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Abstract. By using a three-dimensional convective cloud model to simulate the July 
10, 1996, Stratospheric-Troposphedc Experiment: Radiation, Aerosols, and Ozone-Deep 
Convection experiment storm, we investigate the fate of tracers of varying solubilities in 
midlatitude convection. The tracer distribution resulting from the interactions of the soluble 
tracers with the cloud hydrometeors is illustrated for two cases. The first case assumes 
that the dissolved tracer in the cloud water or rain completely degasses when the parent 
hydrometeor is converted to ice, snow, or hail through microphysical processes. The second 
case assumes that the dissolved tracer is retained in the ice, snow, or hail. We find that 
when soluble tracers are degassed, both low- and high-solubility tracers are transported to 
the upper troposphere. When tracers are retained in ice hydrometeors, the highly soluble 
tracers are not ultimately transported to the upper troposphere but, instead, are precipitated 
out of the upper troposphere by snow and hail. Tracers of low solubility are transported 
upward, similar to passive tracer transport. The key microphysical processes that control 
these results are the accretion of cloud water by snow and hail. For the simulation in which 
retention of tracers in ice was considered, highly soluble scalars (10 '5 M atm -•) have a 
scavenging efficiency > 55% and have a mass change in the upper troposphere (8-15 km 
mean sea level) of-0.5 x 10 • kg to 0 for a 3-hour period, while a passive scalar has a mass 
change of 2.3 x 105 kg. 

1. Introduction 

Deep convection has been known to be a primary mecha- 
nism of moving trace gas species from the boundary layer to 
the free troposphere [e.g., Dickerson et al., 1987; Chatfield 
and Crutzen, 1984]. Chemical consequences of the transport 
of boundary layer air to the upper and middle troposphere on 
the regional scale can be to attain ozone (Oa) concentrations 
greater than if the atmosphere were undisturbed by convec- 
tion [Pickering et al., 1992b]. Recently, it has been hy- 
pothesized that deep convection can affect the odd hydrogen 
(HOx) budget in the upper troposphere [Prather and Jacob, 
1997; Jaegl• et al., 1997]. However, studies have not exam- 
ined in detail how deep convection processes the HOx pre- 
cursors, such as methyl hydrogen peroxide (CHaOOH), hy- 
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drogen peroxide (H202), formaldehyde (CH20), and ace- 
tone. All of these species have some degree of solubility, 
so that they may be susceptible to scavenging, and some of 
these species undergo chemical reaction in the liquid drops. 

To understand the influence of solubility, we use a three- 
dimensional cloud model to examine the evolution of tracers 

with different levels of solubility to determine to what de- 
gree soluble tracers are scavenged by a representation of the 
July 10, 1996, Stratospheric-Tropospheric Experiment: Ra- 
diation, Aerosols, and Ozone (STERAO)-Deep Convection 
experiment storm. Initially, each tracer has the same vertical 
mixing ratio profile, with high values in the boundary layer 
and lower values in the free troposphere. We also address the 
role that the frozen hydrometeors have on the soluble tracers 
through microphysical processes. 

The goal of this paper is to learn what amount of soluble 
scalars are transported into the upper troposphere and what 
processes in the convection influence the distribution of the 
soluble scalars. Past studies have examined the flux of pas- 
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sive insoluble tracers, such as carbon monoxide (CO) and 
ozone (O3), by deep convection from the boundary layer to 
the upper troposphere [e.g., Pickering et al., 1992a]. The re- 
sults of these studies have indicated that transport of bound- 
ary layer air to the anvil depends strongly on storm dynam- 
ics and, in particular, the degree of entrainment that occurs 
in any one storm. For example, Scala et al. [1990] found 
that because of the presence of a midlevel inflow jet and a 
strong melting layer in a tropical convective storm observed 
in Brazil, the vertical development of a core updraft was re- 
duced. They found that > 50% of the air in the anvil orig- 
inated from above 6 km in altitude. On the other hand, 

Hauf et al. [1995] found boundary layer air that had not 
been diluted up to 120 km downwind of the updraft core 
in a thunderstorm observed in southern Germany. Pickering 
et al. [1992b] and Scala et al. [1993] simulated three central 
United States squall lines to examine tracer transport. For 
these simulated storms, Thompson et al. [ 1994] reported net 
transport rates of 7-12% of a boundary layer tracer to the 
free troposphere over a horizontal domain of 240-320 km. 
From these results, Thompson et al. [1994] estimated the 
net flux of CO from the boundary layer (1.5 km prescribed 
depth) to the free troposphere due to deep convection to be 
1-10 x 107 kg CO per month for northeast Colorado (40- 
42.5øN, 102.5-105øW). 

Some studies have examined the budgets of reactive sol- 
uble species in convection. Tremblay [ 1987] calculated ver- 
tical transport rates, defined as the ratio of the cumulative 
mass transported across a level in the upper portion of a 
cloud to the amount of the species initially below that level 
in the 12 x 12 km model domain. The vertical transport rate 
was < 0.4% per hour through small convective storms for 
sulfur dioxide, which was subject to both scavenging and 
in-cloud oxidation. Wang and Crutzen [1995] found, from 
their two-dimensional (2-D) simulation of a midlatitude cu- 
mulonimbus, that dilution of boundary layer air with free 
troposphere air was considerable. Coupling this detrainment 
with SO2 scavenging and aqueous oxidation resulted in SO2 
in the anvil region being < 10% of the initial boundary layer 
SOe. Flossmann and Wobrock [1996] simulated medium- 
sized convection observed during the Global Atmospheric 
Research Program (GARP) Atlantic Tropical Experiment 
(GATE) and also found very little venting of sulfur diox- 
ide from the boundary layer to the free troposphere, again 
because of in-cloud oxidation. 

Very little work has been performed which systematically 
assesses the importance of scavenging on the redistribution 
of chemical species. The studies mentioned above either 
have not quantitatively assessed the redistribution of solu- 
ble chemical species or have initialized the concentrations 
of different chemical species with distinct vertical profiles. 
Furthermore, many studies have focused on species, such 
as sulfur dioxide and hydrogen peroxide, that undergo both 
scavenging into the liquid hydrometeors and aqueous reac- 
tion. Crutzen and Lawrence [2000] used a global chemistry 
transport model to study the effect of precipitation scaveng- 
ing on the transport of trace gases. By initializing the trace 
gases to the same values and assigning different solubilities 

to each trace gas, Crutzen and Lawrence [2000] found that 
the mixing ratio of trace gases with a Henry's law coefficient 
of 10 a, 104, and 105 M atm -x are reduced in the middle to 
upper troposphere by 20%, 60%, and 90%, respectively. 

The study presented here quantitatively examines the re- 
distribution of nonreactive, soluble species by deep con- 
vection. It is important to study systematically the effects 
of scavenging in an isolated manner so that coupled ef- 
fects of scavenging, chemistry, and transport can be better 
understood in comprehensive models. This study is per- 
formed with three-dimensional simulations rather than two- 

dimensional simulations that are then extrapolated in the 
third dimension. This is particularly important in that most 
convection is of a three-dimensional nature [Skamarock et al., 
2000], as is the storm simulated in this study. 

A detailed description of how a soluble trace gas is scav- 
enged by the liquid hydrometeors follows. In this descrip- 
tion we explain the importance of the microphysical pro- 
cesses and outline the methodology used to determine the 
dissolved tracers' fate when the liquid hydrometeor is con- 
verted to the frozen phase. Results of the simulations are 
presented with a subsequent discussion. 

