttz 7 -7 ]

height (km)

22
Bproc,: / bproch (5)
21

Figure8a shows NQ mixing ratio profiles for the LTN3D
run, and Fig8b shows time integrated domain-averaged ten- 01' - s —
dencies. Most of the NPproduced below 10km is trans- prmol /mol
ported to the upper troposphere from where it is horizontally
advected out of the domain (compare also bignd Fig.7).
The lightning production term has two maxima reflecting the Fig. 5. Domain- and time-average (black lines) and median (red
vertical distribution functions fronDeCaria et al.(2000, lines) volume mixing ratios ofa) NOx and(b) NO for solar zenith
in which IC as well as CG flashes contribute to the mid- @ngles (SZA) lower than 70 Blue lines in (a): domain-averaged
tropospheric maximum while the upper tropospheric maxi-NOx volume mixing ratio from Fig. 11 oWang and Prinr{2000
mum is caused by IC flashes. Very litle N@eaches the 2t the end of their LTN and LTNH runs.
lowest kilometer of the atmosphere, a region where detrain-
ment from deep cloud downdrafts can be expected. This re- comparable 2-D sensitivity runs with a pressure scaled
sultis consistent with a result &fickering et al(1998 from 1, gtherwise constant vertical distribution of NO molecules
a CRM study of a single storm during TOGA COARE, who ¢4 |c and CG flashes yielded different fractions of NO
found only about 7.5% of the lightning-produced N mass in|ogt within the domain (13-37%) and greater sensitivities
the lowestkm because of the very weak downdrafts in theitg yarious assumptions regarding lightning Noduction
simulated storm. In mid-latitude storms they found consider—(Fig_ 8.8 ofSalzmann2005. In a non-HQ-limited regime,
ably larger fractions. In the CSRMC, the downward transportihe re|atively smaller photochemical loss in the LTN3D run
could be underestimated because lightning NO is assumed tQ i, agreement with the lower average Nebncentrations
be produced in columns with maximum updraft velocities.  compared to the 2-D run. Furthermore, the shorter residence

Net photochemical loss of NOwithin the domain plays  time in the 3-D domain probably also plays a role, but this is
a relatively much more important role in our 2-D lightning fficult to quantify.

sensitivity runs than in our 3-D run (Fi@). Higher NQ

volume mixing ratios in the 2-D runs lead to increases of

OH concentrations (Sed) and a reduced chemical lifetime 4 Ozone

of NOy. The fraction of NQ photochemically lost within

the domain varies between 20 and 24% in the 2-D runs, buThe sensitivity of the domain-averageds @ixing ratios

is only 1% in the LTN3D run. In the 3-D run the loss of (Fig. 10a) to in situ lightning NO production is small and
lightning-produced NQ in the lower troposphere is in fact a moderate increase of ozone volume mixing ratios with
over-compensated by production from PAN. The net chem-increasing lightning NO production is simulated only in
ical production of NQ is 2.0x10"*moleculescm?day !  the mid-troposphere. The chemistry tendencies (shown in
in the lower troposphere (LT, 0-5km) during the last 6 daysFig. 10b) in percent per day in the NOLTN and the LTN3D
of the simulation, when deep convection is active. By run are similar to the ones calculated Byawford et al.

far the largest chemical source of N@ the LT is PAN, (1997 for their “low NOy regime” (Table S6). They reflect
while HNG; is the largest sink. PAN is horizontally ad- the influence of lightning on ozone within the domain not
vected into the domain above3km. More details on the taking into account ozone production further downwind. In
NOy, PAN, and HNQ budgets can be found in the supple- the lower troposphere, the simulated @ixing ratios are
mentary materiahttp://www.atmos-chem-phys.net/8/2741/ almost independent of the assumptions regarding lightning
2008/acp-8-2741-2008-supplement.pdf NOy production, even in the sensitivity runs with very high

www.atmos-chem-phys.net/8/2741/2008/ Atmos. Chem. Phys., 8, 27812008
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Fig. 6. Spatial distribution of N@ in the LTN3D run for 24 December 1992, 10:30 UTC: 50 pmolﬁi‘o(dark gray, transparent) and
100 pmol mot 1 (light gray) isosurfaces, surface to 16 km column density contours (base area), and average volume mixing ratio in x (East-
West) and y (South-North) direction (walls).

