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Abstract Deep convection can transport surface moisture and pollution from the planetary boundary
layer to the upper troposphere (UT) within a few minutes. The convective transport of precursors of both
ozone and aerosols from the planetary boundary layer affects the concentrations of these constituents in
the UT and can influence the Earth's radiation budget and climate. Some precursors of both ozone and
aerosols are soluble and reactive in the aqueous phase. This study uses the Weather Research and
Forecasting model coupled with Chemistry (WRF‐Chem) to simulate the wet scavenging of precursors of
both ozone and aerosols including CH2O, CH3OOH, H2O2, and SO2 in a supercell system observed on
29 May 2012, during the 2012 Deep Convective Clouds and Chemistry (DC3) field campaign at
cloud‐parameterized resolution. The default WRF‐Chem simulations underestimate the mixing ratios of
soluble ozone precursors in the UT because the dissolved soluble trace gases are not released when the
droplets freeze. In order to improve the model simulation of cloud‐parameterized wet scavenging, we added
ice retention factors for various species to the cloud‐parameterized wet scavenging module and adjusted
the conversion rate of cloud water to rainwater at temperatures below freezing in the cloud parameterization
as well as in the subgrid‐scale wet‐scavenging calculation. The introduction of these model modifications
greatly improved the model simulation of less soluble species.

1. Introduction

Deep convective storms can transport pollution and moisture from the planetary boundary layer (PBL) to
upper troposphere (UT) in a few minutes (Chatfield & Crutzen, 1984; Dickerson et al., 1987; Skamarock
et al., 2000). Transport of regional air pollutants from the PBL to the free troposphere by convection may
transform regional boundary layer air pollution problems into global atmospheric chemistry issues (Kong
& Qin, 1993, 1994; Lyons et al., 1986). Vertical transport of precursor gases of both ozone (O3) and hydrogen
oxides (HOx, the sum of hydroxyl [HO] and hydroperoxy [HO2] radicals) greatly enhances the production
rate of O3 in the UT cloud outflow (Pickering et al., 1990; Pickering, Scala, et al., 1992; Pickering,
Thompson, et al., 1992) where the lifetime of O3 is longer in comparison with the PBL region, which consid-
erably impacts the Earth's radiation budget and climate (e.g., Lacis et al., 1990). Furthermore, the deep con-
vective transport of surface moisture into the lower stratosphere increases the water vapor concentration
(Homeyer et al., 2014), which is a prime driver for decadal climate change (Solomon et al., 2010).

The amount of O3 and aerosol produced in the UT is dependent on the net transport by convection of gases
that are soluble and reactive in the aqueous phase. In the UT, O3 formation requires nitrogen oxides (NOx,
the sum of nitric oxide [NO] and nitrogen dioxide [NO2]) andHOx. Themechanism involves oxidation of NO
by HO2 and organic peroxy radicals (RO2), followed by NO2 photolysis and the combination of a resulting
excited state O atom with an O2 molecule. However, due to the short lifetime of HOx, the amount of HOx

in the UT is determined by the abundance of longer‐lived HOx precursors such as hydrogen peroxide
(H2O2), methyl hydroperoxide (CH3OOH), and formaldehyde (CH2O; Chatfield & Crutzen, 1984; Prather
& Jacob, 1997), which are soluble and have aqueous phase chemical sources and sinks (Barth, Kim,
Skamarock, et al., 2007; Carlton et al., 2007). H2O2 is produced by the reaction of the HO2 radical with itself.
CH2O and CH3OOH come from oxidation of methane and other hydrocarbons. The amount of NOx in the

©2019. American Geophysical Union.
All Rights Reserved.

RESEARCH ARTICLE
10.1029/2019JD030484

Key Points:
• WRF‐Chem‐parameterized wet

scavenging scheme overestimates
the removal of soluble trace gases

• Introducing an ice retention factor
improves the parameterized
wet‐scavenging scheme simulation

• Model simulation is further
improved with revised cloud‐to‐rain
conversion parameters that are
implemented at temperatures below
freezing

Supporting Information:
• Supporting Information S1

Correspondence to:
Y. Li,
liyunyao@terpmail.umd.edu

Citation:
Li, Y., Pickering, K. E., Barth, M. C.,
Bela, M. M., Cummings, K. A.,
& Allen, D. J. (2019). Wet Scavenging in
WRF‐Chem Simulations of
Parameterized Convection for a Severe
Storm during the DC3 Field Campaign.
Journal of Geophysical Research:
Atmospheres, 124, 7413–7428. https://
doi.org/10.1029/2019JD030484

Received 15 FEB 2019
Accepted 3 JUN 2019
Accepted article online 18 JUN 2019
Published online 4 JUL 2019

LI ET AL. 7413

https://orcid.org/0000-0002-3073-3227
https://orcid.org/0000-0003-1123-0322
https://orcid.org/0000-0002-9252-0286
https://orcid.org/0000-0002-3998-9990
https://orcid.org/0000-0003-3873-3552
https://orcid.org/0000-0003-3305-9669
http://dx.doi.org/10.1029/2019JD030484
http://dx.doi.org/10.1029/2019JD030484
http://dx.doi.org/10.1029/2019JD030484
http://dx.doi.org/10.1029/2019JD030484
http://dx.doi.org/10.1029/2019JD030484
mailto:liyunyao@terpmail.umd.edu
https://doi.org/10.1029/2019JD030484
https://doi.org/10.1029/2019JD030484
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019JD030484&domain=pdf&date_stamp=2019-07-04


UT is dependent on its formation by lightning, the vertical transport of NOx from the PBL, and the convec-
tive transport of the NOx reservoir species nitric acid (HNO3; Grassian, 2005), which is readily scavenged by
cloud water and ice particles (Neu & Prather, 2012). NOx is oxidized to HNO3 in situ in the UT. NOx in the
UT has a longer lifetime and is more efficient in producing O3 than at the surface. Furthermore, the forma-
tion of aerosols in the UT is affected by the deep convective transport of sulfur dioxide (SO2), which is also
soluble and a major source of sulfate aerosol in the UT.