2. Model Description 
2.1. Model Initialization 

The cloud model used for the simulations is the three- 

dimensional, fully compressible, nonhydrostatic Collabora- 
tive Model for Multiscale Atmospheric Simulation (COM- 
MAS), which is derived from the Wicker and Wilhelmson 
[ 1995] model. This model uses a Van-Leer type, monotonic 
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Figure 1. Initial concenwation of the passive and soluble 
tracers used in the simula•on. This profile represents the CO 
aircraft measurements (points) obtained outside of the sto• 
during the July 10, 1996, S•atospheric-Tropospheric Exper- 
iment: Radiation, Aerosols, •d Ozone (STERAO) sto•. 
Adapted from Skamarock et al. [2000]. 
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Table 1. Solubilities and Accommodation 
Coefficients of Soluble Tracers 

Solubility, Accommodation 
Scalar M atm- 1 Coefficient 

1 O. 5. x 10 -3 
2 O. 5.3 x 10 -4 
3 1. X 10 -3 5. X 10 -3 
4 1. X 10 -2 5.3 X 10 -4 
5 1. x 10 -1 5. x 10 -3 
6 1. x 100 5. x 10 -3 
7 5. x 10 ø 5. x 10 -2 
8 1. x 101 5. x 10 -2 
9 5. x 101 5. x 10 -2 

I0 I x I "7 • 0 -2 ß u- 3. xl 

11 5. x 102 5. x 10 -2 
12 1. X 103 2. x 10 -1 
13 5. X 103 2. x 10 -2 
14 1. x 104 2. x 10 -1 
15 1. x 105 2. x 10 -1 
16 1. x 106 2. x 10 -1 
17 1. x 10 7 2. x 10 -1 
18 1. x 1012 1. x 10 -1 

species and CO. For northeastern Colorado, which can be 
influenced by the Denver metropolitan area and other Front 
Range communities, several soluble species, e.g., CH20, 
HNO3, and SO2, have a boundary layer source similar to 
the one shown in Figure 1. However, in the free troposphere 
these species decrease to concentrations that are < 10% of 
their boundary layer concentration (except for HNO3, which 
decreased to half its boundary layer concentration). The per- 
oxides generally have a peak concentration at 4 km mean sea 
level (MSL) and decrease in the free troposphere to small 
cocentrations (< 10% of peak value). The sensitivity of our 
results to the initial profile is discussed in section 3.3. 

2.2. Sources and Sinks of the Soluble Tracers 

The conservation equation for a soluble scalar can be ex- 
pressed as 

O(•Cgas) O(•uCgas) O(•vCgas) 
cgt Ox 

O(•WCgas) O(•Cgas) 
+ 

Oz Ot (1) 

advective scheme [Wicker and Wilhelmson, 1995] to trans- 
port water vapor qv, cloud water qc, rain qr, cloud ice qi, 
snow q.•, graupel or hail %, and scalars. A second-order 
Runge-Kutta time integration [Wicker and Skamarock, 1998] 
is used to advance the quantities in time. The ice micro- 
physics parameterization is that described by Tao and Simp- 
son [ 1993], which is based on Lin et al. [ 1983]. For the simu- 
lations performed here, hail hydrometeor characteristics (ph 
= 0.9 g cm -3, No = 4 x 104 m -4) are used. 

The model is configured to a 120 x 120 x 20 km domain 
with 121 grid points in each horizontal direction (1 -km reso- 
lution) and 51 grid points in the vertical direction with a vari- 
able resolution beginning at 50 m at the surface and stretch- 
ing to 700 m at the top of the domain. A description of 
the meteorological scenario and transport of passive tracers 
is given by Skamarock et al. [2000] for the July 10, 1996, 
STERAO storm. We initialize the model environment and 

the initiation of convection in the same manner as Skamarock 

et al. [20001. 
Skamarock et al. [2000] initialized two passive tracers, 

representative of CO and 03, using measurements obtained 
by the aircraft outside of cloud. The passive tracer repre- 
senting CO is included in the simulations performed for this 
study, and its initial profile is shown in Figure 1. This study 
includes an additional 16 tracers of variable solubility (Table 
1), whose initial profiles are the same as the CO initial pro- 
file. Thus we can directly compare the effect of solubility on 
the redistribution of a tracer by convection. 

The initial profile used here does not necessarily repre- 
sent vertical profiles of all soluble species, although there are 
similar characteristics between the initial profiles of soluble 

0(PCliq ) = _ 0(pvCliq) _ 0(pwCliq) 
Ot Oy Oz 

+ 0 (PCliq) 

q- 

0(•uCliq) 
0x 

0(Cliq) 
0t MT 

O(•fCliq) 
Ot Sed' 

Ot MP 

(2) 

where Cgas and Cli q are the mixing ratio of a soluble scalar 
in the gas phase and liquid phase. Here, O(•Cgas)/OtIM T 
and O(•Cliq/Ot ) IMT account for the mass transfer (MT) of 
a scalar between the gas and liquid phases. Adsorption of 
gas-phase species onto ice, snow, or hail is not considered 

in this study. The 0(•Cliq)/Ot[M P accounts for the trans- 
fer of the dissolved scalar among hydrometeors through mi- 
crophysics; O(•fCliq)/OtISed accounts for the sedimenta- 
tion of a chemical species in rain, where f represents the 
fraction of the liquid that is in rain. The first three terms 
on the right-hand side of (1) and (2) describe the advec- 

tion of the scalar species. The calculation of Cgas and Cli q 
at time step t + At is performed via time splitting. Inter- 
mediate values of Cgas and Cli q are determined first from 
calculating the advection of the scalar species. These in- 
termediate values are then used for the calculation of the 

transfer by microphysical processes (0(•Cliq)lOtIMP) and 
sedimentation of species in rain (O(pfCliq)/OtlSed ) to at- 
tain second intermediate values. These new values are used 
for the calculation of the dissolution and volatization of the 

scalar between the gas and liquid phases to attain the final 

values of Cgas and Cli q for the time step. The details of 
0(•Cgas)/OtlM T, 0 (•Cliq)/OtlM T , 0(•Cliq)/OtlMP, and 
O(•f Cliq) /OtlSed are now described. 
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2.2.1. Mass transfer between gas and aqueous phases. 
The absorption of a chemical species in the gas phase into 
the cloud water and rain is determined by either Henry's 
law equilibrium or by mass transfer limitation calculations. 
Henry's law equilibrium can relate the aqueous phase con- 
centration of a chemical species [X] to the gas-phase con- 
centration of the chemical species (PX), 

[X] - Kit PX, (3) 
where IX] is in units of mol X/L HeO or M, Ku is the 

Henry's law coefficient (M arm -•), and PX is in units of 
arm X. The phase ratio Px is defined as the ratio of the con- 

centration of a chemical species in the aqueous phase (Cli q, 
molecule cm -3) to that in the gas phase (Cgas, molecule 
cm -3) [Lelieveld and Crutzen, 1991] and for a species in 
Henry's law equilibrium can be determined as, 

Px = Ku R T Ltot, (4) 

where R (L atm mol -• K-l) is the universal gas constant, 
T (K) is temperature, and Lto t (cm 3 HeO cm -3 air) is the 
liquid water content including both cloud water and rain. A 
relationship between the chemical concentration in the liquid 
phase and the total concentration (Ctot, molecule cm -3) is 
found using the phase ratio, 

Px 

Cliq = 1 + P• Ctot. (5) 
However, a chemical species may not attain equilibrium 

on the timescales of the cloud model's timestep because of 
slow mass transfer between phases [Schwartz, 1986]. The 
rate of change of a chemical species due to mass transfer 
between gas and liquid phases is 

0(•Cliq) 
Ot MT 

• kt 
-pktLtotCgas - KuRTCliq ' (6) 

Specifically for cloud water and rain, 

o(Cc) 
ot MT 

_ • ktc 
- p ktc Lc Cgas - Ku R T Cc•' (7) 

O(•C") I - • kt• L• Cgas - • kt• C• Ot MT Ktt R T ' 
(8) 

where the additional c or r subscript denotes that parameter 
for the cloud water or rain characteristics. For the gas-phase 
species, 

O(•Cgas) 
dt 

where 

MT 

_ktcCc• + kt•C• 

P Kn RT - 
•(ktc L c + ktr Lr) Cgas, 

kt - (TDg •- Ti) --1. 