NOy production by CG flashes. While here the sensitivity of rich air is advected into the domain and where photolysis
local O3 mixing ratios to in situ lightning N@productionis  rates are occasionally enhanced through sunlight reflected by
small, Crawford et al.(1997 found considerably increased mid-level cloud tops. While vertical advection of;@oor

O3 mixing ratios in air masses sampled during PEM-West Bair on average tends to decreasg ¥@lume mixing ratios
which had presumably been influenced by lightning overabove~14km, vertical advection of ozone from the mid-
land upstream. These air masses had been more chemicallsoposphere (between6—10 km) enhancesgInixing ratios

aged and better mixed. between~10 and 14 km. This is consistent with our previous
study of idealized tracer transpo8dlzmann et 12004 in

4.1 Ozone budget which we found considerable mid-tropospheric entrainment
in a 3-D TOGA COARE simulation.

The domain-averaged {0Omixing ratios vary significantly Horizontal advection plays a somewhat weaker role in de-

during the LTN3D run (Figlla) and are very similar to the termining the domain-averages@nixing ratios in the 2-D
boundary values (FidL1b), indicating that horizontal advec- runs (Fig.13) because of the larger 2-D domain and because
tion from the lateral boundaries rapidly influences and ulti- meridional advection is not taken into account in the 2-D
mately determines the simulated domain averages. Althoughuns. Furthermore, in the LTN1 run the advection af-O
vertical advection (Figlle) tends to balance horizontal ad- poor air from below tends to decreasg i@ixing ratios in the
vection (Figs.11d and12b), the total tendency (Figl1c) upper troposphere betweerll2 and 16 km (Figl4). The
mainly reflects horizontal advection from the boundaries.less obvious influence of mid-level entrainment in the 2-D
The time integrated total Htendency (equalingAOgz in run can be attributed to the weaker dependence on the lateral
Fig. 12), on the other hand, is smaller than the time inte- boundary values, i.e., horizontal layers of high ixing
grated contributions from either horizontal or vertical advec-ratios in the mid-troposphere are more efficiently diluted by
tion, i.e., over longer time scales an approximate equilib-mixing in the 2-D runs. This is because in the 3-D run up-
rium (AO3~0) tends to establish. Furthermore, the contri- drafts only cover a small part of the domain and only a part
bution from photochemistry plays an important role in the of the area downwind of the updrafts is directly affected. In
7-day integrated domain budget (Fit2). The most pro- 2-D runs, on the other hand, a single updraft influences the
nounced net loss takes place~a km where relatively @ whole downwind part of the domain, and a significant frac-
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Fig. 10. (a)Domain- and time-averaged (black) and median (red)
O3 volume mixing ratio for SZA<70°. (b) Domain- and time-
averaged net @chemistry tendency for SZA70°.

tion of the updrafts subsequently transportsgor air to

the upper troposphere. These updrafts do not pass through
the mid-tropospheric high ozone layer, while in a 3-D sim-
ulation practically all updrafts can be expected to encounter
such a layer at times wherg@ich air is advected into the do-
main. Due to the greater fraction of updrafts in the 2-D runs
which do not entrain @rich air from the mid-troposphere,
deep convective transport is on the whole less strongly af-
fected by these layers in 2-D runs than in a 3-D run (com-
pare Figs. 8c and 12b &alzmann et al2004. In spite of
these differences in transport, the lower tropospheric chem-
istry tendency is very similar in the LTN1 and the LTN3D
run (Fig.10b).

