Atmos. Chem. Phys., 9, 4315327, 2009 iy —* -
www.atmos-chem-phys.net/9/4315/2009/ Atmospherlc
© Author(s) 2009. This work is distributed under Chemlstry

the Creative Commons Attribution 3.0 License.

and Physics

Summertime impact of convective transport and lightning NQ,
production over North America: modeling dependence on
meteorological simulations

C. Zhaot, Y. Wang!, Y. Choi?, and T. Zeng!

1School of Earth and Atmospheric Sciences, Georgia Institute of Technology, Atlanta, GA, USA
2Jet Propulsion Laboratory, Pasadena, CA, USA

Received: 10 December 2008 — Published in Atmos. Chem. Phys. Discuss.: 26 January 2009
Revised: 11 June 2009 — Accepted: 11 June 2009 — Published: 3 July 2009

Abstract. Global-scale chemical transport model simula- ily to cloud top height difference) is mostly above 12 km.
tions indicate lightning N@ dominates upper tropospheric At 8-12 km, the models simulate a contribution of 60—75%
O3 production above Eastern North America during sum-of NOyx and up to 20 ppbv of @from lightning, although
mertime but vary in their estimates. To improve our under-the decrease of lightning NCeffect from the Southeast to
standing, a regional-scale model (REAM) with higher res- Northeast and eastern Canada is overestimated. The model
olution is applied. To examine the uncertainties in model-differences and biases found in this study reflect some major
ing the impact of convective transport and lightning NO uncertainties of upper tropospheric N@nd & simulations
production on upper tropospheric chemical tracer distribu-driven by those in meteorological simulations and lightning
tions, REAM simulations of chemical tracers are driven by parameterizations.

two meteorological models, WRF and MM5, with different
cumulus convective parameterizations. The model simula-
tions are evaluated using INTEX-A aircraft measurements
and satellite measurements of N@olumns and cloud top

pressure, and we find that mid and upper tropospheric traceqnospheric distributions of trace gases are driven in part
gas concentrations are affected strongly by convection angh, meteorological conditions. Convection and associated

lightning NO; production. WRF with the KF-eta convection jighining NO, production are two important meteorological

scheme simulates larger convective updraft mass fluxes besygcesses affecting the production and distribution of tropo-
low 150 hPa than MM5 with the Grell scheme. The inclusion spheric chemical tracers (e.g., Wang et al. 2001; Doherty et

of the entrainment and detrainment processes leads to mor§  >005: Hudman et al.. 2007: Choi et al.. 2005 2008a).
outflow in the mid troposphere in WRF than MMS5. The ratio cqonyection redistributes trace gases vertically and signifi-

of CoHe/C3Hs is found to be a sensitive parameter to €On- oty affects atmospheric chemical and transport processes

vective outflow; the simulation by WRF-REAM is in closer during long-range transport (e.g., Wang et al., 2000, 2001:
agreement with INTEX-A measurements than MM5-REAM, ponerty et al., 2005; Hess, 2005; Folkins et al., 2006: Kiley

implying that convective mass fluxes by WRF are more re-g 51 ' 5006: Hudman et al., 2007). Li et al. (2005) and Choi
alistic. WRF also simulates lower cloud top heights (10-¢; 5 " (2008h) showed the importance of convection in ven-
12km) than MMS5 (up to 16 km), and hence smaller amountsy;jating ajr pollutants from the continental boundary layer of

of estimated (intra-cloud) lightning NOand lower emis- 6 nited States (US) and providing a conduit for US pollu-
sion altitudes. WRF simulated cloud top heights are in bet-;, t0 the Western North Atlantic Ocean.

ter agreement with GOES satellite measurements than MMS. - g jjations of convective transport have large uncertain-
Simulated lightning NQ production difference (due primar-

