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B. Project Summary 

The Deep Convective Clouds and Chemistry Project (DC3) field campaign investigates the 

impact of deep, midlatitude continental convective clouds, including their dynamical, physical, 

and lightning processes, on upper tropospheric (UT) composition and chemistry.  The DC3 field 

campaign makes use of extensively instrumented aircraft platforms and ground-based observa-

tions.  The NSF/NCAR Gulfstream-V (GV) aircraft is the primary platform to study the high alti-

tude outflow of the storms, and is instrumented to measure a variety of gas-phase species, radia-

tion, and cloud particle characteristics.  The GV is also documenting the downwind chemical 

evolution of the convective plume The NASA DC-8 aircraft complements the GV via in situ ob-

servations to characterize the convective storm inflow and provides remote sensing to aid in 

flight planning and column characterization.  Ground-based radar networks are used to depict the 

physical and kinematic characteristics of the storm and provide input to the aircraft operations.  

The impact of lightning on outflow composition is constrained through detailed measurements 

from lightning mapping arrays.  The forecasting and analysis is improved through other observa-

tions such as radiosondes and precipitation collection and its chemical analysis.  Satellite data is 

used to place the airborne and ground-based measurements in the context of the wider geograph-

ical region and help guide sampling strategies.  At the same time, DC3 measurements help satel-

lite retrievals of atmospheric constituents such as NO2 near storms. 

The observations are conducted in three locations: 1) northeastern Colorado, 2) central Okla-

homa, and 3) northern Alabama in order to gather data on different types of storms and with dif-

ferent boundary layer compositions as well as to ensure sampling of convection during the time 

period of the field campaign.  The types of storms being sampled are air mass, multicell, and su-

percell convection. 

The DC3 project addresses the following goals, 1) Quantify and characterize the convective 

transport of fresh emissions and water to the upper troposphere within the first few hours of ac-

tive convection, investigating storm dynamics and physics, lightning and its production of nitro-

gen oxides, cloud hydrometeor effects on wet deposition of species, surface emission variability, 

and chemistry in the anvil.  2) Quantify the changes in chemistry and composition in the upper 

troposphere after active convection, focusing on 12-48 hours after convection and the seasonal 

transition of the chemical composition of the UT.  The DC3 field experiment will improve cur-

rent knowledge of convection and chemistry by providing a comprehensive suite of chemical 

measurements within the context of excellent kinematic, microphysical and electrical ground-

based measurements.  These measurements will provide the necessary information to estimate 

ozone sources and sinks in the upper troposphere where ozone is radiatively active as a green-

house gas.   

The DC3 project provides broader impacts to society via extensive education and outreach ac-

tivities, and via improved understanding of sources of UT ozone, an important constituent to 

climate and air quality, for assessment reports and resulting policy implications.  Further, DC3 

measurements are instrumental in improving model parameterizations of convective transport, 

production of NO by lightning, and wet deposition of chemical species.  Students from both un-

dergraduate and graduate school are participating in DC3 in a variety of ways including airborne 

and ground-based observations, design and construction of instruments, operation and improve-

ment of numerical models, precipitation collection and analysis, and reporting of the results to 

the scientific community through presentations and publications.  Outreach days for the public 

and media provide a valuable means to engage the public in atmospheric science. 
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D. Project Description 

D.1  Overall scientific rationale & goals of the project 

The upper troposphere and lower stratosphere (UTLS) is an important region for Earth’s climate be-

cause water vapor, ozone, cirrus clouds and aerosols in this region strongly contribute to radiative forcing 

of the climate system.  The UT and LS have very different chemical compositions resulting in strong gra-

dients across the tropopause.  Further, the UTLS is a highly dynamic region influenced by a broad range 

of scales, from deep convection and gravity waves, to tropospheric weather systems and the stratospheric 

large-scale circulation.  Convective transport is a major pathway for rapidly moving chemical constituents 

and water from the boundary layer to the upper troposphere and in some cases to the lower stratosphere.  

Yet the impact of convective transport on the UTLS composition and chemistry has not been fully charac-

terized on either the global or continental scale.   The Deep Convective Clouds and Chemistry (DC3) field 

experiment is proposed to study the impact of continental, midlatitude deep convection on the UTLS 

composition and chemistry above the continental U.S. during the lifetime of the storm itself and during 

the period 12-48 hours after active convection.  The primary goals of DC3 are to:  

1) quantify and characterize the convective transport of fresh emissions and water to the upper tro-

posphere within the first few hours of active convection, investigating storm dynamics and phys-

ics, lightning and its production of nitrogen oxides, cloud hydrometeors effects on scavenging of 

species, surface emission variability, and chemistry in the anvil.   

2) quantify the changes in chemistry and composition in the upper troposphere after active convec-

tion, focusing on 12-48 hours after convection and the seasonal transition of the chemical com-

position of the UT. 

These goals will be addressed by sampling convection during May and June in three U.S. locations, 

northeast Colorado, central Oklahoma, and northern Alabama.   These locations give us the opportunity to 

contrast the effects, and the storm processes influencing those effects, on UT composition for regions of 

remote continental air versus those with air masses more influenced by anthropogenic emissions and for 

the much different storm kinematics and microphysics of regions with abundant boundary layer moisture 

versus those with drier environments.  While previous field experiments have either focused on storm 

kinematics, microphysics, lightning, and their influence on convective transport and nitric oxide produc-

tion or on chemistry downwind of convection, no previous field experiment has gathered the detailed 

storm and suite of chemistry data needed to fully characterize the influence of thunderstorms on UTLS 

composition and chemistry. 

D.2 Current State of Knowledge  

Convection is common and frequent throughout much of the world, over land and over oceans, in the 

tropics and midlatitudes.  Some characteristics of midlatitude, continental convection are similar to tropi-

cal convection but differences occur in surface forcing and vertical extent.  Because the tropical tropo-

pause is ~3 km higher than the midlatitude tropopause, tropical storms tend to have greater vertical extent.  

Larger surface forcing and greater low level buoyancy over land result in continental convection having 

significantly stronger updrafts than oceanic storms.  Consequently mixed phase processes in continental 

convection are robust and lead to heavy convective rainfall associated with the fallout and melting of 

graupel and hail.  Continental convection produces more lightning than oceanic convection (Christian et 

al. 2003), and as a result makes a major contribution to the quantity of nitrogen oxides in the UT.  Lastly 

the boundary layer composition differs significantly for continental and oceanic storms.  The oceanic 

boundary layers have less of an influence from anthropogenic and terrestrial biogenic sources, but contain 

more halogens.  
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Figure 1.  Schematic of a) a mature airmass thunderstorm and b) a squall line vertical cross section.  Taken from 

the NOAA National Weather Service http://www.srh.weather.gov/srh/jetstream/index.htm.  Superimposed on panel 

b are processes affecting chemical species that are ingested into storms. 

Convective storms over the central U.S. are often an everyday occurrence during the late spring and 

summer (Carbone et al., 2002). These storms range from airmass thunderstorms, to multicellular thun-

derstorms and supercells, to mesoscale convective systems depending on the instability, wind shear and 

mesoscale forcing of the atmosphere (see Figure 1 for schematics of airflow in airmass and squall line 

storms).  These storms can have a significant impact on UT composition as seen from observations taken 

during the July and August 2004 NASA INTEX-A project. Results from this project showed that much of 

the UT region over the U.S. is influenced by convection (Cooper et al., 2006; Bertram et al., 2007; Hud-

man et al., 2007; Snow et al., 2007; Fried et al., 2008).   

There have been many experimental and theoretical studies exploring the influence of deep convection 

on the chemical composition of the upper troposphere (e.g. Chatfield and Crutzen, 1984; Dickerson et al., 

1987; Pickering et al., 1990; Jaeglé et al., 1997; Ridley et al., 2004a,b; Huntrieser et al., 2002; Ancellet et 

al., 2008).  The PRESTORM campaign in 1985 provided some of the first observations clearly showing 

convective redistribution of ozone (O3), nitric oxide (NO), carbon monoxide (CO), and non-methane hy-

drocarbons (NMHC) in a mid-latitude storm (Dickerson et al., 1987).  Subsequent modeling and analysis 

(Pickering et al., 1990) found that convective redistribution could dramatically increase ozone production 

in the upper troposphere by as much as a factor of four with peak net ozone production rates of 15 ppbv 

per day.  This increase was shown to rely on the transport of both NO and NMHC from the boundary 

layer as well as NO from lightning.  Thus, transport, production of NO from lightning, and scavenging of 

soluble species (Figure 1b) were found to be important processes occurring in thunderstorms affecting the 

chemical composition of the troposphere.   

Deep convection is also important for hydrogen oxides HOx (sum of hydroxyl and hydroperoxy radi-

cals: HOx = OH + HO2) and HOx precursors, such as hydrogen peroxide (H2O2), methyl hydroperoxide 

(CH3OOH) and formaldehyde (CH2O). The influence of convective transport on HOx precursors was first 

hypothesized by Chatfield and Crutzen (1984), but renewed attention came when the first upper tropos-

pheric HOx observations over the tropical Pacific Ocean during the STRAT (1996) campaign sometimes 

exceeded theoretical expectations by a factor of two or more (Jaeglé et al., 1997).  It was proposed that 

convectively transported peroxides and formaldehyde could provide the additional source of HOx needed 

to explain observations.  Unfortunately, no measurements of peroxides or formaldehyde were available to 

http://www.srh.weather.gov/srh/jetstream/index.htm
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confirm the hypothesis.  Crawford et al. (1999) subsequently examined upper tropospheric chemistry 

measurements (which lacked HOx but included peroxides) by the NASA DC-8 over the tropical Pacific 

during the PEM West A, PEM West B and PEM Tropics A campaigns.  While model results did support 

the possibility of a source of HOx from convectively transported peroxides, the PEM peroxide observa-

tions fell far short of the levels needed to explain the discrepancy in the STRAT observations. 

