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Abstract. The efficiency of gas transport to the free and paper (Yin et al., 2001) we developed a spectral treatment of
upper troposphere in convective clouds is investigated ingas scavenging within a two-dimensional cloud model to in-
an axisymmetric dynamic cloud model with detailed micro- vestigate trace gas vertical redistribution in precipitating con-
physics. In particular, we examine the sensitivity of gastinental and maritime clouds without ice formation. The sim-
transport to the treatment of gas uptake by different ice hy-ulations revealed a clear pattern of behaviour depending on
drometeors. Two parameters are used to describe this uptakgas solubility. The transport of low solubility gases (with ef-
The gas retention coefficient defines the fraction of dissolvedective Henry’s law constant&* < 10°mol dm2 atn 1)
gas that is retained in an ice particle upon freezing, whichwas found to be essentially identical to that of an insoluble
includes also the riming process. We also define a gas buriaracer. All highly soluble gaseg* > 10° mol dm3 atn1)
efficiency defining the amount of gas entrapped in ice crys-were also found to behave in a nearly identical way to each
tals growing by vapour diffusion. Model calculations are per- other, independent of their solubility. On the other hand, the
formed for continental and maritime clouds using a completetransport of moderately soluble gasés*(between 18 and
range of gas solubilities, retention coefficients and burial ef-10° mol dmi~2 atmi~1) depends on the precise valuef.
ficiencies. The results show that the magnitude of the gas re- |n this study we extend the treatment of gas scavenging to
tention coefficient is much more important for gas transportinclude ice-phase particles with special attention being paid
in maritime clouds than in continental clouds. The cause ofto the mass transfer between different hydrometeor types in-
this difference lies in the different microphysical processesduced by drop-ice interactions. Besides dissolution of the gas
dominating the formation and evolution of hydrometeors ininto liquid drops, scavenging of a gas in ice- or mixed-phase
the two cloud types. For highly soluble gases, the amountlouds involves two additional processes: the direct uptake
of gas transported to the free troposphere in maritime cloudsf the gas by ice particles and transfer of dissolved gas be-
falls approximately linearly by a factor of 12 as the reten- tween the aqueous phase and ice phase due to freezing and
tion coefficient is varied between 0 and 1. Gas transport iiming.
I’elatively insensitive to the magnitude Of the gaS burial efﬁ' Extensive |aboratory and f|e|d Studies have been con-
ciency. However, the burial efficiency strongly controls the gucted by others to investigate the uptake by ice particles
concentration of trace gases inside anvil ice crystals, whichyf some chemical species found in clouds, including HNO
subsequently form cirrus clouds. SOy, HCI, HBr, H0, (e.g. Sommerfeld and Lamb, 1986;
Clapsaddle and Lamb, 1989; Valdez et al., 1989; Mitra et al.,
1990; Conklin et al., 1993; Conklin and Bales, 1993; Diehl
1 Introduction et_ al., 1995; Santachiara et al., 1995; Zondlo et al., 1997;
Diehl et al., 1998; Hudson et al., 2001; Clegg and Abbatt,
Convective cloud transport is a primary mechanism for mov-2001). These studies show that the gas uptake depends on
ing trace gas species from the boundary layer to the fredn@ny factors, including partial pressure, temperature, sur-
troposphere or even lower stratosphere (e.g. Chatfield anffce acidity, and even whether the ice phase is growing or
Crutzen, 1984; Dickerson et al., 1987; Prather and Jacobot (€-9. Diehl et al., 1995; Clegg and Abbatt, 2001). How-

1997; Barth et al., 2001; Yin et al., 2001). In our previous €Ver, due to the lack of a theoretical framework to prop-
erly describe the contributions from these factors, it is dif-
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In an idealized simulation using a global chemical transportnot ultimately transported to the upper troposphere, but in-
model, Crutzen and Lawrence (2000) investigated the sensistead were precipitated out of the upper troposphere by snow
tivity of trace gas removal by the ice particles by introducing and hail.

ice-phase Henry's Law constants . (‘i’ stands for “ice”), In this study, numerical simulations are performed to
which were assumed to be proportional to the gas-liquid sol-understand how gas transport in mixed-phase precipitating
ubility (H; » = r;H}, wherer; < 1), and found that inclu- clouds is influenced by hydrometeor transformations and up-
sion of ice uptake essentially extended the vertical region otake of gases by ice-phase particles. For this purpose, the
gas scavenging. spectral treatment of gas scavenging in Yin et al. (2001) has