1 Introduction

ties. Several studies found substantial divergences among
Chemical Transport Model (CTM) simulations arising from
the difference in various cumulus parameterizations and un-
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2005). To properly evaluate model simulations of convec-the KF-eta scheme (Kain, 2003) and the Fifth-Generation
tive transport and lightning Nproduction, extensive at- NCAR/Penn State Mesoscale Model (MM5) (v3.6.1, Grell
mospheric measurements are needed. One such dataseteisal., 1995) with the Grell scheme (Grell et al., 1993). When
the Intercontinental Chemical Transport Experiment — Northcompared to the convective transport and lightning Nia-
America (INTEX-A) collected during summer (3 July to 15 tures measured during INTEX-A, the model difference be-
August) 2004 over North America (Singh, et al., 2006), in tween WRF-REAM and MM-5 REAM s attributed to the
which a large number of cases for active convection and largaeinderlying meteorological fields, particularly the convection
amounts of lightning N production were measured (e.g., related variables.
Hudman et al., 2007; Bertram et al., 2007). Our analysis proceeds as follows. In Sect. 2, we describe
Lightning is a major source of NONO»+NO) in the up-  the REAM model and the measurements used in the study.
per troposphere. NQis thought to be produced during the The convective impact on tropospheric tracers is analyzed in
return stroke stage of a cloud-to-ground flash and the leadeBect. 3. The lightning impact is examined in Sect. 4. Con-
stage of an intra-cloud flash but there remains a great deal aflusions are given in Sect. 5.
uncertainty in the mechanism of N@roduction in lightning
flashes (e.g., Schumann and Huntrieser, 2007). The light-
ning flash rate is often parameterized as functions of mete2 Model and observations
orological variables such as convective updraft mass fluxes
(UMF), convective available potential energy (CAPE), con- 2.1 Model description
vective cloud top height, and precipitation rate (e.g., Price et
al., 1993; Allen et al., 2000; Choi et al., 2005, 2008a). Light- The REAM model driven by MM5 assimilated meteoro-
ning NQ significantly enhances tropospheric NElumns,  logical fields (MM5-REAM) was described by Choi et al.
in particular, over the ocean, where N@olumns are more (2008a). Previously, this model was applied to investigate a
sensitive to lightning N@ production due to less impact of number of tropospheric chemistry and transport problems at
surface NQ emissions (e.g., Choi et al. 2005, 2008a; Martin northern mid latitudes (Choi et al., 2005, 2008a, b; Jing et al.,
et al., 2006; Bertram et al., 2007). Cooper et al. (2009) pre-2006; Wang et al., 2006; Gillus et al., 2008) and in the polar
sented a summary of many related observational and modregions (Zeng et al., 2003, 2006; Wang et al., 2007). In this
eling studies over the US and suggested that lightning conwork, the REAM model is developed to use the WRF assim-
tributes to more than 80% of summertime Ni@ the upper ilated meteorological fields (WRF-REAM). Large changes
troposphere in the region. It also increases the concentraare apparent in the free tropospheric chemical distributions
tions of G; and PAN in the free troposphere (e.g., Labrador when WRF fields are used in place of MM5.
et al., 2004; Cooper et al., 2006; Hudman et al., 2007). Hud- The model has a horizontal resolution of 70 km with 23
man et al. (2007) found that lightning enhancegd®ncen-  vertical layers below 10 hPa. Meteorological fields are as-
trations by 10-17 ppbv and PAN by 30% in the upper tro- similated using either MM5 or WRF constrained by the
posphere based on the INTEX-A measurements over EasNCEP reanalysis products (NNRP). The horizontal domain
ern North America and the Western North Atlantic Oceanof MM5 or WRF has 5 extra grids beyond that of REAM
during summer 2004 using the GEOS-CHEM model. Re-on each side to minimize potential transport anomalies near
cent satellite measurements including N€olumns from  the boundary. Most meteorological fields are archived ev-
the SCanning Imaging Absorption spectroMeter for Atmo- ery 30 min except those related to convective transport and
spheric CHartographY (SCIAMACHY) were used to show lightning parameterizations (e.g., cloud top height, cloud
lightning enhanced N@over the North Atlantic Ocean, and base height, convective mass fluxes, and convection available
to constrain the global lightning NCemissions in the range potential energy CAPE), which are archived every 5min.
of 4-8 Tg N/yr (Martin et al., 2006, 2007). Chemical initial and boundary conditions for chemical trac-
Previous analyses with global-scale models have showrers in REAM are obtained from the global simulation for
difficulties in accurately quantifying the lightning-induced the same period using the GEOS-CHEM model driven by
NOx and Q@ production in the upper troposphere above GEOS-4 assimilated meteorological fields (Bey et al., 2001).
North America during summer, as summarized by Cooper efAnthropogenic and biogenic emission algorithms and inven-
al. (2009), with more recent estimates by Pfister et al. (2008}ories are adapted from the GEOS-CHEM model (Choi et al.,
and Hudman et al. (2009). Simulated convective transport 02005, 2008a). One exception is that the emissions of,NO
tracers and lightning NQproduction are sensitive to under- CO, and £C, alkanes) over the US are prepared by Sparse
lying meteorological fields. To study the sensitivities in sim- Matrix Operator Kernel Emissions (SMOKE) modéittf:
ulating their impact on trace gas simulations, we use a Ref/cf.unc.edu/cep/empd/products/smoke/index)cfar 2004
gional chEmical trAnsport Model (REAM) with 2070 kn? projected from the Visibility Improvement State and Tribal
resolution driven by two meteorological models with dif- Association of the Southeast (VISTAS) 2002 emission inven-
ferent convection schemes, the Weather Research and Foresry, since we found that these emissions are more consistent
casting (WRF) model (v3.0, Skamarock et al., 2005) with with INTEX-A measurements than the default inventories
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in GEOS-CHEM. Biomass burning emissions are included2.2 Chemical observations

following Turquety et al. (2007). The default inventories

in GEOS-Chem for ethane and propane are used since th22.1 Aircraft observations

ethane and propane emission ratios in the VISTAS inventory

appear to be problematic, similar to the problem previouslyThe Intercontinental Chemical Transport Experiment —

found by Wang et al. (1998). North America Phase A (INTEX-A) was aimed at un-
Sub-grid convective transport in WRF-REAM and MM5- derstanding the transport and transformation of gases and

REAM is developed to be consistent with the KF-eta andaerosols on transcontinental and intercontinental scales

Grell schemes implemented in WRF and MM5, respectively.above Eastern North America (Singh et al., 2006). In this

The KF-eta scheme in WRF is developed based on the Krtudy, the INTEX-A measurements obB8s, CsHg, HNOs,

scheme (Kain and Fritsch, 1993). It utilizes a simple cloudNO, NO,, and G from the NASA DC-8 aircraft are used.

