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Abstract Wet scavenging of aerosols by continental deep convective clouds is studied for a supercell
storm complex observed over Oklahoma during the Deep Convective Clouds and Chemistry campaign. A
new passive-tracer-based transport analysis framework is developed to characterize convective transport
using vertical profiles of several passive trace gases. For this case, the analysis estimates that observed passive
gas mixing ratios in the upper troposphere convective outflow consist of 47% low level (<3 km) inflow air, 32%
entrained midtroposphere air, and 21% upper troposphere air. The new analysis framework is used to estimate
aerosol wet scavenging efficiencies. Observations yield high overall scavenging efficiencies of 81% for
submicron aerosol mass. Organic, sulfate, and ammonium aerosols have similar wet scavenging efficiencies
(80%–84%). The apparent scavenging efficiency for nitrate aerosol is much lower (57%), but the scavenging
efficiency for nitrate aerosol plus nitric acid combined (84%) is close to the other species. Scavenging efficiencies
for aerosol number are high for larger particles (84% for 0.15–2.5μmdiameter) but are lower for smaller particles
(64% for 0.03–0.15μm). The storm is simulated using the chemistry version of the Weather Research and
Forecasting model. Compared to the observation-based analysis, the standard model strongly underestimates
aerosol scavenging efficiencies by 32% and 41% in absolute differences for submicron mass and number.
Adding a new treatment of secondary activation significantly improves simulated aerosol scavenging,
producing wet scavenging efficiencies that are only 7% and 8% lower than observed efficiencies. This finding
emphasizes the importance of secondary activation for aerosol wet removal in deep convective storms.

1. Introduction

Aerosols play an important role in the climate system by influencing the Earth’s radiation budget through
absorbing and/or scattering radiation as well as through changing cloud albedo, cloud lifetime, and precipita-
tion. Their influence depends in part on the concentration and vertical distribution of the aerosol, which are
influenced by wet removal and vertical transport. Wet scavenging of aerosols, which we use synonymously with
precipitation scavenging or wet removal in this study, is traditionally classified as rainout (also termed in-cloud
scavenging) and washout (also termed below-cloud scavenging) [Seinfeld and Pandis, 2006]. Below-cloud wet
scavenging involves aerosol particles being collected by falling precipitation particles (rain, snow, graupel,
and hail) through Brownian diffusion, directional interception, inertial impaction, thermophoresis, diffusio-
phoresis, and electrophoresis mechanisms [Bae et al., 2012]. It is important for removal of coarse and very
fine particles from the boundary layer but is relatively inefficient for particles in the accumulation mode size
range [Andronache, 2003]. The primary mechanism for in-cloud scavenging is activation of aerosol particles
(nucleation scavenging), followed by collection/conversion of cloud droplets (and the cloud-borne aerosol)
by/to precipitation particles. In-cloud scavenging is generally the predominant wet removal mechanism for
accumulation mode aerosol [Jensen and Charlson, 1984; Flossman et al., 1985]. Note that the below-cloud scaven-
ging mechanisms also occur within clouds and affect any unactivated aerosol particles there. Using the ECHAM5-
HAM global climatemodel, Croft et al. [2010] found that except for dust, the aerosol mass scavenged in stratiform
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clouds is primarily from cloud nucleation processes (>90%), while the below-cloud scavenging mechanisms
(Brownian diffusion, impaction, etc., operating in-cloud too) play a major role in aerosol number scavenging
(>90%) when aerosol number is dominated by very small nucleation mode particles.

In many clouds, most cloud droplet formation (and aerosol nucleation scavenging) occurs near cloud base.
However, both observational [Heymsfield et al., 2009] and modeling studies [Pinsky and Khain, 2002; Segal
et al., 2003] support the idea of significant droplet formation above cloud base in deep convective clouds.
Segal et al. [2003] simulated secondary activation a few hundredmeters above cloud base from the interstitial
aerosol that was not activated at cloud base and concluded that the secondary/in-cloud nucleation mechan-
ism helps explain the observed high spatial variability in cloud spectra and the increasing occurrence of
bimodal spectra with an increase in cloud layer instability. The secondary activation is possible because under
conditions of strong updrafts and high precipitation content, the supersaturation production term from
upward motion is large, while the supersaturation sink term from condensation is reduced due to intense
scavenging of cloud droplets by rain, graupel, and hail particles [Mansell and Ziegler, 2013; Ghan et al.,
2011]. It is well known that deep convective updrafts are several times stronger in the midtroposphere
compared to cloud base and the stronger midtroposphere updraft mass flux requires lateral entrainment
to maintain mass balance. As a result, the majority of updraft air at midtroposphere and upper troposphere
levels, and much of the aerosol in that air, come from lateral entrainment above cloud base. The entrained
aerosol particles that experience secondary activation are efficiently scavenged by precipitation, while those
that remain interstitial are less efficiently scavenged. Neglecting the secondary activation process whenmod-
eling deep convection could potentially lead to an underestimation of aerosol wet scavenging. In a global
aerosol-climate modeling study,Wang et al. [2013] found that simulated vertical distributions of black carbon
were much improved, compared to observations, by enabling aerosol secondary activation. However, in
Wang et al.’s [2013] climate model simulation where convective clouds are parameterized, supersaturation
in convective updrafts was prescribed at a constant value of 0.3%.

Aerosol wet scavenging is also closely related to aerosol physical-chemical processes, such as aerosol
aqueous phase chemistry and aerosol size distribution and chemical composition changes, and the
co-location of aerosol and precipitation. Wet scavenging involves multiple and composite processes across
a wide range of scales (10�6 to 106m), which makes it one of the most complex atmospheric processes
[Seinfeld and Pandis, 2006]. Advanced wet scavenging schemes have been included in many state of the
art regional [e.g., Knote and Brunner, 2013] and global models [e.g., Croft et al., 2009]. Nevertheless, model
representation of aerosol wet scavenging constitutes a major uncertainty in simulating the vertical dist-
ribution of aerosols. Multiple global model comparisons have found diverse wet removal rate simulated by
the models and little agreement between the ratio of wet removal by convective and stratiform clouds
[Textor et al., 2006]. Ghan and Easter [2006] found 20% differences in global mean aerosol burdens between
using diagnostic and prognostic schemes for cloud-borne aerosol in global circulation models (GCMs). Croft
et al. [2010] compared various treatments of in-cloud nucleation and below-cloud scavenging in GCMs and
found 20–30% variations of the annual global mean aerosol mass burdens and up to an order of magnitude
difference in aerosol mass concentrations at the regional scale.

Deep convective storms greatly influence the vertical distribution of aerosols (and gases) by transporting
them from the lower to the upper troposphere and removing them by wet scavenging processes.
Quantifying convective transport and wet removal using aerosol and gas measurements in and around con-
vective storms can help reduce climate model uncertainty related to the vertical distribution and long-range
transport of aerosols. Aerosol and trace gas wet scavenging and transport have been commonly inferred by
comparing aerosol and gas mixing ratios in anvil outflow and lower troposphere inflow air [e.g., Barth et al.,
2007; Bertram et al., 2007] (for trace gases). The commonly used two-component approach estimates the effi-
ciency of trace gas scavenging based on observations by assuming that the mixing ratio of an insoluble trace
gas in the fresh convective outflow results from amixture of the boundary layer and upper troposphere back-
ground mixing ratios [e.g., Cohan et al., 1999; Borbon et al., 2012]. Using this observation-based approach,
Borbon et al. [2012] found that entrainment of free tropospheric air contributed 40% of the convective upper
tropospheric air for the studied mesoscale convective system cases. The scavenging ratio is another
observation-based approach used to characterize or predict precipitation chemistry and wet deposition
[Barrie, 1992; Hicks, 2005]. Defined as the ratio of a species concentration in precipitation collected at ground
level to its concentration in the atmosphere at an altitude where scavenging occurs (or at the surface), it
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cannot by itself be used to estimate wet removal fractions. Fewer studies have addressed aerosol wet
scavenging in deep convective storms using aerosol observations in upper troposphere outflow and a more
sophisticated observation-based modeling approach. An accurate and robust analysis method to estimate
vertical transport and wet scavenging of aerosols from observations has been lacking due to the complexity
of aerosol-cloud interactions in convective clouds and the lack of both measurements and advanced
modeling methodologies.