The net deep convective transport of soluble species is governed by several physical processes within the con-
vective core and anvil regions including dissolution in cloud water, removal by precipitation, and evapora-
tion and release of dissolved gases. When droplets freeze, part of the dissolved gases may be released, and
part retained in ice. Collectively, these processes are called wet scavenging. When wet scavenging occurs,
the amount of trace gas that dissolves in cloud water is governed by Henry's law. The Henry's law coefficients
vary greatly between species, with HNO3 being extremely soluble and CH3OOH being the least soluble
among the species mentioned above.

Model simulations are often used to study wet scavenging. Crutzen and Gidel (1983) first included a simple
treatment of wet scavenging into a two‐dimensional model. Chameides (1984) introduced a time‐dependent
box model to analyze the coupled gas and aqueous‐phase photochemistry of a stratiform cloud and found
that the scavenging of atmospheric acidic gases and aerosols was an important source of acidity to cloud
water. Lawrence and Crutzen (1998) included the gravitational settling of cirrus cloud particles and the gases
trapped inside in the simulation. Mari et al. (2000) used a one‐dimensional detraining/entraining plume
model to investigate the vertical transport and wet scavenging of soluble gases in tropical deep convection.
They found that small‐scale, convective precipitation is effective in scavenging soluble gases, especially
within convective updrafts. Pickering et al. (2001) used a two‐dimensional cloud‐resolvingmodel to simulate
the convective transport, wet scavenging, and lightning NOx processes in the South Pacific Convergence
Zone in the southwestern tropical Pacific during the 1999 Pacific Exploratory Mission Tropics B mission.
Barth, Kim,Wang, et al. (2007) compared the trace gas mixing ratio results from eight cloud‐resolving model
simulations of an isolated storm sampled during the 1996 STERAO (Stratospheric‐Tropospheric
Experiment: Radiation, Aerosols, and Ozone) field campaign. They pointed out that substantial uncertain-
ties existed in the scavenging efficiencies (SEs) of O3 precursors such as H2O2, CH2O, and HNO3 that are
soluble and/or reactive in cloud particles in the convective outflow region due to differing microphysics
and assumptions about retention of chemical species during cloud drop freezing. For the cloud‐
parameterized scale, Neu and Prather (2012) describe an updated large‐scale precipitation scavenging algo-
rithm that has a more physical treatment of wet scavenging. The algorithm includes an improved calculation
of wet removal in subgrid‐scale cloudy and ambient environments as well as ice phase uptake of
soluble species.

Wet scavenging is sensitive to the fraction of chemical species that are retained during cloud drop freezing;
however, it is difficult to determine a reasonable value for each soluble species in the model. Furthermore,
the observed ice retention fractions for individual species are highly variable. For example, Iribarne and
Pyshnov (1990) estimated the retention fraction for H2O2 to be around 1, Snider and Jun (1998) obtained
a value of 0.05, and von Blohn et al. (2011) found this value to be 0.64 ± 0.11. Moreover, highly soluble gases
are more highly retained in ice than less‐soluble species, as they can nearly completely dissociate in the
liquid phase. For example, HNO3 is completely retained (Iribarne & Pyshnov, 1990; von Blohn et al.,
2011), while the observed retention fraction is 0.62 for SO2 (Iribarne et al., 1990), which is less soluble than
HNO3. Jost et al. (2017) measured the retention coefficients of formaldehyde by wind tunnel experiments.
The retention coefficients they obtained for CH2O were 0.97 ± 0.11 and did not depend significantly on tem-
perature or ventilation.

In May to June 2012, the Deep Convective Clouds and Chemistry (DC3) field campaign was conducted to
examine the influence of midlatitude continental deep convective clouds on UT composition and chemistry,
including determining the scavenging of soluble trace gases by thunderstorms. Fried et al. (2016) developed
a method to calculate CH2O SEs for the strong midlatitude convection that occurred during DC3. This
method used nonreactive and insoluble organic tracers to determine the storm lateral entrainment, as well
as storm inflow and outflow. The CH2O SEs for different storms varied from 41% to 58%. Barth et al. (2016)
analyzed the scavenging of H2O2 and CH3OOH from six DC3 cases. The estimates of SEs were 79–97% for
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H2O2 and 12–84% for CH3OOH. Bela et al. (2016, 2018) conducted high‐resolution cloud‐resolved simula-
tions with the Weather Research and Forecasting model coupled with Chemistry (WRF‐Chem) model
(Fast et al., 2006; Grell et al., 2005) to investigate the wet scavenging of soluble trace gases including
H2O2, CH3OOH, CH2O, HNO3, and SO2 in storms measured during the DC3 field campaign. They found
that the simulated SEs of all species, except HNO3, are highly sensitive to the assumed values of the ice reten-
tion fractions. Their suggested ice retention fractions are 1.0 for CH3OOH, 0–0.5 for CH2O, and 0–0.25 for
H2O2. Significant variations in SEs among storms and species were found in the simulated HNO3 and
SO2, which precludes those measurements from constraining the ice retention fractions for these
two species.