model with moist updrafts and downdrafts, including the ef- CoHg and GHg were measured with 1 pptv detection limit

fects of detrainment and entrainment. Shallow convection isand 2—10% nominal accuracy (Simpson et al., 2000). KINO

allowed for any updraft that does not reach minimum cloudwas measured with 5-10 pptv detection limit and 10-15%

depth for precipitating clouds; this minimum depth varies nominal accuracy (Talbot et al., 1999; Crounse et al., 2006).

as a function of cloud-base temperature (Kain, 2003). TheNO was measured with a precision of 50 pptv with 1-min

Grell scheme in MM5 is based on the rate of destabilizationtime integration (Ren et al., 2008). N@vas measured with

or quasi-equilibrium, a simple single-cloud scheme with up-1 pptv detection limit and 10% nominal accuracy (Thornton

draft and downdraft fluxes and compensating motion deter<t al., 2000). @ was measured with 1 ppbv detection limit

mining the heating/moistening profile (Grell et al., 1993).  and 5% nominal accuracy (Avery et al., 2001). All instru-
A newer and apparently quite different version of the Grell ments on the DC-8 are described in detail by Singh et al.

scheme (Grell and Devenyi, 2002) is available in the WRF(2006). One-minute merge data of NO, N®INOs, and Q3

model. Hence, the results shown in this study do not ap-and original data of gHs and GHg from DC-8 from July ¥’

ply to the Grell scheme in WRF. We did not use the newerto 14 August 2004 are usedit{p://www-air.larc.nasa.gov/

Grell (deep convection) scheme in WRF because there is négi-bin/arcstgt  Some compounds were measured by two

shallow convection scheme that can be paired with the Grelifferent techniques such as HYO When both measure-

scheme in WRF, which is not the case in MM5. Shallow con- ments are available, the average values are used. When we

vection can be quite effective in ventilating pollutants from compare model simulations with measurements, the model

the boundary layer (e.g., Choi et al., 2005). A second rea-output is sampled at the time and locations of in situ mea-

son is that MM5 with the Grell scheme has been widely usedsurements.

in previous regional chemical and transport modeling stud-

ies. Both KF-eta and (MM5) Grell convective schemes sim-2.2.2  Satellite measurements

ulate moist updrafts and downdrafts. One notable difference

is that the KF-eta scheme includes cloud entrainment and defropospheric N@ columns

trainment during convection but the Grell scheme does not.

This difference is reflected in simulating the North America The SCIAMACHY instrument onboard the ENVISAT

outflow of the pollutants and evaluated with INTEX-A mea- satellite has a spatial resolution of 360 kn? and a 6-day

surements in this study. global coverage. Tropospheric columns of Netrieved
The cloud-to-ground lightning flash rate is parameterizedfrom SCIAMACHY and its uncertainties are calculated by

as a function of convective mass fluxes and CAPE on the baMartin et al. (2006). The retrieval uncertainties are due to

sis of the observed cloud-to-ground lightning flashes by thespectral fitting, the spectral artifact from the diffuser plate,

National Lightning Detection Network (NLDN) in summer removal of the stratospheric column, and air mass factor

2004 as described by Choi et al. (2005). The parametericalculation. Measurements with cloud fraction greater than

zation ensures the dynamic consistency between simulated0% are excluded in order to reduce the impact of clouds on

lightning NO production and simualted convection events. the satellite retrievals. A more detailed description regarding

The IC/CG flash ratio is calculated following Wang et al. the tropospheric N@columns from SCIAMACHY and its

(1998). It is assumed that IC and CG flashes have the samealidation with INTEX-A measurements can be found in

energy (Ott et al., 2003; Choi et al., 2005). Lightning NO Martin et al. (2006).

is distributed vertically following the mid-latitude profile by

Pickering et al. (1998). We set a N@roduction rate of 250 Cloud top pressure

moles NO per flash in this study through trial and error anal-

ysis such that model simulations are consistent with in situ The operational data collection phase of the International

and satellite observations. This production rate happens t&atellite Cloud Climatology Project (ISCCP) began in July

agree with the value suggested by Schumann and Huntriesdi983 and the dataset provides a global cloud climatol-

(2007). ogy based on the images from an international network of
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Fig. 1a. Mean deep convective updraft mass fluxes from WRF and MM5 simulations for July and August 2004.