(9) 

(lO) 

In this study, it is assumed that diffusion through the gas 
phase and across the interface of the liquid drop can be rep- 
resented by the first-order rate constant kt [cm 3 air (cm 3 
HeO) -• s -• ] and that diffusion inside the cloud or rain drops 
is not rate limiting (that is, the drops are well mixed) and thus 
is neglected. Here •'Da is the gas diffusion timescale and ri 
is the timescale for transfer across the interface of the liquid 

drop. •e 
•. (11) TDg = 3D• 
4• 

ri = --. (12) 
3t/o• 

Here • is the mass mean radius (10/•m for cloud drops, 
2 A -1 for rain drops, where ,k is the slope in the raindrop 
size distribution), D g is the diffusivity of the species in the 
gas phase (0.1 cm e s -1 is used in this study), v is the ther- 
mal velocity of the species, and a is the species-dependent 
accommodation coefficient (Table 1). The accommodation 
coefficient values are assigned according to the solubility 
of the scalar. For example, soluble species such as HOe, 
CHeO, HeOe, and HNO3 have solubilities of 103 M atm -1 
and greater, and these species have higher accommodation 
coefficients [Lelieveld and Crutzen, 1991 ]. 

We calculate the amount of a chemical species that would 
transfer from the gas phase to the cloud and rain hydrome- 
teors according to (6)-(9) during a single time step. We also 
calculate the amount of a chemical species that would reside 
in the liquid hydrometeors (cloud plus rain) under Henry's 
law equilibrium (equation (5)). If the amount under Henry's 
law equilibrium is less than the amount transferred by the 
mass transfer equations, then we simply partition the chem- 
ical species between the gas phase and liquid hydrometeors 
following Henry's law equilibrium. This generally occurs 
with scalars 3-10 (see Table 1) for the 6-s time step. Fur- 
ther partitioning is needed between the cloud water and rain, 
and this is accomplished by using the fraction of the sum of 
the cloud water and rain mixing ratios that occurs as cloud 
water. If Henry's law equilibrium cannot be applied, then 
(7)-(9) are used to determine the amounts of the chemical 
species in the gas phase, cloud water, and rain. 

2.2.2. Mass transfer between cloud hydrometeors. 
Once a soluble tracer is dissolved into the cloud water and 

rain drops, it is subject to transfer through the microphysi- 
cal processes that affect the parent hydrometeor. A similar 
approach was followed by Rutledge et al. [1986]. 

The effects of microphysical processes that transfer wa- 
ter from liquid-phase hydrometeors to solid- or mixed-phase 
hydrometeors on chemical distributions are poorly under- 
stood. During formation and growth of solid- or mixed- 
phase hydrometeors via freezing, riming, or depositional 
growth at the expense of liquid water, trace chemical species 
originally in the aqueous phase may be excluded or cap- 
tured by the growing ice phase. During freezing and timing, 
expulsion of solutes may occur through exclusionary crys- 
tal growth or diffusion of solutes in the liquid phase with 
subsequent volatilization at the liquid-gas interface. Mech- 
anisms of retention in the solid- or mixed-phase hydrome- 
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teor •nclude incorporation of solute ions in the solid crystal 
structure, trapping of solutes in spaces in the crystal struc- 
ture or interstitial spaces between crystals, and dissolution 
in remaining liquid phase. Trace species may also be in- 
corporated in ice growing via deposition, by adsorption at 
the solid surface or in a quasi-liquid surface layer, and by 
incorporation in the bulk ice phase via diffusion or due to 
repavement of the surface by depositing water molecules. 
(See Hobbs [1974] and Pruppacher and Klett [1997] for a 
detailed discussion of these processes.) 

In cold clouds the collision of supercooled droplets with 
solid ice and their subsequent freezing (called timing) is 
known to lead to the efficient retention of nonvolatile species 
such as sulfate [e.g., Borys et al., 1983; Mitchell and Lamb, 
1989]. The degree of retention of more volatile species dur- 
ing hydrometeor freezing is much less well characterized. 
Several laboratory and field observational studies have mea- 
sured retention efficiencies of gases in freezing substrates 
for a limited number of chemical species found in clouds, 
including H202, SO2, 02, HC1, NH3, and HNO3 [Lamb 
and Blumenstein, 1987; Iribarne and Pyshnov, 1990; Snider 
et al., 1992; Snider and Huang, 1998]. The retention ef- 
ficiency represents the concentration of solute in the solid 
phase versus that in the original liquid hydrometeor. These 
studies have resulted in varying estimates of retention effi- 
ciencies (sometimes for the same gas), ranging from 0.01 to 
1, without clear theoretical justification for the variation. 

Adsorptive capture of chemical species by ice particles 
has been studied by many researchers in both the strato- 
spheric and tropospheric chemistry fields [e.g., 7hbazadeh 
and Turco, 1993; Clapsaddle and Lamb, 1989]. Experi- 
mental studies considering uptake found that the degree of 
uptake depends on many factors, including whether the ice 
phase is growing or not [Diehl et al., 1995]. Although a 
few tropospheric cloud modeling studies have begun to pa- 
rameterize and incorporate this process [e.g., Rutledge et al., 
1986; Chen and Lamb, 1990], we focus primarily on the ef- 
fects of solute retention during freezing in this work and use 
a parameterization that only includes some adsorptive uptake 
during deposition growth at the expense of cloud water (i.e., 
the Bergeron process). In their Lagrangian air parcel cloud 
modeling study, Chen and Lamb [ 1990] noted that retention 
of SO2 by riming was a much greater contributor to precip- 
itative removal of trace species than capture by gas sorption 
(under both depositional growth and nongrowth conditions). 
Furthermore, the importance of solute retention at different 
levels in the cloud depended on the pathway of frozen hy- 
drometeor growth (riming or deposition). Results from our 
cloud model simulation indicate that riming dom;.nates in the 
updraft cores from 5-9 km MSL, while vapor deposition onto 
ice dominates above 9 km MSL. Vapor deposition onto pre- 
cipitation (snow or hail) is small, thus redistribution of solu- 
ble tracers by direct adsorption may be small for this case. 

In recent years, cloud chemistry modeling studies have 
begun to include the freezing transport mechanism for a lim- 
ited number of volatile chemical species using representa- 
tive retention efficiencies [Wang and Chang, 1993a; Chen 
and Lamb, 1994; Kreidenweis et al., 1997; Rutledge et al., 

1986]. Modeling studies that have examined the effects of 
this mechanism have found that including solutes in the solid 
phase impacts chemical distributions and their time evolu- 
tion [Chen and Lamb, 1990; Wang and Chang, 1993b], and 
can increase chemical deposition from precipitation [Cho 
et al., 1989]. Since much remains unknown about how this 

process affects chemical distributions and previous work in- 
dicates potentially significant impacts, a better understand- 
ing of the effects of retention in the ice phase on soluble 
tracer transport is necessary. 

In this study we perform two distinct modeling simula- 
tions. The first assumes all the soluble scalar is transferred 

from the liquid phase to the gas phase when a hydrome- 
teor undergoes a conversion from liquid to solid (via freez- 
ing and evaporation/deposition processes). The second as- 
sumes all the soluble scalar is transferred to the resultant 

ice-containing hydrometeor. Because experimental results 
of the retention efficiency of solutes during freezing of liq- 
uid drops vary between 0.1 and 1, these two simulations pro- 
vide bounding estimates of the actual retention of soluble 
tracers. Note that these bounding estimates are applicable 
to only the retention of soluble tracers during the conver- 
sion of liquid drops to frozen hydrometeors and do not in- 
clude bounding estimates of direct adsorption of gases onto 
ice nor additional entrainment of the gas-phase scalar during 
the deposition stage of the Bergeron process. Thus we use 
a reasonable representation of the upper bound on retention 
and capture during liquid to solid hydrometeor transforma- 
tion in order to examine the likely effects on soluble tracer 
fate. The actual upper bound could possibly reside outside 
this range owing to additional adsorption. Until adsorption 
processes are better understood and well represented in the 
cloud chemistry model, the effects of adsorption for this case 
cannot be quantified. 