Atmos. Chem. Phys., 8, 27812008
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4.2 Undiluted transport

height (km) height (km)

T 15 E edavertionl gouer RN AR i E
Global and also mesoscale models often use bulk instead of:Ei 1ob : \ ‘?‘\yf, “\;\.\“ N SR T
ensemble mass flux parameterizations in order to calculate> s ot A :
deep convective tracer transport, in which mid-level entrain- = 9 E
ment is incompatible with undiluted transport to the upper : E
tropospherel(awrence and Ras¢R009. In Fig. 15, simu-
lated upper troposphericZ@olume mixing ratio minima are
compared to minima in the lowest model layer. The UT min-
imum in the LTN3D run is often much closer to the surface
minimum than in the 2-D run, indicating that some undiluted
air has reached the upper troposphere in this run in spite ofig. 13. As Fig. 11 for the LTN1 run.
significant mid-level entrainment (SedtJ).

During the CEPEX cruise, extremely low$ nmol/mol)
upper tropospheric ©volume mixing ratios were observed
(e.g.Kley et al, 1996 1997). A few model studies\Wang
et al, 1995 Lawrence et a).19993 have reproduced these
minima qualitatively, but not quantitatively. An exception
has been the cloud resolving model studywigng and Prinn
(2000, who suggested that lightning related IBss can help
explain layers of very low @in the upper tropical tropo-

o
nmol/mol/day

—-120
—-160

height (km)

5E .

12/22 12/23 12/24 12/25 12/26
date (1992)

12/19 12/20 12/21

estimate from the literature (Fid), it is extremely unlikely
that the occasionally observed layers of very logvd®ncen-
tration are caused by lightning NO production.

In the present study a reproduction of the extremely low
upper tropospheric ©concentrations observed during the
CEPEX cruise was not to be anticipated since near-zero
lower tropospheric @ volume mixing ratios can mainly be
sphere. Figurd@5shows pronounced decreases afffiixing expected during the easterly phase of the intra-seasonal os-
ratios indicating the loss of £in the reaction with NO only  cillation (see discussion in Seé). Furthermore, the lifetime
for the LTNHWP run and to a much lesser extent also forof Oz in the MBL is of the order of few days and the lat-
the LTNWP run. Since the number of molecules per flash ineral boundary conditions do not yield very lows €oncentra-
the LTNHWP run is several times as large as the next largestions in either the upper or the lower troposphere. In order to
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reproduce the very low ozone concentrations observed dur- . —Hm\zp

ing CEPEX, one would most likely need a larger domain. 20F

Furthermore, as has been suggesteKley et al. (1996; E
Lawrence et al(19993, it might be necessary to include ad- 3 15F
ditional reactions involving halogens (el@avis et al, 1996 E f

Sander and Crutzett996 compare discussion in Seé). 10K

4.3 Small scale downward transport SE

0L 1 1 1 1 1 \ 1 N
12/19 12/20 12/21 12/22 12/23 12/24 12/25 12/26
date (1992)

Small scale downward transport of air with stratospheric ori-
gin in association with deep convection has been simulatedb)
in a number of two-dimensional cloud resolving model stud-
ies (Scala et al.1990Q Wang et al. 1995 Stenchikov et aJ.
1996 Wang and Prinn2000 in agreement with observa-
tions by Poulida et al.(1996 and Dye et al.(2000, who
found air with stratospheric characteristics in the upper tro-
posphere in the vicinity of mid-latitude storms. A very pro-
nounced example from our LTN1 run is shown in Fig
where Q-rich air is advected downward in the rear inflow . o ] )
of a large mesoscale convective system. In the LTN3D runfopospheric @ mixing ratios (Fig.14). On the whole, a
such events are less easily identified, in part possibly due tgMall net amount of ®is transported from below 16 km
the lower vertical resolutiorNewell et al (1996 1999 inter-  ({roposphere) to above 16 km (stratosphere) in our simula-
preted thin horizontal layers in the troposphere as frozen siglions: 4x10' molecules cm? da)fl in the LTN3D run, and
natures of the transfer of boundary layer air into the free tro-6x10*° moleculesprﬁz day™* in the LTN1 run. This small
posphere or of stratospheric air into the troposphiimyell ~ Upward transport is influenced by the method used to spec-
et al. (1996 identified over 500 layers with a mean thick- T the large scale forcing (see Sect. S5.3 for details) and is
ness of about 400 m from 105 vertical profiles sampled dur-consistent with pqrts of the tropics being a region of average
ing PEM-West A over the West Pacific. They found these lower stratospheric ascent and_troposphere to stratosphere
layers to extend over distances of 100-200 km or more. Usiransportolton et al, 1995 Corti et al, 2003.