Diagnosing convective transport of formaldehyde and peroxides is complicated by their solubility and 

assumptions regarding the role of ice in scavenging processes (Barth et al., 2001; 2007a).  Furthermore, 

observations are needed as close as possible to the time and place of convection since these species are 

rather short-lived, photochemically-active trace gases that can immediately undergo rapid change in the 

UT convective outflow where high photolysis rates can accelerate photochemistry in the bright regions of 

the storm and anvil (Figure 1b).  Conversely, low photolysis rates at the bottom of the anvil can slow the 

photochemistry.  Recently, a cloud resolving model analysis of observations from STERAO (1996) have 

included the effects of convected peroxides and formaldehyde on ozone production (DeCaria et al., 2005).  

Large enhancements in H2O2 and CH3OOH were predicted in cloud outflow at 10 km, however in-cloud 

observations of these species were only available at 6.7 km where no significant enhancement was pre-

dicted.  This emphasizes the strong need for peroxide and formaldehyde observations at the appropriate 

altitude and timing needed to evaluate the full chemical impact of outflow from convective systems.   

The main strength of these previous studies is the clear demonstration that ozone photochemistry is 

perturbed by convective outflow.  The most important advances needed to improve current knowledge 

call for field studies that extend the altitude range of observations, provide a comprehensive suite of 

chemical measurements, and sample in close proximity to convection where storm kinematic, microphys-

ical, and electrical characteristics can be documented.  These three capabilities have existed separately but 

have never been exploited simultaneously in a focused experiment.  In addition, measurements are needed 

one to two days transport time downwind to aid in understanding the photochemical evolution of the out-

flow.    

D.3 Hypotheses to be tested 

DC3 seeks to quantify and characterize convective transport, composition and chemical transformation 

within the first few hours of active convection, and secondly to quantify the changes in chemistry and 

composition in the upper troposphere after active convection, focusing on 12-48 hours after convection 

and the seasonal transition of the chemical composition of the UT.  There are several hypotheses that can 

be tested during the DC3 campaign.  We have prioritized these into eight hypotheses that we think are 

critical to address.  

D.3.a) Goal 1: Quantify and characterize the convective transport of fresh emissions and water to 

the upper troposphere within the first few hours of active convection 

 Convective transport of air, water and chemical constituents  

Because transporting air, water, and chemical constituents from the boundary layer to the upper 

troposphere is the primary process associated with deep convection, quantifying the amount of transport 

and the altitudes to and from which the constituents are being transported are required to assess the 

importance of other processes such as scavenging and chemistry.  Further, understanding the convective 

transport is important both for improvement of convective parameterizations of air, water, heat, and 

chemical constituents, as well as proper measurement and simulation of latent heating depths, which are 

crucial for momentum and radiative budgets (e.g. Schumacher et al., 2004; Alexander et al., 2004).   

DC3 will use two aircraft platforms that can concomitantly sample the inflow and outflow regions of 

isolated convection while the storm is remotely measured from the ground by polarimetric Doppler radars 

and a lightning mapping network.  This experimental setup will allow for analysis of the storm kinematics 

by both in situ and dual-Doppler radar measurements and for trace gas flux estimates using in situ aircraft 
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measurements.  Using this same experimental setup in three locations gives us the opportunity to contrast 

mass fluxes of air, water, and chemical species and their level of outflow for storms ranging from airmass 

thunderstorms to isolated severe convection and squall lines.  

Hypothesis 1) Inert tracers are transported primarily to the upper troposphere within 3-5 km of the tro-

popause in shear-driven storms, such as those found in Colorado and Oklahoma, and can be used to de-

termine the maximum outflow altitude, which will be different than cloud top height, the level of neutral 

buoyancy, and the maximum ice content altitude.  These same inert tracers are transported throughout 

the free troposphere in airmass thunderstorms, more common in the southeastern U.S. This implies that 

shear-driven thunderstorms contribute more to UTLS chemistry, ozone production, and cross tropopause 

transport than airmass thunderstorms.    

Results from the PRESTORM campaign showed high CO mixing ratios within ~4 km of the tropo-

pause indicating transport of boundary layer air, and low CO mixing ratios transported from the unper-

turbed upper troposphere to near cloud base (Dickerson et al., 1987; Luke et al, 1992). Other subsequent 

studies (e.g., Pickering et al., 1992; Scala et al., 1990; Thompson et al., 1994; Hauf et al., 1995; Skama-

rock et al., 2000) have corroborated this type of transport pattern for mid-latitude deep convection.  How-

ever, these studies have also indicated that transport of boundary layer air to the anvil depends strongly on 

storm dynamics and, in particular, the degree of entrainment that occurs in any one storm.   

Because airmass storms grow, mature, and dissipate during a short time period (1 hour or less), the al-

titudes of convective outflow in airmass storms should vary with time.  During the growth stage, the con-

vective outflow is occurring at cloud top in the mid- to upper troposphere (Kingsmill and Wakimoto, 

1992), while at later stages the convective outflow is in the UT.  During the dissipation stage of the storm, 

a downdraft is formed bringing air from the upper regions of the storm to mid and low levels. With an 

ensemble of airmass thunderstorms occurring in a region, the net effect of transport of inert species is to 

move boundary layer air to altitudes throughout the free troposphere.   

The level of neutral buoyancy (LNB) and cloud-top heights are generally used to estimate the 

convective updraft depths and air mass convective outflow profiles from operational datasets.  However, 

because entrainment is highly variable and depends on the local environmental profile, storm 

classification and storm size (Cohen, 2000; Mullendore et al., 2005), the LNB does not satisfactorily 

predict the level of maximum outflow (Sherwood et al., 2004).  In prior field campaigns, convective 

outflow profiles have been constructed from aircraft in-situ data or from dual-Doppler derived winds, but 

never have both observations been available concurrently.  The DC3 proposed measurement platforms 

will provide detailed convective outflow profiles that are constrained by both observed storm motions 

(dual-Doppler derived winds and in-situ velocity measurements) and also in-situ chemical tracer 

measurements.   

 Cloud hydrometeor effects on wet scavenging of species,  

Less is known about the transport efficiency of HOx precursors and other species that are soluble and 

reactive within convection (such as, CH2O, H2O2, and HNO3) because of the lack of concomitant mea-

surements of these species in deep convective inflow and outflow regions.  Recent cloud-resolving model 

simulations (Pickering et al., 2001; DeCaria et al., 2005; Barth et al., 2007a) have given significantly dif-

ferent results.  These are exemplified by a model intercomparison study (Barth et al., 2007b) that showed 

a large variation in predictions of CH2O, H2O2 and HNO3 (Figure 2).  Much of the variability seen in Fig-

ure 2 results from the assumptions made regarding ice, the riming of cloud water, and the retention of a 

soluble species during cloud drop freezing.  Further, re-emission of soluble species during ice sublimation 

back into the gas phase is a major uncertainty in our understanding of cloud scavenging. Measurements in 

convective outflow regions (Pickering et al., 1996; Ravetta et al., 2001; Fried et al., 2008) report en-

hancements of H2O2 and CH2O compared to the background UT mixing ratios.  The discrepancies be-

tween the different model simulations and between model simulations and observations emphasize the 
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need to make measurements of HOx precursors in convective outflow for a variety of conditions (e.g. out-

flow altitude, boundary layer composition, and storm type) so that their impact on upper tropospheric 

ozone can be ascertained.     

Hypothesis 2) In the anvil and near the convective cores, soluble species, e.g. HNO3, H2O2 and CH2O, 

will be depleted compared to their background UT mixing ratios because ice scavenges the dissolved spe-

cies in cloud water within the convective core.  Furthermore, because of the short time an air parcel is in 

contact with liquid water and the high updraft speeds, transport of soluble species to the UT will be more 

efficient in the high plains (Colorado) storms compared to the storms in northern Alabama.  The warmer 

cloud bases and greater moisture contents in Oklahoma and Alabama have larger liquid water regions 

resulting in more efficient scavenging of soluble species.   

Barth et al., (2001) estimated the time an air parcel was in contact with the liquid water region for the 

simulated 10 July 1996 STERAO storm to be less than 10 minutes.  This short time period is related to 

the high cloud base of the storm (3.2 km m.s.l.) and the high updraft speeds (> 25 m s
-1

).  We expect a 

different result in both Oklahoma and Alabama storms because of the lower cloud base heights.  By sam-

pling soluble species (HNO3, H2O2 and CH2O) in both the inflow and outflow regions of storms in all 

three regions, we will get the needed information to determine the importance of scavenging including the 

role of the ice phase.  

 

 

Figure 2.  Results from a model intercomparison (Barth et al., 2007b) of passive tracers (CO, O3), lightning en-

hanced NOx, and soluble tracers (CH2O, H2O2, HNO3) plotted as an aircraft transect across the modeled anvil 50 km 

downwind of the storm.  For CO, O3, and NOx, UND-Citation observations from the 10 July 1996 STERAO storm 

are included.  Passive tracers compare well, while soluble species (including key HOx precursors) show substantial 

variability among models. 



9 

 Lightning and its production of nitrogen oxides 

Lightning is considered to be the largest natural tropospheric source of nitrogen oxides (NOx = NO + 

NO2; e.g., MacGorman and Rust, 1998).  The strength of the global NOx source from lightning has been 

estimated to range over an order of magnitude (2-20 Tg N yr
-1

) (e.g., Bradshaw et al., 2000), although 

more recent estimates are in the 2-8 Tg N yr
-1

 range (Schumann and Huntrieser, 2007).   Many factors 

affecting the contribution by lightning are still understood poorly.  Such factors include the relative num-

bers of cloud-to-ground and intracloud flashes, the height distribution of flashes, the location of lightning 

relative to updrafts and downdrafts, and the amount of NOx produced per flash or per unit length of chan-

nel or as a function of power dissipated by the channel.  While field programs such as STERAO and EU-

LINOX have examined some of these factors and have been important in constraining global estimates of 

lightning-produced NOx, information on the height and structure of lightning obtained concurrently with 

chemistry observations in storm anvils remains elusive (e.g., Dye et al. 2000).  

The current generation of lightning mapping systems (Rison et al. 1999) provides unprecedented in-

formation on the structure of lightning channels and higher order information such as flash duration and 

flash length (Thomas et al. 2004).  Several recent studies (e.g., Wiens et al. 2005, Bruning et al. 2007, 

Deierling et al. 2008) have demonstrated the ability of VHF systems to map lightning relative to the ki-

nematic and microphysical structure of storms to examine factors influencing lightning production and 

flash characteristics.  DC3 will take advantage of VHF lightning mapping systems to determine factors 

influencing lightning-produced NOx. 