In general, the transfer of a soluble tracer from one hy- 
drometeor to another is determined to be proportional by 
mass to the transfer of water from one hydrometeor to an- 
other, 

0(Cx) 
= MP x 

ot MP qY 
where subscripts X and Y refer to the two hydrometeor cate- 
gories, and M P X is the source rate of the water from hy- 
drometeor Y to hydrometeor X. Sedimentation of a solu- 
ble species in a precipitating hydrometeor is calculated as 
its mass flux through the model layer. 

0(VCx) o(vVxCx) 
= (14) 

Ot Sed Oz ' 

where subscript X refers to the precipitating hydrometeor 
class and V X is the fall speed of the hydrometeor. 

For the simulation where the soluble tracer degasses when 
liquid drops are converted to the frozen hydrometeor, the sol- 
uble tracer is transferred from the cloud water to rain when 
microphysical processes transfer cloud water to rain. For all 
microphysical processes that transfer the cloud water or rain 
[o ice, snow, or hail, the dissolved scalar is transferred to the, 
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gas phase. Rain-out of the scalar is determined similarly to 
(14). 

For the second simulation, which assumes that the soluble 

scalars are retained during the conversion of liquid drops to 
the frozen hydrometeors, the dissolved scalar is transferred 
from the cloud water to rain when the microphysical pro- 
cesses transfer the cloud water to rain. For all microphysical 
processes that transfer the cloud water or rain to ice, snow, or 
haft, the dissolved scalar is transferred to the resultant frozen 

hydrometeor proportionally by mass. Likewise, microphys- 
ical processes that transfer ice to snow or hail or transfer 
snow to hail also transfer the dissolved scalar. Melting of 
ice, snow, or hail transfers the dissolved scalar to the cloud 

water or rain. During sublimation of the snow or hail, dis- 
solved tracers are retained in the snow or hail unless all the 

hydrometeor mass is converted to the gas phase. Sedimenta- 
tion of the scalar in the rain, snow, or hail is determined by 
its mass flux through the model layer (equation (14)). 

3. Results 

Observations of the July 10, 1996, STERAO storm showed 
that the storm evolved from a multicellular convective sys- 
tem to a supercellular system. These observations [Dye 
et al., 2000] included satellite, radar, interferometer light- 
ning data, and in situ chemistry and physics aircraft data of 

the inflow and anvil regions. Soluble tracers (e.g., HNO3, 
H202, CH20, and SO2) were measured in only the inflow 
region of this particular storm, and insoluble tracers (e.g., 
03, NO, and CO) were measured in both the inflow and out- 
flow regions. Thus for this storm we cannot compare our 
soluble tracer model results to observations. Some soluble 

tracers were measured in the outflow of the July 12, 1996, 
STERAO storm, and analysis of these measurements will 
occur in a future study. 

The results of the storm structure and dynamics presented 
here are representative of the storm that was observed (as 
is described by Skamarock et al. [2000]). Thus the evolu- 
tion of the soluble tracers in this simulation of the July 10 
STERAO convective system is likely representative of mul- 
ticells and quasi-supercells, which are often observed in con- 
tinental midlatitudes. However, it is difficult to generalize 
these results to other types of convection. Only after exam- 
ining with observations and modeling studies the redistribu- 
tion of soluble tracers in marine, tropical, and other conti- 
nental convection can we begin to generalize our findings. 

3.1. Hydrometeor Results 

The storm structure, physics, and dynamics are described 
by Skamarock et al. [2000]. The simulated radar reflectivity 
from the 3-hour integration showed that the simulated storm 
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Figure 2. Hydrometeor mixing ratios (g kg-1) for (a) snow at 11.5 km mean sea level (MSL) and t = 
3600 s; (b) cloud water (dark-shaded region), rain (light-shaded region), ice (dotted line), snow (solid line 
with stars), and hail (solid line with solid circles) along the AB cross section at t = 3600 s; (c) snow at 11.5 
km MSL and t = 9000 s; and (d) cloud water (dark-shaded region), rain (light-shaded region), ice (dotted 
line), snow (solid line with stars), and hail (solid line with solid circles) along the CD cross section at t = 
9000 s. Contour levels for cloud water and rain mixing ratios are 0.1, 0.2, 0.5, 1.0, 2.0, and 3.0 (g kg- 1). 
The contour level for ice, snow, and hail is 0.1 g kg-1. 



BARTH ET AL.: SIMULATIONS OF SOLUBLE TRACERS IN CONVECTION 12,387 

30 

• 25 

• 20 
:3 15 
o 

• lO 

(D 5 

0 

0 600 1200 1800 2400 3000 3600 

Time in contact with liquid water (s) 

Figure 3. Histogram of parcel residence time in contact with 
liquid water in the updrafts. The updraft residence time is 
defined as the time it takes a parcel to rise from 4 km MSL 
to 0.5 km below the maximum altitude obtained along the 
trajectory. Time in contact with liquid water is the time dur- 
ing the updraft ascent that the air parcel was in contact with 
a total liquid water (qc + qr) > 0.01 g kg -x . 

evolved from a multicellular convective system to a super- 
cellular system, as was observed. A comparison of simu- 
lated winds to Doppler analysis showed that the simulation 
generally captured both the speed and direction at most alti- 
tudes. In general, below 2 km MSL (0.5 km above ground 
level (AGL)) the flow was southeasterly. Between 2 and 3 
km MSL the flow shifted to southwesterly and then westerly. 
Above 3.5 km MSL the flow was primarily from the north- 

west. The anvil, composed of snow and ice according to the 
simulation, had a northwest-southeast orientation. Figure 2 
shows the orientation of the snow anvil at 11.5 km MSL at 

3600 s and 9000 s in the simulation. At 3600 s the snow 

mixing ratio has three regions of high values, indicating the 
multiple cells. At 9000 s the snow mixing ratio illustrates 
a single cell and the anvil is aligned more in the west-east 
orientation. 

Absorption of chemical species is assumed to occur in 
only the liquid phase and depends on the liquid water content 
at each grid point. Shown in Figure 2 are the mixing ratios 
of the cloud water and rain superimposed upon the location 
of the ice, snow, and hail fields at two times during the sim- 
ulation, located along the AB and CD lines denoted in the 
x y cross section. At 3600 s the three cells are easily seen. 
Cloud water mixing ratios reach values > 0.5 g kg-x. Rain 
mixing ratios reach values > 1.0 g kg-x. Snow and hail play 
an important role in collecting cloud and rain drops. Snow is 
found primarily in the anvil region, with mixing ratios reach- 
ing values of > 3 g kg -x. Hail is found mostly in the core 
of the storm, where mixing ratios are between 0.5 and 1.5 g 
kg -x. 

At 9000 s cloud water remains in the core of the cell, with 
mixing ratios reaching 2.5 g kg -x. Rain mixing ratios are 
generally < 1.5 g kg -i. There is an extensive snow anvil 
in which mixing ratios reach values up to 3.5 g kg -x. Hail 
again is found mostly in the core of the storm, with mixing 
ratios reaching 7 g kg -• . 