ing a different method to identify horizontal layeidewell The reason whyang and Prinf2000 found downward

et al. (1999 found the average thickness of horizontal lay- transport to increase upper tropospherig @ixing ratios

ers during PEM-West A to be about 800m. The vertical in spite of the upward transport ofzgpoor air might best
resolution in this study is not high enough to adequatelybe explained by their initial profile, which varied by only
resolve the thinner ones among these layers. Instead, we3—4 nmol mot! between the surface and the upper tropo-
focus on a comparison witiVang and Prinn2000, who sphere, so that the upward transport af@or air played
found that downward transport ofs®ich air increased up- a relatively smaller role. In order to better quantify the in-
per tropospheric @ mixing ratios, outweighing the effect fluences of small scale downward transport on upper tro-
of upward transport of @poor air. In the LTN1 run, on pospheric @ concentrations in the tropics, additional de-
the other hand, vertical advection tends to decrease uppedailed observations of ©and anthropogenic pollutants in

Fig. 15. Time series of minimum @ mixing ratios in the lowest
model layer (dashed lines) and in the UT (defined from about 10 km
to about 16 km, dotted lines) f¢a) the LTN3D run andb) the 2-D
lightning sensitivity runs.
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which shifts the partitioning between OH and KH@-
wards higher OH/H® ratios while leaving the HQ con-
centration constant. At very high NO concentrations in the
vicinity of the flashes HQ concentrations decrease due to
the termination reaction of OH with NOn which HNG; is
formed. While we find increasing OH concentrations with
increasing lightning NO productiofyang and Prinrf2000
found a very strong decrease of OH in one of their lightning
sensitivity runs and a complete depletion of OH throughout
the troposphere in the other run, which is consistent with
20 £ significantly higher N@ concentrations in their simulations
0 100 200 300 400 (Fig. 5). The elevated HQconcentrations above the bound-
stonce m esiEost aection (k) ary layer in Fig.17 are caused by larger scale horizontal
transport of @-rich air (compare Sectl and Sect6). Ele-
Fig. 16. Og volume mixing ratios (filled) from the LTN1 run for ~ vated OH concentrations above the boundary layer have pre-
24 December 1992, 9:30 UTC to 13:30 UTC and total hydrometeorviously been observed above the eastern tropical Pacific un-
mixing ratiog;or,» =0.01g kg1 contour. der conditions of high N@and CO concentrations at these

altitudes Davis et al, 2001).
the vicinity of deep convection are necessary that allow us

to discriminate between vertical transport from below and

import from the stratosphere, in combination with dedicated® Role of the intra-seasonal oscillation (ISO) for ozone
3-D model studies, possibly using an idealizegit@cer and profiles

very high vertical resolution.
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height (km)
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nmol/mol nmol/mol nmal/mol

height (k)

height (k)

Kley et al.(1996 1997 found extremely low @ mixing ra-

tios during CEPEX either in the lower or the upper tropo-
5 HOy sphere (depending on wind direction), but not in the upper

and the lower troposphere at the same time. Fid#sug-
Together with NQ, hydrogen oxides play a crucial role for gests that the surface concentrations af GO, and NQ
the troposphere’s oxidation capacity and ozone chemistryfrom MATCH-MPIC are strongly influenced by the phase
Figure17 shows increasing OH concentrations with increas-of the intra-seasonal (Madden-Julian) oscillation (ISO, e.g.
ing lightning NO production in the 2-D lightning sensitivity Madden and Julign1994 as reflected by the 10m zonal
runs and slightly decreasing H@oncentrations in all runs  wind. During the westerly phase (WP), relatively,GCO,
but the LTNHWP run, in which the decrease is somewhatand NQ-rich air is found in the lowest model layer. While
larger (of the order of a few pmol miot in the upper tropo-  the zonal wind velocity in the MBL (below~1000m) is
sphere). An increase of OH and a small decrease of HO positively correlated with minimum ©volume mixing ra-
caused by the NO oxidation reaction tios in the MBL just south of the Equator between 150
and 180E (Fig. 19a), upper tropospheric minimumsQ@ol-
ume mixing ratios are negatively correlated with the zonal
wind velocity in the MBL (Fig.19%); i.e., during the WP,