Hypothesis 3:  The contribution of lightning to NOx concentrations in the anvil, and subsequently in the 

upper troposphere, depends on overall flash rates and aggregate channel lengths at heights extending 

from just above the melting level to the uppermost region of the convective core.  The amount of NOx pro-

duced by a cloud-to-ground flash is on average roughly equivalent to that produced by an intracloud 

flash. 

This hypothesis is based on the intuitive notion that the lightning that contributes to upper tropospheric 

NOx is the lightning along trajectories that flow into the upper troposphere.  Results from storm modeling 

studies (e.g., Pickering et al. 1998; DeCaria et al. 2000, 2005; Ott et al. 2005, 2007; Zhang et al. 2003b; 

Barthe and Pinty, 2007) suggest that the final vertical distribution of lightning-produced NOx depends 

critically on the vertical distribution of the lightning itself and may vary from storm to storm. 

Before 1996, the relative production of NOx by individual intracloud flashes (IC) and cloud-to-ground 

flashes (CG) had been based on early studies that suggested IC flashes were less energetic than CG flash-

es (e.g. Holmes et al., 1971), and many estimates of lightning NOx production have assumed that the 

amount of NOx produced per IC flash (PIC) is less than the production by a CG flash (PCG).  Price et al. 

(1997), for example, assumed that PIC was one tenth of PCG in calculating global lightning NOx produc-

tion.  On the other hand, Gallardo and Cooray (1996) suggested that IC flashes may dissipate nearly as 

much energy as CG flashes and therefore PIC may be on the order of PCG.  Estimates from field data (Fig-

ure 3) indicate that in some cases PIC may be greater than PCG, and is quite likely that it is at least compa-

rable to PCG on average.  While DC3 measurements will not measure PIC or PCG directly, it should be 

possible to evaluate their relative magnitudes from measurements of NOx in small storms having relative-

ly low flash rates monitored by lightning mapping arrays that can locate flashes in 3 dimensions. 
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Figure 3.  Production of NO from lightning, literature review.  a) Estimate of total (black), intracloud (blue), and 

cloud-to-ground NO production per lightning flash as a function of storm studied; b) estimate of NO production per 

lightning flash length as a function of storm studied; and c) estimated ratio of NO production from IC flashes to CG 

flashes as a function of storm studied.  E1 is the 21 July 1998 EULINOX storm (Fehr et al., 2004); E2 a LINOX 

storm in S. Germany and Switzerland (Huntrieser et al., 1998; Höller et al., 1999); E3 the 21 July 1998 EULINOX 

storm (Huntrieser et al., 2002; Thery et al., 2000; Ott et al., 2007). C4 is the 10 July 1996 STERAO storm (Stith et 

al., 1999; Skamarock et al., 2003; Ott, 2006; Barthe and Barth, 2008); C5 the 12 July 1996 STERAO storm (DeCa-

ria et al., 2000, 2005); C6 the 12 September 2002 Colorado storm (Langford et al., 2004). F7 is the 16 July 2002 

CRYSTAL-FACE storm (Ott et al., 2005); F8 the 29 July 2002 CRYSTAL-FACE storm (Ott et al., 2005).   

DC3 will evaluate these hypotheses and thereby quantify lightning’s effectiveness as a source of NOx 

in storm anvils and the upper troposphere for three geographic regions with very different storm characte-

ristics.  To extend these results more widely and to use them in global chemistry models, it will be neces-

sary also to determine how meteorological factors affect the height, storm-relative location, flash rates, 

and channel lengths of lightning – which are topics of great interest to the field of storm electrification, as 

well as to the tropospheric chemistry community. 

Climatologies of U.S. storm and lightning characteristics (e.g. Boccippio et al., 2001; Williams et al., 

2005), reveal that storms in the southeastern U.S. (Alabama) often are associated with very moist sub-

cloud layers, low cloud base heights (CBH), and weak shear, with warm rain processes making a signifi-

cant contribution to precipitation formation.  Storms in the high plains regions (e.g., Colorado) are asso-

ciated with drier subcloud layers, increased cloud base heights, and form in environments with strong low 

level shear.  Little, if any, precipitation forms by warm rain processes.  Supercell storms, one of the prin-

cipal targets of DC3, can occur in all three environments, but are most prevalent in the central plains re-

gion (Oklahoma), which tends to have intermediate values of subcloud moisture and CBH and large val-

ues of low-level shear.  Besides affecting the transport and processing of chemical species by storms, 

these variations in storm properties (e.g., CBH, convective available potential energy, and the amount of 

sub-cloud moisture) may also modulate flash rates, IC to CG ratios, and the propensity for high peak cur-

rent positive CG lightning (Knapp, 1994; Lang and Rutledge, 2002; Williams et al., 2005), which are in 

turn controlled by storm lifecycle, precipitation physics and storm dynamics.  Boccippio et al. (2001), for 

example, found that the proportion of cloud-to-ground flashes tends to be larger in the southeastern U.S. 

compared to the central and western high plains.  Similarly, MacGorman et al. (2006) showed that CG 

lightning production can be delayed and reduced in storms on the high plains and hypothesized that the 

delay is related to the low precipitation efficiency of the high plains storms.  DC3 investigators expect to 

sample a wide spectrum of storms, including weak isolated storms, low and high precipitation supercell 

storms, to evaluate how various storm characteristics affect lightning production by storms and NOx pro-

duction by lightning.  
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Hypothesis 4:  The flash rates of a storm are proportional to the volume of updrafts greater than 10 m s
-1

 

in the -10˚C to -40˚C layer and to storm graupel echo volume. Cloud-to-ground lightning occurrence 

usually follows the occurrence of precipitation in the 0˚C to -10˚C layer after graupel has appeared in 

this region or higher regions.  Conversely, cloud-to-ground lightning occurrence is inhibited in storms 

that produce little precipitation. 

Several modeling studies (Kuhlman et al., 2006, Cohen, 2008) and observational studies (Wiens et al., 

2005, Lhermitte and Krehbiel, 1979) have found that lightning rates increase as the updraft and graupel 

echo volume increase (Figure 4). However, only a few cases have been documented with co-located 

Doppler, polarimetric radar, and VHF lightning network observations.  Observations of a wider spectrum 

of storms are needed to quantify and more fully test this relationship.  DC3 will provide such measure-

ments. 

 
Figure 4. (a) Contours of the number of radar grid points at each time and height classified as hail (in gray scale) 

and graupel (blue).  The number of grid points has been multiplied by the dimensions of a grid cell (0.5 km)
3
, result-

ing in units of echo volume.  The total number of +CG and –CG flashes during each volume scan are plotted in red 

and green, respectively.  Here, the CG flashes are summed (not averaged) over the duration of each volume scan.  

(b) Time height contours of total LMA sources (in gray scale) normalized to a five-minute time interval.  Contour 

values are in decibel units (i.e., 10log10(# sources)) due to the large range of values.  The percent volume of updraft 

exceeding 10 m s
-1

 is overlaid onto (b) as a thick blue line.  Origin altitudes of +CG and –CG flashes are overlaid 

onto (b) as red X’s and green diamonds, respectively.  Adapted from Wiens et al. (2005). 
 

Several case studies (e.g., MacGorman et al., 1989; Carey and Rutledge, 1996; Bruning et al. 2007) 

have found that production of cloud-to-ground lightning typically follows the appearance of precipitation, 

particularly graupel, near and slightly colder than the freezing level, but investigation of this behavior is 

needed to better quantify the behavior and to examine whether it is true in a broader spectrum of storm 



12 

types.  The availability of DC3’s lightning data for regions with widely divergent climatologies, including 

the low-precipitation storms of the high plains, will allow this hypothesis to be thoroughly tested. 

Hypothesis 5:  Storms that produce inverted-polarity IC flashes in the upper part of storms and inverted-

polarity CG flashes are those in which a large fraction of the adiabatic liquid water profile is realized as 

cloud liquid in the mixed phase region.  

The measurements that are planned for DC3 and the types of storms that will be observed are expected 

to allow this important topic to be investigated.  A major finding of the STEPS field program (Lang et al. 

2004) was that a large fraction of storms in the high plains have inverted-polarity lightning, and in fact, 

somewhat unexpectedly, appear to have inverted-polarity electrical structures.  This has also been ob-

served in some severe storms on the central plains (MacGorman and Burgess 1994), but rarely if ever oc-

curs in the southeastern U.S. (Knapp 1994; Carey et al. 2003).  Williams et al. (2005) and Carey and Buf-

falo (2007) attributed the inverted-polarity lightning to the strong updrafts, high cloud bases, and negligi-

ble warm rain processes in storm updrafts on the high plains.  MacGorman et al. (2005, 2008) attributed 

the behavior to the low subcloud moisture and low precipitation efficiencies of storms in the region, be-

cause of the reduced recirculation of precipitation into the updraft.  Both explanations suggest that the 

result is to reduce scavenging of cloud liquid particles below the mixed phase region, so that graupel rim-

ing is large enough to cause graupel to gain positive charge over most of the mixed phase region, thereby 

inverting the usual charge distribution. 

 Chemistry in the anvil.  

Processing of trace gases in the anvil as the air flows away from the storm core(s) is crucial to deter-

mining the concentrations of gases once the cloud particles have subsided or evaporated.  The anvil re-

gion is the ice cloud outflow resulting from the divergence of the convective core updrafts occurring just 

below the tropopause.  The anvil is characterized as a region of dissipating turbulence from the convec-

tive cores, but as time proceeds radiative cooling at the anvil top can create a weak convective eddy circu-

lation.  The chemical composition of the anvil region will depend on both the composition of the updraft 

reaching the anvil including the enhancement of NOx from lightning production, and the solar radiation 

field in the anvil, which is especially dependent on the presence of small ice crystals. 

Hypothesis 6) The chemical composition of the convective outflow within and near the visible anvil will 

be stratified into a top layer with high radiation fluxes accelerating radical chemistry, and a lower layer 

with low radiation fluxes and near nighttime-like radical chemistry.   