Trajectories of air parcels that were released from the low- 
est 4 km above the surface along the cross section EF (Figure 
2) at 30 min into the simulation were found to have reached 
convective updrafts between 70 and 90 min in the model 
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Figure 4. Passive tracer (C1) mixing ratios (ppbv) at (a) t -- 3600 s and 11.5 km mean sea level, (b) t -- 
3600 s along the AB cross section (c) t = 9000 s and 11.5 km MSL, and (d) t -- 9000 s along the CD cross 
section. 
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Figure 5. Soluble tracer (C10) mixing ratios (ppbv) at t = 3600 s for the simulation in which the soluble 
tracer is degassed when liquid drops are converted to ice, snow, or hail (a) at 11.5 km MSL and (b) along 
the AB cross section. Soluble tracer (C15) mixing ratios (ppbv) at t -- 3600 s for the same simulation (c) 
at 11.5 km MSL and (d) along the AB cross section. Soluble tracer (C18) mixing ratios (ppbv) at t = 3600 
s for the same simulation (e) at 11.5 km MSL and (f) along the AB cross section. 

simulation. Skamarock et al. [2000] found that air parcels 
that were released at and below 500 m above the surface did 

not reach their level of free convection. Instead, air parcels 
from 2.0 to 3.5 km MSL were ingested by the storm. A 
histogram of the residence time an air parcel spent in the up- 
draft (defined as the time for a parcel to travel from 4.0 km 
MSL to 500 m below its maximum attained height) showed 
that 34% of the trajectories had a residence time in the up- 
draft between 500 and 700 s and 75% of the updrafts had a 
residence time between 500 and 1200 s. 

To determine what the typical length of time an air parcel 
is in contact with liquid water, the trajectories calculated by 
Skamarock et al. [2000] were analyzed by finding the length 

of time that the sum of the cloud water and rain mixing ra- 
tios was positive. A histogram of the time an air parcel is in 
contact with liquid water is shown in Figure 3. Most parcels 
(74%) spend between 400 and 800 s in contact with liquid 
water. Because the extent of the cloud water is only to 9.5 
km MSL and the updrafts reach 14 km MSL, the residence 
time in contact with liquid water is a bit shorter than the resi- 
dence time in the updraft that was found by Skamarock et al. 
[2000], and there is no appreciable tail to the frequency dis- 
tribution. Timescales of 400-800 s are not large compared 
to the chemical lifetime of many species (e.g., 03, NO•, and 
many nonmethane hydrocarbons have chemical lifetimes of 
an hour or more [Brasseur et al., 1999]), and the influence 
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Figure 6. Same as Figure 5, except for t = 9000 s and for the CD cross section. 

of the aqueous phase on the soluble species may not be sig- 
nificant. 

3.2. Soluble Tracers That Are Degassed When Liquid 
Drops Are Converted to Frozen Particles 

As discussed by $kamarock et al. [2000], the CO passive 
tracer is transported from the boundary layer where CO mix- 
ing ratios reach 135 ppbv to the anvil at • 10 km above the 
surface where CO mixing ratios exceed 110 ppbv (Figure 4). 
The distribution of the passive tracer can be used as a refer- 

ence to the distributions of the soluble tracers. Because we 

examine snapshots of the chemical distributions during the 
storm's life, the total mixing ratio (sum of the mixing ratio 
in the gas phase, cloud water, and rain) of the soluble tracer 
is compared to the passive tracer. To exemplify differences 
between the distributions, only three tracers are discussed, 
C10 (KH = 100 M atm-1), C15 (KH = 105), and CI8 (KH 

= 10•2). C10 has a solubility between acetone (K•r = 40 
M arm -1) and methyl hydrogen peroxide (KH = 300 M 
atm-•). C]5 has a solubility similar to hydrogen peroxide, 
and C18 has a solubility similar to nitric acid. 

Figure 5 illustrates the chemical distribution of C10, C15, 
and C18 at 1 hour into the simulation in which the soluble 

tracer is degassed when liquid drops are converted to ice, 
snow, or hail. There appears to be marked differences 
between the passive tracer distribution (Figure 4) and the 
highly soluble tracer distributions at t = 3600 s. In the anvil, 
mixing ratios of the passive tracer exceed 110 ppbv, while 
for the highly soluble tracers (C15 and C18), mixing ratios 
are generally between 100 and 110 ppbv. At t = 9000 s, 
there is a less noticeable difference between the passive or 
low-solubility tracers and the high-solubility tracers (Figure 
6). 

To quantify further the differences between the soluble 
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Figure 7. Average vertical profiles of the passive (C1) and 
soluble (C10, C15, and C18) tracers for the simulation in 
which the soluble tracers are degassed during conversion of 
liquid drops to ice, snow, or hail at (a) t = 3600 s in an area 
demarked by the a:, y locations (68.1, 40.7), (91.4, 66.8), 
(117.4, 43.6), and (94.1, 17.5); and (b) t = 9000 s in an area 
demarked by the a:, y locations (80.0, 28.0), (87.0, 49.0), 
(119.0, 38.3), and (112.0, 17.3). Also shown is percent 
change of the soluble tracers from the passive tracer. 

tracers and the passive tracer, the average mixing ratios are 
calculated for a region (marked in Figure 4) in the outflow 
of the storm. These results are dependent on the size of the 
region. Clearly, as the size of the region increases to include 
areas of undisturbed air, small perturbations from the passive 
tracer would be found. However, the relative differences be- 
tween soluble and passive tracers should still be apparent. 

We find that the average total mixing ratios in the outflow 
region of the storm show small differences between the sol- 
uble tracers and the passive tracer (Figure 7) at both t = 
3600 s and t = 9000 s. The anvil is the region that illustrates 
the greatest differences, but still there is < 5 % difference be- 
tween the average mixing ratio of the soluble tracers and the 
passive tracer. 

3.3. Soluble Tracers Retained in Ice Particles 

The chemical distribution of El0, C15, and C18 at 1 hour 

into the simulation is illustrated in Figure 8 for the simula- 
tion where the soluble tracers are retained in the frozen hy- 
drometeors during conversion of liquid drops to ice, snow, or 
hail. There are substantial differences among the different 
soluble tracer distributions and the passive tracer distribution 
(Figure 4). Soluble tracer Cl0 (K/• = 100 M atm -•) has a 
distribution similar to the passive tracer, with mixing ratios 
exceeding 100 ppbv in the anvil. Soluble tracers C15 (K•/= 
l0 s M atm -z) and C18 (Kt/= 10 z•' M atm -•) have much 
smaller mixing ratios in the anvil compared to C10 and the 
passive tracer. The anvil mixing ratios of C15 and C18 are 
also much smaller than the C15 and C18 mixing ratios for 
the simulation in which the soluble tracers were degassed 
during conversion of liquid drops to ice, snow, or hail (Fig- 
ure 5). At t = 9000 s, lower mixing ratios of the highly sol- 
uble tracers C15 and C18 are found in the anvil (Figure 9), 
whereas C10 mixing ratios are similar to the passive tracer. 
Again, when C15 and C 18 mixing ratios are compared from 
the simulation in which the soluble tracer is retained in the 

ice to those from the simulation in which the soluble tracer 

is degassed during conversion of liquid drops to ice, snow, 
or hail, the mixing ratios in the anvil region are much lower 
from the simulation in which the soluble tracer is retained in 

the ice. 

Average total mixing ratios of the soluble tracers in the 
outflow region (marked in Figure 4) of the storm indicate 
that the highly soluble tracers (C15 and C18) are reduced by 
40-60% compared to the passive tracer (C1) at both t = 3600 
s and t = 9000 s (Figure 10). Again, these results depend 
upon the size of the averaging region; smaller differences 
would be found if more undisturbed air is included in the 

average. When compared to Figure 7, it is evident that for 
the simulation where the soluble tracers are retained in the 

ice hydrometeors during conversion of liquid drops to ice, 
snow, or hail, the highly soluble tracers are depleted to a 
much greater extent than the highly soluble tracers that were 
degassed during conversion of liquid drops to ice, snow, or 
hail. 

The results found in Figures 7 and 10 imply that large- 
scale models for which deep convection is a subgrid param- 
eterization may be overestimating the loss of highly solu- 
ble species in the upper troposphere. For example, Crutzen 
and Lawrence [2000] show mixing ratios of highly soluble 
species (K/• > 105 M atm -z) in which the mixing ratios 
are 25% or less of the passive tracer in the mid-troposphere 
to upper troposphere. The results of Crutzen and Lawrence 
[2000] are monthly averages from a global model of • 
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Figure 8. Soluble tracer (C10) mixing ratios (ppbv) at t = 3600 s for the simulation in which soluble 
tracers are retained in the ice (a) at 11.5 km MSL and (b) along the AB cross section. Soluble tracer (C15) 
mixing ratios at t = 3600 s for the same simulation (c) at 11.5 km MSL and (d) along the AB cross section. 
Soluble tracer (C18) mixing ratios at t = 3600 s for the same simulation (e) at 11.5 km MSL and (f) along 
the AB cross section. 