NO + HO; — NO2 + OH

Atmos. Chem. Phys., 8, 2742457, 2008 www.atmos-chem-phys.net/8/2741/2008/
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Sect. S8),(c) O3 volume mixing ratio in the lowest model layer wind velocity below~1000 m to(a) minimum Oz volume mixing
(surface layer) calculated by MATCH-MPIQJ) surface layer CO, ratios in the MBL (below~1000 m) andb) minimum O; volume
(e) surface layer N@ at the site of the TOGA COARE IFA. mixing ratios in the upper tropospherel0-15 km), at 2.88S for

31 October 1992 to 31 March 1993 from MATCH-MPIC for lag 0 h
Os volume mixing ratios in the MBL tend to be higher and (_diamonds) and_ for a lag between —96 _and 96 h (lower panels) at the
upper tropospheric £volume mixing ratios lower than dur- time of the maximum absolute correlation (crosses).
ing the easterly phase. The zonal wind component lags O
in the MBL (Fig. 19a, lower panel), but taking into account
a lag does not improve the correlation significantly at most
longitudes. The increase in lower tropospherig @lume
mixing r.at|os during the WP is mpst I|kely. related to €035 truction (e.gDavis et al, 1996 Sander and Crutzeth996).
equatorial flow over the Indonesian Archipelago advecting g . .

. . . The domain of the CSRMC is too small to simulate the
polluted air masses from the Northern Hemisphere into there ional scale transport associated with the 1ISO explicitly;
TOGA COARE/CEPEX region (see schematic in F2g). reg port : . phcitly,

. . . o instead the effect of regional scale horizontal advection is
This cross-equatorial flow is characteristic of the westerly . o .
. . taken into account by specifying boundary conditions for
phase of the ISO (e.granai et al, 2000 McBride et al, . )

X . . trace gases. In the future, growing computer power will allow

1995. While surface winds are westerly during the WP, up- ; o ;
S . us to increase domain sizes and a multiply-nested cloud re-

per tropospheric winds tend to be easterly, advectiggp@br ; : ; :

. . . e solving model setup including chemistry for TOGA COARE
air from convective regions of the central Pacific into the re-"": : . ; :

. . : will become feasible. A nested setup without chemistry is
gion. During the easterly phase of the ISO the flow is roughly .

: . currently being evaluated for TOGA COARE.

opposite. The dependence of Ebncentrations on the phase
of the ISO and regional scale horizontal advection can help to
explain the lack of coincidence between upper troposphericz - Summary and conclusions
and lower tropospheric £minima in the profiles observed
during CEPEX. Furthermore, one could speculate that theA cloud system resolving model including a simple light-
low (high) NO, regime (in the upper troposphere) identified ning NO parameterization has been developed which allows
by Crawford et al.(1997 might coincide with the westerly us to study the influences of multiple storms and mesoscale
(easterly) phase of the ISO. The seven-day episode from 19eonvective systems on tropospheric chemistry in the TOGA
26 December 1992 is characterized by the onset of a stron@OARE/CEPEX region over a period of several days. In situ
WP. lightning NO production is simulated to have a minor impact

MATCH-MPIC reproduces the ozone minima observed
during CEPEX qualitatively but not quantitativelygwrence
et al, 19993; a possible candidate for a missing chemical
ozone sink in the model being halogen-catalyzed ozone de-

www.atmos-chem-phys.net/8/2741/2008/ Atmos. Chem. Phys., 8, 27812008
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Fig. 20. Schematic: During the westerly phase of the 1SO lower tropospheric cross-equatorial flow transports polluted air to the TOGA
COARE/CEPEX region. The contours at the base are 850 hPa ozone volume mixing ratios from MATCH-MPIC and interpolated wind
vectors are from the NCEP re-analysis dataset for 24 December 1992, 00:00 UTC.