The recent Deep Convective Clouds and Chemistry (DC3) field campaign [Barth et al., 2015] provides themost
complete data set to date of gas and aerosol vertical profile measurements during convective storms, making
it possible to characterize both convective transport and wet removal with a new, more accurate approach.
Convective storms ingest and transport air (containing aerosols and trace gases) from different vertical levels
with different efficiencies. Using aircraft observations (before and during storms) of multiple passive trace
gases, which are only affected by transport and have different vertical profiles, the transport efficiencies
for different vertical levels can be quantified. Combining this information with the aerosol observations, aero-
sol wet scavenging efficiencies can be quantified. Our study uses both the commonly used two-component
model and a new, more complex four-layer transport analysis framework to estimate the effect of the
transport and wet scavenging on ambient aerosols in deep, midlatitude continental convective clouds based
on a severe storm case near the Atmospheric Radiation Measurement (ARM) Southern Great Plain (SGP) site
on 29 and 30 May 2012 during the DC3 campaign. The simulated effect of aerosol wet scavenging by the
chemistry version of the Weather Research and Forecasting model with Chemistry (WRF-Chem) is then
evaluated against estimates derived from DC3 campaign observations to assess the ability of WRF-Chem
to represent convective transport and aerosol wet scavenging.

The observational data are discussed in section 2.1, and the WRF-Chem model configuration and wet
scavenging treatment improvements are described in section 2.2. Simulated meteorology, trace gas, and
aerosol are compared against observations in section 3. Section 4 describes the transport analysis framework
and quantifies convective transport andwet scavenging efficiencies. Finally, section 5 discusses themain results
and implications.

2. Observational Data and Model Description
2.1. Measurements

The DC3 field experiment investigated the impact of deep convection on upper troposphere chemistry over
the continental U.S. during May–June 2012. It provides unique observations of dynamical, microphysical, and
electrical structures and the chemical composition of the inflow and outflow regions of multiple thunderstorms
in the northeastern Colorado, western Texas to central Oklahoma, and northern Alabama venues [Barth et al.,
2015]. We select the 29 and 30 May 2012 case for this study because successful measurements of many gas
and aerosol species were obtained in both the inflow and anvil regions of a line of isolated supercell storms that
occurred on this case day. In addition, the location of the 29 and 30 May supercell storm complex was close to
the Atmospheric Radiation Measurement (ARM) Southern Great Plains (SGP) site, providing additional observa-
tions for the study (e.g., radiosonde measurements).

The National Aeronautics and Space Administration (NASA) DC8 and National Center for Atmospheric
Research (NCAR) Gulfstream-V (GV) aircraft sampled before and during the development of the storm
complex on 29 and 30 May. Animations of the flight tracks and radar reflectivity for the 29 and 30 May
storm during DC3 are archived at http://catalog.eol.ucar.edu/dc3_2012/research/nexrad/20120529/research.
NEXRAD.2012052900.flight_track_movie.mov. The supercell storm complex initiated in northern Oklahoma
near the Kansas border at ~98.5°W at around 21:00 UTC. The two aircraft sampled the ambient
environment for about an hour starting at around 20:30 UTC to the southwest of the developing storm.
Both aircraft sampled before and during storm initiation with sampling altitude ranges of 1.3–10.7 km
and 1.5–9.8 km (pressure altitude) for the DC8 and GV, respectively. Both aircraft mainly sampled upwind
of the storm complex after approximately 23:15 UTC. The DC8 mainly sampled below 5 km in altitude
before sampling the convective outflow (anvil) of the storm complex after 23:30 UTC (9.4–10.7 km in
altitude). The GV sampled upwind at an altitude range of 9.1–10 km before sampling the anvil after
approximately 22:40 UTC (10.0–11.9 km in altitude). Both aircraft terminated data collection and returned
to base at around 00:30 UTC on 30 May 2012.
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CO concentrations were measured by a diode laser spectrometer (differential absorption CO monitor) on the
DC8 and by an Aero-Laser Vacuum UV Resonance Fluorescence instrument on the GV [Gerbig et al., 1999].
Acetone and benzene were measured by proton transfer reaction–mass spectrometry (PTR-MS) [de Gouw
and Warneke, 2007] on the DC8 and via a trace organic gas analyzer [Apel et al., 2015] on the GV. An aerodyne
aerosol mass spectrometer (AMS) on the DC8 provided the nonrefractory, chemically speciated, and
size-segregated submicron particulate mass loadings of sulfate (SO4), nitrate (NO3), ammonium (NH4),
chloride (Cl), and organic aerosol (OA) [DeCarlo et al., 2006]. The AMS measures vacuum aerodynamic
diameter (dva) that has been converted to estimated equivalent volume diameter (dve) [DeCarlo et al.,
2004]. The variation of instrument transmission with particle size (linear increase versus log(dva) from 0%
to 100% for 40–100 nm diameter, 100% for 100–500 nm, and linear decrease versus log(dva) from 100% to
0% for 100–2000 nm) is also accounted for prior to comparing measurements against model simulations
[Knote et al., 2011]. The AMS collection efficiency (CE) was estimated using the composition-dependent
formulation of Middlebrook et al. [2012] as implemented in the standard AMS data analysis software
[Sueper et al., 2015] and applied with a 1min time resolution to reduce the effect of high-frequency noise.
For all sampling periods defined as inflow or anvil outflow (see below) the CE was 0.5, while for environmental
samples above 10 km the CE approached 1 at times. Since both measured and simulated Cl concentrations
are relatively low over the region due to the lack of regional emissions, this study excludes Cl from the
analysis. The AMS is insensitive to most artifacts associated with ice particle shattering (nanoparticles, metals,
and dust). Over the course of the DC3 Campaign, the AMS sampled repeatedly in anvils with high number of
ice particles, but—given sufficient signal-to-noise ratio—the AMS concentrations tracked the outflow
features from the gas tracers with almost no spikes. When (very rarely) spikes occurred, these were typically
associated with high water content and zinc ion enhancements, and an AMS Icemarker has been developed
based on these markers to screen for artifacts. For the anvil passes detailed in this work, a total of 15 s were
screened and discarded.

The number concentrations of aerosols with diameters in the range of 40–150 nm (corresponding to model
bins 1 and 2) are based on in situ submicron particle size distributions measured by the TSI Scanning Mobility
Particle Sizer Spectrometer (SMPS) on the DC8. The mobility diameters from the SMPS are a good approxima-
tion of volume equivalent diameters [DeCarlo et al., 2004]. Since AMSmeasurements are only available on the
DC8, only the SMPS measurements from the DC8 aircraft are used. Aerosol number concentrations between
156 and 2500 nm are based on in situ particle size distributions measured by the TSI Laser Aerosol
Spectrometer (LAS) on the DC8. LAS data provide optical diameters, which are a good approximation to
physical diameters. Black carbon (BC) aerosol has not been included in this study due to a lack of good quality
BC measurements in the anvil outflow of the storm complex.

Aircraft measurements are classified as inflow, environmental, or anvil samples as follows. Inflow samples are
measurements after convection initiation (CI, at 21:00 UTC) when the wind direction relative to the observed
storm complex movement is toward the storm complex position (i.e., the direction of the relative-to-storm
wind velocity must be within 50° of the direction from the measured air to the radar-estimated storm center).
Environmental samples are tropospheric cloud-free aircraft measurements that are either measured before or
after CI but not flagged as inflow air. The tropopause data are based on Global Forecast System (GFS)
reanalysis data. For the GV measurements, a cloud indicator was created that required either (i) precipitation
particle concentration above 1 L�1 (based on all cells of the 2D-C probe, with image analysis using 260X
emulation [National Center for Atmospheric Research, 2013]) or (ii) cloud droplet or small ice particle concen-
tration above 10 cm�3. For the DC8measurements, a cloud indicator, generated using in situ 2DS cloud probe
data from SPEC, Inc, was provided with the data set. Anvil samples are determined using a combination of the
cloud flag and an air temperature threshold (T< 235 K).