During formation and growth of ice phase hydrometeorsbeen extended to include ice-phase hydrometeors and incor-
via freezing or riming, trace chemical species originally in porated into an axisymmetric non-hydrostatic cloud model
the aqueous phase may be excluded or retained in the growvith detailed microphysics. As in our previous study, we
ing ice phase particles. The retention coefficiet (n this do not restrict our simulations to specific gases under spe-
study), which is the ratio of the concentration of solute re- cific conditions. Rather, we examine clouds formed on both
tained in the ice phase to that in the parent liquid phasecontinental and maritime aerosol spectra and use a complete
has been measured by many investigators (e.g. Lamb et alrange of gas solubilities, retention coefficients and uptake ef-
1987; Iribarne et al., 1990; Snider et al., 1992; Santachiardiciencies on to ice particles. We take this approach in order
et al., 1995).R. values range from 0.01 to unity, depending to understand the overall importance of the ice phase in gas
on the trace species, but sometimes diffe®nvalues were  transport and, in particular, the implications of gas-ice inter-
also reported for the same species. For example, Lamb eiction parameters being poorly constrained by experiments
al. (1987) observed that the entrapped fraction op 8@s  and theory.
strongly temperature dependent and ranged from about 0.01 A brief description of the model is given in Sect. 2, fol-
near 0C to more than 0.12 at20°C. On the other hand, lowed by the initial conditions for the simulations and de-
Iribarne et al. (1990) reported an average vatde= 0.62in-  sign of the numerical experiments in Sect. 3. In Sect. 4, the
dependent of temperature and S@ncentration. In another main results are presented, and discussions and summaries
experiment for highly soluble gases such as HCI, HN&hd  are given in Sect. 5.

H202, Iribarne and Pyshnov (1990) measurRd of about
unity, but a value of only 0.3 was observed fop®p by
Snider et al. (1992) in natural clouds. 2 Model description

Voisin et al.  (2000) performed in-cloud field measure-
ments to study the scavenging processes of acidic gases adl The model dynamics and microphysics
ammonia in mixed-phase clouds. These authors found that
strong acids are well retained in rime ice. For these speciesThe dynamic framework and microphysical processes of
riming is the main process that determines the compositiorain axisymmetric nonhydrostatic anelastic convective cloud
of the snowflake. At lower solubility, the authors found that model developed by Reisin et al. (1996) were used in this
riming is still important but gas uptake during the growth of study and will be only briefly described here. The improved
snowflakes cannot be neglected. calculation of some of the microphysical processes such as

Mari et al. (2000) examined the transport and scaveng-drop nucleation, and immersion freezing of drops, presented
ing of several gas species, including CO, $00H, CHO0, by Yin et al. (2000), were also introduced. In the model, a set
H,0,, HNOgs, and SQ, in tropical deep convection, using a of dynamic equations were solved for the vertical and radial
one-dimensional entraining/detraining plume model. Theyvelocity, the pressure perturbation, the virtual potential tem-
noticed that while both HN@ and HO, were efficiently ~ perature perturbation, the specific humidity perturbation, the
scavenged in the lower (warm) part of the clougQd was  specific concentration of aerosols, the specific number and
released as the cloud froze due to the low retention efficiencynass for each type of cloud particles in a spectral bin, and
during riming. concentration of activated ice nuclei.

In a numerical simulation of the fate of soluble gases in The warm microphysical processes included are: nucle-
mid-latitude convection, Barth et al. (2001) considered twoation of drops, condensation and evaporation, collision—
extreme cases for the interaction of the gas with cloud hy-coalescence, and binary breakup (Low and List kernel). The
drometeors. The first case assumed that the dissolved gas ioe microphysical processes included are: ice nucleation (de-
the cloud water or rain completely degassed when the paremosition, condensation-freezing, contact nucleation, and im-
hydrometeor was converted to ice-phase hydrometeors. Thmersion freezing), ice multiplication, deposition and sub-
second case assumed that the dissolved tracer was retainedlimation of ice, ice—ice and ice—drop interactions, melting
the ice-phase particles. They found that when soluble tracof ice particles, and sedimentation of drops and ice parti-
ers were degassed, both low and high solubility tracers wereles. All these microphysical processes are formulated and
transported to the upper troposphere. When tracers were resolved using the method of Multi-Moments (Tzivion et al.,
tained in ice hydrometeors, the highly soluble tracers werel987; Reisin et al., 1996). Four species of hydrometeor are
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Gas-liquid freezin oMy, ;
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exchange at
resumed Fraction (1-R;) of dissolved gas My, i k OMp ik 2
@ released into gas phase + P) + P) 2
(instantaneous) ! uptake ! micro
meltin R is the 'retention coefficient' . . .
9 ¢ where the subscrigt denotes the particle spectral bin num-
crystal growth ber. The termsD and F, represent the advective and turbu-
N lent transfer operators. The variation of these functions with
Eﬁ Gas diffusion to crystal surface. location is implied. Also, the terms with subscripts “uptake”
Fraction B of collisions i ” i i _
retained by crystal (buried) and “micro” represent mass transfer of chemical species be
L B is the 'burial coefficient' tween the gas phase and condensed phase due to uptake of
riming gases by drops and ice particles, and that between different