This study aims to evaluate and improve the subgrid‐scale wet scavenging of trace gases in WRF‐Chem.
Unlike grid‐scale wet scavenging that is calculated directly using predicted hydrometeors (e.g., cloud water,
ice, rain, snow, and graupel), subgrid‐scale wet scavenging is calculated using parameterized variables (e.g.,
updraft mass flux, downdraft mass flux, entrainment/detrainment rate, and precipitation rate) from the sub-
grid convection scheme. Grell and Freitas (2014) developed the subgrid‐scale wet scavenging scheme used in
WRF‐Chem; however, this scheme does not include the process of dissolved gas release to the air when cloud
droplets freeze, which leads to overremoval of the soluble trace gases in the UT. In this paper, WRF‐Chem is
employed at cloud‐parameterized resolution to simulate a supercell thunderstorm that occurred during the
DC3 field campaign. We will first evaluate the standard WRF‐Chem subgrid‐scale wet‐scavenging scheme
by comparing the simulation of a DC3 case study storm to observations. Then, we will add the retention
of some species on frozen hydrometeors in the subgrid wet‐scavenging module to improve model simulation
of the soluble species. Finally, we modify the conversion ratio of cloud water to rain water in the subgrid‐
scale wet‐scavenging scheme to further improve the model result. An overview of the case study storm
can be found in section 2. The model setup details are provided in section 3. The discussion of the results
and the improvement of the model are contained in section 4.

2. DC3 Case Study Storm

The case study storm was sampled during the 2012 DC3 field campaign, which was conducted from 15 May
to 30 June. Storms were sampled in three locations: (1) northeastern Colorado, (2) central Oklahoma to west
Texas, and (3) northern Alabama (Barth et al., 2015). The field campaign made use of numerous types of
measurements to characterize the dynamical, physical, chemical, and lightning processes during and after
active convection.

The case we chose is a multisupercell system that occurred in Oklahoma on 29 May. The observed radar
reflectivity for this storm system from the NEXt generation weather RADar‐Weather Surveillance Radar‐
1988 Doppler is shown in Figure 1. On 29May, at ~2100 UTC a thunderstorm systemwith several convective
updraft cores developed on the Oklahoma/Kansas border (Barth et al., 2015; DiGangi et al., 2016). Two iso-
lated cells then initiated over northern Oklahoma and developed into a severe convective system with sev-
eral updraft cores (Figure 1). Two extensively instrumented aircraft platforms, the National Aeronautics and
Space Administration DC‐8 and the National Science Foundation/National Center for Atmospheric
Research Gulfstream‐V (GV), started sampling the storm region at ~2000 UTC before convective initiation.
The DC‐8 aircraft measured the storm inflow from 2310 to 2315 UTC at 1.5‐km height. At ~2330 UTC, the
DC‐8 spiraled up to sample the outflow on the eastern edge of the storm at ~10.8‐km height (Figure 1).
Meanwhile, the GV measured the storm outflow at ~11.7 km from 2359 to 0023 UTC (Fried et al., 2016).
More details on storm evolution and structure are shown in DiGangi et al. (2016), Bela et al. (2016, 2018),
and Li et al. (2017, 2018).

3. Model

The WRF‐Chem V3.9 model containing the Advanced Research WRF dynamic core (Skamarock & Klemp,
2008) and coupled with atmospheric chemistry was employed at cloud‐parameterized resolution (36 km) to
simulate the deep convective transport and wet scavenging processes of five soluble species (CH2O,
CH3OOH, H2O2, HNO3, and SO2) in the 29 May supercell case. The detailed model configuration and phy-
sics and chemistry options for this case are listed in Table 1. Model output was archived at 10‐min intervals
for use in this analysis.
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3.1. Meteorological Setup

The meteorological setup is discussed in Li et al. (2018), who focused on subgrid‐scale convective transport
in the same convective event. The simulation was initialized on 29 May at 1800 UTC using meteorological
initial conditions (ICs) and boundary conditions (BCs) derived from the 6‐hourly 12‐km North American
Mesoscale analysis. The model includes 90 vertical levels and has a 50‐hPa model top. The time step for
the simulation was 120 s. The Grell‐Freitas (GF) cumulus scheme was used with the Kain‐Fritsch (KF) clo-
sure. A detailed discussion of the GF scheme and the tuning of the closure options can be found in Li et al.
(2018). The PBL option was theMellor‐Yamada‐Janjic scheme (Janjić, 1994). The other main physics choices
were the two‐moment Morrison microphysics (Morrison et al., 2009) for cloud physics processes, the Rapid
Radiative Transfer Model for General Circulation Models scheme (Iacono et al., 2008) for longwave and
shortwave radiation, and the Noah scheme (Koren et al., 1999) for land surface processes.

3.2. Chemistry and Emission Options

The chemistry option was MOZART with GOCART aerosol chemistry using the Kinetic Preprocessor library
(Pfister et al., 2011). Photolysis rates were calculated using the Fast‐Tropospheric Ultraviolet‐Visible (F‐TUV)
photolysis scheme (Tie et al., 2003). Fire emissions were calculated from the Fire Inventory from National
Center for Atmospheric Research (Wiedinmyer et al., 2011) inventory. The 2011 U.S. Environmental
Protection Agency's National Emission Inventory (NEI) data were used to create anthropogenic emissions.
Anderson et al. (2014) and Travis et al. (2016) found that NEI overestimated the NOx emission by 30–70%.
Therefore, we reduced the NEI NOx emission by 50% in our simulation. MEGAN v2.04 (Guenther et al., 2006)
was used to generate biogenic emissions. Aircraft emission data were obtained from Baughcum et al. (1999).