The composition of the outflow of the convective cores is the initial condition for the subsequent pho-

tochemistry of the convective outflow air mass.  This air will include low solubility chemical constituents, 

such as CO, NO, NO2, O3, and hydrocarbons, transported from the boundary layer (below cloud).  Soluble 

species, such as sulfur dioxide (SO2), CH2O, H2O2, CH3OOH, and carboxylic acids, will be partially in 

the gas phase (interstitial air) and partially in cloud particles.  Nitric acid and hygroscopic aerosol species 

will enter the anvil in the cloud particles.  The NOx vertical distribution in the anvil will depend on the 

frequency and location of the lightning and the storm dynamics and structure. Ozone in the anvil may be 

either greater than or less than that in the storm surroundings depending on the relative amounts in the 

PBL and UT prior to the storm and on whether photochemical production or loss occurs during the con-

vection. 

The main factor affecting the anvil composition is the role of shortwave radiation driving the photo-

chemistry.  Madronich (1987) showed for stratiform type clouds that the flux impinging on a sphere (i.e. 

the actinic flux) is enhanced above cloud, can be even more enhanced just below cloud top, and reduced 

near and below cloud base compared to clear sky actinic fluxes.  Measurements of the NO2 photolysis rate 

coefficient vertical profile (Früh et al., 2000) confirm the enhanced rate coefficients near cloud top and 
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reduced rate coefficients near cloud base.  With enhanced photolysis rates near cloud top, the ozone radi-

cal photochemistry will be accelerated.  For example, in a modeling study of tropical deep convection and 

chemistry, Wang (2005) found increased ratios of NO2 to NO below the cloud anvil and within the storm 

and decreased ratios at and near the top of the cloud anvil due to cloud scattering of solar radiation.  The 

study also reported that OH concentrations were increased by 20% due to enhanced photolysis rates in the 

uppermost cloud layer.   

D.3.b) Goal 2: Quantify the changes in chemistry and composition after active convection, focusing 

on 12-48 hours after convection and the seasonal transition of the chemical composition of the UT 

 12-48 hours after convection 

Downstream of the active convection, the chemistry in the convective outflow, which has elevated 

NOx and volatile organic compounds (VOC) mixing ratios, can dramatically increase ozone production in 

the upper troposphere.  Model estimates of ozone production rates for midlatitude convection range from 

4-15 ppbv/day (Pickering et al., 1990).    The mechanistic details of ozone photochemistry in the upper 

troposphere are still not fully understood because there continues to be a discrepancy between HOx obser-

vations and theoretical predictions for the UT.  Photochemical models predict for upper tropospheric NOx 

values greater than a few hundred pptv, that production of nitric acid becomes an important HOx loss.  

Thus, further NOx increases reduce HOx levels and lower the efficiency with which NOx produces ozone.  

Recent INTEX HOx observations (Ren et al., 2008), however, do not respond to increases in NOx as ex-

pected and continue to remain elevated even for NOx levels exceeding 1 ppbv.  Furthermore, the HOx pre-

cursor, CH2O, also has measurement-model discrepancies for high NO conditions in the UT (Fried et al., 

2008).  The elevated HOx suggests that there are stronger radical sources than models predict which 

would enable much greater ozone production rates than expected.  There are numerous measurements of 

high NOx levels in the upper troposphere, but very few with associated HOx and CH2O measurements.  

The observations proposed for DC3 are needed to see if there is some higher threshold of NOx beyond 

which observed HOx begins to decrease and to help elucidate the possible chemical mechanisms occur-

ring. 

Ozone production rates calculated by numerical models have shown a dependence on boundary layer 

composition and lightning flash rate production of NOx.  For the low pollution, moderate flash rate of 

STERAO (~1 ppbv NOx in anvil), downstream O3 production rates were ~8 ppbv/day (Ott, 2006) and for 

the moderate pollution, high flash rate of EULINOX (~3.5 ppbv NOx in anvil) were ~10 ppbv/day (Ott et 

al., 2007).  These results show that downstream ozone production may be less efficient with storms with 

high flash rates or with those transporting significant pollution.  By sampling convection and its convec-

tive outflow in 3 locations with different boundary layer composition, the DC3 campaign can contrast O3 

production downwind of active convection. 

Hypothesis 7) In sampling the convective plume 12-48 hours after convection, we expect to find that 8-12 

ppbv ozone will be produced per day due to high NOx and enhanced concentrations of HOx precursor 

species.  The ozone production will vary in a complex nonlinear fashion depending on the NOx and VOC 

abundance transported to the anvil from the boundary layer and the amount of NOx produced by 

lightning. 

We expect to find large variations in surface emissions (Table 1) in the DC3 regions allowing us to 

study a wide range of chemical environments.  The emission rates listed in Table 1 are based on the low 

level air flow coming from the SSE which is common in all 3 locations.  Any variations in the airflow 

may give very different emission scenarios (e.g. the cleaner air to the NNW of the CSU-CHILL radar).  

Further, actual emissions on any given day are likely to be quite different from these typical summer day 

emissions used here.  Emissions in Colorado exemplify a lower NOx, higher CO and VOC scenario.  In 

Oklahoma anthropogenic NOx, CO, and VOC emissions are lower relative to the other DC3 sites, while in 
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Alabama these emissions are higher than the other 2 DC3 sites. Biogenic VOC emissions (Figure 5 and 

Table 1) are greatest in Alabama and weakest in northern Colorado.  

Table 1. Anthropogenic emission rates (kg per day 

per km
2
) for a typical summer day in the three DC3 

regions.  Sources are July weekday average EPA NEI-

2005 on-road and non-road transportation sector, Au-

gust 2006 weekday average point emissions from 

CEMS, and EPA NEI-2002 area source emissions in-

ventory.  Biogenic isoprene emissions are calculated by 

the Model of Emissions of Gases and Aerosols from 

Nature (Guenther et al., 2006).  Courtesy of Stu 

McKeen (NOAA/ESRL) and Christine Wiedinmyer 

(NCAR). 

 
 

 

 

 

 

Figure 5. Isoprene emissions calculated by the ME-

GAN model (Guenther et al., 2006) for the southern 

central U.S. on a typical June day.  Courtesy of 

Christine Wiedinmyer. 

 

 

 

 

 

 

 

  Seasonal transition of O3 in the UT 

The extension of the impact of deep convection on upper tropospheric composition from the 1-2 day 

time period to the month-long and seasonal impact is also important.  Modeling studies by Zhang et al. 

(2003a) and Li et al. (2005) suggest that a widespread UT ozone enhancement should form above the 

southern U.S. during summer due to convective transport of O3 and its precursors (especially formalde-

hyde) followed by in situ production with NOx (both convectively transported from the surface and pro-

duced from lightning).  The presence of the UT ozone enhancement was confirmed with a broad network 

of measurements that utilized IONS ozonesondes and MOZAIC aircraft ozone profiles during July-

August 2004 and August 2006 (Cooper et al., 2006, 2007).  The UT ozone enhancement is associated 

with the North American monsoon and its upper tropospheric anticyclone that traps ozone precursors over 

the southern U.S. and northern Mexico.  The long residence times in the anticyclone allow for strong 

ozone production that is mainly driven by lightning NOx, producing average monthly ozone enhance-

ments above the southeastern U.S. of 30-50 ppbv in comparison to upwind sites along the North Ameri-

can west coast (Cooper et al. 2007).   A modeling study exploring the fate of a NOx tracer released from 

the locations of all detected CG lightning flashes across North America during summer 2004 and 2006  

(Cooper et al., 2009) verifies the strong connection between the observed increase of  upper tropospheric 

NOx above the southeastern U.S. and the formation and strengthening of the UT anticyclone.   

 

Species Colorado Oklahoma Alabama 

NOx 7.73 6.93 12.5 

CO 42.3 29.6 60.8 

VOC 14.4 8.08 13.2 

Biogenic 

C5H8 
1.90 10.5 21.8 
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Hypothesis 8) Survey flights at the end of June from the central U.S. to the northern Caribbean will find 

the greatest UT ozone and NOx mixing ratios above the Gulf of Mexico and Florida.  Daily ozone-

sonde/lidar profiles from Huntsville, Alabama will document the seasonal buildup and decay of the UT 

ozone enhancement from May to September.  

The upper tropospheric ozone enhancement is the largest average ozone feature in North America with 

upper tropospheric ozone values exceeding lower tropospheric values by 20 ppbv (Cooper et al., 2007).   

Ozone measurements have captured the strength of the ozone enhancement along its northern and western 

boundaries, and have so far shown that the greatest enhancements occur above Texas or Alabama, but 

measurements are lacking across the Gulf of Mexico and the southern and eastern boundaries. Model stu-

dies indicate that NOx and ozone may reach maximum values anywhere from northern Mexico, across the 

Gulf of Mexico to Florida (Cooper et al, 2007, 2008; Hudman et al., 2007).  While these same studies 

have shown skill at predicting the general position and strength of the ozone maximum, they still under 

predict ozone values near the center of the ozone maximum, and also under predict median NOx mixing 

ratios.  DC3 survey flights across the upper tropospheric ozone maximum and daily sonde/lidar ozone 

profiles from Huntsville, Alabama will provide important information on the build-up of ozone and ozone 

precursors within the upper tropospheric anticyclone. These data will not only place DC3 within the 

broader context of the seasonal and regional impact of thunderstorms on the UT composition, but will 

place better constraints on model simulations of lightning NOx emissions and ozone production.   

D.3.c)  Ancillary goals complementary to DC3 

The DC3 experiment has two ancillary studies.  These studies are complementary to the core objec-

tives of DC3, and are expected to produce significant results for studies related to aerosols and thunders-

torms and to UTLS halogen chemistry. 

 Thunderstorms and aerosols 

Studying the processing of aerosols by thunderstorms and conversely the effect of aerosols on thun-

derstorm structure, dynamics, and lightning is of paramount importance because of the implications for 

climate and water resources.  The DC3 focus, however, is on the impact of thunderstorms on UT compo-

sition and chemistry, therefore placing aerosol – thunderstorm interactions as a secondary objective.  As 

part of DC3, we will characterize with payload-accommodating instruments the aerosol number and mass 

concentrations in the inflow and outflow regions of the storms.  Where permitted we will also obtain ice 

concentration measurements in the anvil of the storms.  These measurements will give valuable informa-

tion on physical characteristics of the aerosols that can be used to set up a more detailed and focused 

aerosol – thunderstorm interaction experiment. 