Ambient atmospheric profiles of temperature, humidity, and horizontal winds were obtained via radio-
sonde launches from the ARM SGP site (97.5°W, 36.6°N) at 1800 and from the National Severe Storms
Laboratory (NSSL) mobile sounding sites at 20:29 UTC (98.3°W, 35.7°N) and 22:55 UTC (98.1°W, 35.9°N).
The black triangles in Figure 1 indicate the release locations of the radiosondes. The NSSL Multi-Radar
Multi-Sensor (MRMS) National 3-D Reflectivity Mosaic data are based on objectively merged multiradar
measurements from the Weather Surveillance Radar—1988 Doppler (WSR-88D) network [Zhang et al.,
2011]. The reflectivity data have a uniform grid size of 0.01° × 0.01° (latitude by longitude) and 31 vertical
levels from 0.5 to 18 km.
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2.2. WRF-Chem
2.2.1. Model Description
WRF-Chem is a regional model [Grell et al., 2005; Fast et al., 2006] that has been widely used in studies of air
quality [e.g., Zhang et al., 2010], detailed aerosol processes [e.g., Fast et al., 2014], aerosol-cloud interactions
[e.g., Saide et al., 2012; Yang et al., 2012], and regional climate [e.g.,Ma et al., 2014]. This study uses WRF-Chem
version 3.5.1 with the gas-phase chemistry based on the Statewide Air Pollution Research Center (SAPRC-99)
mechanism [Carter, 2000] and aerosols simulated using the Model for Simulating Aerosol Interactions and
Chemistry (MOSAIC) aerosol module [Zaveri et al., 2008]. MOSAIC employs a sectional approach to represent
the size distribution (8 size bins, dry-diameter range of 0.039–10μm; Table 1) of both inactivated/interstitial
and activated/cloud-borne aerosols. MOSAIC calculates the condensation and evaporation of H2SO4,
MSA, HNO3, HCl, and NH3 using an accurate thermodynamic module that predicts particle deliquescence,
water content, and solid-liquid phase equilibrium in multicomponent aerosols [Zaveri et al., 2008]. MOSAIC
has been coupled with an updated secondary organic aerosol (SOA) scheme. SOA precursor gases are
produced by oxidation of semivolatile and intermediate volatility organic compounds emitted from
anthropogenic and biomass burning sources, represented by a condensed 2-species volatility basis set
approach [Shrivastava et al., 2011]. In addition, traditional SOA precursor gases, formed by oxidation of
volatile organic compounds from anthropogenic and biogenic sources (e.g., toluene and monoterpenes),
are also included with update yields as described by Shrivastava et al. [2013]. Aerosol coagulation, aerosol
nucleation (new particle formation), aqueous chemistry (gas uptake by and reaction in cloud droplets),
aerosol activation/resuspension, and wet scavenging and dry deposition of aerosols and trace gases are
also treated. The model is also configured to include interactions between aerosols, clouds and
radiation for the aerosol direct, semidirect, and the first and the second indirect effects on the plane-

tary energy balance [Yang et al.,
2011, 2012]. In this study, we use
the Morrison two-moment scheme
[Morrison et al., 2009] for cloud
microphysics, the Yonsei University
scheme for the treatment of the pla-
netary boundary layer (PBL), and the
rapid radiative transfer model
[Mlawer et al., 1997] and Goddard
schemes [Chou and Suarez, 1994]
for the longwave and shortwave
radiative transfer, respectively.

Table 1. Particle Dry-Diameter Range for the Eight MOSAIC Aerosol Size
Bins Employed in This Study

Bin Diameter Range (μm)

1 0.039–0.078
2 0.078–0.156
3 0.156–0.312
4 0.312–0.625
5 0.625–1.25
6 1.25–2.5
7 2.5–5.0
8 5.0–10.0

Figure 1. (left) Observed and (right) simulated column-maximum radar reflectivity during the convective event on 29 May
2012 at 23:00 UTC. The black triangles indicate the release locations of radiosonde observations in Figure 2. The dashed
black oval in the right plot indicates the area of modeled convection that was assumed to generate the modeled envir-
onmental, inflow, and outflow profiles presented and discussed elsewhere in the text. The dashed black oval in the left plot
shows the same geographic area.
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In the model, both interstitial aerosols (particles suspended in air) and cloud-borne aerosols (particles
dissolved or suspended in cloud droplets) are treated explicitly (and transported) using 8 size bins. For
cloud-borne aerosols, the bin size is the dry size of the cloud-borne aerosol material. When interstitial aerosol
particles activate (and cloud droplets are nucleated), they are transferred to the cloud-borne aerosol
category, and when cloud droplets evaporate, the cloud-borne aerosol is resuspended back to the interstitial
category. The aerosol activation scheme [Abdul-Razzak and Ghan, 2000] diagnoses the maximum supersa-
turation from the aerosol and both the resolved vertical velocity and the parameterized subgrid turbulent
motions. Particles are assumed to be internally mixed within eachmodeled size bin, and Köhler theory is used
to relate the aerosol size distribution and composition to the number activated as a function of the
maximum supersaturation.

In-cloud scavenging and below-cloud scavenging of aerosols are both treated. When either interstitial or
cloud-borne aerosols become attached to precipitation particles (i.e., rain, graupel, or snow) or ice crystals
(i.e., cloud ice), they are assumed to be immediately removed from the atmosphere. This is because aerosol
particles attached to (i.e., inside or on the surface of) precipitation and ice hydrometeors are not explicitly
represented in the model, and their time-dependent sedimentation and potential resuspension (after
evaporation of rain) are not treated. It should be noted that explicitly representing these additional attach-
ment states in the model is quite feasible, and some preliminary works involving the ice crystal attachment
state have been done. Cloud-borne aerosols are thus wet removed in the model when cloud droplets are
transformed to or collected by precipitation or ice particles by a number of cloud microphysical processes
including autoconversion, collection, riming, and freezing. In the deep convection case studied here, the
scavenging is dominated by collection of droplets by rain and graupel, and autoconversion has a relatively
small role. The normalized (i.e., first-order) removal rate of cloud-borne aerosol mass and number by rain
and ice is assumed equal to the first-order loss rate for cloud water to raindrops and ice particles.
Scavenging of interstitial aerosol particles by precipitation and ice particles, both within and below clouds,
via Brownian diffusion, interception and impaction are parameterized following Slinn [1984]. The scavenging
rate by rain is determined by size distributions of raindrops and aerosol particles, the raindrop terminal velo-
cities, and the Slinn [1984] collision efficiencies; the rain-based scavenging rate is currently used for scaven-
ging by frozen precipitation and ice also. Additional in-cloud scavenging of interstitial aerosol particles by
cloud droplets via Brownian diffusion and phoretic effects, and by ice particles via ice nucleation and phoretic
effects, is currently not treated and is generally much smaller than nucleation scavenging [Barth et al., 1992].

The existing aerosol activation scheme in WRF-Chem treats aerosol activation in any model grid-cell when
cloud first forms, then subsequently in cloud base grid cells only. We recently implemented secondary
activation in WRF-Chem by extending the Abdul-Razzak and Ghan activation scheme and coupling it with
the Morrison double-moment microphysics. The tendency of supersaturation (S) in a rising air parcel can
be expressed by equation (5) of Ghan et al. [2011]:

dS
dt

¼ αω� γ
dW
dt

; (1)

where the term on the left is the Lagrangian supersaturation tendency of S, ω is the updraft velocity,W is the
liquid water mixing ratio, and α and γ are the coefficients with weak temperature and pressure dependencies.
If the supersaturation in strong updrafts above cloud base is approximately steady state, then the left hand
side of equation (1) is zero, and the supersaturation production (first right-hand-side term) is balanced by the
superstation depletion from condensation (second right-hand-side term). Further, expressing the
condensation rate as the growth of all drops and neglecting additional size dependencies in the grow rate
factor (G) yields the equation below [Ghan et al., 2011; Kogan et al., 1995; Squires, 1952],

αω ¼ 4πρwγ
ρa

G�S�N�r; (2)

where ρw and ρa are the densities of water and air, r is the droplet mean radius, and N is the droplet number
concentration. The parameterization of secondary activation in WRF-Chem is based on equation (2). Hence,
the in-cloud supersaturation may be calculated using a combination of vertical velocity and the first
moments of the cloud and raindrop size distributions computed within the Morrison double moment
scheme, or alternatively the droplet number and mean radius. Note that entrainment is not accounted for
in equation (1). For activation at cloud base, Barahona and Nenes [2007] showed how to account for
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entrainment of unsaturated air into the rising parcel, which reduces the peak supersaturation. This could also
be done for secondary activation, although the derivation is somewhat different, and applying it in a three-
dimensional cloud-resolving model is somewhat complicated since an updraft grid cell can entrain air from
any or all of the horizontally adjacent grid cells. Thus, the entrainment effect is not treated in this study. Doing
so causes supersaturations to be overestimated somewhat, but this is compensated by the 4 km grid spacing
in the simulations that causes updraft velocities and supersaturations to be underestimated.

Simulations performed with the standard WRF-Chem v3.5.1 code and with newly added secondary activation
scheme are hereafter denoted by STD and 2ndACT, respectively. An additional sensitivity simulation is also
conducted with the secondary activation scheme but with the model’s wet scavenging mechanisms
(Brownian diffusion, interception, and impaction) involving direct capture/collection of aerosols by precipita-
tion and ice particles turned off. This tests the relative importance of in-cloud aerosol activation followed by
droplet removal versus these other mechanisms.
2.2.2. Simulation Details
Both STD and 2ndACT simulations are conducted in a 1200 km×1200 km domain centered over Oklahoma
and incorporating portions of Kansas and Texas. The model grid has a horizontal spacing of 4 km and is con-
figured with 65 vertical layers. The vertical grid spacing is approximately 100m in the lowest 2 km and
increases to 200–300m in the midtroposphere. The simulation begins at 12:00 UTC on 25 May to allow phy-
sical forcings and aerosol physical and chemical processes within the domain to adjust to the time-
dependent lateral boundary conditions and ends at 01:00 UTC on 30 May. Model outputs are archived at
30min intervals.

