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ABSTRACT

Three microphysical formulations are closely compared to evaluate their impact upon gas scavenging and
wet deposition processes. They range from a classical bulk approach to a fully spectral representation, including
an intermediate semispectral parameterization. Detailed comparisons among the microphysical rates provided
by these three parameterizations are performed with special emphasis on evaporation rate calculations. This
comparative study is carried out in the context of a mountain wave simulation. Major differences are essentially
found in the contrasted spreading of the microphysical fields on the downwind side of the mountain. A detailed
chemical module including the dissolution of the species and their transfer between phases (air, cloud, and
rain} is coupled with the three microphysical parameterizations in the framework of the dynamical mesoscale
model. An assessment of the accuracy of each scheme is then proposed by comparing their ability to represent
the drop size dependency of chemical wet processes. The impact of evaporation (partial versus total) upon the
partition of species between gas and aqueous phases is also studied in detail.

1. Introduction

The process of wet deposition is one of the main
mechanisms for removing trace gases and aerosol par-
ticles from the atmosphere (Iribarne and Cho 1989).
Modeling of cloud chemistry and wet deposition is a
very complex task because dynamical and microphys-
ical processes are linked together and strongly interact
with chemical processes. Dynamical processes are re-
sponsible for the transport of water, gas, and aerosol
particles, but the chemical aqueous-phase concentra-
tions are determined by the microphysical history of
the droplets, including condensation and coalescence
processes. Although the interactions between cloud
processes and chemical processes have received con-
siderable attention (e.g., Flossmann et al. 1987; Ayers
and Larson 1990; Carmichael and Peters 1984), much
less is known about aqueous phase chemistry than
about the processes that are responsible for the for-
mation, growth, and decay of a cloud.

Ogren and Charlson (1992) have shown that there
are large variations in the temporal and spatial scales
of cloud chemistry reactions, and this provides a partial
explanation for the coarse approximations made in
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modeling studies of such processes. Modeling studies
such as those of Hales (1989) and Ferretti et al. (1993)
use a bulk microphysical parameterization like the one
from Kessler (1969) that treats droplet spectra as a
single well-mixed ideal solution of droplets that main-
tains vapor-liquid equilibrium with surrounding trace
gases. Experimental results of Noone et al. (1988 ) and
theoretical results obtained by Flossmann et al. (1987),
however, show a dependency between drop size and
the chemical concentration inside the drops. In addi-
tion, Hegg and Larson (1990) and Chaumerliac et al.
(1990) have shown the importance of microphysical
parameterizations on gas scavenging and chemical re-
actions in aqueous phase and in wet deposition. Other
studies (Lee 1986; Roelofs 1992) have used a cloud
model that describes in detail the evolution of aerosol
and droplet spectra but that does not take into account
the dynamical processes that transport gas species and
interact strongly with microphysical processes.

In this paper, we examine the impact of three dif-
ferent microphysical parameterizations on gas scav-
enging and wet deposition in a mesoscale model. The
parameterizations range from the very simple to the
very complex and include the bulk approach developed
by Kessler (1969), a semispectral approach developed
by Berry and Reinhardt (1974ab), and a complete
spectral approach developed by Le Cam and Isaka
(1989). Since we are focusing on gas scavenging and
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wet deposition, the condensation stage on aerosol par-
ticles has been neglected as a first step in all three pa-
rameterizations.

The mesoscale framework of this study enables us
to take into account interactions between microphys-
ical and dynamical processes. We will examine the ca-
pability of the three parameterizations to partition gases
between air, cloud water, and rainwater and, for the
spectral scheme, the distribution of chemical species
inside the raindrops. Two different gaseous species, one
very soluble and one less soluble, are transported, ab-
sorbed, and desorbed in both cloud droplets and rain-
drops. In section 2, the microphysical models are de-
scribed. Gas scavenging by the three microphysical
schemes is then discussed in the framework of a two-
dimensional mountain wave scenario that couples dy-
namics, microphysics, and aqueous-phase chemistry.

