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Abstract. The role of the retention coefficient (i.e. the frac-
tion of a dissolved trace gas which is retained in hydrome-
teors during freezing) for the scavenging and redistribution
of highly soluble trace gases by deep convective cloud sys-
tems is investigated using a modified version of the Weather
Research and Forecasting (WRF) model. Results from cloud
system resolving model runs (in which deep convection is
initiated by small random perturbations in association with
so-called “large scale forcings (LSF)”) for a tropical oceanic
(TOGA COARE) and a mid-latitude continental case (ARM)
are compared to two runs in which bubbles are used to ini-
tiate deep convection (STERAO, ARM). In the LSF runs,
scavenging is found to almost entirely prevent a highly solu-
ble tracer initially located in the lowest 1.5 km of the tropo-
sphere from reaching the upper troposphere, independent of
the retention coefficient. The release of gases from freezing
hydrometeors leads to mixing ratio increases in the upper tro-
posphere comparable to those calculated for insoluble trace
gases only in the two runs in which bubbles are used to ini-
tiate deep convection. A comparison of the two ARM runs
indicates that using bubbles to initiate deep convection may
result in an overestimate of the influence of the retention co-
efficient on the vertical transport of highly soluble tracers.

It is, however, found that the retention coefficient plays
an important role for the scavenging and redistribution of
highly soluble trace gases with a (chemical) source in the
free troposphere and also for trace gases for which even rel-
atively inefficient transport may be important. The large dif-
ference between LSF and bubble runs is attributed to differ-
ences in dynamics and microphysics in the inflow regions of
the storms. The dependence of the results on the model setup
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indicates the need for additional model studies with a more
realistic initiation of deep convection, e.g., considering ef-
fects of orography in a nested model setup.

1 Introduction

Deep convective clouds can rapidly transport trace gases
from the lower to the upper troposphere (e.g. Isaac and Joe,
1983; Chatfield and Crutzen, 1984; Dickerson et al., 1987)
where in many cases their chemical lifetimes are longer,
and, especially at mid-latitudes, horizontal winds are gen-
erally stronger. Highly soluble trace gases, on the other
hand, are efficiently scavenged due to uptake in liquid hy-
drometeors and subsequent removal by precipitation (e.g.
Hales and Dana, 1979; Wang and Crutzen, 1995; Crutzen and
Lawrence, 2000). A few recent model studies (Crutzen and
Lawrence, 2000; Mari et al., 2000; Barth et al., 2001; Yin
et al., 2002) have, however, suggested that even highly sol-
uble trace gases can reach the upper troposphere if they are
released from freezing hydrometeors at high altitudes. In a
cloud resolving model study of a mid-latitude storm, Barth
et al. (2001) found that when soluble trace gases were as-
sumed to be released from hydrometeors upon freezing, both
low and high solubility tracers were transported to the up-
per troposphere. When the tracers were assumed to be re-
tained in ice hydrometeors, the highly soluble tracers were
not ultimately transported to the upper troposphere, but pre-
cipitated out instead. Using an axis-symmetric cloud model
with a size-bin-resolving microphysics scheme, Yin et al.
(2002) also found the deep convective transport of highly
soluble trace gases to depend on the retention coefficient, es-
pecially under maritime conditions. Based on results from
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Fig. 1. Schematic: Processes considered in the microphysics pa-
rameterization. Adapted from Lin et al. (1983).

a one-dimensional entraining/detraining plume model, Mari
et al. (2000) suggested that inefficient scavenging of hydro-
gen peroxide (H2O2) in glaciated clouds may explain the
observations of enhanced H2O2 in outflow from deep con-
vection. Whether H2O2 is completely scavenged in deep
convection because of its high solubility or whether some
H2O2 is injected into the upper troposphere during hydrom-
eteor freezing could potentially play an important role for
the HOx(=HO2+OH) budget of the upper troposphere (Chat-
field and Crutzen, 1984; Prather and Jacob, 1997; Jaeglé
et al., 1997). In the present study, the influence of the re-
tention coefficient on the transport and scavenging of ide-
alized, highly soluble tracers with various initial profiles is
investigated. Direct uptake on ice from the gas phase is not
considered. The following two sections provide a description
of the model and an overview of the meteorological aspects
of the simulations. Results for the transport and scavenging
of highly soluble tracers with two different initial profiles are
presented in Sect. 4. The influences of the simulated cloud
dynamics and microphysics on the transport are investigated
in Sect. 5. In Sect. 6, the results are discussed in light of ob-
served increases of upper tropospheric H2O2 mixing ratios
in deep convective outflow. In order to reconcile our results
with the observations, results from additional sensitivity runs
are presented.

2 Model description

A modified height coordinate prototype version of the non-
hydrostatic, compressible Weather and Research and Fore-
casting Model (WRF) is used in this study. The WRF model
is a community model which is being developed in a col-
laborative effort by the National Center for Atmospheric Re-
search (NCAR), the National Centers for Environmental Pre-
diction (NCEP), the Air Force Weather Agency, Oklahoma
University, and other partners. It was designed as a regional
model which is capable of operating at high resolutions. The
source code as well as additional information can be obtained
from the WRF model web site at http://wrf-model.org. The
basic equations can be found in Skamarock et al. (2001) and
the numerics are described in Wicker and Skamarock (2002).

In the present study, microphysical processes are
parametrized using a single-moment scheme based on Lin
et al. (1983) which is different from the one in the WRF
model distribution. The scheme is described by Krueger
et al. (1995) and is based on a study by Lord et al.
(1984). In the scheme a distinction is made between
five hydrometeor categories: cloud droplets (cloud water),
rain, small ice particles (cloud ice), graupel, and snow.
Auto-conversion concepts are used to parametrize collision-
coalescence and collision-aggregation processes. The pro-
cesses included are: sedimentation of rain, snow, graupel,
and cloud ice, evaporation of rain, melting and sublimation
of snow and graupel, Bergeron-type processes which con-
vert cloud water and cloud ice into snow, autoconversion
of suspended particles into precipitation, and various accre-
tion processes (see the schematic in Fig. 1). The densities
for cloud ice, snow, and graupel are set toρi=917 kg m−3,
ρs=100 kg m−3, andρg=400 kg m−3, respectively. The in-
tercept parameters of the Marshall–Palmer size distribu-
tions for rain, snow, and graupel aren0r=8×106 m−4,
n0s=3×106 m−4,n0g=4×106 m−4. The radius of the model
cloud ice particles isri=50µm.