particle species due to microphysical processes.

Fraction (1-R;) of gas in droplets
released into gas phase
(instantaneous) 2.2 Mass transfer between gas and hydrometeors

\ sublimation 2.2.1 Gas interaction with droplets
/\‘Gas released to gas phase The rate of mass transfer between gas phase and aqueous
o= at a rate proportional to phase for chemical speciésand a group of aqueous drops
evaporation of water with radius ofr and number concentration of. (per mole

. . . , o of air) is calculated using the following kinetic equation
Fig. 1. Schematic of gas interaction with different hydrometeors

used in this study. dMgir  3nDgiNsp,i VNP — Mg, 3)
dt RTr2 Tt HE )

considered: drops, ice crystals, graupel particles and aggré¥1€ré Ma.i,- is the molar mixing ratio with respect to air

gates (snowflakes). The density of the graupel is assume@! 9as Species inside drops with radius, H* is the effec-
to be 0.4gcm?3, while the ice crystal density varies from tive Henry’s law constant of speciésr is the universal gas

0.9gcnt3 for the smallest particles, down to 0.45 gt constant,T is the temperaturel, ; is the diffusivity of gas

for the biggest. The density for the aggregates is fixed aSPECies inair, V; is the volume of drops with radius P; is
the partial pressure of gas speaiés the environmentNgy, ;

0.2gcnt3. Each particle species is divided into 34 bins o P
with mass doubling for adjacent binsi{i1 = 2my, k = is the mass ventilation coefficient (Sherwood number),;and

1,...34). The masses at the beginning of the first bin andisafactorto accqunt fort.he free-molecular.effect on_the mass
the end of last bin for both liquid and solid phases aretransfer rate. This equation has the analytical solution
0.1598¢10~*° and 0.1746&10 °kg, which correspond 10 p7, . (z+ A1) = A(1)+[Mg,; 7, (1)~ A(1)] XU BAT),(4)
drop diameters of 3.125 and 80@#&, and ice particle di-

ameters of 3.23754 and 854, respectively. Aerosols are WhereArt is the time step (0.1 s) for gas dissolution, and
divided into 67 bins with the minimum radius of 0.004 . 4 . 3D, Nsi.in

The domain in the model is 12 km in the vertical and 6 km A(7) = 37 NyPi(T)H, B = TTRRTHE 5)
in the radial direction. The grid size is 150 m and 300 m, re- k i
spectively, in the radial and vertical direction. A time step ) _
of 2.5 s is used for condensation/evaporation of drops or de?-2-2 Freezing of droplets and gas retention
position/sublimation of ice particles, 0.1 s for gas absorption
and 5 s for all other processes.

To simulate the evolution of trace gases in the air and in
hydrometeors, the dynamic and microphysical equations ar
also applied to the mixing ratio of a gas speaqiés the air,
M, ;, and the mixing ratio in hydrometeors/, ;. These
equations are given as

"The model treatment of gas interaction with ice hydromete-
ors is shown in Fig. 1. When droplets freeze, a fractiyn

of the gas is retained by the ice crystal dtid- R.) released

%o the gas phase. The partitioning of the gas between the gas
and ice phase is assumed to be instantaneous. The gas se-
questered by the ice crystal is assumed to be fully retained;
that is, no equilibrium is set up between the concentration of
M, gas in the crystal and the gas phase. This is a valid assump-

BrTE Fy(Mai) — D (Ma,) tion due to the slow diffusion of the gas through the crystal.
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Fig. 2. (a)Initial profiles of temperature (solid line) and dew point temperature (dashed linefppBCN spectra used in the present work.