GFS reanalysis data provide the meteorological initial and boundary conditions. The simulated meteorology is
nudged with GFS data until 18:00 UTC on 29 May, 3 h before convection initiation. Initial and boundary condi-
tions for trace gases and aerosols are provided by theModel for Ozone and Related Chemical Tracers (MOZART)
during the initial spin up. Anthropogenic emissions are from the 2005 National Emissions Inventory. The Model
of Emissions of Gases and Aerosols from Nature [Guenther et al., 2006] emission module calculates terrestrial
diurnal biogenic emission rates that depend on vegetation type and simulated meteorology.

At 18:00 UTC on 29 May, 3 h before CI, some trace gas concentrations (CO, acetone, benzene, ethane, SO2,
NO2, and HNO3), aerosol mass concentrations (SO4, NO3, NH4, Cl, and OA) in model size bins 1–5, and total
aerosol number concentrations in model size bins 1–6 are replaced in both restart and boundary condition
files by the corresponding time and horizontally invariant mean profiles derived from observations. These
mean profiles are generated by averaging DC8 measured background concentrations at different altitudes
obtained before CI. This approach minimizes errors in the simulated aerosol and trace gas concentrations
due to uncertainties in boundary and initial conditions and emissions, and reduces the impact of such errors
on differences between the simulated and observed wet scavenging efficiency, allowing us to focus on
potential errors due to parameterization of related processes. In other words, our objective is to simulate
what happens to aerosols and gases during the storm, not how their distributions evolved prior to the storm.

For analysis purposes, each grid point in the three-dimensional model output between 21:00 UTC on 29 May
and 00:30 UTC on 30 May is flagged as either updraft core, anvil outflow, inflow, environment, or not included
in analysis, similar to what was done with aircraft observations. Our analysis focuses on a model subregion
(34.8–38.0°N and 95.5–99.5°W) covering the area sampled by the aircraft. The location of the simulated storm
complex is defined (see dashed oval of Figure 1) for each 30min model output using column maximum
reflectivity. Within the simulated storm complex, an atmospheric column is flagged as a storm updraft core
when the vertical updraft velocity at 300 hPa exceeds 3m s�1. Simulated anvil outflow location is determined
using a combination of air temperature and cloud water and ice mixing ratios for the region of the storm
complex, which varies with time. After CI, cloud-free model grid points within the subregion are flagged as
inflow is determined based on the wind direction relative to storm movement and direction to the storm
core, similar to what was done with classifying the aircraft measurements (section 2.1). Cloud-free grid points
within the subregion, both before and after CI, are identified as environment if not flagged otherwise.

3. Simulated and Observed Meteorology, Trace Gases, and Aerosols

The convective storm complex on 29 May 2012 was concentrated in a line of locally isolated supercells
oriented roughly south-to-north, extending initially from northwestern Oklahoma into extreme southern
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Kansas. Another distant isolated supercell storm was initially located over southwestern Oklahoma. These
supercell storms collectively formed ahead of a cold front and dryline and produced strong winds, hail,
and one tornado. A detailed description of the 29 May case can be found in Barth et al. [2015]. By comparing
observed and simulated column-maximum reflectivity at 30min intervals, both observations and model
outputs indicate a similar storm-complex initiation time of 21:00 UTC. As an example, Figure 1 shows the
reflectivity at 23:00 UTC when the aircraft-observed storm complex was at a relatively mature stage. The
simulated storm complex agrees reasonably well relative to the basic observed structure of individual storm
cores within the complex as indicated by the maximum reflectivity.

Comparison of observed and modeled reflectivity shows that observed individual storm cores are narrower
and more elongated compared to the simulated individual storm cores. Inspection of detailed model output
(not shown) within the dashed black oval area in the right plot of Figure 1 indicates that there are ~3–4 strong
isolated convective cores with maximum updrafts up to 25m s�1 in the simulated storm complex, in reason-
able agreement with the number of observed isolated supercells in the aircraft-sampled region. However, a
detailed observational study of the southernmost supercell on 29 and 30 May employed triple Doppler
mobile radar observations to derive episodic peak updrafts in excess of 60m s�1 between 23:00 and 00:00
UTC [DiGangi, 2014]. The observed versus simulated storm core differences are consistent with the relatively
broader and weaker updrafts, precipitation cores, and pressure forces of supercells that are typically
simulated by models using relatively coarse convection-allowing grids combined with bulk cloud microphy-
sics parameterizations [e.g., Ziegler et al., 1997; Bryan et al., 2003; Bryan and Morrison, 2012; Vandenberg
et al., 2014].

Simulated vertical profiles of potential temperature (θ) and water vapor mixing ratio (Figure 2) agree reason-
ably well with coincident observed profiles obtained from radiosondes released at three locations at three
different times (S18, N20, and N25 at 18:00, 20:29, and 22:55 UTC; see Figures 1 and 2). However, the simu-
lated BL is more moist than observed at 18:00 UTC over the SGP site (Figure 2, solid and dashed green lines).
In comparison to observations immediately preceding (Figure 2, blue lines) and during the storm (Figure 2,
red lines), the simulated convective boundary layer (BL) is high biased in depth by ~500m and also warm-
biased in θ. Additionally, the inversion layer of warmer, drier air above the BL is characterized by weaker mod-
eled lapse rates than observed in all three soundings. The combined effect of all model biases in the BL and
inversion layer is to slightly decrease the convective inhibition that might otherwise tend to delay simulated
CI [e.g., Ziegler et al., 1997] and to somewhat increase the buoyant energy available to simulated convective
updrafts. Note that the N23 sounding is actually released beneath the right-forward (relative to southeast-
ward storm motion) anvil edge of the southernmost supercell in the observed storm complex (Figure 1,
left). In contrast, the corresponding simulated sounding (Figure 1, right) is located toward the west side of

Figure 2. Vertical profiles of (left) potential temperature (θ) and (right) water vapor mixing ratio (qv) from the radiosonde
observations (solid) and the corresponding profiles from the STD model simulation (dashed) on 29 May 2012. The release
locations of the three radiosondes are shown as filled black triangles in Figure 1, with S18 denoting the ARM SGP site with
nominal radiosonde release time of 18:00 UTC (green). N20 and N23 denote NSSL mobile sounding sites with nominal
radiosonde release times of 20:29 (blue) and 22:55 UTC (red), respectively.
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the simulated storm complex due to the
slight eastward shift of the complex
compared to observations. This location
shift may contribute to some of the
differences between the observed and
simulated soundings in the upper tropo-
sphere (UT).

As shown in Figure 3, both observed and
simulated CO profiles indicate anvil
heights of around 9.5–12 km in altitude
(all altitudes in the text and figures are
with respect to mean sea level).
Simulated CO mixing ratios agree very
well with the DC8 measurements both
in inflow and anvil outflow air (see also
Table 2). Although the simulated CO
profile for ambient environment air
is smoother than the measurements
suggest, the simulated profile follows
the observations well except between
7.5 and 10 km where the simulated CO
is consistently high by ~15% (Figure 3).
Note that fairly good agreement between
simulated and observed concentrations
for inflow and ambient environment is
expected, due to model values being

reset to observations at 3 h before convection initiation. The DC8 and GV (profiles shown later) anvil outflow
CO at around 10.5 km, where both aircraft sampled extensively, agree very well (Table 2). The difference
(~8ppb) in UT ambient environment CO between the two aircraft at this height (10 km) is likely due to the
differences in sampling times and locations.

Simulated and observed profiles of three other passive trace gases (acetone, benzene, and ethane) are
compared in Figure 4. As expected, the model simulates well the environmental mixing ratio below 7 km, with
differences from observations generally less than 15%. More importantly, the simulated anvil mixing ratios

agree well with observations; differ-
ences are 2–18% for the three passive
trace gases. The simulated environ-
mental mixing ratios above 7 km
are consistently overestimated by
20–65%, although the large relative
differences may be associated with
the relatively low concentrations at
these altitudes. Note that above 7 km
there are differences of up to 40%
between the DC8 and GV measure-
ments for both anvil and environ-
ment, which leads to differences in
simulated profiles when the DC8 ver-
sus GV measurements are used for
the model’s initial and boundary con-
ditions for these passive trace gases.

The vertical distributions of aerosol
number and mass also potentially
influence wet scavenging processes.