Hydrometeor- and tracer mass mixing ratios are trans-
ported using the Walcek (2000) monotonic advection scheme
instead of the third order Runge-Kutta scheme which was
originally implemented in the WRF model prototype. For
solving the momentum equations and the theta equation, the
third order Runge-Kutta scheme is used in combination with
fifth/third order spatial discretizations for horizontal/vertical
advection terms. Shortwave radiation is parametrized us-
ing the Goddard shortwave scheme (Chou et al., 1998),
and the RRTM scheme (Mlawer et al., 1997) is used for
parametrizing longwave radiation in the simulations. Sub-
grid scale turbulence is parametrized applying Smagorin-
sky’s closure scheme (e.g. Takemi and Rotunno, 2003) ex-
cept in the STERAO run, where K-theory with constant hor-
izontal (Kh=100 m2 s−1) and vertical (Kv=1 m2 s−1) coeffi-
cients is used (see discussion in Sect. 3.2.2).

For soluble trace gases the uptake by, release from, sedi-
mentation together with, and mass transfer between different
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model categories of hydrometeors in the liquid or ice phase
are calculated. Neither gas nor aqueous phase reactions are
considered. Concentrations of dissolved trace gases and
gases taken up by the ice phase are treated as prognostic
variables (i.e. they undergo transport and parametrized tur-
bulence). The rate of change of the gas phase concentration
Cg due to uptake/release of a tracer by/from hydrometeors is

∂tCg|hy = −

5
∑

j=1

(

∂tCj |mt − ∂tCj |ev,su

)

, (1)

where∂tCj |mt is the rate for the mass transfer between hy-
drometeors of categoryj and the gas phase (for release
∂tCj |mt<0), and∂tCj |ev,su is the source rate due to the evap-
oration or sublimation of hydrometeors of model categoryj .
Here concentrations are defined as tracer mass per grid box
volume. ∂tCj |ev,su is zero unless hydrometeors of a certain
category entirely evaporate or sublimate during an integra-
tion timestep. In this case, the tracer is assumed to be com-
pletely released to the gas phase (aerosol effects, in particu-
lar sticking to the condensation nucleus are not considered).
The rate of change (in addition to advection and turbulence)
of the concentrationCj of a tracer taken up by hydrometeors
of model categoryj is

∂tCj |hy = ∂tCj |mt + ∂tCj |sed + ∂tCj |mp − ∂tCj |ev,su, (2)

where∂tCj |sed is the rate due to transport together with sed-
imenting hydrometeors, and∂tCj |mp is the rate due to mass
transfer between different hydrometeor categories.

The uptake and release of trace gases are assumed to be
limited by the mass transfer across the interface of the hy-
drometeors and by the diffusion of the trace gas in the air
surrounding the meteors and is parametrized using first-order
rate coefficients (Schwartz, 1986). The rate of change of the
aqueous phase concentration for hydrometeor categoryj is

∂tCj |mt = fjkjLjCg −
fjkj

KH RT
Cj , (3)

wherefj is the ventilation coefficient (Pruppacher and Klett,
1997),Lj is the liquid water volume fraction of hydromete-
ors of categoryj , KH is the (usually temperature dependent)
Henry’s Law coefficient,T is the temperature, andR the uni-
versal gas constant, andkj is the first order rate coefficient
(see e.g. Schwartz, 1986; Barth et al., 2001).

In the present study, the Henry’s law coefficients of the
soluble tracers are set toHL=1×106 mol l−1 atm−1 in all
sensitivity runs independent of temperature (i.e. the tracers
are highly soluble and increases ofHL with height due to
decreasing temperatures are not taken into account). A pre-
liminary sensitivity run assuming even higher Henry’s law
coefficients yielded very similar results, in agreement with
Barth et al. (2001) and Crutzen and Lawrence (2000). In cal-
culating the first order rate coefficients, the accommodation
coefficient is set toαacc=0.2 and the molar mass of the ideal-
ized tracers used for calculating the gas phase diffusivities is
set equal to the molar mass of HNO3.

Following Barth et al. (2001), the sedimentation rate is cal-
culated using the mass weighted mean terminal velocityu∞j

(positive downward) of the falling hydrometeors (all except
cloud droplets, where sedimentation is neglected):

∂tCj |sed= ∂z

(

u∞jCj

)

. (4)

The mass transfer between different hydrometeor categories
is assumed to be proportional to the mass transfer of liquid
or frozen water between the different categories as calculated
by the microphysics parametrization:

∂tCj |mp =

5
∑

k=1

(

kretk,j Rk,j

Ck

qk

− kretj,kRj,k

Cj

qj

)

, (5)

whereRk,j=∂tqj |k→j is the rate of liquid or frozen water
transfer from meteors of categoryk to meteors of categoryj
due to a microphysical process;kret is a dimensionless reten-
tion fraction and is one for all processes except freezing and
riming. The retention coefficient is assumed to be indepen-
dent of whether wet or dry growth riming or homogeneous
freezing occurs. Effects of the so-called quasi-liquid layer
(e.g. Diehl et al., 1995) (of which the structure is still largely
unknown) are not considered.

3 Model setup and meteorological overview

3.1 Runs with large scale forcings

In the multi-day LSF or cloud system resolving runs, so-
called “large scale forcings” based on Soong and Ogura
(1980) are added to the thermodynamic equation and to the
equation for water vapor in order to represent the influences
of larger scale dynamics which are not resolved by typical
limited area cloud resolving models:
(

∂θ

∂t

)

LS

= − v · ∇θ − w
∂θ

∂z
(6)

(

∂q

∂t

)

LS

= − v · ∇q − w
∂q

∂z
, (7)

wherev=(u, v) is the horizontal wind vector,q is the wa-
ter vapor mixing ratio,θ is the potential temperature, and
overbars denote horizontal domain averages. The large scale
forcings for q and θ in Eqs. (6) and (7) are derived from
comprehensive observation campaigns. The gradients ofq

andθ , andw depend to some extent on the deep convection
taking place inside the domain, which is important to note
when using the traditional term “large scale forcings”. In the
multi-day cloud system resolving model runs, the average
horizontal wind is nudged towards observed values:
(

∂v

∂t

)

LS

= −
v − vobs

τadj
(8)
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Fig. 2. Time series of modeled and observed 6 h average surface
precipitation rates for the ARM A LSF simulation.

as in e.g. Xu and Randall (1996) with an adjustment time
τadj=1 h. The surface skin temperatures are prescribed based
on observations. In the LSF runs very small (maximum 0.1 g
kg−1) water vapor perturbations are applied during the first
2.5 h of the simulations (prior to the onset of deep convec-
tion). The lateral boundary conditions are periodic for all
variables and the tracer fields are reset to their (horizontally
homogeneous) initial values every 24 h after an initial offset
of 12 h. Vertical large scale advection tendencies for tracers
(VLSAT, Salzmann et al., 2004) are not applied. The ratio-
nale for re-initializing the tracer fields is to compensate for
the lack of large scale processes and chemistry acting on the
tracers and to obtain a set of results for different time slices.
Re-initialization was previously applied by Lu et al. (2000)
in cloud system simulations of tracer transport.