We used the WRF‐Chem default grid‐scale wet‐scavenging scheme, which is based on Neu and Prather
(2012) and updated by Bela et al. (2016) to include ice retention factors in the grid‐scale wet‐scavenging
scheme. In addition, subgrid convective transport, wet scavenging, and aqueous chemistry were turned
on. More details about the subgrid convective transport scheme and subgrid wet‐scavenging scheme are
described in section 3.4. Lightning NOx production is set at 82 moles per flash (Cummings, 2017) for both
cloud‐to‐ground and intracloud flashes. More details on the lightning NOx option are provided in
section 3.5.

Figure 1. Column‐maximum NEXt generation weather RADar radar reflectivity contours (dBZ) at 0000 UTC on 30 May.
DC‐8 inflow (magenta), DC‐8 outflow (black), and Gulfstream‐V outflow (red) sampling flight segments are shown by
lines (x axis, longitude; y axis, latitude).
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3.3. IC and BC for Chemistry

We used output from the global chemistry transport model MOZART‐4 to create the chemical IC and BC. In
order to better represent simulated inflow, we adjusted the IC to better match the vertical profile of aircraft
observations using the equations listed in Table 2. The adjusted model low‐level inflow trace gas mixing
ratios are compared with aircraft data in Table 2. The differences between the adjusted simulation and obser-
vation of all the species in low‐level inflow were within 10% of the aircraft measurements, except for H2O2.
However, the overestimate of H2O2 in the inflow will not affect the H2O2 in the outflow due to its high solu-
bility and short lifetime in the lower troposphere.

3.4. Subgrid Convective Transport and Wet Scavenging of Trace Gases

We used the subgrid convective transport scheme developed in Li et al. (2018). In this scheme, subgrid con-
vective transport of trace gases was moved from the chemistry to physics module. Mass flux‐related variables
(i.e., entrainment and detrainment rate, cloud top height, cloud‐base mass flux, downdraft mass flux,
updraft mass flux, the originating level of updraft and downdraft, level of free convection, evaporation,
and precipitation) from the GF cumulus parameterization were used to compute the subgrid convective
transport of trace gases using the following equation (Grell & Freitas, 2014):

∂C
∂t

� �
subgrid

¼ −
1
ρ
∂
∂z

mu Cu−Ceð Þ−md Cd−Ceð Þ þmuCaq
� �

−Csi þ Cso ; (1)

where C denotes the mass mixing ratio of a trace gas, ρ denotes air density, and m denotes mass flux. The
subscripts e, u, and d denote the environment, updraft, and downdraft, respectively. Caq denotes the chemi-
cal constituent in the aqueous phase. Cso (source) is calculated using an aqueous‐phase chemistry routine.

Table 1
WRF‐Chem Model Configuration and Physics and Chemistry Options

Meteorology initial/boundary conditions NAM 18 UTC

Chemistry initial/boundary conditions MOZART scaled
Grid resolution 36 km
Vertical levels 90
Time step 120 s
Cumulus parameterization GF with KF closure
Microphysics Morrison
PBL MYJ
Longwave radiation RRTMG
Shortwave radiation RRTMG
Lightning schemes Price and Rind (1992; PR92) lightning flash rate scheme

based on level of neutral buoyancy (Wong et al., 2013)
Cloud top height adjustment 0
Flashrate factor 17
LNOx scheme Combined intra‐cloud and cloud‐to‐ground flashes single‐mode

vertical distributions with Lightning Mapping Array (LMA) flashes
vertical profile

Moles of NO emitted per intracloud flash 82
Moles of NO emitted per cloud‐to‐ground flash 82
Fire emissions FINN
Anthropogenic emissions NEI with NOx reduced by 50%
Biogenic emissions MEGAN v2.04
Chemistry option MOZCART
Grid‐scale wet scavenging Neu and Prather (2012) with the development from

Bela et al. (2016) on ice retention factors
Subgrid‐scale wet scavenging on
Subgrid aqueous chemistry on

Note. WRF‐Chem=Weather Research and Forecasting model coupled with Chemistry; GF =Grell‐Freitas; KF = Kain‐
Fritsch; PBL = planetary boundary layer; MYJ =Mellor‐Yamada‐Janjic; RRTMG=Rapid Radiative Transfer Model for
General Circulation Models; FINN = Fire Inventory from National Center for Atmospheric Research; NEI = National
Emission Inventory; MEGAN =Model of Emissions of Gases and Aerosols from Nature; MOZCART =MOZART with
GOCART aerosol.
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Csi (sink) is dependent on the conversion rate of cloud water to rain water and the solubility of the tracer and
is computed in the subgrid wet‐scavenging routine:

Csi ¼ αCu muqr ; (2)

where Cu represents the trace gas mixing ratio in the updraft,mu represents the updraft air mass flux, and qr
represents the mass mixing ratio of rain. The variable α is calculated using a formula based on Henry's law.
Details are shown in Text S1 and Table S1 in the supporting information. The effective Henry's law coeffi-
cients for soluble species are taken from Neu and Prather (2012) and Bela et al. (2016) with their variation
with temperature shown in Table S2. The GF convective parameterization does not include ice physics.
Therefore, the default subgrid wet‐scavenging scheme assumes that all dissolved trace gases remain within
the hydrometeors when temperature is below the freezing points.