 Transport of halogens 

Quantifying the amount of inorganic bromine (Bry) in the UTLS region is important for understanding 

its impact on stratospheric ozone trends and the associated chemistry/climate interactions.  Bry can result 

from the rapid breakdown of short-lived organic source gases, such as CHBr3 and other brominated me-

thanes.  Convective transport of source gases and chemical processing in the upper troposphere are ex-

pected to significantly influence the amount of Bry near the tropopause.  As part of DC3, we will include 

measurements of long and short-lived organic halogen source gases and the amount of at least one inor-

ganic bromine and chlorine containing compound (e.g. BrO and HCl) in order to calculate inorganic ha-

logen amount and the partitioning among various reactive and reservoir species.   
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D.4 Conduct of the research, experiment techniques, observing systems 

D.4.a) Brief description of experimental techniques    

Two aircraft, the NSF/NCAR GV (HIAPER) and the NASA DC-8, are requested to be flown during 

DC3 and will be based initially in Colorado and then in Kansas or Oklahoma.  These aircraft will sample 

storm inflow and outflow air in three central U.S. locations: northeastern Colorado, central Oklahoma, 

and northern Alabama.  Because convection at one location often occurs for several consecutive days fol-

lowed by a quiescent period, the sampling strategy will be to give priority to storms occurring in one of 

the 3 regions for a 4-9 day period and then to shift the focus to another region.   

DC3 will attempt to characterize fully the flow of air into, through and out of deep convection.  The 

deployment of the aircraft platforms will be driven by forecasts for the timing and location of the devel-

opment of convective storms in the areas under study.  Once the aircraft have reached one of the three 

study regions, close interaction with scientists at that radar location will be established to fine tune flights 

plans.  The high-altitude aircraft (HIAPER) will sample the convective outflow in the anvil and down-

stream, while the low-altitude aircraft (DC-8) will sample primarily the inflow, and the air at mid-

troposphere altitudes.  Both aircraft will be utilized to locate and sample convective outflow air 12-48 

hours downstream of the active convection.  The GV (HIAPER) aircraft will also fly one or more survey 

flights at the end of June in the upper troposphere from the central U.S. to the northern Caribbean.  

Ground-based Doppler and polarimetric radar will sample the storms to give kinematic and microphysical 

information, and lightning mapping arrays will be used to provide 3-dimensional lightning locations.  The 

ground-based networks will document all storms within range during DC3, regardless of whether, or not, 

the DC3 aircraft are operating in that study region.  Other ground-based observations include balloon 

sondes for thermodynamic and limited chemical information as well as precipitation collection and its 

chemical analysis. Satellite data will be used to place the airborne and ground-based measurements in the 

context of the wider geographical regions and help guide sampling strategies. 

D.4.b) Distribution and use of facilities and platforms 

DC3 will make use of ground-based facilities, balloon sondes, precipitation collection, and extensively 

instrumented aircraft platforms.  Each instrument and facility is selected to specifically address one or 

more DC3 goal.  We will utilize a variety of ground-based facilities tailored to each measurement site:  

1. Northeastern Colorado centered on the CSU-CHILL and Pawnee radar facilities operated by Colo-

rado State University;  

2. Central Oklahoma using facilities maintained by the National Severe Storms Laboratory and Uni-

versity of Oklahoma including SMART-Rs, the KOUN polarimetric radar, and Oklahoma lightning 

mapping array; and  

3. Northern Alabama using facilities operated by the University of Alabama-Huntsville and NASA 

Marshall Space Flight Center including the ARMOR polarimetric radar, the MAX X-band polari-

metric radar, northern Alabama lightning mapping array, and MIPs mobile sounding facility.   

In all three regions, multiple Doppler and polarimetric radars will provide airflow and hydrometeor in-

formation for the observed storms.  For these same regions, three-dimensional VHF lightning mapping 

data (LMA networks) will be supplemented with cloud-to-ground lightning data from the National 

Lightning Detection Network operated by Vaisala to provide ground strike locations, peak current, cur-

rent polarity, and number of strokes per flash (multiplicity).  The availability of 3-D lightning mapping 

arrays is pivotal for DC3 proposed science.  These networks are in place in Oklahoma and Alabama and a 

portable system will be deployed in Colorado for the field campaign.  Balloon sondes for thermodynamic 

and limited chemical information will be deployed, as well as precipitation collection and its chemical 

analysis. Besides the two primary aircraft platforms, the NSF/NCAR GV (HIAPER) and the NASA DC-

8, DC3 would provide an excellent opportunity to operate a storm penetrating aircraft (e.g. the A-10) if it 



17 

is available by the time of DC3.  Other aircraft platforms may also contribute, potentially including the 

German DLR GV or Falcon, the UK BAe-146, the UND Citation, the NASA WB-57, and the DOE G-1.  

These platforms are viewed as complementary to DC3 as the primary aircraft being requested are the 

NSF/NCAR GV and the NASA DC-8.  Satellite data will be used for storm tracking and placing the 

ground-based and in situ measurements in the regional scale context.  Satellite data that will be utilized 

include geostationary satellite images from the GOES-EAST and GOES-WEST platforms, TRMM/LIS 

data measuring lightning flashes, Aura/TES CO and O3 profiles, Aura OMI O3, NO2, CH2O, SO2 and 

aerosol columns, Terra and Aqua/MODIS data of aerosol optical depth, Terra/MOPITT CO data, 

Aqua/AIRS CO data, CloudSat cloud radar reflectivity, and Calipso aerosol profiles and cloud top data. 

D.4.c) Optimal time frame for field operations 

The DC3 experiment is planned for May – June 2012.  The first week of the field deployment will be 

used to begin the intensive operations and to mitigate any instrument, aircraft and forecast model prob-

lems that inevitably arise at the beginning of large-scale field missions. The following 6-7 week period 

has several advantages, which are described here. 1) The month of June is a good “intersection” month 

that yields relatively high precipitation often driven by daytime convection at all three sites.  This month 

also provides a high incidence of air mass thunderstorms, with the additional occurrence of shear driven 

convection during the first half of the month.  2) The last half of May provides a high incidence of shear 

driven convection at all three sites.  3) While mesoscale convective systems and complexes occur in this 

time frame they do not dominate convective activity, providing ample, isolated deep convective storms.  

4) This is the best time period for deep, isolated convection within the range of the CSU-CHILL radar in 

northeast Colorado.  5) The month of June provides the longest possible daylight hours allowing aircraft 

missions to extend into the early evening, plus ample daylight for the investigation of photochemistry. 

D.4.d) Education and Outreach 

A variety of education and outreach activities are planned for DC3, with opportunities especially for 

students at undergraduate and graduate levels.  The field operations of DC3 will include the participation 

of undergraduate and graduate students who will contribute to instrument development and/or operation, 

analysis and integration of data, and numerical modeling of convection and related chemistry.  We expect 

to support a number of graduate students who will analyze DC3 data as part of their theses and disserta-

tions.  We will work with CoCoRaHS (Colorado Cooperative Rain and Hail Studies) volunteers to collect 

and report precipitation and with undergraduate and high school students (local to each DC3 field site) to 

collect and analyze precipitation for its chemical composition.  Through the UCAR SOARS program, 

students from underrepresented groups will contribute to data collection and analysis.   Other education 

activities will include a seminar series and/or student forecast and flight planning class.  There will also 

be several different Internet web sites with descriptive and instructional material about the project.  Out-

reach days will be planned for the public and local media at some of the project's locations.   These days 

will allow the public to tour the aircraft and ground facilities and engage the local media to educate the 

public on the goals and status of DC3. 

D.4.e) Broader Impacts of DC3 Measurements 

Post-experiment analysis will include modeling at both cloud-resolving scales and cloud-

parameterized scales (e.g. regional and global models).  The cloud resolving models will be evaluated 

with the field observations and used to develop parameterizations for large-scale models.  Parameteriza-

tion development will be for convective transport of air, water, and trace gases, production of NO by 

lightning (e.g. Ott et al., 2007; Barthe and Barth, 2008), and wet deposition of soluble species.  The large-

scale models will be used to analyze the regional impact of convection on the chemistry.  Process-scale 

chemistry models will be used to analyze mechanistic aspects of the photochemistry in the UT (e.g. Craw-

ford et al., 2000; Fried et al., 2008).  The experimental data and model analyses will be provided for mod-
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el intercomparison exercises and assessment reports.  The data collected during DC3 will undergo quality 

assurance during the first year after the experiment and will be released to the community two years after 

the experiment. 

D.4.f) Related prior field campaigns 

Several previous experimental studies in the continental midlatitudes focused on the perturbations to 

NOx (e.g. STERAO, CRYSTAL-FACE, EULINOX) by individual storms utilizing detailed storm kine-

matic, microphysical, and electrical measurements, but did not address convective processing of HOx or 

its precursors (e.g. peroxides, carbonyls, and hydrocarbons).  Other field studies inferred the influence by 

deep convective storms upwind of the measurement locations (e.g. INTEX-A, TRACE-P), but the storm 

structure and dynamics were not measured.  The main strength of these studies was the clear demonstra-

tion that ozone photochemistry is perturbed by convective outflow.  The recent START08 field campaign 

flew the NSF/NCAR GV with a limited chemistry payload near convection that did not have supporting 

ground facilities to fully analyze the effect of deep convection on UT chemistry.  The incomplete data and 

sampling strategies from these prior field programs do not allow us to establish a complete description of 

convective cloud processes on HOx, its precursors and NOx.  Knowledge of HOx, its precursors and NOx 

mixing ratios together is needed to ascertain ozone production in the upper troposphere.  Finally, DC3 

will build on results from STEPS 2000 that demonstrated relationships between storm kinematics, micro-

physics, electrical structures and lightning. 