weather satellites (Rossow and Schiffer, 1991). The meathe Western North Atlantic Ocean. One clear difference is
surements of cloud top pressure over North America pro-that the updraft fluxes at 500 and 800 hPa are much higher
vided by the ISCCP DX dataset with 3-hourly 30 km sampledin WRF than MM5. The mass fluxes in WRF are not as
pixels processed from the images of GOES-10 and GOESspatially concentrated over the Western-Central US and are
12 satellites are used to evaluate the model simulated cumwgreater over the Southeast than MM5. Figure 1b shows the
lus cloud top heights. The measurements with the cloud toprertical profiles of mass fluxes from the two models includ-
pressure larger than 500 hPa are excluded in the study to filtang the entrainment and detrainment fluxes only from WRF
out the low cloud information. averaged over North America (domain shown in Fig. 1a).
The difference is large. The updraft fluxes in WRF are much
larger than MM5 at 300-900 hPa. The downdraft fluxes of
3 Sensitivities in modeling convective impact on tropo- WRF occur at lower altitudes than MM5. Entrainment and
spheric trace gases distributions detrainment only in WRF are high in the lower and upper
troposphere. The larger updraft fluxes as well as entrainment
3.1 Dependence of convective transport on cumulus pa- and detrainment in WRF lead to larger wet scavenging of
rameterization soluble species than MM5. The convection top simulated by
MMS5 is higher than that by WRF. While the difference be-
Figure 1a shows the spatial distributions of the mean updraftween MM5 and WRF simulated convective cloud top height
mass fluxes of deep convection at three pressure levels (80 not that large in pressure coordinates, it is quite large in
500, and 300hPa) from WRF and MM5 simulations with altitude coordinates, leading to a large difference in the dis-
KF-eta and Grell convection schemes, respectively, for Julytribution of pollutant outflow and lightning NgQemissions.
and August 2004. WRF and MMS5 simulate generally simi-
lar spatial distributions of mass fluxes with strong convection
events over the Western and Southeastern US, Mexico, and

Atmos. Chem. Phys., 9, 4315327, 2009 www.atmos-chem-phys.net/9/4315/2009/
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Fig. 1b. Vertical profiles of mean mass fluxes of deep convection

from WRF and MM5 simulations, and the average entrainment and
detrainment fluxes from the WRF simulation for July and August
2004 over North America (shown in Fig. 1a). Positive (negative)
fluxes are updrafts (downdrafts).

surface

3.2 Convective impact on export of pollutants

In the REAM model, convective transport lifts pollutants
from the boundgry Igyer into the free troposphere. As a re—‘5m 2'0 50 100 200
sult, concentrations increase at higher altitudes and decreas relative change of C,Hg[%]
at lower altitudes. In model simulations, the change of con-
Centl’ations as a function Of altitude I’efleCtS the Strength OfF|g 2. Percentage Changes 0§|@8 in the standard model sim-
convective transport. Here we usegH3 as an example. Fig- ulations from the model simulations without convective transport
ure 2 shows the relative changes afHg driven by convec-  for July and August 2004 at the surface, and 150, 300, 500, and
tion at the surface and four pressure levels (800, 500, 300800 hPa. Results for WRF-REAM and MM5-REAM are shown.
and 150 hPa) for July and August 2004 in the two models.
Both models show decreases ofHg at the surface and
800hPa. At 500hPa, convective transport increasgdgC  To minimize the effects of emission uncertainties and the
in WRF-REAM particularly over the Southeast because oflarge vertical gradient of §Hg and GHg in this analysis, we
entrainment and detrainment and updraft flux convergencelnvestigate the convective effect onlds/C3Hg ratios (Wang
MMS5-REAM, in contrast, shows a general convection-driven and Zeng, 2004). The chemical lifetime oflds (2 weeks)
decrease. At higher altitudes, both models show increasis shorter than gHg (>1 month). Long-range transport of
ing concentrations due to convection. However, the largessHs is less efficient and we expect to see a larger convec-
increase is at 300 hPa in WRF-REAM but at 150 hPa intive transport effect on gHg than GHe.
MM5-REAM. The maximum outflow altitude is higher in We compare the median profiles oblds/C3Hg in both
MM5-REAM because the convective top is higher in MM5 models with the INTEX-A measurements over the outflow
(Fig. 1b). region of the Western North Atlantic Ocean in Fig. 3. The
The difference of the simulated,8g concentrations be- measurements and corresponding simulated results are aver-
tween the two models is within 10% (Appendix A). WRF- aged into 1-km vertical bins. There at50 measurements
REAM simulated GHg concentrations are 10-30% higher for each 1-km vertical bin. We also show the sensitivity re-
than MM5-REAM in the free troposphere (3—8 km), in better sults when convective transport is turned off in the models.
agreement with the INTEX-A observations (Appendix A). The observations show the lowest medigiHg/C3Hg ratio

www.atmos-chem-phys.net/9/4315/2009/ Atmos. Chem. Phys., 9, 4323-2009
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12 high compared to the measurements. In MM5-REAM, the
I ] effect of convective transport is evident only in the upper tro-
posphere (above 7km) as indicated in Fig. 2. The lack of
convective mixing in MM5-REAM results in large overesti-
mates of the @Hg/C3Hg ratios in the free troposphere at 3—

8 1 9km. The convective effect in MM5-REAM becomes larger
8- ] than WRF-REAM above 11km. There is no direct in situ
observation to evaluate the model performance above 11 km.
What we will show in Sect. 4.1 is that the convective cloud
top is overestimated in MM5 compared with GOES satellite