2. The microphysical model
a. Description

The Kessler (1969) scheme (hereafter K ), the Berry
and Reinhardt (1974a,b) scheme (hereafter BR), and
the spectral scheme (hereafter SP) are summarized in
this section. A description of the mesoscale model used
in this study is given by Nickerson et al. (1986), and
a comparative study of the Kessler (1969) and Berry
and Reinhardt (1974a,b) formulations can be found
in Richard and Chaumerliac (1989). The spectral
scheme that we have used explicitly resolves the sto-
chastic coalescence equation and is based on the work
of Le Cam and Isaka (1989).

Condensation is treated in the same way for all three
parameterizations. Cloud-water mixing ratio is diag-
nosed from the prognostic variable ¢, which is the sum
of the water vapor mixing ratio g, and the cloud-water
mixing ratio ¢..,. When supersaturation occurs, ¢, is
equal to the saturation vapor mixing ratio g, and the
excess of vapor is condensed into cloud water. For both
the BR and the SP parameterizations, microphysical
processes depend on the type of air mass considered
and the clouds are represented by a lognormal spectrum
having a mean diameter D, and a standard devia-
tion ..

The treatment of rainwater in the three parameter-
1zations differs along with the shape of the droplet
spectra, the formulation of the terminal velocity, the
number of prognostic variables, and the representation
of the microphysical processes. In the K scheme, rain-
water is represented by a Marshall-Palmer (1948) dis-
tribution, and in the BR scheme it is represented by a
lognormal distribution. In the SP scheme, however, no
hypothesis is made regarding the shape of the raindrop
distribution. A single parameter, the total number of
raindrops, defines the Marshall-Palmer distribution,
while two parameters, the total number of raindrops
and the mean diameter, define the lognormal distri-
bution. The Marshall-Palmer (1948) raindrop mass
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density distribution is centered on large diameters,
whereas the mass density function for the lognormal
distribution varies during the course of the simulation
and can be centered on small diameters or large di-
ameters. The SP scheme makes no assumption regard-
ing the shape of the raindrop spectra and hence allows
for the greatest flexibility in representing such spectra.

In the BR and SP schemes, the terminal velocity is
calculated using the formulation of Berry and Pranger
(1974), which is a function of the Reynolds number
and results in terminal velocities that are smaller than
those given by the Kessler (1969 ) formulation for small
drops. This behavior has important implications for
the accretion and sedimentation rates, which are
strongly dependent on the raindrop terminal velocity.

The prognostic variables for rainwater mixing ratio
and the microphysical processes considered in the three
parameterizations are now summarized. The K pa-
rameterization is derived from empirical considerations
and observations and hence is the more parameterized
scheme. It considers only the evolution of the rainwater
mixing ratio ¢, through autoconversion and accretion
and assumes that raindrops are distributed according
to a Marshall-Palmer (1948) spectrum. The BR
scheme is a semispectral scheme because it was derived
from results obtained by integrating a fully spectral
microphysical model, including autoconversion, ac-
cretion, and self-collection processes. The cloud drop-
lets and raindrop spectra both are represented by log-
normal distributions. In this case, the predictive vari-
ables for rainwater are the rainwater mixing ratio g,
and the total number of drops N, which allow for the
evolution of the mean raindrop diameter. The lognor-
mal scheme therefore provides an additional degree of
freedom not available in the K scheme. In the SP
scheme, cloud droplets and raindrops are represented
by 50 classes of radius between 1 um and 5 mm. Dif-
ferent tests on the efficiency of the collection kernel
allow us to classify the drops as rainwater if their di-
ameter is greater than 60 um and as cloud droplets
otherwise. The predictive variables that describe the
evolution of rainwater by coalescence are the number
concentration of raindrops distributed in 30 classes of
radius between 60 um and 5 mm. The shape of the
raindrop spectrum is not assumed, and the scheme
provides 30 degrees of freedom.

The autoconversion rate in the BR scheme is de-
pendent on the type of air mass and on the cloud-water
mixing ratio. In the K scheme, autoconversion is a
linear function of the cloud-water mixing ratio, and
rainwater cannot appear if the cloud-water mixing ratio
is smaller than some specified value that is usually taken
to be 0.5 g m 3. In both the SP and the BR schemes,
cloud water can be converted into rainwater for small
cloud-water mixing ratios.