3.5. Lightning NOx (LNOx) Option

The lightning option is PR92 (Price & Rind, 1992; Wong et al., 2013), which is used for predicting lightning
flash rate for parameterized convection inWRF‐Chem. The PR92 option uses cloud height to determine light-
ning flash rate. The cloud heights used in this scheme are based on the level of neutral buoyancy from the
convective parameterization. The LNOx scheme is based on Ott et al., 2009). Vertical profiles of flash channel
lengths (Cummings, 2017) observed by the Oklahoma LightningMapping Array for the 29 and 30May storm
were used to distribute the simulated total flashes as well as the LNOx production in the vertical. The peak of
the 29 and 30 May flash channel distribution is at 10 km, which is 3 km higher than the default WRF‐Chem
distribution (Figure 2). The LNOx production rate of 82 moles per flash is based on Cummings (2017). Thus,
in our simulation, the LNOx peak would be at higher altitude than in a default WRF‐Chem simulation. LNOx

affects UT ozone production. Thus, a good simulation of LNOx is very important for downwind ozone simu-
lation. When comparing the simulated and observed NOx peaks in the anvil region, we found that the ampli-
tude was the same as observed; however, the height of the simulated peak was 0.5 km lower. The
underestimate of the height resulted from the lack of proper consideration of LNOx transport in the
subgrid‐scale convective transport module. In the subgrid‐scale convective transport module, the trace gas
mixing ratios in the updraft depend on the trace gas mixing ratios at the updraft initiation level and the
entrainment/detrainment rate at each level above. There is little LNOx at the updraft initiation level, and
in the UT, the entrainment rate is very small. Therefore, the grid‐scale LNOx in the UT only has a small
impact on the subgrid‐scale NOx convective transport in the parameterized updraft. In our future work, we
plan to add a subgrid‐scale LNOx transport module in the model, to improve the NOx simulation in the
UT. In this paper, the underestimate of the subgrid‐scale convective transport of LNOx will have very little
impact on the results and discussion of CH2O, CH3OOH,H2O2, and SO2 (Barth et al., 2016) but will influence
the results for HNO3. Thus, we do not include discussion of HNO3 in this paper.

4. Simulation Results and Model Improvements
4.1. Precipitation Simulation

We tried several different cumulus schemes to simulate the case study storm (Li et al., 2018). Compared to
the National Centers for Environmental Prediction (NCEP) stage IV precipitation observations, we found

Table 2
IC Formulation Equations Used to Adjust the Simulated Species at 1.5‐km Altitude Closer to the DC8 Inflow Observations

Species IC equations Observation Modified WRF‐Chem inflow

CO C=C(72+2H)/100 0<H<14 km 136.8 ± 1.1 141.4 ± 1.4
CH2O C=C((14‐H)*0.8+1) 0<H<14 km 5.2 ± 0.3 4.9 ± 0.2
CH3OOH C=C((14‐H)*0.25+1) 0<H<14 km 1.6 ± 0.1 1.6 ± 0.0
HNO3 C=C(58+3H)/100 0<H<14 km 0.6 ± 0.1 0.6 ± 0.0
O3 C=C(60+10H)/100 0<H<4 km 54.9 ± 1.9 59.5 ± 0.8
H2O2 C=0.3C 2.5 ± 0.2 6.6 ± 0.0
SO2 — — 0.5 ± 0.2

Note. WRF‐Chem = Weather Research and Forecasting model coupled with Chemistry; IC = initial condition.
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that only the simulation with the GF cumulus scheme reproduces the location and extent of the storm
precipitation region. The 3‐hr precipitation simulation with the GF scheme matched the NCEP stage IV
precipitation observations, while the hourly maximum precipitation at the aircraft measuring time was
~36.5% lower than the NCEP stage IV precipitation observation. In order to improve the simulated hourly
precipitation, we tuned the closure options inside the GF scheme following Qiao and Liang (2015, 2016,
2017). The default GF scheme uses an average cloud‐base mass flux from the results of four different
closures, as discussed in Li et al. (2018). In Li et al. (2018), we reran the WRF simulation turning on one
closure each time. We found that the simulation with the KF closure reproduced the maximum hourly
precipitation to within 5% (Li et al., 2018, their Table 3). This closure scheme calculated the cloud‐base
mass flux based on the assumption that Convective Available Potential Energy is removed by convection
over a specific time period. Our following analysis is based on this simulation (GF‐KF).

The model with GF cumulus parameterization with KF closure (GF‐KF run) produced a storm that began 80
min later than the observations. Therefore, observed 3‐hr precipitation ending at 0000 UTC 30 May will be
compared to modeled precipitation ending at 0120 UTC 30 May (Figures 3a–3d). The WRF‐Chem simula-
tions capture the storm location, precipitation strength, and the two‐cell structure of the storm.
Comparison of the lower two panels (Figures 3c and 3d) indicates that the precipitation for the 36‐km reso-
lution simulation is mainly subgrid scale; that is, the subgrid‐scale mean precipitation is 2.8 times greater
than the grid‐scale mean precipitation. Therefore, the subgrid‐scale convection dominates in
this simulation.