The horizontal domain size used in the 3-D LSF runs is
278×278 km2 and the horizontal resolution is 2 km. The
vertical resolution is 350 m in the TOGA COARE runs and
variable grid spacings are used in the ARM runs. The thick-
ness of the model layers (i.e. distance between full levels)
in the ARM runs increases by a factor of 1.04 in each layer
from 60 m for the lowest layer to 350 m at∼7261 m above
ground level and then remains constant up to the model top
at 20211 m above ground level. The ground level is located
360 m above sea level. In addition to the 3-D runs, 2-D sen-
sitivity runs have been conducted (see Sects. 5 and 6). The
horizontal domain is 500 km in these 2-D runs and is oriented
in the east-west direction. The horizontal resolution and the
vertical grid are identical to those in the corresponding 3-D
simulations.

3.1.1 The TOGA COARE run

A seven day episode from 19–26 December 1992 at the site
of the Tropical Ocean Global Atmospheres/Coupled Ocean
Atmosphere Response Experiment (TOGA COARE, Web-
ster and Lukas, 1992) Intensive Flux Array (IFA, centered at

2◦ S, 156◦ E in the tropical West Pacific) is modeled, which
has been extensively studied using cloud system resolving
models (e.g., Johnson et al., 2002; Gregory and Guichard,
2002). This episode was also studied by Salzmann et al.
(2004) using the same model setup with a smaller 3-D do-
main and specified lateral boundary conditions for water va-
por. On the whole the meteorological results from the TOGA
COARE run in the present study are similar to the results
presented by Salzmann et al. (2004). The precipitation rates
compare well with observed data, as expected for a run in
which LSF is applied, and several long-lived mesoscale con-
vective systems develop. The water vapor bias is small
(maximum<0.7 g kg−1) and a cold temperature bias of about
2 K exists throughout the troposphere, which has also been
found in similar cloud system resolving model studies of the
same case.

3.1.2 The ARM A LSF run

The Atmospheric Radiation Measurement Program (ARM)
case (ARM A, 26–30 June 1997, Southern Great Plains) is
also well documented and has been studied, e.g. in an inter-
comparison of various cloud system resolving models (Xu
et al., 2002). The data used for specifying the “large scale
forcing” terms in the present study as well as data from obser-
vations were obtained from http://kiwi.atmos.colostate.edu/
scm/arm-data/jul97.html (Version 2 datasets, Zhang et al.,
2001).

Figure 2 shows good agreement for simulated and ob-
served 6 h average surface precipitation rates for the ARM
A episode. The accumulated rainfall for the entire episode is
31.5 mm in the simulations and 32.9 mm in the observations.
Figure 3c shows that the maximum rain rates coincide with
the development of longer lived mesoscale systems.

The domain average simulated cloud liquid water path (ex-
cluding the first day) is 37.9 g m−2 and the average cloud
ice water path (excluding the first day) is 13.7 g m−2. Both
values are at the lower end, but still inside the wide range
reported by Xu et al. (2002) for various other cloud system
resolving models. The differences between time and hori-
zontal domain averaged modeled and observed temperatures
and water vapor mixing ratios are shown in Fig. 4. Height de-
pendent biases of similar magnitude have also been found in
other cloud system resolving studies and are not only model,
but to a large extent, also case dependent. The ARM run
was performed with increasing vertical grid resolution to-
wards the Earth’s surface. Increasing the resolution in the
lower model layers was found to result in an earlier onset of
deep convection in better agreement with the observations.
Increasing the resolution in a TOGA COARE sensitivity run,
on the other hand, resulted in very small changes of the mod-
eled trace gas transport (not shown), and therefore the TOGA
COARE run was performed with constant vertical resolution.

Atmos. Chem. Phys., 7, 2027–2045, 2007 www.atmos-chem-phys.net/7/2027/2007/
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a) STERAO b) ARM A BUB

c) ARM A LSF

6/27

6/28

6/29

6/30

Fig. 3. Series of X-Y contour plots: 1 mm h−1 filled contour of simulated rainfall rates. The interval between the individual plots is 30 min;
in c each row represents one half day. The X-axes are directed in W-E direction, and the Y-axes in S-N direction.

Fig. 4. Vertical profiles of modeled and observed domain and time averaged temperatures and water vapor mixing ratios for the ARM A
LSF case.

3.2 Runs in which bubbles were used to initiate deep con-
vection

3.2.1 The ARM A BUB run

In addition to the ARM A LSF run, a short (2.5 h) run
was initialized on 29 June 1997, 23:30 UTC with meteoro-
logical profiles from ARM A in which a positively buoy-
ant (1θmax=5 K) thermal with radius r=20 km and height
zo=1800 m was used to initiate deep convection. The grid

and the timestep are the same as in the ARM A LSF run.
The relatively warm bubble in the ARM A bubble (“ARM A
BUB”) run results in a rather short lived single cell storm
(Fig. 3b) with a top below 12 km above mean sea level
(MSL), while the cloud tops in the run with large scale forc-
ings were higher (see Sect.5). A few sensitivity runs starting
from other initial profiles based on observations during the
4-day ARM A episode yielded even shorter lived storms (not
shown). If, on the other hand, large scale forcings were ap-
plied in addition to the bubble in the relatively short “ARM A

www.atmos-chem-phys.net/7/2027/2007/ Atmos. Chem. Phys., 7, 2027–2045, 2007
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(a) STERAO (b)

(c) (d)

Fig. 5. (a)and(c) Cloud ice mixing ratio contours for the STERAO case at 11 350 m above mean sea level (MSL) after 3600 s and after
9000 s and locations of cross sections in(b) and(d); (b) and (d): Radar reflectivity (dBZ)

BUB” run, much higher cloud tops and longer lived systems
developed (not shown), reflecting the importance of the large
scale forcings in the ARM case. The ARM A BUB run has
been designed as a sensitivity experiment in order to estimate
the effects bubbles can in principle have on the transport of
soluble tracers.