on domain-averaged{Dand the lightning N@ plumes are the 2-D runs, indicating the presence of undiluted convec-
horizontally advected out of the domain. The effect of light- tive cores (e.gHeymsfield et al.1978. Unlike in a bulk
ning NO on domain-averaged NGtrongly depends on the updraft cumulus transport parameterization or single column
dimensionality of the model. In the 3-D reference (LTN3D) model, mid-level entrainment does not preclude the trans-
run lightning has a weak influence on the domain-averageport of undiluted air in a cloud system model since the dy-
NOy profile, but in the 2-D sensitivity runs lightning NO namics of multiple storms and mesoscale convective systems
causes a large increase of domain-averaged bgause of is modeled. The finding of undiluted transport despite mid-
the smaller implicitly assumed “volume” of the 2-D domain. level entrainment strongly suggests that plume ensemble pa-
Significantly lower NQ volume mixing ratios in the LTN3D  rameterizations (e.gArakawa and Schuberil974 Gidel,

run, in spite of a much higher number of flashes, have anl983 Donner 1993 Lawrence and Ras¢R005 should be
important implication for the loss of NQin the vicinity of used instead of bulk mass flux parameterizations in global
the storms: While between 20 and 24% of the lightning- chemistry-transport models.

produced NQ is lost due to chemistry inside the domain in  The causes of extremely lowsQ@nixing ratios in the up-

the 2-D runs, this fraction is negligible in the LTN3D run per troposphere were examined through a series of sensitivity
and the loss is more than compensated by W@duction  studies. We found that low#£Imixing ratios can be a result of
from PAN. This suggests that the results of 2-D sensitivity lightning-produced NO when high NO production rates and
runs are to be interpreted with caution and that 3-D runs ardlash rates are used in a 2-D run, simila@ng and Prinn
needed in order to realistically assess the influences of in sity2000. However, a recent review of NO production by light-
lightning on local chemistry. Because multi-day 3-D runs arening (Schumann and Huntries@007) indicates that the NO
still computationally expensive (to our knowledge this is the production rate used in this sensitivity simulation is 10-100
first multi-day cloud system resolving study including chem- times greater than most values reported in the literature. We
istry), 2-D sensitivity runs can nevertheless be useful, espetherefore think this source is unrealistic.

cially for comparing with 2-D sensitivity runs from a previ-  we find vertical transport of 0zone poor air to play a larger
ous study. Domain-averaged OH is found to increase withyole in causing low upper tropospheric mixing ratios than
increasing lightning NO production and K@ fairly insen-  wang and Prinr(2000, who specified an initial @ profile
sitive except for a notable decrease in the run with extremelyyith 3 relatively small vertical gradient between the bound-
high NO production per flash. ary layer and the upper troposphere.

Mid-level entrainment plays an important role forz O A reproduction of the extremely low4Xoncentrations ob-
transport from the mid-troposphere to the UT betweei® served during CEPEX (which started in the TOGA COARE
and 14 km, but transport of 4poor air from the MBL tends  region) was not to be anticipated in the present study since
to decrease @volume mixing ratios between 14 and 15.5 km during the westerly phase of the intra-seasonal oscillation
in the LTN3D run. In spite of the importance of mid-level (1SO), relatively Q-rich air is transported to the region
entrainment, undiluted £poor air from the MBL reaches by low level westerlies. Correlations between zonal wind
the upper troposphere more frequently in this run than inand ozone volume mixing ratios from MATCH-MPIC for
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31 October 1992 to 31 March 1993 suggest that vertical the Optical Transient Detector, J. Geophys. Res., 108, 4005,
ozone profiles in the TOGA COARE/CEPEX region are  doi:10.1029/2002JD002347, 2003.
strongly influenced by the 1SO. This influence can help toCiesielski, P. E., Johnson, R. H., Haertel, P. T., and Wang, J.: Cor-

explain the lack of coincidence between upper and lower tro- rected TOGA COARE sounding humidity data: Impact on diag-
pospheric @ minima observed during CEPEX. nosed properties of convection and climate over the warm pool,