Figure 3. Observed and simulated CO mixing ratios for inflow, anvil, and
ambient environment air. The aircraft measurements are averaged to
500m vertical intervals. For the DC8 measurements, the error bars are ±1
standard deviation, and the number of 1 Hz observations are shownwith the
same colors. Simulation (standardmodel) results shown in this figure use CO
initial and boundary conditions derived from the DC8 measurements.

Table 2. Observed and Simulated Mixing Ratios of Passive Trace Gases in
Inflow and Anvil Outflow Air and Their Anvil to Inflow Dilution Ratios (a/i)a

Species Source Inflow (i) Anvil (a) a/i

CO (ppbv) DC8 131.5 119.1 0.91
GV 130.5 114.7 0.88

WRF-D 131.9 114.7 0.87
WRF-G 129.6 114.1 0.88

Acetone (ppbv) DC8 2.910 1.990 0.68
GV 2.320 1.576 0.68

WRF-D 2.738 1.741 0.64
WRF-G 2.703 1.600 0.59

Benzene (pptv) DC8 54.24 45.49 0.84
GV 48.17 36.89 0.77

WRF-D 52.80 38.70 0.73
WRF-G 56.76 37.68 0.66

Ethane (ppbv) DC8 6.315 3.445 0.55
WRF-D 5.251 2.747 0.52

aModel simulations with initial and boundary conditions obtained fromDC8
and GV aircraft measurements are designated asWRF-D andWRF-G, respec-
tively. Although GV has fewer inflow samples, they have been compared
with the corresponding environmental samples for consistency (not shown).
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Aerosol number and mass concentrations from the 2ndACT simulation are compared with the observations in
Figures 5 and 6, respectively. The simulated fine aerosol number concentrations, which correspond to model
sectional bins 1 through 6, compare well with the observations due to the use of the aforementioned observa-
tional constraint in the initial and boundary conditions (Figure 5, top). Most of the simulated aerosol number is in
the small size bins; therefore, the aerosol number in bins 1 and 2 (diameter range of 0.156–2.5μm) is compared
withmeasurements from the LAS in Figure 5 (bottom). The number concentration of the small size particles also
agrees reasonably well with the observations, although the aerosol number below about 2 km is overestimated
by ~30%, and the aerosol number is slightly overpredicted at the UT ambient environment between 8.5 and
12 km. Below ~3km, the simulated aerosol number decreases with time during a 3h period corresponding to
stages of storm initiation, development, and maturation (Figure 5). Conversely, above 3 km, simulated aerosol

Figure 4. Observed and simulated vertical profiles of acetone, benzene, and ethane for ambient environment and anvil
outflow air. Measurements are averaged to 500m vertical intervals. Simulation results (standard model) with initial and
boundary conditions obtained from DC8 and GV measurements are indicated as WRFDC8 and WRFGV, respectively.
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number for anvil, inflow, and ambient
environment air (evolution for ambient
environmental air not shown) increase
with time during the 3 h period, more
distinctly in the anvil (Figure 5). Both
observed and 2ndACT simulated fine
aerosol number concentrations in the
anvil show small contrast with that of
the free UT air, and the observed and
simulated anvil concentrations agree
within 12% for the fine aerosol number.
However, the fine aerosol number in
the anvil for the STD simulation (not
shown) is twice as large as the
observed value and the 2ndACT value,
indicating much smaller wet scaven-
ging in STD compared to 2ndACT. This
underestimation in wet scavenging
when secondary activation is not trea-
ted is quantified later in section 4.3.

The 2ndACT-simulated aerosol mass
profiles for the four main AMS species
are compared with AMS measurements
in Figure 6. The simulated SO4, NH4,
and OA submicron aerosol masses show
reasonable agreement with the obser-
vations. However, NO3 submicron aero-
sol mass is underestimated by 50% or
more above 3 km. This underestimation
could be due to the aerosol being some-
what acidic in the simulation but neutral
in the observations, or HNO3 or NH3

concentrations in the model being too
low to support inorganic nitrate aerosol,
or some of the observed nitrate being
organic nitrate that is not treated in the
model. The acidity of the submicron
aerosol can be estimated by the molar
ratio method [Hennigan et al., 2015],
which uses the molar concentration
inorganic anions and cations. Since there
were negligible contributions of submi-

cron sea salt and dust during the periods of interest in this study (based on particle analysis by laser mass
spectrometry (PALMS) measurements), and chloride was negligible, the molar ratio is calculated as follows:

molar ratio ¼ NH4
þ½ �= 2 SO4

2�� �þ NO3
�½ �� �

It should be noted that this method of characterizing acidity is semiquantitative, and a more accurate
estimate of the actual pH requires measurement of gas-phase ammonia [Hennigan et al., 2015],
which was not available in this study. Based on this analysis, the observed and simulated aerosols in
inflow and anvil outflow air were neutral, while the observed and simulated aerosols in environmental
air were neutral below 7 km and 5 km, respectively, then somewhat acidic above. Thus, the strong
nitrate underestimation at 3–4.5 km is more likely due to low gas concentrations or organic nitrate

Figure 5. Observed and simulated (2ndACT) aerosol number con-
centrations at standard temperature and pressure (STP) for (top)
0.039<Dp< 2.5 μm particles and (bottom) 0.156<Dp< 2.5 μm
particles (bottom) in inflow, anvil, and ambient environment air.
Observations are averaged to 1 km vertical intervals, with error bars
showing ±1 standard deviation. Top plot observations are from the
DC8 SMPS and LAS combined, and the number of observations
(shown on the right) is for the SMPS (approximately 1 min samples).
Bottom plot observations are from the DC8 LAS only (1 Hz samples).
For the simulated concentrations in inflow and anvil air, instantaneous
profiles are shown every 30min the 3 h period of initiation (solid
lines), development (dotted), and mature (dashed) stages of the
storm complex.
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rather than aerosol acidity. NH3(g) was not measured during DC3, so the simulated levels of NH3, which
result from emissions and the MOZART-based boundary conditions, are used as is with no observational
constraints. Although most of the observed nitrate in the free troposphere, as reported by the AMS, was
ammonium nitrate, organic nitrate could account for some of the model underestimation. In the 2ndACT
simulation, the anvil concentrations of both OA and NH4 agree fairly well with observations (2% and
7% differences), but there are larger differences for SO4 (~60% overestimated) and NO3 (~60%
underestimated). In the STD simulation (not shown), however, anvil concentrations of OA, NH4, and
SO4 are noticeably overestimated compared to observations, by 58%, 211%, and 140%, respectively.
Also, while both observed and 2ndACT-simulated mass mixing ratios of OA, NH4, and SO4 in the anvil
do not show much contrast with the corresponding ambient environmental air values at the
same height, significant enhancements relative to the UT environment are seen in the anvil for the
STD simulation. These simulation differences, due to secondary activation, are quantified later in
section 4.3 using wet removal fraction.

Figure 6. Observed (AMS) and simulated (2ndACT) profiles of (a) organic aerosol (OA), (b) sulfate (SO4), (c) nitrate (NO3),
and (d) ammonium (NH4) submicron aerosol mass mixing ratios. The number of AMS observations at each 500m
altitude interval is shown at Figure 6c.
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4. Transport Analysis and Wet Scavenging Efficiency
4.1. Passive-Tracer-Based Transport Analysis Framework

In this section we introduce a new transport analysis framework along with the two-layer mixing and dilution
factor approaches. Our new passive-tracer-based transport analysis framework, shown in Figure 7 and
hereafter referred to as the four-layer plume framework, is physically based on the simple steady state
entraining-plume model of convective updrafts. The convective storm updrafts are considered as a single
plume that is divided into four vertical layers from the surface to 12 km: a well-mixed layer (surface 3 km),
a buffer layer (3–7 km), a clean layer (7–9.5 km), and a UT layer (9.5–12 km). The observed inflow air is typically
below 3 km, and the slow reacting and nonsoluble trace gas (particularly CO) mixing ratios are typically
relatively uniform within this layer (Figures 3 and 7). Note that the cloud base of the individual storm cores
is below 3 km as indicated by the simulated cloud water and ice profiles, but above 3 km the cloud water
mixing ratio starts to be more significant (Figure 7). The buffer layer corresponds to a layer with enhanced
trace gas mixing ratios in the environment, which provides a buffer between the well-mixed layer below
and the clean layer above (Figures 3). The layer between 7 and 9.5 km is usually very clean in the envi-
ronment. The 9.5–12 km UT layer shows some enhancement in CO mixing ratios in the environment air
compared to the clean layer below likely due to convective transport from previous days. The UT layer also
corresponds to the height of the anvil for the 29 and 30 May storm.