3.2.2 The STERAO case

The 10 July 1996, Stratospheric-Tropospheric Experiment:
Radiation, Aerosols, and Ozone (STERAO) case has previ-
ously been studied using a cloud resolving model by Ska-
marock et al. (2000) and Barth et al. (2001). As in Barth
et al. (2001) and Skamarock et al. (2000), this run is ini-
tialized with three positively buoyant thermals (“bubbles”)
with radius r=10 km and height zo=1500 m and a maximum
temperature perturbation at the center of1θmax=3 K. The
model was run for 2.5 h. The horizontal domain size used
is 148×148 km2 and the horizontal resolution is 2 km. The
vertical resolution is as in Barth et al. (2001) and Skamarock
et al. (2000) with 50 vertical levels and grid spacings ranging
from ∼50 m at the surface (at 1500 m above mean sea level)
to 700 m in the upper troposphere and lower stratosphere.
The timestep is 5 s.

Figure 3a gives an impression of the evolution of the simu-
lated storm. Radar reflectivities (e.g. Koch et al., 2005) after
3600 s and after 9000 s are shown in Fig. 5. The radar reflec-
tivities derived from the STERAO run appear reasonable in
the light of Fig. 7 of Skamarock et al. (2001), although some
differences exist as one might expect in such a comparison.
Some further details are discussed in Sect. 5. For numeri-
cal stability reasons, the STERAO case was run with con-
stant eddy diffusion coefficients. In order to asses how this
choice affects the results of the present study, a sensitivity
run with the same eddy diffusion coefficients was performed
for ARM A LSF. Using constant eddy diffusion coefficients
for the ARM A LSF run did not change the results from this
study significantly (not shown).

4 Transport of highly soluble tracers

Figure 6a shows horizontally averaged gas phase mixing ra-
tio profiles calculated for two different initial profiles (T1
and T2) for the TOGA COARE case. The tracers with ini-
tial profiles T1 are initially located in the lower troposphere,
while the initial profile of T2 is a CO profile which has been
used by Barth et al. (2001) in their pioneering cloud resolving
model study of soluble tracer transport during STERAO. The

Atmos. Chem. Phys., 7, 2027–2045, 2007 www.atmos-chem-phys.net/7/2027/2007/
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Table 1. Ratiosα=µs/µi , whereµs andµi are the horizontally domain averaged mixing ratios in the upper troposphere of highly soluble
and insoluble tracers, respectively, for two different initial profiles (T1 and T2) for TOGA COARE (T.C.), ARM A, and STERAO.

T.C. 2.5 h2 T.C. 12 h3 T.C. 24 h3 ARM 2.5 h2 ARM 12 h3 ARM 24 h3 ARM BUB STERAO

αr
1 T1 7.0×10−4 2.1×10−4 1.2×10−4 1.1×10−3 1.2×10−3 1.0×10−3 3.4×10−2 1.8×10−2

αnr T1 2.4×10−2 1.0×10−2 9.7×10−3 7.2×10−2 6.6×10−2 8.4×10−2 0.55 0.90

αr T2 0.84 0.52 0.32 0.998 0.67 0.48 0.996 0.88
αnr T2 0.91 0.67 0.48 0.998 0.76 0.61 0.999 0.98

1 Soluble tracers are either assumed to be completely retained (αr ) or completely released (αnr ).
2 2.5 h after the onset of deep convection (defined as the first output time when the total hydrometeor mixing ratioqtotm,max = qcloudwater+

qcloudice+ qrain + qgraupel+ qsnowat a single grid point above 7 km exceeds 1 g kg−1) for each 24 h time slice.
3 After the beginning of each 24 h time slice.

(a) TOGA COARE (b) ARM A LSF

X

(c) ARM A BUB (d) STERAO

X

Fig. 6. Initial tracer profiles and horizontally domain averaged gas phase mixing ratios 12 h after the beginning of each 24 h time slice(a)
for the TOGA COARE run (6 time slices) and(b) for the ARM A LSF run (3 time slices).(c) Initial tracer profiles and horizontally averaged
mixing ratios at the end of the ARM A BUB run. For better readability (i.e. increased spacing between the individual lines) the mixing ratios
in (c) were averaged over a 28×30 km2 sub-domain at the western edge of the domain centered at the gridpoint(i, j)=124, 55, where the
main outflow at is located after 2.5 h.(d) Initial tracer profiles and horizontally domain averaged mixing ratios at the end of the STERAO
simulation after 2.5 h. Note the large difference between (b) and (d) of “T1 released” in the upper troposphere in the region marked by an
“X”.

tracers have been assumed to be either insoluble, highly solu-
ble and completely retained during hydrometeor freezing, or
highly soluble and completely released during hydrometeor
freezing. While the insoluble tracers are efficiently trans-
ported to the upper troposphere in the TOGA COARE run

(Fig. 6a), scavenging prevents efficient transport for the sol-
uble tracers independent of the retention coefficient. This
is also the case for the ARM A LSF run (Figs. 6b and 7).
In Sect. 5 it will be shown that in these runs, highly solu-
ble tracers with initial profile T1 are efficiently scavenged
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ARM A LSF

Fig. 7. Time series of the ratioβ of modeled averaged gas phase mixing ratio to initial mixing ratio for tracers with initial profile T2 during
the ARM A episode (excluding the first and the last 12 h of the simulation). Note thatβ never exceeds one if the tracer is assumed to be
highly soluble.

already below the 0◦C level. The strong sensitivity of trac-
ers with initial profile T2 to the retention coefficient suggests
that the retention coefficient plays a large role for the scav-
enging of highly soluble trace gases with a (chemical) source
in the upper troposphere. In the lower troposphere, slightly
higher mixing ratios of “T2 retained” compared to “T2 re-
leased” are due to more dissolved tracer being released from
evaporating hydrometeors.