In this study, we perform five modeling simulations, each of trace gas to the ice surface. This is a simplification, and
for clouds formed on continental and maritime aerosol specthere may be circumstances where in regitgz «,,. The
tra, with the gas retention coefficiemR,, ranging from 0.0to  burial coefficient is likely to be close to 1 for species that ad-
1.0. The extreme case with retention coefficient equal to 0.Gsorb strongly on the surface of a static ice surface. Strongly
means that the dissolved gas is transferred completely to thadsorbing molecules have a long residence time on the sur-
gas phase when a hydrometeor freezes. In the other extrenface before desorption, so are likely to suffer burial by water
case ofR, = 1, the dissolved gas mass is retained fully by molecules or rime whenever ice hydrometeors are growing.
the resultant ice hydrometeor. Strongly adsorbing molecules are likely to have high burial
coefficients and high accommodation coefficients. Gases
2.2.3 Gas scavenging during growth of ice crystals byhaving a weak interaction with the ice surface and which
vapour diffusion desorb at a rate comparable to the deposition rate of water
molecules are likely to have low burial coefficients and low
Trace species can also be transferred into ice hydrometeo&ccommodation coefficients. However, even a weakly ad-
from the gas phase. Ice crystals in a convective cloud areorbing molecule with a low accommodation coefficient on a
often growing rapidly, so the concept of an equilibrium cov- Static ice surface could have a large burial coefficient in cases
erage of the ice surface with a trace gas is not appropriatewhere the riming rate or deposition rate of water molecules
Rather, it is likely that trace gas molecules transiently at-is very high. Conversely, highly adsorbing molecules could
tached to the ice surface will quickly become buried by sev-have low burial efficiencies in cases where ice crystals are
eral monolayers of deposited vapour or by rimed droplets growing very slowly, such as in the anvil cirrus.
and will be released to the gas phase only when the ice parti- As a sensitivity test we vary the fraction of molecules that
cle evaporates again. become permanently buried by varyiggbetween 0 and 1.
Given the uncertainty in the physical processes that lead tdVe note that further experimental work needs to be done in
gas uptake in this way, we have included in the model a singleédrder to parameterise gas uptake for a wide range of ice par-
parameter, the burial coefficien), that describes different ticle growth rates, strengths of gas interaction with static ice
efficiencies of gas trapping in growing ice hydrometeors. A surfaces, ice forms, etc.
value of 8 = 1 assumes that all trace gas molecules that
diffuse to the growing crystal surface become buried, while a2.2.4 Riming
lower value ofg implies that a fraction of the gas molecules
that strike the crystal become buried and a fraction-(&) Riming causes ice crystals to grow by accretion and freez-
remain in the gas phase. ing of supercooled water droplets. When riming occurs, the
The practical implementation of the burial coefficient in fraction R, of the chemical species in the accreting droplet is
the model is simply to vary,,, the mass accommodation retained in the rimed ice particle and a fractidn— R.) is
coefficient, which appears in the equation describing the fluxreleased to the gas phase.

Atmos. Chem. Phys., 2, 293-306, 2002 www.atmos-chem-phys.org/acp/2/293/
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2.2.5 Sublimation and melting Table 1. List of numerical experiments conducted for the continen-

When ice hvd bli hat the buri tal (C1-C9) and maritime (M1-M9) cases. The burial coefficient,
en ice hydrometeors sublime we assume that the urlefi is the fraction of gas molecular collisions on a growing ice crystal

trace gas is released to the gas phase at a rate proportiongh results in uptake. The retention coefficieR¢, is the fraction

to the mass of water evaporated. The gas is assumed to kg gas retained by a hydrometeor upon freezing. See Sect. 3.2 for
uniformly distributed through the particle, thus we do not more details.

retain information on the radial distribution of the buried gas.