Mass conservation of air at each layer k (Figure 7) may be expressed in a vertically finite difference form as:

∂Mu

∂Z
¼ Mu;k �Mu;k�1

ΔZk
¼ Eu;k � Du;k ; (3)

whereMu,k� 1 andMu,k are the updraft mass fluxes into the bottom and out the top of layer k, Δzk is the layer
thickness, and Eu,k and Du,k are entrainment and detrainment coefficients. Mass conservation for a passive
trace gas (i.e., nearly nonreactive and nearly insoluble compound considered on convective time scales)
with mixing ratio q (units can be ppbv or μg/kg of dry air), can be expressed as

∂Muq
∂Z

¼ Mu;kqu;k �Mu;k�1qu;k�1

ΔZk
¼ Eu;kqenv;k � Du;kqu;k ; (4)

where qu,k and qenv,k are the trace species mixing ratios in layer k of the updraft plume and in the
corresponding environmental air, respectively.

Figure 7. (left) Schematic of the four-layer passive-tracer based transport analysis framework. Refer to text for details.
(right) Model-simulated cloud water plus ice mixing ratio (qwater + qice) is shown for the convective storm core (black)
and the anvil (purple). For the storm core, instantaneous 30min model outputs are shown for initiation (solid lines),
development (dotted), and mature (dashed) stages of the storm complex.
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This can be written as

qu;k ¼ βkqenv;k þ 1� βkð Þqu;k�1: (5)

where

βk ¼
Eu;kΔZk

Du;kΔZ þMu;k
: (6)

Assuming qu,1 = qenv,1, and combining equation (5) for k= 2, 3, and 4, the updraft mixing ratio in the upper-
most layer, qu,4, takes the form

qu;4 ¼ β4qenv;4 þ 1� β4ð Þβ3qenv;3 þ 1� β4ð Þ 1� β3ð Þβ2qenv;2
þ 1� β4ð Þ 1� β3ð Þ 1� β2ð Þqenv;1:

(7)

Note that the anvil outflow concentration, qanvil, is equal to qu,4. Thus, the multilayer model expresses a storm’s
anvil outflow mixing ratios of passive gases as linear combinations of inflow/environment mixing ratios in the
component layers. Since qenv,k and qanvil are known from observations, application of equation (6) for at least
three different passive gases allows determination of β4, β3, and β2. Note that in equation (7), the factors applied
to the environmental mixing ratios, η4 = β4, η3 = (1� β4) β3, η2 = (1� β4) (1� β3)β2, and η1 = (1� β4) (1� β3)
(1� β2) = 1� (η2 + η3 + η4), can be interpreted as the contribution from each layer to the anvil mixing ratio,
with this contribution coming from various combinations of lateral mixing, entrainment, detrainment, and
convective updraft transport.

Mathematically, this framework can be viewed as an inverse problem with measurements in storm inflow,
environment, and anvil outflow levels serving as the a priori and posteriori trace gas mixing ratios,
respectively. The inverse model parameters are the transport coefficients described above, and solving for
the coefficients relies on distinct vertical distributions of different, nearly passive trace gases. By combining
equation (6) for at least three trace gases, the coefficients β2, β3, and β4 are estimated using an “nl2so1”
algorithm [Bates and Chambers, 1992] that employs a nonlinear least squares approach using finite difference
derivatives. Ethane, acetone, benzene, and CO were chosen to obtain the coefficient solutions in this study
due to their relative nearly nonreactive (on convective time scales) and insoluble properties, and their distinct
vertical profiles as shown in Figures 3 and 4.

The uncertainties of the calculated β2, β3, and β4, coefficients are estimated using a Monte Carlo approach.

Mean trace gas mixing ratios in each layer are assumed to be normally distributed with the mean xij
� �

and

standard deviation σij ¼ σij=
ffiffiffiffiffi
nij

p� �
estimated using populations consisting of the 60 s average aircraft

measurements or the every 30min model outputs, where nij and σij are, respectively, the sample size and
the standard deviation for i species at j layer. The amount of aircraft sampling varies with height, and
Figure 3 shows the number of 1 Hz samples in each 500m altitude interval. One thousand sets of trace gas

mixing ratios were randomly generated using the normal distribution function N xij ; σij
� �

for each species

at each layer. The resulting 1000 sets of solutions of β and η coefficients then are used to estimate the means
and uncertainties (±σ) of these coefficients.

A two-component, or two layer, mixture model [Cohan et al., 1999] is commonly used for trace gas transport
and wet scavenging studies, in which the anvil mixing ratio is assumed to be a simplemixture of low level and
UT environment air without considering entrainment and detrainment between the two layers,

qoutflow ¼ 1� β′
� �

qUT-env þ β′qBL: (8)

The coefficient β′ can easily be determined using mixing ratios of CO or another passive gas in low level (qBL),
anvil (qoutflow), and UT environment air (qUT-env), where qBL, qoutflow, and qUT-env are equivalent to the q1,env,
q4,u, and q4,env and in the four-layer plume framework. Although our four-layer transport analysis is based on
an entraining plume framework, equation (7) can be viewed as a four-layer extension of the simple two-layer
mixture model [Cohan et al., 1999] and the more recent three-layer mixture model [Borbon et al., 2012] that
arbitrarily adds a term to the two-layer mixture model to account for entrainment from the midlevel
free troposphere. In our application of the two-layer method, we chose to set the low-level inflow and
UT-environment mixing ratios equal to the layer 1 and layer 4 mixing ratios used with our four-layer analysis
framework, respectively, although they could be defined somewhat differently.
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The dilution factor approach is another,
simpler scheme that can be used. This
approach assumes that the anvil outflow
air originates from the low-level inflow or
boundary layer air but is diluted by a
factor α when it reaches the upper
troposphere, so that

qanvil ¼ αqinflow; (9)

The coefficient αmay be determined using
passive trace gas (such as CO) mixing
ratios in inflow and anvil air (Table 2).
The physical basis for the dilution factor
approach is perhaps somewhat less clear,
but if two different passive tracers have
vertical profiles with the same shape
(i.e., are proportional) across levels that
contribute to the updraft air, then both

would have the same dilution factors. The results of the four-layer plume framework are compared against
those of the common two-layer approach and the dilution factor approach in the following sections.

4.2. Inferred Vertical Transport Feature

Figure 8 shows contributions to anvil outflow mixing ratios from the four different atmosphere layers esti-
mated by the passive-tracer-based transport analysis framework using measured or simulated CO, acetone,
benzene, and ethane mixing ratios. Based on the DC8 and GV measurements, estimated contributions to
anvil passive trace gasmixing ratios are 47% (45–49%) from thewell-mixed layer, 32% (25–39%) from the buffer
layer,<1% (0.7–0.9%) from the clean layer, and 21% (15–27%) from the UT. The ranges given in parentheses are
themean±1 standard deviation obtained by the Monte Carlo approach described in section 4.1. Based on pas-
sive gas profiles from theWRF-Chem simulation, estimated contributions are smaller compared to observations
from the well-mixed layer at 35% (32–39%) and from the buffer layer at 23% (13%–33%), but larger from the
clean layer at 9% (0–19%) and the UT layer at 33% (19–46%). Dickerson et al. [1987] studied a cumulonimbus
located near the Oklahoma-Arkansas border using the two-layer approach with CO. They found the anvil air
to be composed of about 64% PBL and 36% free tropospheric air. Similarly, Borbon et al. [2012] found 60%
PBL and 40% free troposphere entrainment contributions to UT outflow air. Our estimated contributions from
the surface to 3 km layer (47% for observations and 35% for model) are somewhat smaller than the PBL contri-
bution estimates from these two other studies, while our estimated contributions from the surface to 7 km
layers (77% for observations and 58% for model) are somewhat higher.

Some of the biases in the modeled atmospheric state discussed in section 3 (e.g., BL depth, warm-biased BL,
and weak inversion) may contribute to differences between simulated and actual convective transport. As
previously discussed in section 3, the 4 km horizontal grid spacing used for the simulations may prevent
adequate resolving of entraining eddies and cause the model to underestimate the entrainment of free
tropospheric air [e.g., Bryan et al., 2003; Bryan and Morrison, 2012]. Convection-allowing models with this
relatively coarse grid resolution are thus hypothesized to underestimate midlevel entrainment, at least for
some types of deep convection. Since most of the studies investigating the impact of grid resolution on
entrainment have examined squall line simulations, it is unclear whether these findings regarding entrain-
ment extend to supercells. Such an underestimate of midlevel entrainment by a model would be expected
to lead to an even smaller contribution from the clean layer to anvil outflow. Thus, the larger contributions
from the clean and UT layers to anvil mixing ratios in the simulations, compared to that of the observations,
are more likely explained by the high biased (by 15–65%) simulated trace gas mixing ratios in these layers
(7–12 km) (see discussion in section 3).