The DC3 field experiment will improve our current knowledge of convection and chemistry by provid-

ing a comprehensive suite of chemical measurements near convection and downstream of convection at 

altitudes that extend to at or near the tropopause. These chemical measurements will be obtained within 

the context of excellent kinematic, microphysical and electrical ground-based measurements.  The suite of 

chemical, kinematic, microphysical, and electrical measurements will provide the necessary information 

to estimate ozone sources and sinks in the upper troposphere where ozone is radiatively active as a green-

house gas. 

 



19 

E. References 

Alexander, M. J., P. T. May and J. H. Beres, Gravity waves generated by convection in the Dar-

win area during the Darwin Area Wave Experiment. J. Geophys. Res., 109(D20S94), 

doi:10.1029/2004JD004729, 2004. 

Ancellet, G., J. Leclair de Bellevue, C. Mari, P. Nedelec, A. Kukui, A. Borbon, and P. Perros, 

Role of convective transport on tropospheric ozone chemistry revealed by aircraft observations 

during the wet season of the AMMA campaign. Atmos. Chem. Phys. Discuss., 8, 15941-15996, 

2008. 

Barth, M. C., A. L. Stuart, and W. C. Skamarock, Numerical simulations of the July 10, 1996, 

Stratospheric-Tropospheric Experiment: Radiation, Aerosols, and Ozone (STERAO)-Deep 

Convection experiment storm: Redistribution of soluble tracers, J. Geophys. Res., 106, 12,381-

12,400, 2001. 

Barth, M. C., S.-W. Kim, W. C. Skamarock, A. L. Stuart, K. E. Pickering, and L. E. Ott,  Simula-

tions of the redistribution of formaldehyde, formic acid, and peroxides in the July 10, 1996 

STERAO deep convection storm,  J. Geophys. Res., 112, D13310, 

doi:10.1029/2006JD008046, 2007a. 

Barth, M. C., S.-W. Kim, C. Wang, K. E. Pickering, L. E. Ott, G. Stenchikov, M. Leriche, S. 

Cautenet, J.-P. Pinty, Ch. Barthe, C. Mari, J. Helsdon, R. Farley, A. M. Fridlind, A. S. 

Ackerman, V. Spiridonov, and B. Telenta, Cloud-scale model intercomparison of chemical 

constituent transport in deep convection, Atmos. Chem. Phys., 7, 4709-4731, 2007b. 

Barthe C. and M. C. Barth, Evaluation of a new lightning-produced NOx parameterization for 

cloud resolving models and its associated uncertainties, Atmos. Chem. Phys., 8, 4691-4710, 

2008. 

Barthe C. and J.-P. Pinty, Simulation of a supercellular storm using a three-dimensional mesos-

cale model with an explicit lightning flash scheme, J. Geophys. Res., 112, D06210, 

doi:10.1029/2006JD007484, 2007. 

Bertram, T. H., A. E. Perring, P. J. Wooldridge, J. D. Crounse, A. J. Kwan, P. O. Wennberg, E. 

Scheuer, J. Dibb, M. Avery, G. Sachse, S. A. Vay, J. H. Crawford, C. S. McNaughton, A. 

Clarke, K. E. Pickering, H. Fuelberg, G. Huey, D. R. Blake, H. B. Singh, S. R. Hall, R. E. 

Shetter, A. Fried, B. G. Heikes, and R. C. Cohen, Direct measurements of the convective recy-

cling of the upper troposphere, Science, 315, 816-820, 2007. 

Boccippio, D. J., K. L. Cummins, H. J. Christian, and S. J. Goodman, Combined satellite- and 

surface-based estimation of the intracloud and cloud-to-ground ratio over the continental Unit-

ed States, Mon. Weather Rev., 129, 108-129, 2001. 

Bradshaw, J., D. Davis, G. Grodzinsky, S. Smyth, R. Newell, S. Sandholm, and S. Liu, Observed 

distributions of nitrogen oxides in the remote free troposphere from the NASA global tropos-

pheric experiment programs, Rev. of Geophys., 38, 61-116, 2000. 

Bruning, E. C., W. D. Rust, T. J. Schuur, D. R. MacGorman, P. R. Krehbiel, and W. Rison,  

Electrical and polarimetric radar observations of a multicell storm in TELEX, Mon. Wea. Rev., 

135, 2525-2544, 2007. 



20 

Carbone, R. E., J. D., Tuttle, D. A., Ahijevych, and S. B., Trier, Inferences of predictability asso-

ciated with warm season precipitation episodes, J. Atmos. Sci., 59, 2033-2056, 2002. 

Carey, L. D., and S. A. Rutledge, A multiparameter radar case study of the microphysical and 

kinematic evolution of a lightning producing storm, Meteorol. Atmos. Phys., 59, 33-64, 1996. 

Carey, L. D., S. A. Rutledge, and W. A. Petersen, The relationship between severe storm reports 

and cloud-to-ground lightning polarity in the contiguous United States from 1989 to 1998,  

Mon. Weather Rev., 131, 1211-1228, 2003. 

Carey, L. D., and K. M. Buffalo, Environmental control of cloud-to-ground lightning polarity in 

severe storms, Mon. Weather Rev., 135, 1327-1353, 2007. 

Chatfield, R. B., and P. J. Crutzen, Sulfur dioxide in remote oceanic air: Cloud transport of reac-

tive precursors, J. Geophys. Res., 89, 7111-7132, 1984. 

Christian, H.J. R. J. Blakeslee, D. J. Boccippio, W. L. Boeck, D. E. Buechler, K. T. Driscoll, S. J. 

Goodman, J. M. Hall, W. J. Koshak, D. M. Mach, and M. F. Stewart, Global frequency and 

distribution of lightning as observed from space by the Optical Transient Detector, J. Geophys. 

Res., 108, 4005, doi:10.1029/2002JD002347, 2003. 

Cohen, C., A quantitative investigation of entrainment and detrainment in numerically simulated 

cumulonimbus clouds, J. Atmos. Sci., 57, 1657-1674, 2000. 

Cohen, A., Flash rate, electrical, microphysical, and kinematic relationships across a simulated 

storm spectrum, M. S. thesis, School of Meteorology, Univ. of Oklahoma, Norman, 70 pp., 

2008. 

Cooper, O. R., A. Stohl, M. Trainer, A. Thompson, J. C. Witte, S. J. Oltmans, G. Morris, K. E. 

Pickering, J. H. Crawford, G. Chen, R. C. Cohen, T. H. Bertram, P. Wooldridge, A. Perring, 

W. H. Brune, J. Merrill, J. L. Moody, D. Tarasick, P. Nédélec, G. Forbes, M. J. Newchurch, F. 

J. Schmidlin, B. J. Johnson, S. Turquety,  S. L. Baughcum, X. Ren, F. C. Fehsenfeld, J. F. 

Meagher, N. Spichtinger, C. C. Brown, S. A. McKeen, I. S. McDermid and T. Leblanc, Large 

upper tropospheric ozone enhancements above mid-latitude North America during summer: In 

situ evidence from the IONS and MOZAIC ozone monitoring network, J. Geophys. Res., 111, 

D24S05, doi:10.1029/2006JD007306, 2006. 

Cooper, O. R., M. Trainer, A. M. Thompson, S. J. Oltmans, D. W. Tarasick, J. C. Witte, A. 

Stohl, S. Eckhardt, J. Lelieveld, M. J. Newchurch, B. J. Johnson, R. W. Portmann, L. Kalnajs, 

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

B. Lefer, B. Rappenglück, E. Joseph, F. Schmidlin, J. Meagher, F. C. Fehsenfeld, T. J. Keat-

ing, R. A. Van Curen and K. Minschwaner,  Evidence for a recurring eastern North America 

upper tropospheric ozone maximum during summer, J. Geophys. Res., 112, D23304, 

doi:10.1029/2007JD008710, 2007. 

Cooper, O. R.,  S. Eckhardt, J. H. Crawford, C. C. Brown, R. C. Cohen, T. H. Bertram, P. Wool-

dridge, A. Perring, W. H. Brune, X. Ren, D. Brunner, and S. L. Baughcum, Summertime buil-

dup and decay of lightning NOx and aged thunderstorm outflow above North America, J. Geo-

phys Res., 113, doi:10.1029/2008JD010293, 2009. 

Crawford, J., D. Davis, J. Olson, G. Chen, S. Liu, G. Gregory, J. Barrick, G. Sachse, S. Sand-

holm, B. Heikes, H. Singh, and D. Blake, Assessment of upper tropospheric HOx sources over 



21 

the tropical Pacific based on NASA GTE/PEM data : Net effect on HOx and other photochemi-

cal parameters, J. Geophys. Res., 104, 16,255-16,273, 1999. 

Crawford, J. H., D. Davis, J. Olson, G. Chen, S. Liu, H. Fuelberg, J. Hannan, Y. Kondo, B. An-

derson, G. Gregory, G. Sachse, R. Talbot, A. Viggiano, B. Heikes, J. Snow, H. Singh, and D. 

Blake,  Evolution and chemical consequences of lightning-produced NOx observed in the 

North Atlantic upper troposphere, J. Geophys. Res., 105, 19,795-19,809, 2000. 

DeCaria, A. J., K. E. Pickering, G. L. Stenchikov, J. R. Scala, J. L. Stith, J. E. Dye, B. A. Ridley, 

and P. Laroche, A cloud-scale model study of lightning-generated NOx in an individual thun-

derstorm during STERAO-A,  J. Geophys. Res., 105, 11,601-11,616, 2000. 

DeCaria, A. J.,  K. E. Pickering, G. L. Stenchikov, and L. E. Ott, Lightning-generated NOx and 

its impact on tropospheric ozone production: A three-dimensional modeling study of a Stratos-

phere-Troposphere Experiment: Radiation, Aerosols, and Ozone (STERAO-A) thunderstorm,  

J. Geophys. Res., 110, D14303, doi:10.1029/2004JD005556, 2005. 

Deierling, W. W. A. Petersen, J. Latham, S. Ellis, and H. J. Christian, The relationship between 

lightning activity and ice fluxes in thunderstorms, J. Geophys. Res., 113, D15210, 

doi:10.1029/2007JD009700, 2008. 

Dickerson, R. R., G. J. Huffman, W. T. Luke, L. J. Nunnermacker, K. E. Pickering, A. C. D. 