2 ø horizontal resolution. Thus their results include many 
convective events (both temporally and spatially) and can- 
not be directly compared to our results. However, our results 
show the importance of entrainment of the environmental 
background air into the anvil region. Sensitivity studies with 
our cloud model indicate that if the initial profile were as- 
sumed to have very little or no concentration of the tracer 
in the mid-troposphere to upper troposphere, greater deple- 
tion in the anvil region of the soluble tracers would occur. 
Last, our results may differ from what is shown in Figures 
7 and 10 if a different size region were used for the analy- 
sis; larger regions would contain more undisturbed air, thus 
reducing the impact of the convection on upper tropospheric 
concentrations. 

3.4. Sources and Sinks of Soluble Tracers 

As outlined in section 2.2, the tendency equation of the 
soluble tracer includes the transfer of the tracer from one 

hydrometeor field to another. In this section we contrast the 
sources and sinks of the tracers for the simulation where the 

tracer is degassed when liquid drops are converted to ice, 
snow, or hail and the simulation where the tracer is retained 

in the frozen hydrometeors. 
Figure 11 illustrates the horizontal sum of the sources 

and sinks affecting C10 in cloud water and C18 in cloud 
water during the multicellular stage of the storm (t -- 3600 
s) and during the quasi-supercellular stage of the storm (t 
= 9000 s) for the simulation where the tracer is degassed 
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Figure 9. Same as Figure 8, except for t = 9000 s and along the CD cross section. 

during conversion of liquid drops to ice, snow, or hail. The 
source of the tracer in the cloud water is the absorption of 
the tracer from the gas phase. For C 10 this source is largest 
in the lower portion of the cloud and decreases with height. 
At t = 3600 s the transfer of C10 to rain via accretion and 
autoconversion occurs primarily in the lower regions of the 
core of the storm. From z = 4 km MSL and higher, C10 
is degassed when the cloud water is collected by snow and 
hail. At t = 9000 s, transfer of C10 from cloud water to 
rain occurs through a greater depth of the lower portion of 
the storm core. However, C l 0 is still primarily removed via 
degassing during accretion of cloud water by snow and hail. 

At both times shown, C 18 has two peaks for absorption of 
Cl 8 from the gas phase into the cloud water. The first peak 
occurs near cloud base (z = 3.5 km MSL) where both cloud 
water mixing ratios and C18 mixing ratios are high. The 

second peak is broadly distributed from 5 to 9.5 km MSL. 
The sink of C18 in cloud water maximizes in this same re- 

gion. This indicates that once C18 is degassed when snow 
and hail collect cloud water, C18 is readily absorbed into the 
remaining cloud water in the region. 

When the soluble tracers are retained in the frozen hy- 
drometeor, the sources and sinks for C10 are not altered 
substantially (Figure 12). However, instead of C10 being 
transferred to the gas phase, it is transferred to snow and hail 
at middle to upper regions of the storm. In addition, there is 
a small source to ice when the cloud water freezes homoge- 
neously at temperatures below -40øC. 

There is still a large source of C18 in cloud water near 
cloud base via the absorption of C18 from the gas phase, 
but the secondary peak in the middle to upper regions of the 
storm is diminished, because there is little C18 in the gas 
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tios of C18 within the storm, since more C18 is precipitated 
by snow and hail out of the region. 

Once the soluble tracer becomes part of the snow or hail, it 
continues to be advected by the air motions, fall by sedimen- 
tation, and be transferred via microphysical processes. The 
sources and sinks of C! 8 in snow indicate that much of the 

tracer is transferred to hail via the collection of snow by hail 
and that a smaller portion of C18 is transferred to rain via 
melting (especially at t = 3600 s). The hail precipitates and 
C18 is transferred from hail to rain through melting. This is 
a very large sink of C18, which indicates that much of the 
tracer is deposited to the ground. 

4. Discussion 

4.1. Net Flux of Soluble Tracers 

The conservation equation for the total mixing ratio of a 
soluble tracer can be expressed as 
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Figure 10, Average vertical profiles of the passive (C1) and 
soluble (CI0, CI5, and C18) tracers for the simulation in 
which the soluble tracers are retained in the ice during con- 
version of liquid drops to ice, snow, or hail at (a) t = 3600 s 
in an area demarked by the x, y locations (68.1, 40.7), (91.4, 
66.8), (117.4, 43.6), and (94.1, 17.5) and (b) t = 9000 s in 
an area demarked by the x, y locations (80.0, 28.0), (87.0, 
49.0), (119.0, 38.3), and (112.0, 17.3). Also shown is per- 
cent change of the soluble tracers from the passive tracer. 

phase in this portion of the storm. The other thing to note is 
that the magnitude of the sources and sinks of C18 in cloud 
water is much smaller for the simulation where the tracer 

is retained in the frozen hydrometeors than for the simula- 
tion where the tracer is degassed during conversion of liquid 
drops to ice, snow, or hail. This reflects the lower mixing ra- 

O(•Ctot) 
Ot 

O(•uCtot) O(•vCtot) 
Ox Oy 

O(•wCtot) 
- + 

Oz 

0[• En--1 
(15) 

where Ctot ( = Cgas + Ccw + Cr + Ci + C8 + Ca) is the 
total mixing ratio of the tracer, Vp,n is the precipitation fall 
speed for precipitation hydrometeor n (rain, snow, and hail), 
and f, is the fraction of Ctot that resides in each of the pre- 
cipitation hydrometeors. Following Skamarock et al. [2000], 
the convective vertical transport can be determined by hori- 
zontally integrating (15) over the domain. 

(16) 

Equation (16) gives the instantaneous change in the tracer 
mass at a height z, horizontally integrated over the domain 
• with spatial boundaries F and boundary-normal velocity 
u,. Skarnarock et al. [2000] found that the first term on the 
right-hand side of the equation, i.e., the net flux through the 
boundaries, is always much smaller than the other terms and 
can therefore be neglected. The second term on the right- 
hand side of (16) represents the horizontally integrated ad- 
vective vertical flux divergence, while the last term repre- 
sents the horizontally integrated precipitative vertical flux 
divergence. 

The vertical flux divergence of the tracer as a function of 
height can be found when (16) is integrated over time, 

•z gwCtot - P (Vn,.f. Ctot) O• Or. 
n--1 

(17) 
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Figure 11. Vertical profiles of the horizontal sum of the sources and sinks for the simulations where 
the soluble species degasses during conversion of liquid drops to ice, snow, or hail of (a) C10 in cloud 
water at t -- 3600 s, (b) C18 in cloud water at t -- 3600 s, (c) C10 in cloud water at t -- 9000 s, and (d) 
C18 in cloud water at t -- 9000 s. Thick lines are the mass transfer of the tracer from gas phase to cloud 
water (Fositive values) and the total loss of the tracer from cloud water via microphysical processes. The 
solid line marked with squares indicates the transfer of the tracer from the cloud water to gas via snow 
accretion of cloud water. The solid line marked with triangles indicates the transfer of the tracer from the 
cloud water to gas via hail accretion of cloud water. The solid line marked with solid circles indicates 
the transfer of cloud water to rain through accretion and autoconversion processes. The shaded region 
indicates the transfer of the tracer from the cloud water to gas via conversion of cloud water to ice. 

An insoluble tracer, such as C1, is affected by only the ver- 
tical advective flux divergence while a soluble tracer is af- 
fected by both the advection and the precipitation. The ver- 
tical flux divergence for the insoluble tracer (C1) is the same 
as that found by Skamarock et al. [2000] for their passive CO 
tracer for the same storm (Figure 13). Throughout the sim- 
ulation it is found that the insoluble tracer is advected from 
the lower levels of the storm to above 8 km MSL. 