Based on the ratiosα=µs/µi of soluble to insoluble tracer
average mixing ratios in the upper troposphere after mod-
eled deep convection, Barth et al. (2001) have suggested that
global models such as the one used by Crutzen and Lawrence
(2000) may underestimate the transport of highly soluble
tracers to the upper troposphere. Crutzen and Lawrence
(2000), however, investigated the transport of soluble tracers
with a surface source (similar to T1), while the initial profile
specified by Barth et al. (2001) is identical to T2. Figure 6
and Table 1 show that for T1α is very low, in agreement
with Crutzen and Lawrence (2000), who calculated mixing
ratios of highly soluble tracers in the mid- and the upper tro-
posphere to reach 5% or less of that of an insoluble tracer.
For T2, on the other hand,α is much higher, which is in
line with the result of Barth et al. (2001), who found that up-
per tropospheric mixing ratios of highly soluble tracers were
reduced by 40–60% within a sub-domain of the STERAO
simulation. (Note that especially for T2 the ratios generally
depend on domain size, since they depend on the ratio of
cloudy area to cloud free area.) Barth et al. (2001) mention a
number of points why their results and the results of Crutzen

and Lawrence (2000) should not be compared directly. Fig-
ure 6 and Table 1 indicate that one can attribute the large
difference noted by Barth et al. (2001) primarily to the use of
different initial/boundary conditions in the two studies.

Table 1 shows ratiosα for the TOGA COARE and ARM A
LSF multi-day runs based on averages over the output times
2.5 h after the onset of deep convection (defined as the first
output time when the maximum total hydrometeor mixing
ratio at a single grid point above 7 km exceeds 1 g kg−1), and
also at 12 h, and 24 h after each re-initialization. The up-
per troposphere is defined as the region of 7–16 km altitude
for TOGA COARE, and 7–14 km above ground level for the
mid-latitude cases. Furthermore, the table shows the ratios at
the end of the simulation (after 2.5 h) for the ARM A BUB
and the STERAO case which were initialized with positively
buoyant thermals as described in the previous section.

For T1 α is small except forαnr in the ARM A BUB
(Fig. 6c) and the STERAO case (Fig. 6d), i.e. if large scale
forcings are applied together with small random perturba-
tions, retained as well as released highly soluble tracers are
not efficiently transported from the boundary layer to the up-
per troposphere, neither for the tropical oceanic case nor for
the mid-latitude continental case, which is characterized by
more vigorous deep convection. The relative difference be-
tweenαr andαnr in Table1 is, however, large, indicating that
the retention coefficient may be important for highly soluble
trace gases for which even inefficient transport could play a
role. Relatively large average upper tropospheric mixing ra-
tios of highly soluble non-retained tracers with initial profile
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Fig. 8. Simulated time and horizontally domain averaged(a–d) hydrometeor mixing ratios and(e–h)mixing ratios (per mass of dry air) of
non-retained tracer “T1 released” taken up by hydrometeors (excluding the first and the last 12 h for the TOGA COARE simulation and the
first 18 h and the last 12 h for the ARM A LSF simulation).(i–l) Same as (e–h) for “T2 released”.

T1 were only found for cases in which deep convection was
initialized by bubbles (which is consistent with results from
earlier studies using cloud resolving models). The reason for
this apparent dependence of the results on the model setup is
discussed in the next section.

5 Influences of cloud dynamics and microphysics

Figures 8a–h show time and horizontally domain averaged
simulated hydrometeor mixing ratios for all sensitivity runs
and the mixing ratios (per mass of dry air) of the non-retained
tracer T1 taken up by hydrometeors. For ARM A LSF, the

first 18 h of the simulation (prior to the onset of deep convec-
tion) have been excluded because during this period spurious
condensation occurred close to the surface. The signature of
this is still visible in the lower left corner of Fig. 7. How-
ever, this does not have a significant impact on the simulated
transport.

When bubbles were used to initiate deep convection, the
amount of cloud water (Figs. 8c and d) and of trace gas dis-
solved in cloud droplets (Figs. 8g and h) is very low below
about 2 km. For the ARM A LSF run, on the other hand,
higher cloud droplet mixing ratios tended to form in the in-
flow regions of the storms (e.g. “arcus clouds”, marked by
an “X” in Figs. 9b and c), which are not seen in the ARM
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(a) ARM A LSF

X

(b) cross section A

X

(c) cross section B

Fig. 9. (a) Cloud ice mixing ratio contours for the ARM A LSF run at about 11296 m above mean sea level on 30 June, 1:30 UTC and
locations of cross sections in(b) and(c); (b) and (c): cross sections of hydrometeor mixing ratios with contour levels 0.1, 0.5, 1.0, 2.0, 4.0,
6.0, 8.0, 10.0. Note the high cloud water mixing ratios in the inflow region marked by an “X”.

(a) ARM A BUB (b)

Fig. 10. (a)Cloud ice mixing ratio contours for the ARM A BUB case 9546 m above mean sea level after 3600 s and locations of cross
sections in(b); (b): Contour levels as in Fig. 9b.

A BUB (Fig. 10b) run, but are simulated to also exist in the
STERAO case (Fig. 11d). In the LSF runs T1 did not reach
the upper troposphere once it was taken up in cloud water
at low levels (Figs. 8e and f). This indicates that the dif-
ferent dynamics in the inflow regions are responsible for the
more efficient scavenging of the non-retained tracer in the
LSF runs.

Mixing ratios of the non-retained tracer T2 taken up by hy-
drometeors are shown in Fig. 8i–l. A comparison of Fig. 8i to
Fig. 8j suggests that mid-tropospheric entrainment of T2 was

more efficient for TOGA COARE than for ARM A LSF. This
is consistent with Figs. 6a and b suggesting more efficient
mid-tropospheric scavenging of T2 in the TOGA COARE
run. Mid-tropospheric entrainment also enhances the mix-
ing ratios of “T2 released” in cloud water in the ARM A
BUB run (Fig. 8k) while in the STERAO case, “T2 released”
in cloud water (Fig. 8l) shows even lower mid-tropospheric
mixing ratios than “T1 released” in cloud water (Fig. 8h) due
to lower initial mixing ratios in the boundary layer (Fig. 6).
The effect of mid-tropospheric scavenging is very small for
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(a) STERAO (b)

(c) (d)

Fig. 11. (a)and(c) Same as Figs. 5a and c;(b) and(d): Contour levels as in Fig. 9b.