Leslie, C. G. Lindsey, W. G. N. Slinn, T. J. Kelly, P. H. Daum, A. C. Delany, J. P. Greenberg, 

P. R. Zimmerman, J. F. Boatman, J. D. Ray, and D. H. Stedman, Thunderstorms : An impor-

tant mechanism in the transport of air pollutants, Science, 235, 460-465, 1987. 

Dye, J. E., B. A. Ridley, W. Skamarock, M. Barth, M. Venticinque, E. Defer, P. Blanchet, C. 

Thery, P. Laroche, K. Baumann, G. Hubler, D. D. Parrish, T. Ryerson, M. Trainer, G. Frost, J. 

S. Holloway, T. Matejka, D. Bartels, F. C. Fehsenfeld, A. Tuck, S. A. Rutledge, T. Lang, J. 

Stith, and R. Zerr, An overview of the Stratosphere-Troposphere Experiment: Radiation, Aero-

sols, and Ozone (STERAO)-Deep Convection experiment with results for the July 10, 1996 

storm. J.Geophys. Res., 105, 10023-10045, 2000. 

Fehr, T., H. Höller, and H. Huntrieser, Model study on production and transport of lightning-

produced NOx in a EULINOX supercell storm, J. Geophys. Res., 109, D09102, 

doi:10.1029/2003JD003935, 2004. 

Fried, A., J. R. Olson, J. G. Walega, J. H. Crawford, G. Chen, P. Weibring, D. Richter, C. Roller, 

F. Tittel, M. J. Porter, H. E. Fuelberg, J. J. Halland, T. H. Bertram, R. C. Cohen, K. E. Picker-

ing, B. G. Heikes, J. A. Snow, H. Shen, D. W. O'Sullivan, W. H. Brune, X. Ren, D. R. Blake, 

N. Blake, G. Sachse, G. Diskin, J. Podolske, S. Vay, R. E. Shetter, S. R. Hall, B. E. Anderson, 

L. Thornhill, A. D. Clarke, C. S. McNaughton, H. B. Singh, M. A. Avery, G. Huey, S. Kim, 

and D. B. Millet, Role of convection in redistributing formaldehyde to the upper troposphere 

over North America and the North Atlantic during the summer 2004 INTEX campaign, J. 

Geophys. Res., 113, D17306, doi:10.1029/2007JD009760, 2008. 

Früh, B, T. Trautmann, M. Wendisch, and A. Keil, Comparison of observed and simulated NO2 

photodissociation frequencies in a cloudless atmosphere and in continental boundary layer 

clouds, J. Geophys. Res., 105, 9843-9857, 2000. 

Gallardo, L., and V. Cooray, Could cloud-to-cloud discharges be as effective as cloud-to-ground 

discharges in producing NOX?, Tellus, 48B, 641-651, 1996. 



22 

Guenther, A., T. Karl, P. Harley, C. Wiedinmyer, P. I. Palmer, and C. Geron, Estimates of global 

terrestrial isoprene emissions using MEGAN (Model of Emissions of Gases and Aerosols from 

Nature), Atmos. Chem. Phys., 6, 3181-3210, 2006. 

Hauf, T., P. Schulte, R. Alheit, and H. Schlager, Rapid vertical trace gas transport by an isolated 

midlatitude thunderstorm, J. Geophys. Res., 100, 22,957-22,970, 10.1029/95JD02324, 1995. 

Höller, H., U. Finke, H. Huntrieser, M. Hagen, and C. Feigl, Lightning-produced NOx (LINOX): 

Experimental design and case study results, J. Geophys. Res., 104, 13911-13922, 1999. 

Holmes, C., M. Brook, P. Krehbiel, and R. McRory, On the power spectrum and mechanism of 

thunder, J. Geophys. Res., 76, 2106-2115, 1971. 

Hudman R. C., D. J. Jacob, S. Turquety, E. M. Leibensperger, L. T. Murray, S. Wu, A. B. Gillil-

and, M. Avery, T. H. Bertram, W. Brune, R. C. Cohen, J. E. Dibb, F. M. Flocke, A. Fried, J. 

Holloway, J. A. Neuman, R. Orville, A. Perring, X. Ren, G. W. Sachse, H. B. Singh, A. Swan-

son, and P. J. Wooldridge, Surface and lightning sources of nitrogen oxides over the United 

States: Magnitudes, chemical evolution, and outflow, J. Geophys. Res., 112, D12S05, 

doi:10.1029/2006JD007912, 2007. 

Huntrieser, H., H. Schlager, C. Feigl, and H. Höller, Transport and production of NOx in electri-

fied thunderstorms: Survey of previous studies and new observations at mid-latitudes, J. Geo-

phys. Res.,103, 28,247-28,264,  1998. 

Huntrieser, H., C. Feigl, H. Schlager, F. Schröder, C. Gerbig, P. van Velthoven, F. Flatøy, C. 

Théry, A. Petzold, H. Höller, and U. Schumann, Airborne measurements of NOx, tracer spe-

cies, and small particles during the European Lightning Nitrogen Oxides Experiment, J. Geo-

phys. Res.,107, 4113, doi:10.1029/2000JD000209, 2002. 

Jaeglé, L., D. J. Jacob, P. O. Wennberg, C. M. Spivakovsky, T. F. Hanisco, E. J. Lanzendorf, E. 

J. Hintsa, D. W. Fahey, E. R. Keim, M. H. Proffitt, E. L. Atlas, F. Flocke, S. Schauffler, C. T. 

McElroy, C. Midwinter, L. Pfister, and J. C. Wilson, Observed OH and HO2 in the upper tro-

posphere suggest a major source from convective injection of peroxides, Geophys. Res. Lett., 

24, 3181-3184, 1997. 

Kingsmill, D. E. and R. M. Wakimoto, Kinematic, Dynamic, and thermodynamic analysis of a 

weakly sheared severe thunderstorm over northern Alabama, Mon. Wea. Rev., 119, 262–297, 

1991. 

Knapp, D. I., Using cloud-to-ground lightning data to identify tornadic thunderstorm signatures 

and nowcast severe weather, National Weather Digest, 19, 35-42, 1994. 

Kuhlman, K. M., C. L. Ziegler, E. R. Mansell,  D. R. MacGorman, and J. M. Straka,  Numerical-

ly simulated electrification and lightning of the 29 June 2000 STEPS supercell storm, Mon. 

Wea. Rev., 134, 2734–2757, 2006. 

Lang, T.J., and S.A. Rutledge, Relationships between convective storm kinematics, precipitation, 

and lightning.  Mon. Wea. Rev., 130, 2492-2506, 2002. 

Lang, T. J., L. J. Miller, M. Weisman, S. A. Rutledge, L. J. Barker, III, V. N. Bringi, V. Chan-

drasekar, A. Detwiler, N. Doesken, J. Helsdon, C. Knight, P. Krehbiel, W. A. Lyons, D. Mac-

Gorman, E. Rasmussen, W. Rison, W. D. Rust, and R. J. Thomas, The Severe Thunderstorm 



23 

Electrification and Precipitation Study (STEPS), Bull. Amer. Meteorol. Soc., 85, 1107-1125, 

2004. 

Langford, A. O., R. W. Portmann, J. S. Daniel, H. L. Miller, and S. Solomon, Spectroscopic 

measurements of NO2 in a Colorado thunderstorm: Determination of the mean production by 

cloud-to-ground lightning flashes, J. Geophys. Res., 109, D113404, 

doi:10.1029/2003JD004158, 2004. 

Lhermitte, R. and P. Krehbiel, Doppler radar and radio observations of thunderstorms, IEEE 

Trans. on Geosci. and Remote Sensing, 17, 162-171, 1979. 

Li, Q., D. J. Jacob, R. Park, Y. Wang, C. L. Heald, R. Hudman, R. M. Yantosca, R. V. Martin, 

and M. Evans, North American pollution outflow and the trapping of convectively lifted pollu-

tion by upper-level anticyclone, J. Geophys. Res., 110, D10301, doi:10.1029/2004JD005039, 

2005. 

Luke, W., R. Dickerson, W. Ryan, K. Pickering, and L. Nunnermacker, Tropospheric chemistry 

over the lower Great Plains of the United States 2. Trace gas profiles and distributions, J. Geo-

phys. Res., 97(D18), 20,647-20,670, 1992. 

MacGorman D. R., D. W. Burgess, V. Mazur, W. D. Rust, W. L. Taylor, and B. C. Johnson, 

Lightning rates relative to tornadic storm evolution on 22 May 1981. J. Atmos. Sci., 46, 221–

250, 1989. 

MacGorman, D. R. and W. D. Rust, The Electrical Nature of Storms, Oxford University Press, 

422 pp, 1998. 

MacGorman D.R., and D.W. Burgess, Positive cloud-to-ground lightning in tornadic storms and 

hailstorms. Mon. Wea. Rev., 122, 1671–1697, 1994. 

MacGorman, D. R., W. D. Rust, P. Krehbiel, W. Rison, E. Bruning, and K. Wiens, The electrical 

structure of two supercell storms during STEPS. Mon. Wea. Rev., 133, 2583–2607, 2005. 

MacGorman, D. R., I. Apostolakopoulos, J. Cramer, N. W. Demetriades, P. R. Krehbiel, and W. 

Rison, Improved timeliness of thunderstorm detection from mapping a larger fraction of 

lightning flashes. 2nd Conference on Meteorological Applications of Lightning Data, Atlanta, 

GA, 28 January – 2 February 2006, paper 6.4, 2006 

MacGorman, D. R., D. Rust, T. Schuur, M. Biggerstaff, J. Straka, C. Ziegler, E. Mansell, E. 

Bruning, K. Kuhlman, N. Lund, N. Biermann, C. Payne, L. Carey, P. Krehbiel, W. Rison, K. 

Eack, W. Beasley, 2008: TELEX: The Thunderstorm Electrification and Lightning Experi-

ment. Bull. Amer. Meteor. Soc., 89, 997-1013, doi: 10.1175/2007BAMS2352.1, 2008 

Madronich, S., Photodissociation in the atmosphere.1. Actinic flux and the effects of ground ref-

lections and clouds, J. Geophys. Res., 92, 9740-9752, 1987. 