10/

/|

Altitude [km]
(=]
I
1

[ —INTEXA \ ‘ 1 observations, particularly over the Western North Atlantic
al M AEAM ) ! ] Ocean. WRF simulations are in closer agreement with the
WRF-REAM (w! i observations.
[ MMS-REAM (wio conv) 1 We also examine the effect of convective scavenging of
2 L / ) i soluble HNQ. We assume that HN{Js removed in convec-
ro Z . tive updrafts in the model (e.g., Wang et al., 2001). This wet
v scavenging pathway effectively removes HNIBted from
Y ' J ' ‘ the boundary layer. However, HNGroduced from light-
0 3 6 9 12 15 ning NG is not scavenged in this process. With entrainment
C,H,/C;H, (such as in WRF-REAM), background HN@ntrained into

cumulus clouds is also removed. Without entrainment scav-
Fig. 3. Observed and simulated vertical profiles of median enging, upper tropospheric HN@oncentrations can be high
CaHg/C3Hg ratios in the outflow regions over the Western North from lightning NQ,. In general, simulated HN§concen-
Atlantic Ocean. There are 50 measurements for each 1-km in- rations are lower in WRE-REAM than MM5-REAM and
terval. Black squares show the observed means at 1-km intervalare in better agreement with the INTEX-A measurements
The horizontal bars show the standard deviations. “std” denotes th%lthough both model simulated median Hj@rofiles are
standard simulation. “w/o conv” denotes the simulation where con-"". L
vective transport is turned off. W|th|r_1 the stande_lrd deviations of the measurements (Ap-

pendix A). WRF simulates larger convective mass fluxes than

MMS5 and also includes entrainment fluxes (Fig. 1b). Both

) ) factors contribute to larger wet scavenging in WRF-REAM.
of 4-5 in the boundary layer. The observed ratio reaches

a maximum of 9 at 3km and gradually decreases to 4-5

at 11km. Generally speaking, the ratio 0jHs/CsHg in- 4 gengitivities in modeling lightning N, production
creases in the troposphere as a result of differential chemi-

cal aging and atmospheric mixing (Wang and Zeng, 2004)4 1 cumulus cloud top and lightning NQ, production
Therefore, the ratio of &€Hg/C3Hg tends to increase from the
boundary layer to the free troposphere. The observed dewe compare model simulated tropospheric N@lumns
crease of g@He/C3Hg ratio reflects the effect of convective ith SCIAMACHY measurements during INTEX-A period
transport, which mixes upper tropospheric (higtHe/CsHs (1 July—15 August) (Martin et al., 2006) to illustrate the dif-
ratio) air masses with low £Hs/C3Hg ratio air masses lifted  ference of lightning NQ production between the two mod-
from the boundary layer into the free troposphere. Weg|s (Fig. 4). The temporal resolution of SCIAMACHY is
note that the amount of mixing is determined by flux verti- |o\, covering the globe every 6 days. After filtering out
cal convergence, not by the direct fluxes shown in Fig. 1ameasurements with cloud fractions30%, there are only
The measurement variability is larger in the lower tropo- gpout 2 days of measurements per model grid over most re-
sphere, reflecting a mixture of fresh continental air with low gions of the Eastern US during INTEX-A period; on aver-
C2He/C3Hg ratios and aged marine air with highls/CsHg ~ age, there are 3 days of measurements over the US. There-
ratios over the Western North Atlantic Ocean. fore, the comparison here is qualitative in nature. Some of
Among the model simulations, both standard models rethe overestimates in the models can be traced back to sim-
produce the general profiles of the observetHg§lCsHg ra- ulated lightning influence during one of the measurement
tios; the profile from WRF-REAM is in closer agreement days. WRF-REAM and MM5-REAM simulations are very
with the measurements. MM5-REAM median profile is at similar when lightning N@ is excluded. When including
the upper bound of the measurements at 4-9km. Mordightning NO,, WRF-REAM simulated N@ columns are
telling of the model difference is in the sensitivity simula- lower than MM5-REAM and are closer to the limited ob-
tions. Without convective transport, the simulated medianservations. The spatial correlation is also higher in WRF-
C,Hg/C3Hg ratios in WRF-REAM would be a factor 2-3too  REAM (R=0.73) than MM5-REAM £=0.58). Lightning

Atmos. Chem. Phys., 9, 4315327, 2009 www.atmos-chem-phys.net/9/4315/2009/
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SCIAMACHY WRF-REAM
Standard w/o lightning above 12 km
- G e o -

SCIAMACHY MM5-REAM

Standard w/o lightning above 12 km

I I : —
0.0 1.0 2.0 25 3.0 3.5 4.0 5.0 0.0 0.1 0.2 0.3 0.4 05
NO, columns [10'° molecules/cm? ]

Fig. 4. Tropospheric N@ columns derived from SCIAMACHY measurements (Martin et al., 2006) and simulated by WRF-REAM and
MM5-REAM during the INTEX-A period (1 July to 15 August 2004). TroposphericdN®lumns from the standard simulation and a sensi-

tivity simulation without lightning NQ are shown. Also shown are the tropospheric columns above 12 km in the standard simulation. Only
the measurements with cloud fractioa80% and the corresponding simulation results are used. White areas indicate that no measurement
data are available.

16 . T ) of the total columns in WRF-REAM but-50% in MM5-

I ] REAM. Specifying a lower NQ production rate per flash in
MM5-REAM than WRF-REAM can correct the high bias in
MM5-REAM. However, the correction will also lead to large
underestimations in MM5-REAM compared to INTEX-A
[ ] aircraft measurements (to be discussed in the next section).
10 ] The large difference in simulated lightning N®roduc-

[ ] tion between WRF-REAM and MM5-REAM is due mainly
to the difference in the simulated cumulus cloud top heights.