Upon melting, the buried gas mass is retained in the Runs Burial Retention
new droplet and used to calculate a liquid phase concentra- Coefficient )  Coefficient R.)
tion. Gas-liquid mass transfer is then calculated as for other Ci, M1 0 1.0
droplets. C2, M2 0 0.75

C3, M3 0 0.5
C4, M4 0 0.25
3 Initial conditions and numerical experiments C5, M5 0 0.0
C6, M6 0.01 1.0
3.1 Initial conditions C7, M7 0.1 1.0
C8, M8 1.0 1.0
Numerical experiments were performed for continental and C9, M9 0.1 0.0

maritime conditions. For both cases an artificial thermody-
namic profile representative of typical conditions was used.
The profile produces a cloud with a base at 8€1@1.5— ) ) . ) )
1.8km) and a top at-25°C (7.0km). For initialization, a ~ are induced by dynamical transport, dissolution, scavenging,
warm bubble that produced &@ perturbation was applied ©F exclusion of chemical species due to freezing of drops.
for one time step at = 0 in a region with radial distance of In addition, it should also be borne in mind that the simu-
450 m, at a height of 600 m. Therefore, the cloud simulatedated maritime cloud differs from the continental cloud only
in this study may be representative of an isolated convectivdn terms of the initial CCN spectrum. Therefore, the ‘conti-
cloud or one of the growing cells in a more complicated con-nental’/‘maritime’ cloud in this study refers only to the cloud
vective cloud system. with the ‘continental’/‘maritime’ CCN distribution.
The number concentration of aerosols large enough to act
as cloud condensation nuclei (CCN) distinguishes the mar-
itime and continental clouds. The CCN are assumed to b¢t Results
composed of ammonium sulfate, regardless of size, and the
CCN concentrations are assumed to decrease exponentialfyl Evolution of the cloud structure and precipitation
with altitude with a scale height of 2.5km (according to ] ) .
Pruppacher and Klett, 1997). The initial profiles of temper- Figure 3 shows the time evolution of the cloud physical prop-
ature, dew point temperature, and CCN spectra are shown ifrties (maximum values of water content, number concen-
Fig. 2. trations of the different hydrometeors, vertical velocity, and
Because the main purpose of these simulations is to estitainfall rate). Figures 4 and 5 show the spatial distributions of

mate to what extent the gases from the boundary layer caWind field, water content_ and number C(_)r_wentration of each
be transported to the free atmosphere and upper troposphe,lgydrometeor for the contlnental and marmmg cIouds. In poth
the initial trace gas mixing ratio was arbitrarily assumed to be€@ses, the clouds begin to form after 8min of simulation,
1 ppbv and to be homogeneously distributed in the boundand reach their peak updrafts 12min later. While the max-

layer, with a height of 1.5 km. imum liquid water content (LWC), which mainly depends on
the initial thermodynamic conditions, is similar in these two
3.2 Numerical experiments cases, the number concentration of drops as well as the prop-

erties of ice phase patrticles are quite different. The higher
Numerical experiments were conducted to test the sensitiveroplet concentration in the continental case leads to stronger
ity of gas transport to the value of retention coefficieRf (  competition for available water vapor during drop growth via
=0, 0.25, 0.5, 0.75, and 1.0) and gas burial efficiency indiffusion and therefore restricts the size of cloud droplets.
growing ice crystalsg = 0, 0.01, 0.1, and 1.0). The experi- As a consequence, drop growth by the collision-coalescence
ments were repeated for the maritime and continental clougrocess is less efficient in the continental case. In contrast,
types for a range of gas solubilities (11 species with effec-the droplets in the maritime cloud reach sizes required for
tive Henry’s law constant* between 0 and fomol dm3 efficient collision-coalescence comparably faster than those
atm1). The simulations are listed in Table 1. Because wein the continental case. The differences in the evolution of
did not include concurrent gas phase chemical reactions imwater drops significantly influence characteristics of the ice
our model, all changes to the gas phase chemical specigghase hydrometeors. In the continental case, drops remain
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Fig. 3. Time-evolution of the maximum values @) liquid water content (LWC)(b) number concentration of drop&) water content of
ice crystals(d) number concentration of ice crysta(g) water content of graupel particled) number concentration of graupel particles,
(g) vertical velocity, andh) rainfall rate in the continental (blue curves), and maritime (red curves) cases.