“T2 released” in the ARM A BUB and the STERAO run
(Figs. 6c and d).

Figure 12 shows the time series of horizontally integrated
production of rain water from cloud water, snow, and graupel
as well as the vertical profiles of the time integrated rain wa-
ter production. An overview of the microphysical processes
contributing to rain water production was presented in Fig. 1.
Note that a part of the rain water produced evaporates before
reaching the surface. For ARM A LSF and TOGA COARE
the production terms in Figs. 12a and b were derived from 2-
D model reruns (see Sect. 3.1), since the computational cost
of multi-day 3-D simulations is unfortunately still relatively
high. In the next section it will be shown that the results for
T1 and T2 from the TOGA COARE 2-D runs are qualita-
tively similar to the corresponding results from the 3-D runs,
allowing us to have some confidence in the results of these
2-D runs, at least on a qualitative basis. Detailed results from
2-D simulations of the meteorology during TOGA COARE
can be found in Salzmann et al. (2004). Most rain is formed
via the ice phase in all runs, but cloud water plays a much
bigger role in the LSF runs than in the bubble runs (panels
on the left hand side in Fig. 12). Furthermore, in the LSF
runs cloud water contributes to rain formation at lower lev-
els than in the bubble runs (panels on the right hand side in
Fig. 12). Figures 9b and c suggest that in the ARM A LSF
run cloud droplets coexist with rain mainly in the inflow re-

gions of the storms. Rain formation in this region is most
likely a very efficient process for the scavenging of highly
soluble tracers, since direct uptake of trace gases into larger
rain drops is strongly limited by gas phase diffusion, in spite
of ventilation being considered in Eq. (3).

The finding that more efficient scavenging of the non-
retained tracer in the LSF runs appears to be associated with
different microphysics and dynamics in the inflow regions
differs from our initial hypothesis. Our initial hypothesis
was that freezing of cloud droplets at high altitudes inside
the rapidly rising bubble prior to the onset of precipitation
could be responsible for the higher sensitivities to the reten-
tion coefficient in the bubble runs. However, we did not find
any indication that surface precipitation sets in significantly
earlier in the LSF runs when compared to the bubble runs.
Time series of the grid point maximum vertical velocity (in-
dicating the presence of strong updrafts) and of the surface
precipitation for the ARM A LSF run and the ARM A BUB
run are shown in Fig. 13. Despite the low temporal resolution
of 30 min, the time series indicates that surface precipitation
tends to lag the formation of updrafts in the ARM A LSF as
well as in the ARM A BUB run. Note also that efficient up-
take of highly soluble trace gases in the cloud inflow has pre-
viously been found in the early cloud resolving model study
by Wang and Chang (1993).
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(a)

(b)

(c)

(d)

Fig. 12. Left: Time series of the horizontally integrated production of rain water from cloud water, snow, and graupel. Right: Vertical profiles
of the time integrated rain water production. The values in(a) and(b) are averages over all 24 h slices. An overview of the microphysical
processes contributing to rain water production is given in Fig. 1.
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The hydrometeor mixing ratio profiles from the ARM A
BUB model run in Fig. 8 indicate that the cloud top did not
reach above 12 km. Without applying a large scale forcing in
this simulation, the relatively warm bubble resulted in rela-
tively short lived single cell storm, as previously noted. Note
also that in the STERAO model run (Fig. 11), the anvil con-
sists mostly of graupel (ρg=400 kg m−3). The microphysics
scheme used by Barth et al. (2001), on the other hand, did
not include graupel, but hail (ρh=900 kg m−3) as a category.
In their STERAO simulations, the anvil consists mostly of
snow. Their results regarding the role of the retention coef-
ficient are, however, similar to the results from the STERAO
run in this study.

6 Additional sensitivity runs and discussion

Mari et al. (2000) have suggested that inefficient scaveng-
ing of hydrogen peroxide (H2O2) in glaciated clouds may
explain the observations of enhanced H2O2 in outflow from
tropical deep convection during TRACE-A and elsewhere
(Lee et al., 1997; Jaeglé et al., 1997). T1 and T2, on the
other hand, were not transported to the upper troposphere ef-
ficiently in the LSF runs, independent of whether complete
release from freezing hydrometeors was assumed. However,
neither T1 nor T2 is representative of typical tropical H2O2
profiles. H2O2 is photochemically produced mostly in the
lower and mid-troposphere, where water vapor and HOx con-
centrations are higher than in the upper troposphere, mainly
from the reaction of two hydroperoxy radicals:

HO2 + HO2
O2,M

−−−→ H2O2 + O2 (9)

Even in the upper troposphere, where the convective trans-
port of methyl-hydroperoxide (CH3OOH) is an important
HOx source, the chemical production of H2O2 can outweigh
its photochemical loss, resulting in a small net photochemical
production (Jaeglé et al., 2000; Salzmann, 2005). Observed
tropical H2O2 profiles often show relatively high mixing ra-
tios up to 5 or even 8 km altitude, and much lower values
at the tropopause (see e.g. Heikes et al., 1996). Note that in
regions far from SO2 sources, such as the TOGA COARE re-
gion, aqueous phase chemistry can be expected to play only a
minor role for H2O2 (see Sect. 6.2 of the supplement to Tost
et al., 2007). In order to investigate the transport of tracers
with more “H2O2–like” initial profiles, a set of 2-D model
runs was performed for TOGA COARE. (The cost of multi-
day 3-D simulations is unfortunately still relatively high as
was previously noted in Sect. 5, and T1 and T2 were mainly
chosen to facilitate comparisons with previous studies of ide-
alized soluble tracer transport.) The setup of the 2-D run was
previously described in Sect. 3.1.