14}

12}

Altitude [km]
oo
T
|

| — WRF-REAM | The simulated vertical distribution of lightning NGn both
6 —— MM5-REAM | models follows the mid-latitude profile by Pickering et al.
4?_ ) (1998). Figure 5 shows the vertical distributions of lightning
: NO production in the two models averaged over the INTEX-
ol 1 A regions. MM5-REAM simulates the lightning NOmax-
I 1 imum at~15km much higher than that in WRF-REAM at
i ! ! | ] ~12km. It is important to note that even though MM5-
0 60 120 180 240 300 REAM simulates much more total lightning N@han WRF-

Lightning NOx emission [pptv/hr] REAM, the two models simulate similar lightning N@ro-
duction at 2-12 km, which will explain why they simulate
Fig. 5. Mean lightning NQ production rate profiles in WRF-  similar lightning impact on the upper tropospheric (8—12 km)
REAM and MM5-REAM for 1 July—15 August 2004 averaged over NO, and Gy concentrations shown in the next section. Our
the INTEX-A region. lightning NO, parameterization is based on the observed
cloud-to-ground (CG) flash rates from the NLDN network

) ) (Choi et al., 2005, 2008a). The intra-cloud (IC) lightning
NOyx concentrations are lower in WRF-REAM than MM5- 541 rates are estimated in the model as a function of the

REAM. For example, N@columns above 12km are mainly - reezing altitude and cumulus cloud top height (Wang et al.,

due to lightning NQ. They are much lower in WRF-REAM  199g) A higher cloud top height generally leads to higher
than in MM5-REAM (Fig. 4). Over the Western North At- lightning NO, production.

lantic Ocean, N@ columns above 12 km account for 10%

www.atmos-chem-phys.net/9/4315/2009/ Atmos. Chem. Phys., 9, 4323-2009
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0 100 150 200 300 400
Cloud top pressure [hPa]

Fig. 6. Mean cumulus cloud top pressures measured by GOE-10 and GOE-12 satellites and simulated by WRF and MM5 for 1 July—15
August 2004. Measurement dat®00 hPa (and corresponding model results) are excluded to filter out the low cloud information.

We therefore evaluate model simulated cumulus cloud topern Canada. Measurements indicate that the model underes-
heights with the measurements by GOES-10 and GOES-18mates lightning NQ production in the latter regions.
satellites from the DX cloud dataset of the ISCCP (Rossow Figure 8 shows the comparison of the latitudinal distri-

and Schiffer, 1991) in Fig. 6. Clearly, the problem is in bution of upper tropospheric NO(8-12 km) over Eastern
MMS5 results, where cloud top pressures are underestlmateﬂlorth America (25N-55 N and <9C° W). Generally, both
over most regions of the Gulf of MeX|co, the southeast_ernmod(_}'S significantly underestimate lightning N@ver the
US and the Western North Atlantic Ocean. An exception regions north than 3. MM5-REAM overestimates N@

is over Southern Florida, where MM5 simulated cloud t0p o entrations over the southeastern US due in part to the

heights are more consistent with the observations than WRF bsidence of large amounts of lightning N&bove 12 km

which may indicate that the entrainment and detrainment arerig. 5). Both models simulate that N@oncentrations de-

overestimated in WRF over that region. The overestimate, oaqe hy a factor of 5 from the Southeast to the Northeast
of cloud top heights lead to higher IC/CG flash ratios and 5, gastern Canada, much larger than a factor of 2 or less
oyerestlmates of lightning Npproductpn in these regions in the measurements. Similar large biases in the simulated
(Fig. 4). The_ average |C/CG flash ratio over the US from g4 1 15 north decrease of lightning N@ver Eastern North
WRF'REA,M is 5, much Iower.than that of 7 from MM5- \rerica can also be found in previous studies (e.g., Lietal.,
REAM during the INTEX-A period. It also becomes appar- 5qo5: Hydman et al., 2007; Cooper et al., 2006 and 2009).
ent thatlightning NQin MM5-REAM is injected too highin e 13 shows that convective mass fluxes in the upper tro-
altitude (Fig. 5). Conve.ct|on in WRF with the KF-eta scheme posphere in both WRF and MMS5 are generally low over the
extends to a lower altitude of 10-12km, rather than up tOyoiheast. Measurements by the NLDN network also show

16km in MMS5 with the Grell scheme. Satellite measure-,\, G flashes there. Therefore, the model underestimate
ments of NQ (indirectly) and cloud top pressure (directly) may reflect that the lightning parameterization should be for-

ml_dlgate that cloud top height simulated by WRF is more re-, ,jata differently over the northern regions from southern
alistic. regions of Eastern North America.