small when they are lifted to the freezing level, and there-itime case produces more larger graupel particles because of
fore, more drops are frozen to small graupel particles and icehe larger drop sizes and thus promotes the collection pro-
crystals (in the model frozen drops are transferred to ice cryseess, leading to more rapid depletion of the droplets and to a
tals if their radii are smaller than 1Q0m, otherwise, they are  higher supersaturation. This in turn promotes ice formation
transferred to graupel particles). On the other hand, the marthrough vapor deposition and condensation-freezing, and can
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Fig. 4. Spatial distributions of specific mass (top panels) and number concentration (bottom panels) for drops, graupel and ice crystals
in the continental simulation at “Cumulus stage” (at 24 min) characterised by an updraft throughout most of the cell, “Mature stage” (at
40 min) characterised by the presence of downdrafts and updrafts, and “Dissipation stage” (at 64 min) characterised by the weak downdrafts
throughout most of the cell. The horizontal dotted lines are isotherms and arrows are wind vectors.

be seen from the time evolution of the production of ice crys-2.2 mm in the continental case. In both cases rain ended af-
tals in Figs. 3d, e, and f, and Fig. 5. ter around 64 min of simulation (here defined as rainfall rate

The different liquid- and ice-phase microphysical pro- less than 0.1 mm per hOUf). Such differences in the devel-
cesses in the two clouds are responsible for the reduced pré@Pment of hydrometeors and precipitation have an important
duction of precipitation particles in the continental cloud influence on the efficiency of gas transport to the upper tro-
compared with the maritime one (see Fig. 3h). Rain initi- Posphere as well as that of removal by wet deposition (wet
ation and maximum rainfall rate are also 5—7 min later in thedeposmon is calculated aCCOfding to the fall velocities of the
continental case than in the maritime case. The maximunparent hydrometeors). This will be discussed in following
accumulated rain in the maritime cloud is 16 mm and is only Sections.
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Fig. 5. Spatial distributions of specific mass (top panels) and number concentration (bottom panels) for drops, graupel and ice crystals
in the maritime simulation at “Cumulus stage” (at 24 min) characterised by an updraft throughout most of the cell, “Mature stage” (at
40 min) characterised by the presence of downdrafts and updrafts, and “Dissipation stage” (at 64 min) characterised by the weak downdrafts
throughout most of the cell. The horizontal dotted lines are isotherms and arrows are wind vectors.

4.2 The effect of retention coefficient on gas redistribution the maritime and continental clouds at 64 min, which is after
rainfall has ceased. As an example of one particular point

Figure 6 shows how the total gas transport depends on then these contour plots, Fig. 7 shows the time evolution of gas

gas solubility (7*) and retention coefficien®(.). The results ~ abundance in different hydrometeors fét = 10’ mol dm—3

are presented as integrated total species masses (gas plusaiim ! andR. = 1. In the following discussion we examine

hydrometeor phases) over the entire cloud outflow regionthe effect of changes iR. and H* on gas transport in the

which is all air above 4 km altitude (a gas molar mass of 50 gmaritime case and then compare the maritime and continental

mol~! is assumed, though absolute gas amounts are not e8Aases.

important as relative amounts). The results are shown for Gas solubility in liquid hydrometeors and gas retention
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Fig. 6. Spatially integrated total species masses (gas plus all hydrometeor phases) above 4 km (the main cloud outflow region) as a function
of gas solubility and retention coefficient after 64 min of simulatiofa)fthe maritime case an@) the continental case. The gas burial
coefficientg = 0.

Table 2. Integrated trace gas mass (kg) removed by wet deposition in the continental (C1-C9) and maritime (M1-M9) clouds. Only results
for gases with effective Henry's law constants of 0#18nd 13 mol dm—3 atm™1, representative of insoluble, moderately soluble, and
highly soluble gases, respectively, are shown here. Detailed definitions of these cases are given in Table 1.

Runs H*=0 10 10’ | Runs H*=0 10* 10’
C1 0.0 0.69 1.81 M1 0.0 330 10.22
c2 0.0 0.66 1.67 M2 0.0 288 932
c3 0.0 0.63 155 M3 0.0 257 8.30
C4 0.0 0.61 1.43 M4 0.0 231 7.05
c5 0.0 059 1.31 M5 0.0 211 5.48
C6 0.02 079 1.83 M6 033 4.06 10.14
c7 0.02 079 1.8 M7 0.33 4.05 10.36
cs 0.02 079 1.8 M8 0.33 4.05 10.44
c9 0.02 068 1.36 M9 026 2.83 5.80

upon freezing both lead to a decrease in total gas mass in The sensitivity of gas transport t8* increases a®, in-

the outflow region (Fig. 6a). However, the effect of changescreases. For 100% gas retention upon freezitg £ 1),

in one of these quantities depends on the value chosen fahe gas mass in the outflow region is a factor 12 lower for a
the other. ForR, = 0, changes in gas solubility*) have  highly soluble gas than for an insoluble gas in the maritime
very little effect on gas transport. In this case, the transport ofcloud.