The results for T1 and T2 in Fig.14a are qualitatively sim-
ilar to the corresponding results from the 3-D runs (Fig. 6a).
(Note that a detailed comparison of 3-D and 2-D runs is con-
sidered outside the scope of this paper.) Results for four

(a) ARM A LSF

(b) ARM A BUB

Fig. 13. Time series of domain maximum grid point vertical ve-
locity, surface precipitation, and averaged liquid water path (LWP,
includes cloud droplets and rain) and ice water path (IWP, includes
cloud ice, snow, and graupel) sampled every 30 min for(a) ARM A
LSF and(b) ARM A BUB. IWP and LWP were divided by 10.

additional initial profiles are shown in Figs. 14b and c. T3
and T5 are similar to T1 with constant mixing ratios up to
5 and 8 km, respectively, and zero mixing ratios above. T4
and T6 are identical to T2 below 5 and 8 km, respectively,
while above, the “background” mixing ratio was reduced sig-
nificantly to 10 nmol mol−1. Release of “T3 released” from
freezing hydrometeors in the upper troposphere is relatively
inefficient. The simulated domain averaged upper tropo-
spheric mixing ratio of “T4 released” is close to its initial
value. This is a consequence of the competition between up-
ward transport of “depleted air” (air in which the tracer mix-
ing ratio has been depleted by scavenging) on the one hand,
and release and upward transport on the other hand. For “T6
released”, release and upward transport dominate, leading
to significant increases of upper tropospheric mixing ratios.
For “T6 retained”, on the other hand, the upward transport
of “depleted air” dominates. This is illustrated in Fig. 15c
and b for a large convective system with a relatively fresh
convective tower in the East, and decaying deep convection
to the West. While the insoluble tracer in Fig. 15a is trans-
ported to the upper troposphere resulting in outflow beyond
the qtotm=0.01 g kg−1 contour, “T6 retained” in Fig. 15b is
scavenged, and low tracer mixing ratios are found in the out-
flow. (Note again that uptake by ice from the gas phase is
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(a) (b) (c)

Fig. 14. (a)As Fig. 6a for the TOGA COARE 2-D run;(b) and(c) same as (a) for different initial tracer profiles.

Fig. 15. Gas phase volume mixing ratio contours for tracers with initial profile T6(a) insoluble,(b) soluble retained,(c) soluble released,
andqtotm=0.01g kg−1 mass mixing ratio contour from the TOGA COARE 2-D run for 24 December 1992, 15:00 UTC, whereqtotm =

qcloudwater+ qcloudice+ qrain + qgraupel+ qsnow.

not considered.) A considerable fraction of “T6 released”
(Fig. 15c), on the other hand, is transported to the upper tro-
posphere. However, not all storms show the same transport
of “T6 released”. In the western storm (at x=50–180 km) in
Fig. 16, “T6 released” was scavenged, while in another storm
previously located to the East of this storm (also shown in
Fig. 16), it was partially transported. This implies that some
“competition” between different storms takes place, which
plays a role for the domain averaged upper tropospheric mix-
ing ratios.

While “T6 released” is transported to the upper tropo-
sphere in deep convection, scavenging prevents efficient
transport of highly soluble tracers from below about 5 km
(T3 and T4 in Fig 14b), where rain mixing ratios are high
(Fig. 8a). This indicates that for TOGA COARE, inefficient
scavenging of H2O2 in the glaciated part of the storms in
combination with a source between 5 and 8 km can indeed
contribute to increased observed upper tropospheric mixing
ratios, supporting the hypothesis of Mari et al. (2000).
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Fig. 16. Same as Fig. 15 for 21 December 1992, 17:30 UTC.

The retention coefficient for H2O2 is likely to depend
on the details of the freezing process (Stuart and Jacob-
son, 2003, 2004). Strong acids such as HNO3, on the other
hand, are expected to be well retained independent of freez-
ing conditions (e.g. Voisin et al., 2000; Stuart and Jacobson,
2003). In an early laboratory study Iribarne and Pyshnov
(1990) found that H2O2 was also completely retained in the
ice phase after cloud droplet freezing. Snider et al. (1992)
and Snider and Huang (1998), on the other hand, found that
H2O2 is largely released to the gas phase during riming. De-
spite recent efforts by Stuart and Jacobson (2004) to explain
the large range of values (from almost zero to one) from a
number of laboratory studies, large uncertainty still exists re-
garding the retention coefficient of H2O2.

Further efforts to better determine retention coefficients of
important trace gases for various processes and under differ-
ent conditions are underway, for example within the frame-
work of the TROPEIS (The Tropospheric Ice Phase) project,
which is funded by the German Research Foundation (DFG).

The uptake of H2O2 onto ice directly from the gas phase
was found to be small in a recent study by Clegg and Ab-
batt (2001), while an earlier study by Conklin et al. (1993),
who studied the uptake of H2O2 in a flow tube packed with
200µm ice-spheres, suggested more efficient uptake (see
also Meier and Hendricks, 2002). It is, however, question-
able whether the laboratory data obtained for packed ice

crystals is applicable to single ice crystals under upper tropo-
spheric conditions (Meier and Hendricks, 2002). If efficient
direct uptake on ice from the gas phase were considered in
this study, one would expect the large sensitivity to the reten-
tion coefficient found in the “bubble” runs to decrease.

An important uncertainty (e.g. Wurzler, 1997) in the
model is due to the usage of a single moment (or “bulk”)
microphysics scheme in which the size-distributions of rain
drops, graupel, and snow are diagnosed assuming exponen-
tial (Marshall-Palmer) size distributions. Unfortunately, us-
ing size resolving microphysics schemes increases the com-
putational cost drastically, so that such schemes have mainly
been used in models with very simplified storm dynamics.
Furthermore, the observational data needed for evaluating the
details of various microphysics schemes under different con-
ditions are still limited, leading to an additional uncertainty
in calculations of soluble tracer transport and scavenging.

A very important question remaining is whether the results
of the LSF runs are representative of most storms. Under
summertime conditions, warm air bubbles are known to form
over land due to differential surface heating. The rising of
these bubbles can then initiate thunderstorms. Furthermore,
it can not completely be ruled out that artifacts occur in the
LSF runs, e.g. due to the homogeneous nudging of theu and
v wind components, although there is no obvious reason why
this should happen.
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Another potential source of artifacts in the LSF runs would
be enhanced formation of cloud droplets in the inflow region
due to the application of horizontally homogeneous water va-
por forcings. However, condensation in the inflow regions is
strongly linked to storm dynamics, i.e. convergence and lift-
ing, and even if a notable enhancement due to horizontally
homogeneous water vapor LSF occurred, it would almost
certainly not be sufficient to explain why a tracer dissolved
in cloud water is not transported to the upper troposphere as
indicated by Figs. 8e and f.

Differences in cloud base height between different thun-
derstorms may, however, play a role. The thunderstorms
in Colorado, where the STERAO campaign was conducted,
have higher cloud bases relative to the mean sea level and
a smaller region of liquid water, potentially increasing the
importance of the retention coefficient for the transport of a
boundary layer tracer. In addition, Colorado thunderstorms
can have fairly high cloud basesabove ground. On the other
hand, it is also possible that the bubbles used to initiate the
model in the STERAO case may have played a role.