4.2 Effect of lightning NOy during INTEX-A Lightning NG, is a major source of ©in the upper tro-
posphere and significantly affects the budget of tropospheric
The large model difference in lightning N@s not necessar- 0Os. Hudman et al. (2007, 2009) found lightning can in-
ily reflected in the comparison with aircraft N@neasure-  crease upper tropospherg €oncentrations by 10-17 ppbv
ments because the flight ceiling of the DC-8 is 12 km. Fig-and Cooper et al. (2006) found an increase of 11-13 ppbv
ure 7 shows the comparisons of upper tropospherig BO  on average and suggested a maximum of 24 ppbv based on
8-12km along the DC-8 flight tracks. The difference be-the box model analysis during INTEX-A over the Eastern
tween WRF-REAM and MM5-REAM is not as significant US. We find, here, that ©concentrations are increased by
as we found in Fig. 4-6 because of the similar lightningiNO up to ~20ppbv (Fig. 7) over the region and the average
emissions from the two models at 2—-12 km (Fig. 5). UpperOs enhancement is-10 ppbv over the region. The results
tropospheric NG in both models are driven by lightning, are in line with previous studies. Despite the difference
which increases NOmixing ratios by a factor of up to 5 in the underlying meteorological fields, simulated €n-
(~500 pptv). Both models simulate larger lightning impact centrations and their sensitivities to lightning N&re simi-
over the South Eastern US than over the Northeast and Easlar between WRF-REAM and MM5-REAM since lightning
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Fig. 7. Observed and simulated upper tropospheric NOx ag@d@centrations along DC-8 flight tracks at 8—-12 km during the INTEX-A
experiment. Results from the standard simulations and sensitivity simulations without lightnjngdh@ WRF-REAM and MM5-REAM
are shown. The impacts of lightning (rightmost column) are estimated by subtracting the sensitivity results from the standard model results.

enhancements of NCare similar between the two models
at 8-12 km. The enhancements of by lightning NG, im-
prove model simulations compared to INTEX-A measure-
ments. Upper troposphericz@&oncentrations are affected
by lightning mainly over the southeastern US and eastern
Canada. Tropospherics@roduction from surface emissions
of NOy and volatile organic compounds (VOCs) and trans-
port from the stratosphere also make significant contributions
to upper tropospheric §Choi et al., 2008a).
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vertical bars show the standard deviations. as been investigated In previous S udies (e.g., Cooper
et al., 2009, and the references therein). We use WRF-

REAM and MM5-REAM to estimate the lightning and
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surface NQ contributions over the INTEX-A regions (cov- in MM5-REAM. In comparison, the two model results are
ering the US and Western North Atlantic Ocean) from 1 in agreement in the boundary layer and 10-11 km. WRF-
July-15 August. In our simulations, WRF-REAM and REAM simulations are clearly in closer agreement with the
MM5-REAM show similar results up to 12km. Lightning INTEX-A observations. Larger mass fluxes as well as en-
contribution to NQ increases from~10% in the boundary trainment and detrainment in WRF-REAM also lead to more
layer to 60—75% at 8-12km. In contrast, the surface emisscavenging of soluble HN®in the free troposphere than
sion contributions decrease from 80% in the boundary layeMM5-REAM. The simulated median profile of HNCby
to ~10% at 8—12 km. Our estimation of lighting contribution WRF-REAM is in closer agreement with the measurements
is smaller than that of 80—-95% by Cooper et al. (2009), al-than MM5-REAM, although the observed variation is larger
though they found some evidence for model overestimatiorthan the model difference.
of lightning NG over the Southeast and our simulations have WRF with the KF-eta scheme simulates lower convec-
a clear low bias compared to INTEX-A measurements overtive cloud top heights than MM5 with the Grell scheme.
the Northeast and Eastern Canada (Fig. 7). The cloud top height directly affects the model estimates
Above 12km, the two models clearly diverge. WRF- of intra-cloud lightning production. Consequently, WRF-
REAM and MM5-REAM calculate;~50% and~90% of the =~ REAM simulates less lightning NOthan MM5-REAM and
NOy are due to lightning, respectively. The N@oncen- the maximum lightning N@ altitude of 12km in WRF-
trations at 12—-15km from the MM5-REAM simulation are REAM is lower than 15 km in MM5-REAM. Measurements
more than double those from the WRF-REAM simulation of tropospheric N@ columns from SCIAMACHY provide a
due to lightning. The divergence between WRF-REAM and qualitative comparison, which suggests that WRF-REAM is
MM5-REAM above 12 km reflects the lightning NGQrerti- closer to the observations, although the lower temporal res-
cal profiles in Fig. 4. The N@mixing ratios due to surface olution and cloud presence over convective regions greatly
emissions in the MM5-REAM simulation are50% greater  reduced the number of valid measurements. Evaluation us-
than those from the WRF-REAM simulation because of theing the ISCCP cloud top height measurements from GOES
absence of dilution from entrainment and detrainment andsatellites clearly demonstrated that MM5 simulated convec-
the higher cloud top height in MM5 simulation. tive cloud tops are too high over the southeastern US and the
We also estimate the source contributions to total reactiveVestern North Atlantic Ocean.
nitrogen (NQ) at 8-12km. Both models suggest contribu-  We note that the large model difference in lightning NO
tions of ~40 and 10% to NQ from lightning and surface production occurs mostly above 12 km, where no in situ mea-
emissions over North America at 8—12 km, respectively. Pre-surements were available from INTEX-A. For future field
viously, Allen et al. (2000) estimated that 13% and 16% missions targeting the effect of lightning N@nd convec-
are due to lightning and surface emissions over North Amer-ive transport, observations above 12km are needed.
ica for October—November 1997 during the SONEX Experi- Despite the large differences discussed previously, the two
ment, respectively. More intensive summertime lightning is models show similar agreement with upper tropospheric in
likely the reason for a larger lightning impact in our results. situ NGO, measurements. Over the observation regions of
INTEX-A, the two models show consistent results for the
effect of lightning NG in the upper troposphere (8—12 km):
5 Conclusions (1) lightning enhances upper tropospheric ;N€ncentra-
tions by up to a factor o5 (~500 pptv) and N@ columns
REAM driven by two meteorological models, WRF (WRF- by a factor of>1.5 over the ocean; (2) lightning and surface
REAM) and MM5 (MM5-REAM) with different convective  emissions over North America contribute to NONO,) at
schemes, is used to evaluate the model sensitivities in cor8—12 km by 60—75% (40%) and10% (10%), respectively;
vective transport and lightning NQproduction to meteoro- and (3) lightning NQ increases @concentrations by up to
logical simulations. When compared to the convective trans-20 ppbv with an average of 10 ppbv. These results are gener-
port and lightning NQ features measured during INTEX- ally consistent with previous studies conducted with coarser
A, we find that simulated convective transport and lightning resolution global models.
NOx production are very sensitive to the difference of the A major model bias is that the decrease of lightning,NO
underlying meteorological fields particularly the variables di- effect (at 8—12 km) from the Southeast to the Northeast and
rectly affected by the cumulus convection scheme. Eastern Canada is significantly overestimated. Inspections
WRF with the KF-eta scheme simulates larger updraftsof previous modeling results show similar biases. This
from the lower troposphere, resulting in significantly more model bias results from lesser convective activities simulated
outflow at 3-9km than MM5 with the Grell scheme. A by both MM5 and WRF and lesser cloud-to-ground light-
sensitivity chemical indicator affected by this outflow is ning flash rates in the observations. The bias indicates a
the GHg/CzHg ratio. While WRF-REAM shows large de- need for a different lightning parameterization for the South-
creases (up to a factor of 2) of thelds/CzHg ratio at 3—  east from the Northeast and eastern Canada. The model
9 km due to convective outflow, the change is relatively smalluncertainties driven by meteorological fields and lightning
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parameterizations found in this study are implicit in all 8 shows that most of the underestimation is over the North-