The 3-hour time-integrated total vertical flux divergence 
for C10, C 15, and C 18 shows the influence of precipitation, 
particularly snow and hail, upon the soluble tracers (Figure 
13). C10 is not affected by the precipitation for either sim- 
ulation. For the simulation in which the species is degassed 
during conversion of liquid drops to ice, snow, or hail, the 
precipitative flux divergence for C15 and C18 affects the to- 
tal vertical flux divergence below 5.5 km MSL only. The pre- 
cipitative flux divergence for this simulation is small and en- 

hances the negative vertical flux divergence near 4 km MSL 
and near the surface. Because the cloud water does not have 

an appreciable fall speed, the species in the cloud water is ad- 
vected in the same manner as the passive tracer is advected 
in the gas phase. Thus the total vertical flux divergence is 
nearly the same for all tracers. 

For the simulation in which the species is retained in the 
ice during conversion of liquid drops to ice, snow, or hail, 
the precipitative flux divergence for C15 and C18 removes 
the tracer from the region above 5.5 km MSL to the region 
below this level. This removal counteracts the advective flux 

divergence, which is transporting the soluble tracer in the 
cloud water, hail, and snow to above 5.5 km MSL, result- 
ing in a total vertical flux divergence of no gain and a little 
loss above 8 km MSL. The fact that the highly soluble tracer 
(C18) illustrates some loss in the anvil region indicates that 
the precipitative flux divergence is removing some environ- 
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Figure 12. Vertical profiles of the horizontal sum of the sources and sinks for the simulation where the 
soluble tracers are retained in the ice during conversion of liquid drops to ice, snow, or hail of (a) C10 in 
cloud water at t -- 3600 s, (b) C18 in cloud water at t -- 3600 s, (c) C10 in cloud water at t -- 9000 s, and 
(d) C18 in cloud water at t = 9000 s. Thick lines are the mass transfer of the tracer from gas phase to cloud 
water (positive values) and the total loss of the tracer from cloud water via microphysical processes. The 
solid line marked with squares indicates the transfer of the tracer from the cloud water to snow via snow 
accretion of cloud water. The solid line marked with triangles indicates the transfer of the tracer from the 
cloud water to hail via hail accretion of cloud water. The solid line marked with solid circles indicates 
the transfer of cloud water to rain through accretion and autoconversion processes. The shaded region 
indicates the transfer of the tracer from the cloud water to ice during freezing and through the Bergeron 
process. 

mental, upper tropospheric soluble tracer that has been en- 
trained into the anvil region. 

The net flux divergence of the soluble tracers in the 8- to 
15-km region is shown as a function of time in Figure 14. 
For the simulation where the soluble tracer is degassed dur- 
ing conversion of liquid drops to ice, snow, or hail, the pre- 
cipitative flux divergence contributes negligibly to the net 
flux divergence throughout the integration of the simulation. 
This is also true when the flux divergence is temporally in- 
tegrated (Figure 14b). Thus the change in mass in the 8- to 
15-km MSL region is due to the advective flux divergence of 
the soluble tracer for the simulation where the soluble tracer 

is degassed during conversion of liquid drops to ice, snow, 
or hail. 

For the simulation where the soluble tracer is retained in 

the ice during conversion of liquid drops to ice, snow, or hail, 
the precipitative flux divergence reduces the net flux diver- 

gence for the highly soluble tracers (Figure 14c). The pre- 
cipitative flux divergence for this simulation is largest during 
the early stages of the multicellular phase (t = 30 min) and 
during the mature phase of the quasi-supercellular stage (t 
= 3 hours) of the storm. The temporally integrated precip- 
itative flux divergence (Figure 14d) for the highly soluble 
tracers (C15 and C18) offsets the advective change of the 
soluble tracer in the 8- to 15-km region. This results in es- 
sentially no change in the mass of C15 and a net loss of C18 
in the 8- to 15-km region throughout the simulation. 

4.2. Scavenging Efficiencies of Soluble Tracers 

Different methods have been used to define and calcu- 

late the scavenging efficiency of a storm during the past few 
decades. One method is to define a scavenging coefficient as 
the first-order removal rate of a species by the storm. Many 
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Figure 13. Time-integrated total flux divergence for the trac- 
ers at 3 hours for (a) the simulation in which the soluble 
tracers are degassed during conversion of liquid drops to ice, 
snow, or hail and (b) the simulation in which the soluble trac- 
ers are retained in the ice during conversion of liquid drops 
to ice, snow, or hail. 

large-scale models that include a washout parameterization 
for soluble species employ a first-order removal mechanism 
[Giorgi and Chameides, 1986]. 

A second method is to define a washout ratio as the con- 

centration of a species in the precipitation to the concentra- 
tion of the species in the inflow air of the storm. To perform 
this calculations, many experimentalists have assumed that 
the concentration of the species in the inflow air can be esti- 
mated from the concentration at the ground station. 

Easter and Hales [ 1983] defined a wet removal efficiency 
as the ratio of the wet deposition flux of the species to the 
flux of the species transported into the storm. From their 
two-dimensional cloud simulations, they found that nitric 
acid had a wet removal efficiency of 0.92. 

Cohan et al. [1999] determined the scavenging efficiency 
of convection on a soluble species using a two-component 
mixture method. Using an insoluble tracer, they first deter- 
mined the dilution factor as 

fi _ XBL - Xconv (18) 
XBL - XUT ' 

where X is the mixing ratio of the insoluble species in the 
boundary layer (BL), the convectively influenced air (cony), 
and the upper troposphere (UT). The scavenging efficiency 
a can then be found from fi and the soluble species mixing 
ratio Y, 

Yconv - fiYuT 
a- I- . (19) 

(1 - fi) YBL 

If one has measurements of insoluble and soluble species 
in the boundary layer, convectively influenced air, and the 
undisturbed upper troposphere, then the scavenging effi- 
ciency of the soluble species can be determined. Cohan et al. 
[1999] found the scavenging efficiency of hydrogen perox- 
ide to range from 55-70%. One difficulty with this method 
is accurately determining a representative mixing ratio for 
each of the regions, especially the convectively influenced 
region. The reason for this is that greater entrainment occurs 
near the edges of the convectively influenced region, while 
little or no entrainment occurs in the core of the region. 

On the other hand, one can attempt to determine how 
much of a species should reach the upper troposphere, given 
the boundary layer mixing ratio of the soluble species and 
the scavenging efficiency. Mari et al. [2000] found from 
their one-dimensional cloud model that 5% of methyl hy- 
drogen peroxide, 66% of the hydrogen peroxide, and 77% 
of the nitric acid was scavenged by deep convection. 

We calculate the scavenging efficiency for the July 10, 
1996, storm for the soluble tracers that were depicted by 
the three-dimensional simulations using the two-component 
mixture method outlined by Cohan et al. [1999] and the 
method used by Easter and Hales [1983]. For the two- 
component mixture method we use 133 ppbv for the bound- 
ary layer mixing ratio for both the insoluble and soluble 
tracers and 70 ppbv for the undisturbed upper tropospheric 
mixing ratio for both the insoluble and soluble tracers. The 
convectively influenced mixing ratios, listed in Table 2, are 
determined by averaging the mixing ratios in the outflow re- 
gion (depicted by the dashed-line box in Figure 4 at 9000 s 
and averaged vertically from 9.5 to 14 km MSL). 

For the scavenging efficiency calculation determined as 
the ratio of the wet deposition flux to the flux into the storm, 
we determine the flux into the storm by vertically integrat- 
ing the vertical flux divergence from 2.0 to 3.1 km for just 
the updraft regions. These vertical levels are chosen based 
on the trajectory information examined by Skamarock et al. 
[2000]. The vertical flux divergence values are then inte- 
grated in time to the end of the simulation. Likewise, the wet 
deposition flux to the surface is integrated in time to the end 
of the simulation. Results from the scavenging efficiency 
calculations are listed in Table 2. 