4.2. Results With the Default Subgrid Convective Transport Scheme

Two initial WRF‐Chem runs were conducted in our analysis of wet scavenging in the 29 May storm. In the
first run, we ranWRF‐Chemwithout wet scavenging (both grid and subgrid). In the second run, we ran with
the WRF‐Chem default wet‐scavenging schemes (both grid and subgrid). We compared the simulated UT
vertical profiles of in‐cloud CH2O, CH3OOH, H2O2, and SO2 along the aircraft tracks with the GV and
DC8 outflowmeasurements. Results are shown in Figure 4. TheWRF‐Chem default wet‐scavenging scheme
removed too much CH2O, CH3OOH, and H2O2 with UT model concentrations being 98%, 80%, and 30%
lower than observations, respectively. The simulated SO2 was close to observation. The contribution of

Figure 2. Vertical profile of percentage amounts of total flash channel lengths assigned to 1‐km layers for Weather
Research and Forecasting model coupled with Chemistry standard version (blue), and our revised version based on the
29 and 30 May 2012 Deep Convective Clouds and Chemistry storm (black).
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subgrid wet scavenging to the total wet scavenging is 57% for CH2O, 51% for CH3OOH, 10% for H2O2, and
72% for SO2.

According to Grell and Freitas (2014), the subgrid‐scale wet scavenging depends on the solubility of the tra-
cer and on the conversion rate of cloud water to rain water. In order to improve the subgrid wet‐scavenging
simulation, we adjusted the solubility of the tracer by introducing an ice retention factor in section 4.3 and
adjusted the conversion rate of cloud water to rain water in section 4.4.

4.3. Estimates of Retention on Ice

Bela et al. (2016) introduced ice retention factors to theWRF‐Chem grid‐scale wet scavenging module. Barth
et al. (2016) and Bela et al. (2016) found that the SE of soluble trace gases were highly dependent on the ice
retention factor during cloud drop freezing, suggesting ice physics impacts the wet‐scavenging process. Their
suggested ice retention fractions are 1.0 for CH3OOH, 0‐0.5 for CH2O, and 0‐0.25 for H2O2 for the 29 May
2012 storm.

One possible reason for the overestimation of subgrid wet scavenging in the UT is that the default WRF‐
Chem subgrid wet‐scavenging scheme does not separate scavenging by ice and water. In the default model,
there is no simulation of ice physics in the cumulus parameterization. In the default subgrid wet‐scavenging
scheme (Grell & Freitas, 2014), the hydrometeors at temperatures below 273.15 K are treated as cloud liquid
water. Therefore, soluble species remain completely in the cloud water when hydrometeors exist above the
freezing level of the cloud. However, in reality the scavenging processes are different before and after the
cloud water freezes. When cloud water freezes, part of the dissolved gases may be released into the air
and unavailable for wet scavenging (Barth et al., 2001; Barth, Kim, Wang, et al., 2007; Leriche et al.,
2013). Therefore, wet scavenging will overestimate the SE if the ice, and liquid water processes are not
handled separately.

Following Bela et al. (2016), we introduce an ice retention factor to the grid points with a temperature below
273.15 K to improve the model simulation of the subgrid wet‐scavenging process. We assume that when the
temperature is below the freezing point, a fraction, r, of the total dissolved gases stays in the cloud droplets,
while (1‐r) of the dissolved gases releases to the ambient air. This changes Csi in equation (2) to

Figure 3. Three‐hour precipitation observations (mm) averaged to model grid (a) at 0000 UTC on 30 May 2012; Weather
Research and Forecasting model coupled with Chemistry simulated total precipitation (b), subgrid scale (c), and
grid‐scale precipitation (d) at 0120 UTC on 30 May 2012 (x axis, longitude; y axis, latitude). Note that the simulated storm
started 80 min later than the observed real storm.
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Csi ¼
Csi T≥273:15 K

rCsi T<273:15 K

�
; (3)

where r is the ice retention factor. We tested five ice retention factor values (see Table 3): r = 0, r = 0.1, r =
0.25, r = 1 (same as the default scheme), and r = var (values varying by species, as defined in Leriche et al.,
2013). The ice retention factor was applied to both subgrid‐ and grid‐scale wet scavenging.

The introduction of the ice retention factor reduced scavenging resulting in better agreement with measure-
ments (Figure 5). Compared to the default WRF‐Chem results (r = 1.0), when using r = 0, the differences
between observation and simulation were reduced by 24%, 87%, and 77% for CH2O, CH3OOH, and H2O2.
We compared the mean of the model simulation along the aircraft tracks between 10.75‐11.75 km for DC8
and 11.75‐12.25 km for GV in the storm outflow region with the mean of these aircraft measurements in

Table 4. According to Li et al. (2018, their Figure 10), the model‐simulated
maximum detrainment layer was around 0.5 km lower than the observed
layer, so in Table 4, we compare the aircraft measurement with a simula-
tion model layer that is 0.5 km lower than the aircraft measuring height.
For CH2O, all the runs with wet scavenging underestimate the UT
CH2O mixing ratio and have larger biases than the run without wet
scavenging. One possible reason is that the model removes too much
CH2O below the altitude of the freezing point. This is consistent with
the cloud‐resolved grid‐scale wet‐scavenging results of Bela et al. (2018)
who found that most CH2O scavenging occurs below the freezing level.
When using subgrid‐scale wet scavenging, the usage of r = 0 produced
the closest result to the observation. For CH3OOH and H2O2, r = 0 pro-
duced the best result with differences between observations and simula-
tions less than 10% for CH3OOH and 15% for H2O2. Similar to CH2O, all

Figure 4. Mean outflow vertical profiles (ppbv) of CH2O, CH3OOH, H2O2, and SO2, from the 29 May supercell storm as
observed by the DC‐8 (black cross) and Gulfstream‐V (GV; black circle) aircraft, mean profiles as simulated in the 36‐km
default Weather Research and Forecasting model coupled with Chemistry (WRF‐Chem) with (black solid line) and
without (black dash line) parameterized wet scavenging. The simulations are compared with the initial conditions (ICs)
for the cloud‐parameterized run (magenta). Model profiles are shifted 0.75° west with respect to the aircraft profiles ensure
sampling of model outflow.