The two-layer approach yields a separate β′ value for each of the four passive tracers measured on a particular
aircraft platform. The individual β′ values were between 0.48 and 0.72, with a mean of 0.61, indicating that in

Figure 8. Estimated contributions of the four vertical layers to the anvil
outflow air calculated with the four-layer plume model using observed
(black) and model simulated (blue) passive gas mixing ratios. The error
bars show the ±1 standard deviation uncertainty estimates from the
Monte Carlo approach described in section 4.1.
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this approach 61% of the trace gas
levels in the anvil would be attributed
to low-level inflow air. This value is
intermediate between the layer 1 con-
tribution and the layer 1 + 2 combined
contribution determined from the four-
layer analysis. When using WRF-Chem
model results rather than observations,
the simulated tracer mixing ratios yield
β′ values between 0.35 and 0.53, with a
mean of 0.42. Note that using simulated
trace gas values suggests that lower
level air contributes less to anvil air,
relative to using observed values, in
both the four-layer and two-layer
analysis method.

4.3. Aerosol Wet Scavenging Efficiency

Unlike passive insoluble tracers where the anvil mixing ratio results from vertical transport and mixing, the
anvil mixing ratio for an aerosol species is affected by wet scavenging and possibly chemical transformation.
If chemical transformation is minor, the aerosol wet scavenging efficiency (ε) can be estimated as

ε ¼ 1� qanvil
qnoscavanvil

(10)

where the anvil concentration, qanvil, is obtained directly from observations or model simulations and the
anvil concentration in the absence of wet scavenging, qnoscavanvil , is estimated using the four-layer plume
framework or the two-layer approach. Since computation of the aerosol wet scavenging efficiency from
the observations and simulations uses their respective set of coefficients (β2, β3, and β4 ) to estimate
concentrations at the anvil level in the absence of wet scavenging processes, we expect that differences in
the simulated and observed convective transport should not be important in driving differences in
scavenging efficiency. Figure 9 shows qnoscavanvil values computed using the four-layer, two-layer, and
constant dilution approaches. The dilution factor for each passive tracer is shown in Table 2, with mean
values of 0.75 and 0.70 for observations and simulation results. In general, the qnoscavanvil values from the four-
layer plume framework are somewhat smaller than those from the two-layer approach (Figure 9). The
dilution factor approach yields noticeably larger qnoscavanvil values. Note that the dilution factor approach
assumes (or requires) similar vertical profiles in inflow/environment air for the species being considered.
This assumption is only qualitatively true for aerosol species compared to passive tracers, since the aerosol
mixing ratios (Figures 5 and 6) decline more rapidly with height compared to the passive trace gases
(Figures 3 and 4),

Figure 10 shows estimated wet scavenging efficiencies for various aerosol species obtained with the four-
layer and two-layer models using observations and simulated results. We first discuss wet scavenging
efficiencies obtained with the four-layer plume framework. The wet scavenging efficiency is 81% for
observed total submicron aerosol mass. The observed scavenging efficiencies for sulfate, organics, and
ammonium are close to this value (84%, 82%, and 80%, respectively). The high wet scavenging efficiency
for SO4 aerosol is comparable to the wet scavenging efficiency for SO2 (65–95%) estimated by Cohan et al.
[1999] using the two-layer approach with SO2 and CO observations. Nitrate aerosol has a noticeably lower
observed wet scavenging efficiency of 57%, and this is discussed in more detail below. The observation-
derived wet scavenging efficiency for small size (Dp of 0.039–0.156μm) particle number is 64%, somewhat
smaller than the 84% of larger size (Dp of 0.156–2.5μm) particle number. In the standard simulation, the over-
all scavenging efficiency for total submicron mass is significantly underestimated compared to that from
observations (Δε=�32%), where Δε denotes absolute differences between two ε values, and the scavenging
efficiency also is low (Δε=�41%) for fine aerosol number. The only exception is the nitrate aerosol, its wet
scavenging efficiency based on STD agrees within 1% with the ε based on observations. Implementing the

Figure 9. Observed aerosol concentrations for inflow (purple) and anvil
outflow (pink) air based on DC8 AMS measurements, and the estimated
anvil concentrations without wet scavenging calculated with the four-
layer plume model (Anvilmnoscav, light green), the two-layer mixing
approach (Anvilcwenoscav, green), and the anvil-to-inflow dilution ratio
method (Anvilcnoscav, dark green).
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secondary activation parameteri-
zation leads to significant increases
in the aerosol wet scavenging effi-
ciencies, resulting in only small
underestimates of ε for aerosol mass
(Δε=�7%) and number (Δε=�8%)
relative to observations.

As discussed earlier, the two-layer
approach gives somewhat higher
estimates of “noscav” anvil mixing
ratios, which leads to somewhat
higher wet scavenging efficiencies.
For observation based scavenging
efficiencies, the differences in ε
(two-layer estimate compared to
four-layer estimate) are quite small:
Δε= 2% for total submicron mass
and Δε= 4% for fine aerosol number.
For the simulation-based analysis,
there are larger differences between
the two-layer versus four-layer esti-
mated noscav anvil mixing ratios
(not shown), and this leads to larger
differences between the two-layer
and four-layer estimated scavenging
efficiencies: Δε= 7% for total sub-
micron mass and Δε= 8% for fine
aerosol number in the 2ndACT simu-
lation. The observed wet scavenging
efficiency estimates from the four-
layer and two-layer methods agree
within the uncertainty (1σ) estimated
using the Monte Carlo approach, sug-
gesting that the two-layer mixing
approach works well for the storm
case. As shown in Figure 10, the
smaller uncertainty ranges for the ε
values based on the observations
could be linked to negligible con-

tributions from the clean layer; thus, data variability in this layer does not contribute to the uncertainty
of the estimated ε.

As noted above, wet scavenging efficiencies based on observations and the four-layer transport model show
only a small variation between SO4 (ε=84%), OA (ε=82%), and NH4 (ε= 80%) aerosol mass, while a smaller
removal rate is found for NO3 aerosol (ε= 57%) (Figure 10). However, as discussed later, it can be attributed
to the transformation of gas phase nitric acid to nitrate aerosol in convective updrafts. As discussed in
section 4.2, the anvil mixing ratio of an aerosol species can be affected both by chemical transformation
and wet scavenging. It is quite likely that anvil mixing ratios of NO3 aerosol were affected by changes in
the partitioning between HNO3(g) and NO3(a) during transport through the updrafts. The average observed
HNO3(g) was 795 and 52 ppt in the low-level inflow and anvil outflow regions, respectively, and the average
no-scavenging HNO3(g) estimate in the anvil derived from the four-layer transport model was 459 ppt. Thus,
the observed aerosol fractions or partitioning (i.e., NO3(a)/(HNO3(g) +NO3(a)) on a molar basis) were 13%,
14%, and 38% for low-level inflow, no-scavenging anvil outflow, and actual anvil outflow, indicating that
transformation of HNO3(g) to NO3(a) occurred. A wet scavenging efficiency for HNO3(g)+NO3(a) can also

Figure 10. Aerosol wet scavenging efficiencies estimated using the four-layer
plume model (m) and the two-layer mixing approach (c) for observations and
the standard (STD) and secondary activation (2ndACT) simulations. (top)
Efficiencies for submicron aerosol mass of SO4, organics (OA), NO3, and NH4.
(bottom) Efficiencies for submicron aerosol total dry mass (Mtot) and aerosol
number concentrations for diameter ranges of 0.03–0.15 (Np1), 0.15–2.5 (Np2),
and 0.03–2.5μm (Nptot). The error bars are the ±1 standard deviation uncer-
tainty estimates from the Monte Carlo approach described in section 4.1.
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be estimated, using their combined mixing ratios. For the observations this value is 84%, which is very close
to the wet scavenging efficiencies of the other aerosol species. Given the difficulty of simulating the convec-
tive complex using a 4 km horizontal grid and the uncertainties in the observations and the analysis method,
these differences in wet scavenging efficiencies among aerosol species are quite small. In addition, most of
the nitrate in the boundary layer was organic, as reported by the AMS, whereas most nitrate in the storm out-
flow and the free troposphere was ammonium nitrate. Hence, the boundary layer nitrate is scavenged very
efficiently, and the nitrate observed aloft is mostly due to nitric acid condensation. It should be noted that
some of the nitrate aloft might also be due to organic nitrate formation from lightning NOx chemistry (as
observed elsewhere during the DC3 campaign), but this effect is difficult to quantify due to the low total
nitrate signal aloft.