Both methods indicate > 50% scavenging of tracers with 
a solubility > 105 M atm -z and < 5% scavenging of trac- 
ers with a solubility < 1000 M atm -z. In general, scav- 
enging efficiencies from the two-component mixture tech- 
nique are ,-• 1.5 times greater than the flux method calcu- 
lation. The shortcomings of the two-component mixture 
method are noted with the highly soluble tracers where the 
two-component mixture method indicates more than 100% 
of the tracer is scavenged. 

4.3. Henry's Law Equilibrium 

Many model parameterizations of wet deposition of species 
assume that the soluble species is in Henry's law equilibrium 
between the gas and aqueous phases. This assumption would 
seem to be valid for time steps greater than a few minutes, 
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even for HNO3, because this highly soluble species would 
be nearly in equilibrium (at least 90%) for such a large time 
step. 

Using a 6-s time step and the method outlined in section 
2.2.1, our results indicate that tracers with a solubility < 10 3 
M atm -z are in Henry's law equilibrium, while tracers with 
a solubility between 103 and 105 M atm-• are in Henry's 
law equilibrium for the cloud drops bat not the rain drops. 
Tracers with even higher solubilities are not in Henry's law 
equilibrium, and therefore the results for the highly soluble 
tracers may be sensitive to the size of the drops, which was 
prescribed for cloud drops and diagnosed for rain drops in 
the simulations performed for this study. 

4.4. Implications for H202, CH3OOH, and 
CH3C(O)CH3 

It has bccn hypothesized that dccp convection may bc af- 
fecting the odd hydrogen (HOx) budget in the upper tropo- 
sphere [Prather and Jacob, 1997; Jaegl• et al., 1997]. Jaegl• 
et al. [1997], using aircraft data, found, on occasion, higher 
concentrations of HOx in the upper troposphere that could 
not bc explained by local photochemistry. They surmised 
that dccp convection, which occurred 3-5 days before the 
measurements wcrc obtained, transported high values of per- 
oxides, formaldehyde, and possibly acetone from the bound- 
ary layer to the upper troposphere. Prather and Jacob [ 1997] 
determined that the transport of methyl hydrogen peroxide 
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Table 2. Scavenging Efficiencies of the Soluble Tracers 

Henry's Law Deposition Flux to Two-Component 
Constant, Flux Into Storm, Mixture Model, 

M atm- • % % 

Convectively Influenced 
Mixing Ratio, ppbv 

0.001 0 0 

0.01 0 0 

0.1 0 O.3 

1.0 0 0.3 

5.0 0 0.3 

10. 0 0.3 

50. 0.2 0.5 

100. 0.4 0.5 

500. 2 3 

1000. 3 5 

5000. 13 21 

104 22 34 
l0 s 55 86 
10 a 69 100 
107 72 100 
10 •2 72 100 

88.0 

88.0 

87.9 

87.9 

87.9 

87.9 

87.8 

87.8 

87.0 

86.1 

80.2 

75.1 

55.2 

47.6 

46.0 

46.0 

by deep convection accounted for half the source of HOx in 
the upper troposphere. With our cloud model we can as- 
sess how deep convection processes HOx precursors, such as 
CH3OOH, H2Oe, CHeO, and acetone. All of these species 
have some degree of solubility, so that they may be sus- 
ceptible to scavenging. Furthermore, CH3OOH, HeOe, and 
CH20 concentrations may be modified by reactions in the 
liquid drops. 

If we consider just the transport and solubility of chemi- 
cal species in and near a deep convective storm, then from 
the simulations performed here we find that a species such 
as acetone (K•t •40 M atm -•) or methyl hydrogen perox- 
ide (KH •300 M atm- 1 ) is readily transported to the upper 
troposphere. However, methyl hydrogen peroxide is reactive 
in liquid drops, so that it may experience some depletion due 
to aqueous chemistry. More soluble species, such as hydro- 
gen peroxide and nitric acid, may have a substantial fraction 
scavenged when the entrapment of chemical species into ice 
during the conversion of liquid drops to ice, snow, or hail is 
considered. For hydrogen peroxide it has been observed that 
only a fraction is retained in the snow during riming [Snider 
et al., 1992], thus the scavenging of hydrogen peroxide may 
not be as substantial as indicated in this study. Furthermore, 
for clouds that do not have a significant amount of ice, snow, 
or graupel, the simulation where the species are degassed 
during conversion of liquid drops to ice, snow, or hail in- 
dicates that all soluble tracers, including the highly soluble 
tracers, are transported to the middle to upper troposphere. 

5. Conclusions 

We use a three-dimensional convective cloud model to ex- 

amine the chemical redistribution of tracers of varying sol- 

ubility by deep convection. The convective cloud model 
simulation reasonably represents the structure and dynam- 
ics observed for the July 10, 1996, STERAO-Deep Convec- 
tion storm [Skamarock et al., 2000]. We examine the re- 
distribution of soluble tracers for two cases, one in which 

the dissolved tracer is degassed during conversion of liquid 
drops to ice, snow, or hail and a second in which the dis- 
solved tracer is retained in the ice during conversion of liq- 
uid drops to ice, snow, or hail. The results show that tracers 
of all solubilities are primarily transported to the upper tro- 
posphere when soluble tracers are degassed. Low-solubility 
tracers reside mostly in the gas phase and are transported to 
the upper troposphere. High-solubility tracers, present in the 
gas and cloud water, are primarily transported to the upper 
troposphere, although a small fraction is rained out. When 
retention is considered, only the low-soluble tracers remain 
primarily in the gas phase and are transported upward, sim- 
ilar to the transport of a passive tracer. The highly soluble 
tracers (K• _> 105 M atm-•) are retained in the snow and 
hail and are ultimately rained out. The key microphysical 
processes that dictated these results are accretion of cloud 
water by snow and hail. 

Because of the entrainment process, consideration of the 
spatial scale is important to the amount of soluble tracer 
found in the anvil. The largest depletion in the anvil was 
noted on the few kilometer scale. On scales of 30 x 30 km • 
the depletion was reduced by 10-20%. Because large-scale 
models have coarse resolution, the parameterization of con- 
vective transport and wet deposition of soluble species needs 
to be carefully evaluated with both field measurements and 
cloud-scale model results. 

Another important aspect of this storm is the short res- 
idence time of air parcels in the updraft (500-800 s) com- 
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pared to chemical lifetimes and the shorter residence time in 
contact with liquid water (400-700 s). This could reduce the 
effect of solubility or mass transfer between gas and aque- 
ous phases. Thus the scavenging efficiency for tracers with a 
Henry's law coefficient of 10 5 M atm -1 and higher may in- 
crease in storms that have a longer residence time in contact 
with liquid water. 

Further consideration needs to be given to microphysical 
parameterizations. Bulk water microphysics parameteriza- 
tions that depict the ice phase are highly parameterized for 
processes such as the formation of graupel/hail from riming. 
Thus the results presented here may be sensitive to the parti- 
tioning between ice and liquid hydrometeors, as depicted by 
the assumptions in the microphysics parameterization. 

As we recognize the potential importance of certain chem- 
ical species (e.g., methyl hydrogen peroxide, hydrogen per- 
oxide, and acetone) in the upper troposphere and realize 
that convection and frontal lifting are the main pathways 
for transporting these species to the upper troposphere, it is 
clear that we need to understand the processes that affect key 
species when they are exposed to cloud systems. This study 
shows that entrapment of highly soluble species by ice hy- 
drometeors increases the scavenging of that tracer. However, 
few field experiments have examined the importance of the 
ice phase on chemical species, even though it appears that 
this information is crucial. 

Clouds can affect chemical species distributions by pro- 
cesses other than transport, dissolution, microphysics, and 
washout. Aqueous-phase chemistry, adsorption of species 
onto ice particles, reactions on ice, and modified photolysis 
rates should also be considered. 
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