Table 3
Ice Retention Fraction Values for Each Soluble Species in the WRF‐
Chem Simulation

CH2O CH3OOH H2O2 SO2

No scav. 0 0 0 0
scav. r=0 0 0 0 0
scav. r=0.1 0.1 0.1 0.1 0.1
scav. r=0.25 0.25 0.25 0.25 0.25
scav. r=1 1 1 1 1
scav. r=var 0.64 0.02 0.64 0.02

Note. WRF‐Chem = Weather Research and Forecasting model coupled
with Chemistry.
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the runs with wet‐scavenging underestimate the UT CH3OOH and H2O2 mixing ratio. For SO2, all the runs
with wet scavenging produced much better results than the no wet scavenging run.

Finally, we calculated SE for various trace gases from the WRF‐Chem simulations using the following equa-
tion (Bela et al., 2016):

SE %ð Þ ¼ 100×
Cnoscav−Cscav

Cnoscav

� �
; (4)

where Cnoscav and Cscav are the mean in‐cloud outflow values of trace gases in the simulation without wet
scavenging and the simulation with wet scavenging, respectively. The SE results are compared to the
observed SE result from Bela et al. (2016) for the 29 May supercell case in Figure 6.

For CH2O, all the runs overestimate the SE. However, lowering the ice retention factor reduces the differ-
ence between modeled and observed SEs, and the SE for the simulation with r = 0 is the closest one to
the observation. For CH3OOH, r = 0.25 produced the best result. For H2O2, the best result comes from
the r=var (0.64) run. The best estimates of r for H2O2 and CH3OOH from the SE analysis are larger than
the estimates of r obtained by comparing the simulated and observed H2O2 and CH3OOH mixing ratio.

As we mentioned above, this is because the model overestimates the wet
scavenging at locations where the temperature is above freezing. Thus,
in order to match observations, the wet scavenging above the freezing
level must be decreased. For SO2, observations vary widely and provide
no constraints on simulated SEs. Comparing the SEs for all the five spe-
cies, we find that the simulated SEs for CH3OOH are highly sensitive to
the ice retention factor (for r ranging from 0 to 1, SE = 54–86%), which
is consistent with Bela et al. (2018).

4.4. Improving the Cloud‐to‐Rain Ratio

The conversion ratio of cloud water to rain water also affects the mixing
ratio of soluble species in the UT. The trace gases that are dissolved in

Figure 5. Similar to Figure 4, but for five sensitivity runs with different ice retention factors: r=0 (blue), r=0.1 (cyan),
r=0.25 (red), r=var (green), and r=1.

Table 4
Values From Observations and WRF‐Chem Simulations of Mean Mixing
Ratio (ppb) of Soluble Species in UT Outflow Region as a Function of Ice
Retention Factor (r)

Observation r=0 r=0.1 r=0.25 r=var r=1 No scav.

CH2O 1.036 0.272 0.156 0.074 0.027 0.025 0.999
CH3OOH 0.165 0.149 0.103 0.067 0.142 0.036 0.441
H2O2 0.175 0.147 0.128 0.086 0.066 0.053 0.624
SO2 0.007 0.004 0.004 0.004 0.005 0.004 0.133

Note. WRF‐Chem = Weather Research and Forecasting model coupled
with Chemistry; UT = upper troposphere.
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Figure 6. Observed scavenging efficiencies (shaded) and model‐simulated scavenging efficiencies (circle) from five
sensitivity runs with different ice retention factors: r=0, r=0.1, r=0.25, r=1, and r=var.

Figure 7. Conversion rate (c0) of cloud water to rain water from the default Grell‐Freitas scheme (blue) and the new
conversion rate (red) based on Han et al. (2016).
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the rain water are removed from the cloud by precipitation. Therefore, if the conversion ratio of cloud water
to rain water is too large, the model could overestimate the removal of the soluble species. In the default GF
cumulus scheme, the following equations are used to calculate the conversion rate (c0, m

‐1) of cloud water to
rain water:

c0 ¼
0:004 T≥270 K

0:002 T<270 K

�
: (5)

Han et al. (2016) proposed a revised conversion rate of cloud water to rain water based on a cloud‐resolving
simulation of a thunderstorm (Lim, 2011). They found that the conversion rate of cloud water to rain water
decreases exponentially with height above the freezing level. Thus, in their modified scheme, the conversion
rate (c0) varies exponentially with temperature for below freezing temperatures. We adjusted the conversion
rate following their method using the equation below:

c0 ¼
0:004 T≥273:15 K

0:004e a T−273:15ð Þ½ � T<273:15 K

�
; (6)

where a= 0.07. The c0 values between 220 and 298 K are shown in Figure 7. Compared to the default c0 value
in the GF scheme, the new c0 is reduced below 260 K, which is at 6 km and above in the 29 May storm. The

new conversion rate of cloud water to rain water was applied to both the
subgrid‐scale wet‐scavenging module and the cumulus parameterization
to maintain consistency. By using the new conversion rate, the precipita-
tion was reduced by ~3%, and the mixing ratio of CO, an example of inso-
luble species, was increased by ~3% in the UT.