Mullendore, G. L., D. R. Durran and J. R. Holton, Cross-tropopause tracer transport in midlati-

tude convection, J. Geophys. Res. 110, doi:10.1029/2004JD005059, 2005. 

Ott, L. E., K. E. Pickering, G. Stenchikov, R-F Lin, B. Ridley, M. Loewenstein, J. Lopez, E. Ri-

chard, The impact of lightning NOx production on atmospheric chemistry in a CRYSTAL-

FACE thunderstorm simulated using a 3-D cloud-scale chemical transport model, AMS Confe-

rence on Meteor. Appl. Of Lightning Data, San Diego, California, 

http://ams.confex.com/ams/Annual2005/techprogram/paper_84679.htm,  2005. 

http://ams.confex.com/ams/Annual2005/techprogram/paper_84679.htm


24 

Ott, L. E., An Analysis of Convective Transport, Lightning NOx Production, and Chemistry in 

Midlatitude and Subtropical Thunderstorms, Ph.D. Dissertation, Dept. of Atmospheric and 

Oceanic Science, University of Maryland, College Park, MD, 147 pp., 2006.  

Ott, L. E., K. E. Pickering, G. L. Stenchikov, H. Huntrieser, and T. Fehr, Effects of lightning 

NOx production during the 21 July European Lightning Nitrogen Oxides Project storm studied 

with a three-dimensional cloud-scale chemical transport model, J. Geophys. Res., 112, 

D05307, doi:10.1029/2006JD007365, 2007. 

Pickering, K. E., A. M. Thompson, R. R. Dickerson, W. T. Luke, D. P. McNamara, J. P. Green-

berg, and P. R. Zimmerman,  Model calculations of tropospheric ozone production potential 

following observed convective events, J. Geophys. Res., 95, 14,049-14,062, 1990. 

Pickering, K. E., A. M. Thompson, J. R. Scala, and R. R. Dickerson, J. Simpson, Free tropos-

pheric ozone production following entrainment of urban plumes into deep convection, J. Geo-

phys. Res., 97, 17,985-18,000, 10.1029/92JD01716, 1992. 

Pickering, K. E., A. M. Thompson, Y. S. Wang, W.-K. Tao, D. P. McNamara, V. W. J. H. Kir-

chhoff, B. G. Heikes, G. W. Sachse, J. D. Bradshaw, G. L. Gregory, and D. R. Blake, Convec-

tive transport of biomass burning emissions over Brazil during TRACE A, J. Geophys. Res., 

101, 23,993-24,012, 1996. 

Pickering, K.E., Y. Wang, W.-K. Tao, C. Price, and J.-F.  Müller, Vertical distributions of 

lightning NOx for use in regional and global chemical transport models, J. Geophys. Res., 103, 

31,203-31,216, 1998. 

Pickering, K. E., A. M. Thompson, H. Kim, A. J. DeCaria, L. Pfister, T. L. Kucsera, J. C. Witte, 

M. A. Avery, D. R. Blake, J. H. Crawford, B. G. Heikes, G. W. Sachse, S. T. Sandholm, and R. 

W. Talbot, Trace gas transport and scavenging in PEM-Tropics B South Pacific Convergence 

Zone convection, J. Geophys. Res., 106, 32,591-32,608, 10.1029/2001JD000328, 2001. 

Price, C., J. Penner, and M. Prather, NOx from lightning 1.  Global distribution based on 

lightning physics, J. Geophys. Res., 102, 5929-5941, 1997. 

Ravetta, F., D. J. Jacob, W. H. Brune, D. Tan, I.F. Faloona, B. G. Heikes, B. Anderson, D. R. 

Blake, G. L. Gregory, G. W. Sachse, S. T. Sandholm, R. E. Shetter, H. B. Singh,  R. W. Talbot, 

Experimental evidence for the importance of convected methylhydroperoxide as a source of 

hydrogen oxide ( HOx ) radicals in the tropical upper troposphere. J. Geophys. Res., 106, 

32,709- 32,716, 2001. 

Ren X., et al., HOx chemistry during INTEX-A 2004: Observation, model calculation, and com-

parison with previous studies, J. Geophys. Res., 113, D05310, doi:10.1029/2007JD009166, 

2008. 

Ridley, B., E. Atlas, H. Selkirk, L. Pfister, D. Montzka, J. Walega, S. Donnelly, V. Stroud, E. 

Richard, K. Kelly, A. Tuck, T. Thompson, J. Reeves, D. Baumgardner, W. T. Rawlins, M. 

Mahoney, R. Herman, R. Friedl, F. Moore, E. Ray, and J. Elkins, Convective transport of reac-

tive constituents to the tropical and mid-latitude tropopause region: I. Observations., Atmos. 

Environ., 38, 1259-1274, 2004a. 

Ridley, B., L. Ott, K. Pickering, L. Emmons, D. Montzka, A. Weinheimer, D. Knapp, F. Grahek, 

L. Li, G. Heymsfield, M. McGill, P. Kucera, M. J. Mahoney, D. Baumgardner, M. Schultz, and 



25 

G. Brasseur, Florida thunderstorms: A faucet of reactive nitrogen to the upper troposphere, J. 

Geophys. Res., 109, D17305, doi:10.1029/2004JD004769, 2004b. 

Rison, W., R. J. Thomas, P. R. Krehbiel, T. Hamlin, and J. Harlin, A GPS-based three-

dimensional lightning mapping system: Initial observations in central New Mexico. Geophys. 

Res. Lett., 26, 3573-3576, 1999. 

Scala, J. R., M. Garstang, W.-K. Tao, K. E. Pickering, A. M. Thompson, J. Simpson, V. W. J. H. 

Kirchhoff, E. V. Browell, G. W. Sachse, A. L. Torres, G. L. Gregory, R. A. Rasmussen, and 

M. Khalil, Cloud draft structure and trace gas transport, J. Geophys. Res., 95, 17,015-17,030, 

1990. 

Schumacher, C., R. A. Houze, Jr., and I. Kraucunas, The tropical dynamical response to latent 

heating estimates derived from the TRMM precipitation radar, J. Atmos. Sci., 61, 1341-1358, 

2004. 

Schumann, U., and H. Huntrieser, The global lightning-induced nitrogen oxides source, Atmos. 

Chem. Phys., 7, 3823-3907, 2007. 

Sherwood, S. C., P. Minnis, and M. McGill, Deep convective cloud-top heights and their ther-

modynamic control during CRYSTAL-FACE, J. Geophys. Res., 109, 

doi:10.1029/2004JD004811, 2004. 

Skamarock, W. C., J. G. Powers, M. Barth, J. E. Dye, T. Matejka, D. Bartels, K. Baumann, and 

J. Stith, D. D. Parrish, G. Hubler, Numerical simulations of the July 10 Stratospheric-

Tropospheric Experiment: Radiation, Aerosols, and Ozone/Deep Convection Experiment con-

vective system: Kinematics and transport, J. Geophys. Res., 105, 19,973-19,990, 

10.1029/2000JD900179, 2000. 

Skamarock, W. C., J. E. Dye, E. Defer, M. C. Barth, J. L. Stith, B. A. Ridley, and K. Baumann, 

Observational- and modeling-based budget of lightning-produced NOx in a continental thun-

derstorm, J. Geophys. Res., 108, 4305, doi:10.1029/2002JD002163, 2003. 

Snow J. A., B. G. Heikes, H. Shen, D. W. O'Sullivan, A. Fried, and J. Walega, Hydrogen perox-

ide, methyl hydroperoxide, and formaldehyde over North America and the North Atlantic, J. 

Geophys. Res., 112, D12S07, doi:10.1029/2006JD007746, 2007. 

Stith, J., J. Dye, B. Ridley, P. Laroche, E. Defer, K. Baumann, G. Hübler, R. Zerr, and M. Venti-

cinque, NO signatures from lightning flashes, J. Geophys. Res., 104, 16,081-16,089, 1999. 

Théry, C., P. Laroche, and P. Blanchet, Lightning activity during EULINOX and estimations of 

NOx production by flashes, in EULINOX – The European Lightning Nitrogen Oxides Experi-

ment, edited by H. Höller and U. Schumann, Rep. DLR-FB 2000-28, pp. 129-145, Deutches 

Zentrum für Luft- und Raumfahrt, Köln, 2000. 

Thomas, R. J., P. R. Krehbiel, W. Rison, S. J. Hunyady, W. P. Winn, T. Hamlin, and J. Harlin, 

Accuracy of the Lightning Mapping Array. J. Geophys. Res., 109, doi:10.1029/2004JD004549, 

2004. 

Thompson, A. M. K. E. Pickering, R. R. Dickerson, W. G. Ellis,  D. J. Jacob, J. R. Scala, W.-K. 

Tao, D. P. McNamara, and J. Simpson, Convective transport over the central United States and 

its role in regional CO and ozone budgets, J. Geophys. Res., 99, 18,703-18,712, 

10.1029/94JD01244, 1994. 



26 

Wang, C., A modeling study of the response of tropical deep convection to the increase of cloud 

condensation nuclei concentration: 2. Radiation and tropospheric chemistry, J. Geophys. Res., 

110, D22204, doi:10.1029/2005JD005829, 2005. 

Wiens, K. C., S. A. Rutledge, and S. A. Tessendorf, The 29 June 2000 supercell observed during 

STEPS Part II: Lightning and charge structure. J. Atmos. Sci., 62, 4151-4177, 2005.   

Williams, E., V. Mushtak, D. Rosenfeld, S. Goodman, and D. Boccippio, Thermodynamic condi-

tions favorable to superlative thunderstorm updraft, mixed phase microphysics and lightning 

flash rate, Atmos. Res., 76, 288-306, 2005. 

Zhang, R., Tie, X., and Bond, D. W.: Impacts of anthropogenic and natural NOx sources over the 

U.S. on tropospheric chemistry, PNAS, 100, 1505-1509, 2003a. 

Zhang, X, J. H. Helsdon, and R. D. Farley, Numerical modeling of lightning-produced NOx us-

ing an explicit lightning scheme:  2. Three-dimensional simulation and expanded chemistry, J. 

Geophys. Res., 108, 4580, doi:10.1029/2002JD003225, 2003b. 

  