In addition to accretion processes that are considered
by the K scheme, the BR and the SP schemes allow us
to consider different types of raindrop distributions
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whose mean diameter may be centered on large drops
or on small drops. When the raindrop spectrum is cen-
tered on small drops, the accretion rate is greater than
it would be using the K formulation; when the rain-
drops are centered on large drops, the accretion rate is
smaller than it would be from the K formulation. In
the BR and the SP representations, sedimentation rates
strongly depend on the mean diameter of the raindrop
spectrum, and hence when the mean droplet diameter
is small, the sedimentation rate is smaller than that for
the K scheme. The increased flexibility of the BR for-
mulation with respect to the K scheme is even more
pronounced for the SP scheme because of the absence
of a prescribed shape for the droplet spectra.

Because the below-cloud evaporation is an important
process for the release of gas, we focus our attention
on the formulation of evaporation rates used in the
three parameterizations. The rate of change of the
rainwater mixing ratio due to evaporation of raindrops
using the K scheme is deduced from experimental data
obtained by Gunn and Kinzer (1949) integrated over
the Marshall-Palmer spectrum and is given as follows:

(dg_rw) =0.17 X 10_3N8.35(paQrw)0'5(qu —qy), (1)
{ K
where N, represents the total number of drops and is
set equal to 107 m™* according to observational data
given by Waldvogel (1974). In this case, the evapo-
ration rate depends only on the rainwater mixing ratio.
In the BR scheme, the evaporation rate is based on
the theoretical formulation given by Pruppacher and
Klett (1978) integrated over a lognormal spectrum and
includes ventilation effects together with a pressure and
temperature dependency;

W2 .
(dL) = =% No[—4.33 X 107 D3, + 5.31 D3,
dt Jer A3

X exp(—a2) + 0.572 D, exp(a?)]
X Qvs — dv ) (2 )
qU.Y
The ventilation effects are included through a ven-
tilation factor f, which can be expressed as a function

of the Reynolds number Re and the Schmidt number
Sc, following Beard and Pruppacher (1971):

S=0.78 + 0.308 Re'/* Sc'/3, (3)

The expression Re!/2 Sc!/3 is then fitted as a function
of diameter D, by
Re!/2Sc!/? = —1.406 X 10°D3Z, + 1.725
X 104D, — 0.675. (4)

An additional term is included to take into account
the number of raindrops that completely evaporate
during the time step dr. A critical diameter value is
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calculated that corresponds to the raindrop size below
which they completely evaporate. This diameter is ob-

tained by
Derit t+-dt 4 A
f DdD=f (1—9—), (5)
0 ¢ Aipw gs
and
RT L, { L,
As_ele,JrkaT(R,,T 1), (6)

where T is the temperature, L, the vapor latent heat,
D, the water vapor diffusivity, k, the thermal conduc-
tivity, R, the universal gas constant, and ¢, the satu-
ration vapor pressure.

Then the number of drops evaporating during a time

step is calculated:
Deri N, 1 D
Nava =f exp[— 747 lnz(a)]dD.
(7

™
o (27)'%6,D

This formulation describes in more detail the evo-
lution of the rainwater mixing ratio by the evaporation
process in terms of its dependency on temperature and
mean raindrop diameter. The evolution of the total
number of raindrops allows us to take into account
partial evaporation. :

In the SP parameterization, the evolution of a rain-
drop of diameter D by evaporation is calculated ex-
plicitly using the theoretical formulation from Prup-
pacher and Klett (1978):

(). 55l
dat ea  A3Dpw \ Qos)

The corresponding variation of the concentration
n(D) of drops of diameter D is then given by

dn(D)] _ 8 dD
il slel@),)

In this formulation, all drops react to the evaporation
process in their own way as a function of their diameter.
Temperature, pressure, and ventilation effects are also
taken into account. The evolution of the rainwater
mixing ratio is strongly correlated with the number of
raindrops in each diameter class. The shape of the
spectrum before and after evaporation processes is not
limited to an exponential or lognormal form as it is in
the K or BR schemes. Total evaporation and partial
evaporation are described in detail, whereas partial
evaporation is not taken into account at all in the K
scheme and only partially taken into account in the
BR scheme. As we will see later, the process of partial
evaporation is a very important process that serves to
concentrate chemical species in raindrops.

To estimate the efficiency of each scheme to describe
the evaporation process, we have made a series of tests.