previous studies of upper tropospheric Nénd G. For east and Eastern Canada. Increasing the lightning NG

proper model-to-model (and model-to-observation) compar-duction rate per flash in the model would lead to an overesti-

isons, key meteorological fields such as cloud top heightmation over the Southeast and cause a large bias compared to

and parameters such as IC/CG ratio need to be documenteghtellite observed tropospheric M@olumns (Fig. 4). WRF-

clearly in future studies. REAM and MM5-REAM simulated N@ profiles from the
surface to 12 km are similar.

HNOs is generally well simulated by both WRF-REAM

Appendix A and MM5-REAM in the free troposphere but overestimated

in the boundary layer. WRF-REAM simulated 15-35% less

REAM model evaluations with INTEX-A measure- HNO3 concentrations in the free troposphere than MM5-
ments REAM, in closer agreement to the measurements.

The evalu"?‘t'on here largely follows .that by Hudman et al'AcknowledgementSNe thank Randall Martin for providing satel-
(2007). Figure Al compares the simulated and observege retrieval data and Kenneth Cummins for providing the NLDN
vertical distributions of GHg, C3Hg, NOx, and HNQ con-  effective detection efficiency. We thank the NASA Tropospheric
centrations during INTEX-A. The measurements and corre-Chemistry Program and the investigators (M. Avery, D. Blake,
sponding model results are averaged into 1-km vertical binsB. Brune, R. Cohen, R. Talbot, and P. Wennberg) for making
There are>=200 measurements for each 1-km vertical bin. available the INTEX-A measurements we used in this study. This
The model successfully reproduces the observed concentr@aper benefited from extensive comments and suggestions by
tions of the GHg and GHg in the free troposphere. The dif- Owen Cooper and two anonymous reviewers. The GEOS-CHEM
ference of simulated £ between WRF-REAM and MM5- model is manage_d at Har_vard Unlve'rsny with supp_ort from the
REAM is within 10%. WRE-REAM simulates 10-30% NASA Atmospheric Chemistry Modeling and Analysis Program.

higher GHg concentrations than MM5-REAM in the free X?is work was supported by the National Science Foundation
. mospheric Chemistry program.

troposphere (3—8 km). Both models overestimate the lower
tropospheric @Hg and GHg concentrations, likely resulting  gqited by: 0. Cooper
from the uncertainties of their emissions. The comparison
over the outflow region of the Western Atlantic Ocean is sim-
ilar.

REAM simulated vertical N@ profiles are similar to the
GEOS-CHEM re;ult shown by Hudman et alj (2007). TheAIIen, D. J., Pickering, K. E., Stenchikov, G., Thompson,
observed NQ profile by Hudman et al. (2007) islowerthan A ' and Kondo, Y.: A three-dimensional total odd nitro-
shown here or that by Cooper et al. (2009); the reason is un- gen (NG) simulations during SONEX using a stretched-
clear. The observed C-shape profile is simulated by REAM. grid chemical transport model, J. Geophys. Res., 105, 3851,
The upper tropospheric NOs underestimated. Figure 7and  doi:10.1029/2002JD002066, 2000.
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