In Fig. 11d, the signature of the three thermals can still
be seen very clearly. In the future more sophisticated setups
like the one used by Stenchikov et al. (2005) and DeCaria
et al. (2005), who applied horizontally non-uniform initial
conditions for their simulation of a 12 July STERAO storm
and took into account terrain interactions, could help to over-
come these problems. Another promising option is the use of
high resolution nested models or models with non-uniform
horizontal grid spacings with relatively realistic land surface
models. While the land surface model allows the formation
of warm bubbles, nesting in principle allows the model to
take into account the the influences of larger scale circu-
lations, which are currently not resolved in limited domain
cloud resolving models. Some first attempts by the authors
at simulating the TOGA COARE case using multiply nested
grids in the WRF model and a nudging technique for the
coarsest grid provide a reason to be optimistic that nested
models can be used in regions in which the large scale dy-
namics play an important role (in TOGA COARE especially
the Hadley and Walker circulation, and the Intra-Seasonal
Oscillation (e.g. Madden and Julian, 1994)).

Note that in the ARM A LSF runs the re-initialization co-
incides with times of minimum simulated deep convection
(Fig. 2 and Fig. 3c). In the TOGA COARE runs, the six
time slices yielded qualitatively similar results for the depen-
dence of the transport of the highly soluble tracers on the
retention coefficient (not shown), indicating that the results
are on the whole not particularly sensitive to the time of the
re-initialization.

This study has been limited to idealized tracers. The ad-
vantage of this approach is that they allow us to understand
sensitivities which are difficult to investigate based on simu-
lations of realistic trace gases. The disadvantage of idealized
tracers is, however, that they are by definition not necessarily
representative of realistic tracers.

The specific set of idealized tracers and bubbles for the
initiation of convection in this study were partly chosen in
order to obtain results comparable to previous studies regard-
ing the role of the retention coefficient, and partly based on
experience from budget analysis of sensitivity runs including
photochemistry. Though these idealized tracers do not cor-
respond exactly to any single specific tracer, artificial tracers
like these have frequently been used in previous studies to
provide information which is applicable to a wide range of
real trace gases which have similar key qualities. More de-
tailed discussions of this connection are found in Crutzen and
Lawrence (2000).

As an initial step, this study explicitly focuses on highly
soluble tracers which were found to have considerably more
complicated behavior than we anticipated based on previous
studies. As a future step, extending this study to moderately
soluble tracers would definitely be interesting.

In order to describe reversible exchange of trace gases be-
tween the surfaces of frozen hydrometeors and the gas phase
at the same time as the possible retention of trace gases due
to “burial” or trapping (e.g. K̈archer and Basko, 2004; Stuart
and Jacobson, 2006) in cloud resolving model simulations, it
would be necessary to carry prognostic variables for both the
surface and the bulk concentrations in the model. In this case,
one would also have to take into account that microphys-
ical processes occurring in association with the deep con-
vection (see e.g. the schematic in Fig. 1) change the surface
area and the ratio of surface to bulk concentration. A theo-
retical framework which could easily be incorporated in the
microphysics parametrizations used in cloud resolving mod-
els is currently not available. Field observations of droplets
freezing on an impaction grid by Snider and Huang (1998)
suggested that H2O2 was volatilized subsequent to droplet
freezing and prior to burial by continued riming.

7 Summary and conclusions

It was shown that different cloud droplet mixing ratios in as-
sociation with different dynamics in the inflow regions can
have large effects on the sensitivity of the vertical transport of
highly soluble trace gases to the retention coefficient. High
cloud water mixing ratios in the inflow regions were found
in the cases in which LSF was applied, but not in the cases
in which deep convection was initiated by bubbles. A com-
parison of the two ARM runs indicates that using bubbles to
initiate deep convection may result in an overestimate of the
influence of the retention coefficient on the vertical transport
of highly soluble tracers.

In the LSF runs scavenging is found to almost entirely
prevent a highly soluble tracer initially located in the low-
est 1.5 km of the troposphere from reaching the upper tropo-
sphere, independent of the retention coefficient for both the
TOGA COARE and the ARM case.
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A tracer with a high initial mixing ratio up to an altitude of
8 km, and a low “background” above 8 km (T6), on the other
hand, was efficiently transported to the upper troposphere if
it was assumed to be completely released from hydrometeors
upon freezing. This indicates that inefficient scavenging of
H2O2 in the glaciated part of tropical storms in combination
with an upper air chemical source can contribute to observed
increases in its upper tropospheric mixing ratios in deep con-
vective outflow. If complete retention was assumed for T6,
the upward transport of tracer-poor air (from which the tracer
has been largely scavenged) in association with downward
transport of tracer-rich air lead to a decrease of the domain
averaged mixing ratios of T6 in the upper troposphere.

For a comparable tracer with a higher “background” mix-
ing ratio above 8 km (T2), the upper tropospheric mixing
ratios were decreased by deep convection, independent of
the retention coefficient. The magnitude of the decrease
was, however, strongly dependent on the retention coeffi-
cient. This suggests that the retention coefficient plays a
large role for the scavenging of highly soluble trace gases
with a (chemical) source in the middle and upper tropo-
sphere. Whether release and transport on average leads to
an increase of upper tropospheric mixing ratios by deep con-
vection or whether scavenging is more important for a non-
retained highly soluble tracer depends on the altitude of the
(photochemical) source and on the ratio of lower and mid-
tropospheric to upper tropospheric mixing ratios. Large dif-
ferences were not only found for different initial profiles, but
also between individual storms.

Given the apparent dependence of the results on the model
setup (LSF vs. “bubble”), one could argue that in the fu-
ture more studies with different approaches (especially with
a more realistic initiation of deep convection, e.g. consider-
ing effects of orography) are needed. Such studies as well
as the use of size resolved microphysics schemes without the
constraint of strongly idealized storm dynamics will be facil-
itated by increasing computer power. For assessing potential
influences of the release of H2O2 from freezing hydromete-
ors on the upper tropospheric HOx budget, additional labo-
ratory studies are necessary in order to better determine the
retention coefficient of H2O2 for freezing and riming pro-
cesses under various conditions as well as additional in-situ
observations in deep convective outflow in association with
detailed model studies.
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