J. Climate, 16, 2370-2384, 2003.
In the LTN1 run, small scale downward transport of ozone , AR
S . ... Cooray, V.. Energy dissipation in lightning flashes, J. Geophys.
from the tropopause layer is simulated to occur in thin fila- ~ o.&" 105 21401-21410. 1997,
ments extending far into the troposphere in association Withcorti T, Luo, B. P., Peter, T., &fmel, H., and Fu, Q.. Mean ra-
rear inflow into mesoscale convective systems. On the whole, gative energy balance and vertical mass fluxes in the equatorial

however, vertical advection tends to decrease upper tropo- upper troposphere and lower stratosphere, Geophys. Res. Lett.,
spheric 0zone mixing ratios in this run due to the upward 32, L.06802, doi:10.1029/2004GL021889, 2005.

transport of @-poor air from the MBL, and a small aver- Crawford, J. H., Davis, D. D., Chen, G., Bradshaw, J., Sandholm,
age net upward transport ofs@rom below~16 km in as- S., Kondo, Y., Merill, J., Liu, S., Browell, E., Gregory, G.,
sociation with average large scale ascent is simulated in all Anderson, B., Sachse, G., Barrick, J., Blake, D., Talbot, R.,
runs. In order to better quantify the influences of small scale @nd Pueschel, R.: Implications of large shifts in tropospheric
downward transport, additional observations in the vicinity 2'52 J?Z‘Z';A%éhig;?me tropical Pacific, J. Geophys. Res., 102,
of deep convection are necessary as well as dedicated S'Bavis, D., Crawfo’rd, J.,.Liu, S.. McKeen, S., Bandy, A., Thornton,
model studles'wnh very hlgh vert'lcal resolgtlon. Since cIo'ud D., Rowland, F., and Blake, D.: Potential impact of iodine on tro-
system resolving model simulations require meteorological pospheric levels of ozone and other critical oxidants, J. Geophys.
input from comprehensive observation campaigns such as Res., 101, 2135-2147, 1996.

TOGA COARE nested cloud resolving model simulations pavis, D., Grodzinsky, G., Chen, G., Crawford, J., Eisele, F.,
are likely to be a good alternative in many regions. Further- Mauldin, L., Tanner, D., Cantrell, C., Burne, W., Tan, D.,
more, as discussed Balzmann et a2004), the application Faloona, I., Ridley, B., Montzka, D., Walega, J., Grahek, F.,
of observation derived large scale forcings for trace gases Sandholm, S., Sachse, G., Vay, S., Anderson, B., Avery, M.,

would, unlike for water vapor and potential temperature, be Heikes, B., Snow, J.,, O'Sullivan, D., Shetter, R., Lefer, B.,
problematic. Blake, D., Blake, N., Carroll, M., and Wang, Y.: Marine lati-

tude/altitude OH distributions: Comparison of Pacific Ocean ob-
servations with models, J. Geophys. Res., 106, 32691-32 708,
2001.

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 indi-

vidual thunderstorm during STERAO-A, J. Geophys. Res., 105,

11601-11616, 2000.

HeCaria, A. J., Pickering, K. E., Stenchikov, G. L., and Ott,
L. E.: Lightning-generated N and its impact on tropo-
spheric ozone production: A three-dimensional modeling study
of a Stratosphere-Troposphere Experiment: Radiation, Aerosols
and Ozone (STERAO-A) thunderstorm, J. Geophys. Res., 110,

D14303, doi:10.1029/2004JD005556, 2005.

Dickerson, R. R., Huffman, G. J., Luke, W. T., Nunnermacker, L. J.,
Pickering, K. E., Leslie, A. C. D., Lindsey, C. G., Slinn, W. G. N.,
Kelly, T. J., Daum, P. H., Delaney, A. C., Greenberg, J. P., Zim-
merman, P. R., Boatman, J. F,, Ray, J. D., and Stedman, D. H.:
Thunderstorms: An important mechanism in the transport of air
pollutants, Science, 235, 460—-465, 1987.

Donner, L. J.: A cumulus parameterization including mass fluxes,
vertical momentum dynamics, and mesoscale effects, J. Atmos.

Arakawa, A. and Schubert, W. H.: Interaction of a cumulus cloud  Sci., 50, 889—906, 1993.
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