even highly soluble gases is similar to that of insoluble gases

) . . Changesirr, have little effect on the transport of low and
because gas expulsion from ice hydrometeors means that in I
moderately soluble gases but have a significant effect on the

large parts of the cloud the gas is present largely in the ga?ransport of highly soluble gases. For example Hdr= 10*

phase. (It should be noted that after expulsion from the ice, o dn3 atm-L increasingr, from 0 to 1 leads to only a

the gas dissolves into the remaining supercooled drops. Thig, . i
happens during most of the cloud lifetime and has been in-ﬁO/0 decrease in gas transport but f6f > 10° gas trans

dicated in the previous study of Barth et al. (2001) (see their%or;riegre?(‘:’;iqge? iiztzrarc:elf?).r ;;Iheagz((a)(l:ltjk?iritic:san?eez;el?
Fig. 11). But after 64 min, as can be seen in Figs. 4 and 5, ¢ P y 9 9

) B . : than 16 mol dn2 atm ! because this value df* repre-
there is very little liquid water left in the region above 4 km, e o .
: . :_sents complete partitioning into the liquid phase before ice
therefore, most of the tracer expelled from ice particles is

. formation.
present in the gas phase.)
The continental clouds (Fig. 6b) show much less sensitiv-
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Fig. 7. Time-evolution of a soluble traceH(* = 10 mol dm~3 atm1) in the main updraft core (center of the cloud) of the continental

cloud (left column) and maritime cloud (right column) with gas burial coefficirt 0 and retention coefficieR, = 1 (cases C1 and M1).

The species abundance is expressed as percentages of the initial boundary layer mixing ratio. The tracer abundance in ice crystals (blac
solid contours) is over-plotted on that in graupel (filled colour contours). The black dotted lines are isolings gkyjo! condensed water

for liquid-phase, ice-phase, and total water content.

ity to changes irR. andH * than the maritime clouds. For ex- gas transport for a highly soluble gas compared with an in-
ample, for highly soluble gase®( > 10° moldm3atn1)  soluble gas is a factor of 12 for the maritime cloud but only
achange irk, from 0 to 1 leads to a factor 10 decrease in gasa factor of 2 for the continental cloud.

transport for the maritime cloud but only a factor 2 decrease The much greater sensitivity of gas transport to gas sol-
for the continental cloud. Also, foR. = 1, the decrease in - pjlity and retention for the maritime cloud compared with
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Fig. 8. Spatially integrated total species masses (gas plus all hydrometeor phases) above 4 km (the main cloud outflow region) as a function
of gas solubility and burial coefficient after 64 min of simulation(af the maritime case an@) the continental case. The gas retention
coefficientR, = 1.

the continental cloud reflects differences in the microphysi-ubility and burial coefficient of the integrated total species
cal processes, and in particular development of precipitatiormasses (gas plus all hydrometeor phases) above 4 km altitude
particles (Fig. 7). The main difference between the maritimeover the entire cloud outflow region. The results are shown
and continental simulations is apparent in the trace gas aburfer the maritime and continental clouds at 64 min, and the
dance in the ice crystals and graupel particles: much more ofetention coefficientg.) in both figures is 1. These figures
the gas is present in graupel particles in the maritime caseindicate that the efficiency of gas scavenging has little effect
which is consistent with the much higher graupel mass (se®n gas transport except for relatively insoluble gases. For
Sect. 4.1). The much more efficient precipitation processesoluble gases, transport is dominated by uptake into droplets,
occurring in the maritime cloud lead to efficient removal of for which gas retention upon freezing is then the determin-
the gas retained in large hydrometeors, and account for theng factor. This is generally consistent with the field mea-
large sensitivity of gas vertical transport to the choiceRpf ~ surements by Voisin et al. (2000) and can be explained
and H*. The higher efficiency of precipitation formation by the fact that high solubility species such as strong acids
in the maritime cloud is also reflected in the amount of gasare mainly present in the aqueous phase when riming oc-
washed out (Table 2). curs. Insoluble gases, however, are present largely in the gas
Closer inspection of the model data also shows that in thephase in the cloud core, so their transport depends on the as-
continental case the slight increase in integrated trace gasumed uptake efficiency into growing ice crystals. However,
masses for gas solubility higher than’18ol dm2 atm—t even with highly efficient uptake into ice crystals (burial ef-
results from both gas and condensed phase material in thiciency, 8 = 1) the effect on gas concentrations in the cloud
upper cloud layers. With an increase in gas solubility, moreoutflow region is relatively small. For example, for a moder-
dissolved gas left in the condensed phase remains in the ougtely soluble gas witi* = 10* mol dm~2 atm%, changing
flow region even after rain. We speculate that this accountg? from O to 1 reduces the total gas abundance in the outflow
for the difference in characteristics from the maritime caseregion by only 30% (compared with a factor of 12 change
in which most of the dissolved gas in the condensed phase isaused by changing. from O to 1).