As in section 4.3, we conducted five sensitivity runs with different ice
retention factors (Table 3), and a run without wet scavenging using the
new conversion rate of cloud water to rain water. The simulated vertical
profiles of the soluble trace gases, mean mixing ratios in the UT outflow
region, and SEs are shown in Figure 8, Table 5, and Figure 9,

Figure 8. Similar to Figure 5, but for the WRF‐Chem runs with the new conversion rate of cloud water to rain water.

Table 5
Similar to Table 4, but for the Runs With the New Conversion Rate of Cloud
Water to Rain Water

OBS r=0 r=0.1 r=0.25 r=var r=1 No scav.

CH2O 1.036 0.297 0.240 0.142 0.069 0.041 1.188
CH3OOH 0.209 0.254 0.190 0.129 0.221 0.059 0.450
H2O2 0.115 0.234 0.109 0.086 0.063 0.060 0.882
SO2 0.007 0.004 0.004 0.004 0.005 0.005 0.166
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respectively. Compared to the results in section 4.3, use of the new conversion rate increases the UT CH2O,
CH3OOH, and H2O2 mixing ratios when using the same ice retention factors. From Figure 8 and Table 5, r=
0 produced the best result for CH2O; r = 0.1–0.25 produces the best result for CH3OOH; and r = 0–0.1
produces the best result for H2O2. All the wet scavenging runs well reproduced the observed SO2 in UT.

Based on all the mixing ratio vertical profile results in sections 4.3 and 4.4, we conclude that the best esti-
mates of the ice retention factors are r = 0 for CH2O, r = 0.1–0.25 for CH3OOH, and r = 0–0.1 for H2O2.
Themodel SO2 results were insensitive to ice retention factor possibly because most SO2 is removed by liquid
phase scavenging due to the high solubility of SO2. The best estimates of the ice retention factor for CH2O
and H2O2 are close to the cloud‐resolved results (Bela et al., 2018), which are r = 0–0.5 for CH2O and r =
0–0.25 for H2O2. However, the result for CH3OOH is different from the cloud‐resolved result (Bela et al.,
2016), which is r = 1 for CH3OOH. This is probably because the model performs too much wet scavenging
below the freezing level.

5. Summary

In this paper, we evaluated and improved the representation of subgrid wet scavenging of four soluble spe-
cies (CH2O, CH3OOH, H2O2, and SO2) in WRF‐Chem. We used WRF‐Chem to simulate the 29 May super-
cell storm observed during the DC3 field campaign at 36‐km resolution and compared the modeled and
aircraft‐measured mixing ratios of CH2O, CH3OOH, H2O2, and SO2. Formaldehyde and the peroxides are
important HOx precursors, necessary for O3 production. SO2 is the precursor for sulfate aerosol.

Simulation results showed that the default WRF‐Chem subgrid wet‐scavenging scheme removes too much
CH2O, CH3OOH, and H2O2 in the UT. This could be caused by either the effective solubility of the trace
gas when ice and supercooled water are present or the conversion of cloud water to rain or both. Thus, in
order to improve the model simulation of subgrid‐scale wet scavenging, we added two modifications to
the model. The first modification is adjusting the solubility of the tracer by introducing an ice retention fac-
tor, and the second modification is changing the conversion rate of cloud water to rain water by using the
Han et al. (2016) scheme.

Figure 9. Similar to Figure 6, but for the five sensitivity runs with the new conversion rate of cloud water to rain water.
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The introduction of the ice retention factor improves the model simulation of CH2O, CH3OOH, and H2O2,
for which the wet SEs were overestimated in the default WRF‐Chem run. Compared to the default WRF‐
Chem results, which are in effect r= 1 for all soluble species, the differences between the observed and simu-
lated CH2O, CH3OOH, and H2O2 were reduced by 24%, 87%, and 77%, respectively. The usage of the new
conversion rate of cloud water to rain water provided an additional improvement by increasing UT CH2O,
CH3OOH, and H2O2 mixing ratios when using the same ice retention factors. However, the simulated
CH2O was still much lower (71%) than the observation. The SE analysis demonstrated that all the wet
scavenging runs overestimate the SE of CH2O.

Finally, we conclude that the best results were obtained using the Han et al. (2016) conversion rate of cloud
water to rain water and ice retention factor for soluble species of r = 0 for CH2O, r = 0.1–0.25 for CH3OOH,
and r = 0–0.1 for H2O2. The SO2 simulation did not respond to the change of ice retention factor, so we sug-
gest the value from the laboratory results, which is 0.02 (Leriche et al., 2013).

Ozone in the UT is an important radiative gas, and estimating its production in convective outflows is a cru-
cial aspect of understanding the ozone source in the UT. Because HOx precursors play an important role in
producing O3, representing their convective transport is key. Our study finds that subgrid‐scale convective
schemes should include ice physics and subgrid‐scale wet‐scavenging schemes should represent retention
of soluble trace gases in ice particles. Further, research should address these issues in other types of storms
to determine the robustness of our findings. Moreover, the ice retention factors should be included in sub-
grid convective transport and wet‐scavenging schemes within other regional and global chemical
transport models.
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