For the 2ndACT simulation, the wet scavenging efficiencies for aerosol mass were slightly lower than those
from observations, but there was little variation among the efficiencies for OA (ε= 75%), NO3 (ε= 74%), SO4

(ε= 70%), and NH4 (ε= 70%). The simulated HNO3(gas) mixing ratios were 1103, 604, and 153 ppt for low-level
inflow, no-scavenging anvil outflow, and anvil outflow, yielding corresponding aerosol fractions of 7%, 6%,
and 8%. Thus, there was little change in nitrate partitioning between the inflow and anvil air in the simulation.
The wet scavenging efficiency for HNO3(g) +NO3(a) combined was 78%, close to that estimated for NO3(a)
alone. Differences between observed and the simulated HNO3(g) and NO3(a) likely involve aerosol acidity
differences (see section 3) and potentially because direct uptake of HNO3(g) by ice hydrometeors is not
treated in the model.

Transformation between SO2(g) and SO4(a) also occurs via aqueous-phase oxidation in cloud droplets
followed by droplet evaporation. Average observed SO2(g) mixing ratios were 132 ppt, 81 ppt, and 9 ppt in
the low-level inflow, no-scavenging anvil outflow, and actual anvil outflow. The corresponding aerosol
fractions (SO4(a)/[SO2(g) + SO4(a)]) were 74%, 75%, and 81%, indicating a modest amount of transformation.
The observation-based wet scavenging efficiency for SO2(g) + SO4(a) was 85%, only slightly higher than the
84% apparent wet scavenging efficiency for SO4(a). For the 2ndACT simulation, the SO2(g) mixing ratios were
close to observed, and the aerosol fractions, SO4(a)/[SO2(g) + SO4(a)], were 74%, 85%, and 81%, for low-level
inflow, no-scavenging anvil outflow, and actual anvil outflow. The simulated wet scavenging efficiency for
SO2(g) + SO4(a) was 74%, compared to the simulated 70% apparent wet scavenging efficiency for SO4(a).

Gas to aerosol transformation between NH3(g) and NH4(a) also occurs in the atmosphere. Ammonia gas
measurements were not made during DC3. In the 2ndACT simulation, the aerosol fractions of the combined
NH3(g) +NH4(a), NH4(a)/[NH3(g) +NH4(a)], were 48%, 64%, and 99% for low-level inflow, no-scavenging anvil
outflow, and actual anvil outflow, indicating significant gas to aerosol conversion. The estimated wet
scavenging efficiency for NH3(g) +NH4(a) was 81%, compared to the 70% apparent wet scavenging efficiency
for NH4(a).

Turning off the model’s wet scavenging mechanisms that involve direct capture/collection of aerosol
particles by precipitation and ice particles in the 2ndACT simulation produced quite small decreases in the
estimated wet scavenging efficiencies (Δε=�2% for aerosol mass and Δε=�1% for number). This demon-
strates the predominance of in-cloud aerosol activation followed droplet removal by precipitation compared
to other wet scavenging mechanism for the 0.039–2.5μm aerosol in the simulations.

5. Conclusions and Implication

This study investigates aerosol transport and wet scavenging (i.e., wet removal) in a complex of locally iso-
lated supercell storms observed over northern Oklahoma on 29 and 30 May 2012 during the DC3 campaign.
DC3 observations and WRF-Chem simulations of this supercell storm complex reveal significant enhance-
ments in mixing ratios of passive (i.e., relatively nonreactive and insoluble) trace gases in the outflow anvil.
A new passive-tracer-based transport analysis framework is derived. Based on a simple steady state
entraining-plume model of convective updrafts, storm UT (anvil) outflow mixing ratios of passive gases are
expressed as linear combinations of inflow and ambient environmental mixing ratios in different atmospheric
layers. Using observed mixing ratios of four passive gases in ambient environment, inflow air, and anvil out-
flow air, it is estimated that ~47% and 32% of the passive gas mixing ratios in the anvil come from the well-
mixed layer (surface to 3km) and buffer layer (3 to 7 km), respectively, while ~21% is entrained from the upper
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troposphere. Three-dimensional model simulations using WRF-Chem were performed to evaluate the ability
of WRF-Chem with current wet scavenging parameterization to represent passive gas transport and aerosol
wet scavenging. The model simulates passive gas enhancement in the anvil similar to observed, but with
larger contributions from the clean layer (7–9.5 km; 9%) and upper troposphere (33%), and smaller contribu-
tions from the well-mixed layer (35%) and the buffer layer (23%).

The new transport analysis framework is used to estimate the wet scavenging of aerosols transported
through the updrafts to the anvil outflow. High scavenging efficiencies are obtained from the observations
for both aerosol number (ε=~68% for 0.039 ≤Dp ≤ 2.5μm) and aerosol submicron mass (ε=~81%). There
is little chemical selectivity (Δε ≤ 4%) in the wet scavenging of SO4, NH4, and organic aerosols based on
observations; however, NO3 aerosols exhibited a smaller wet scavenging efficiency (ε= 57%) due to changes
in the partitioning between HNO3(g) and NO3(a) during transport through the updrafts. Aerosol number
scavenging efficiencies are moderately higher for larger particles (ε of 84% for diameter ranges of
0.156–2.5 μm diameter) compared to smaller particles (ε of 64% for 0.039–0.156 μm diameter). The
scavenging efficiency from observations is slightly larger (absolute difference, Δε= 13%) for aerosol mass
than for aerosol number. These findings can be explained by in-cloud scavenging (activation followed
by cloud droplet removal) being the primary wet scavenging mechanism and the fact that smaller
particles are less likely to be activated than larger particles. Additionally, small particles contribute
significantly to aerosol number but are minor contributors to aerosol mass.

In-cloud aerosol activation followed by droplet removal is also the primary wet removal mechanism in the
WRF-Chem simulations. Our results show that decreases in wet scavenging efficiencies are quite small
(Δε ≤ 2% in magnitude) when the model’s other wet scavenging mechanisms (Brownian diffusion, intercep-
tion, and impaction) involving direct capture/collection of aerosol particles by precipitation and ice particles
are turned off. The standard model simulation, which neglects secondary activation, significantly overesti-
mates aerosol mass and number concentrations in anvil outflow and underestimates wet scavenging
efficiencies. For example, ε for submicron aerosol mass and fine aerosol number (0.039–2.5μm diameter)
are 32% and 42% lower than those from observations. Adding the new treatment of secondary activation
(i.e., activation of particles above cloud base) to themodel significantly increases the wet scavenging efficien-
cies and reduces the underestimations to 7% and 8%, for aerosol mass and number. Secondary activation has
this large impact on wet scavenging because the majority of air in deep convective updrafts is entrained
above cloud base. Secondary activation results in fairly efficient wet removal of aerosols that are entrained
above cloud base into updrafts and would otherwise only be removed by processes that less efficiently
scavenge interstitial particles. The significant improvement to simulated anvil concentrations and wet
scavenging efficiencies from including secondary activation in the model indicates its importance for wet
removal by deep convection; thus, it should be included in both regional and global models.

The wet scavenging efficiencies estimated using the simple two-layer approach and the more complex
four-layer passive trace-gas-based transport framework show good overall agreement (Δε< 5%) between
submicron total aerosol mass and fine aerosol number concentrations, but for some individual chemical
species the differences are up to 15%. It would be useful to test the new four-layer passive trace-gas-based
transport analysis framework for additional convective storm cases with varying ambient meteorological
and aerosol conditions, including cases with more complete BC observations.

It is challenging to estimate transport and wet removal for a convective storm due partly to the uncertainties
and limitations in the data (e.g., lack of measurements of wet deposition) and the analysis approach.
Performing a closure study for aerosol and trace gas transport and wet removal in deep convective storms
is very difficult, but the DC3 campaign produced probably the most extensive data set to date needed for
such a closure study. Our analysis here can provide some guidance for future field campaigns of this type:
accurate estimates of aerosol transport and wet scavenging in convective clouds require sufficient sampling
of not only low level inflow and anvil outflow concentrations of aerosols and trace gases but also their
environmental concentrations throughout the free troposphere.

This study has presented a new passive-tracer-based multilayer analysis framework to estimate aerosol
transport and scavenging in convective storms, which facilitates evaluating a model’s representation of
wet scavenging using airborne observations. The treatments of convective aerosol transport and removal
in climate models differ greatly, and it has been difficult to directly evaluate model wet scavenging
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parameterizations against observations. This study provides a framework that can be extended to different
types of storms and could be used to evaluate the diverse parameterizations of convective transport and
wet scavenging in global models. Reducing large uncertainties in the simulated global and annual mean
aerosol mass burden associated with the wet scavenging and transport in convective clouds may potentially
lead to more accurate prediction of the Earth’s radiation budget in climate models.
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