washed out. Although the efficiency of gas uptake into growing crys-
tals is not important for overall gas transport, it is impor-
4.3 The effect of gas scavenging by ice particles on gas retant in determining the gas concentration in ice particles that
distribution may subsequently form cirrus clouds. Figure 9 shows the gas
abundance in ice particles and graupel particles for cases C1
Gas scavenging here means the uptake and burial of tracgvith 8 = 0) and C8 (with = 1.0). In each cas&, = 1.0.
gases by growing ice particles, and their release only upon icgce particles dominate the hydrometeor population at the top
particle evaporation or sublimation and is distinct from gasof the cloud outflow region (see Figs. 4 and 5) and changing
retention upon freezing, as discussed in the previous sectiorg from 0 to 1 increases the gas abundance in these ice par-
Similar to Fig. 6, Fig. 8 shows the variation with gas sol- ticles by almost two orders of magnitude for the moderately
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Fig. 9. The effect of gas burial in growing ice crystals on the abundance of a trace gas in ice crystals and graupel in a continental cloud.
Results are shown as the time-evolution of a moderately soluble tre¢er=( 10* mol dm~3 atm~1) in the main updraft core (or at the

center of the cloud) for gas burial coefficighit= 0 (case C1, left column) anél = 1 (case C8, right column). The species abundance is
expressed as percentages of the initial boundary layer mixing ratio. The tracer abundance in ice crystals (black solid lines) is over-plotted on
that in graupel (filled colour contours). The black dotted line is the isoline of ice-phase water contemt gk L. In both cases the gas
retention coefficienk, = 1.
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Fig. 10. The effect of gas retention coefficient on the abundance of soluble tracers in ice crystals and graupel in the continental case. Results
are shown as the time-evolution of a highly solubi&*(= 10’ mol dm—3 atm™1) tracer with moderate burial coefficieng (= 0.1) in

the main updraft core (or at the center of the cloud) for retention coeffidlent 1 (case C7, left column) anB,. = 0 (case C9, right

column). The species abundance is expressed as percentages of the initial boundary layer mixing ratio. The tracer abundance in ice crystal
(blagk solid1 lines) is over-plotted on that in graupel (filled colour contours). The black dotted line is the isoline of ice-phase water content =
10~°gkg .

soluble gas F* = 10* mol dm2 atm1). In contrast, the It should be stressed that these simulations represent upper
changes calculated for the highly soluble gas (not shown) arand lower limits to the likely partitioning of gases into grow-
negligible. However, if the soluble tracer is degassed uporing ice crystals. It is unlikely that any gases will become
freezing (orR, = 0) and then scavenged by rapidly growing buried in growing ice crystals with 100% efficiency. How-
ice particles (high burial coefficient), then the gas abundancever, moderately soluble gases (in this case= 10* mol
in ice crystals can be increased by a factor of 2 even for adm=2 atm1) are likely to become buried in growing crys-
highly soluble gas wittH* = 10" mol dm2 atm 1(Fig. 10).  tals to some extent, and in such cases accurate knowledge of
In this case the gas abundance in graupel is significantly reburial efficiencies will be important.
duced, especially for the highly soluble tracer.

It is also worth noting that while gas uptake by ice in-
creases the abundance of that tracer in the ice phase, ttfe Conclusions
amount deposited by precipitation on the surface remains es-
sentially unchanged due to the fact that the low solubility The Yin et al. (2001) model has been extended to include ice
tracers are released to the gas phase once their ice-phase cphase microphysics and trace gas transport. In representing
riers fall below the OC level and begin to melt (see Table 2). these processes we have reduced the problem, for a given
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