(8)

(9)
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Evaporation rates for the three schemes are presented
in Fig. 1 for a pressure of 1000 mb. In contrast to K,
the BR and SP schemes are sensitive to the number of
drops and also to the mean diameter of the raindrop
spectrum. When raindrop spectra are centered on small
diameters (Nn, = 100 L~') the evaporation rate is
greater than that calculated for large drops (N, = 1
L~"). In the two cases presented, the evaporation rates
calculated by BR are greater than those calculated by
SP, and this overestimate in absolute magnitude by the
BR scheme is especially important for small drops. In
addition, the SP scheme allows us to calculate evapo-
ration rates when rainwater is represented by a bimodal
distribution centered on both small and large drop di-
ameters. The curve representing the evaporation rate
calculated with the SP scheme assuming that half the
rainwater mixing ratio is distributed on small drops
and half on large drops shows that the presence of small
drops substantially increases the evaporation rate in
comparison with results obtained for the case of a single
distribution on large drops. On the other hand, the
presence of large drops slightly decreases the evapo-
ration rate compared to results obtained with a single
distribution centered on small drops.

The BR scheme gives a more realistic description of
the evaporation process than does the K scheme, as
shown by Richard and Chaumerliac (1989 ) when they
compared the two schemes for the simulation of oro-
graphic precipitation. The SP scheme reacts in the same
way as the BR scheme when a single lognormal distri-
bution is assumed. When one considers the case where
rainwater is distributed over a double lognormal spec-
trum, however, the behavior of the SP scheme is very
different and more sensitive to the evaporation process
than the BR scheme.

The flexibility of the SP scheme due to its detailed
representation of rainwater appears to be very impor-
tant, because in the dynamical framework the shape
of the spectrum is not defined a priori, and large num-
bers of small and large drops can coexist in the same
area. With the SP scheme, the large number of predic-
tive variables brings additional degrees of freedom that
provide more detailed information about raindrop size
spectrum and facilitate the representation of the phys-
ical processes that control the evolution of the raindrop
spectrum. The SP scheme gives much more flexibility
in the representation of all microphysical processes,
and with this flexibility comes the potential for a more
realistic simulation.

b. Results from the mountain wave scenario

A complete description of the mountain wave sce-
nario can be found in Richard and Chaumerliac (1989)
and Chaumerliac et al. (1990). It consists of a two-
layer atmosphere over an idealized bell-shaped moun-
tain. The horizontal homogeneous initial wind speed
is 20 m s~!, and a relative humidity of 80% is assumed
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FIG. 1. Evolution of the evaporation rate as a function of rainwater
mixing ratio for the Kessler K, Berry and Reinhardt BR, and spectral
SP schemes at 1000 mb. For the two last formulations, tests have
been performed considering the total number of drops Nn., equal to
100 L 'andto 1 L™,

below 3 km. Simulations are performed using a two-
dimensional version of the mesoscale model of Nick-
erson et al. (1986) over a horizontal domain of 300
km and a horizontal grid length of 10 km. The time
step is 10 s and the simulation duration is 6 h. Figures
2a, 2b, and 2c, present the vertical cross sections of
cloud-water mixing ratio, rainwater mixing ratio, and
precipitation rates for the three parameterizations, and
the maximum values are given on the upper-right cor-
ner of each figure.

As described in the previous section, BR and SP
autoconversion processes depend on the cloud-water
airmass type. As Beard and Ochs (1993) mentioned,
this feature appears significant considering warm rain
initiation. The K scheme does not contain this feature.
We have selected cloud-water parameters correspond-
ing to a maritime air mass, where the mean diameter
D, = 27.5 um and the standard deviation ¢, = 0.2775.
For the SP scheme, we also adopt this hypothesis for
the cloud droplet spectrum that then evolves through
downstream distributions up to raindrops. As we can
see in Fig. 2a, with this assumption we have the same
order of magnitude for the cloud-water mixing ratio,
approximately 0.55 g kg™!, for the three parameter-
izations. This condition allows us to be in similar con-
ditions with respect to the conversion of cloud water
to rainwater and will facilitate the comparison of the
three parameterizations.

Maximum values for cloud-water mixing ratio are
the same order of magnitude for all three schemes, but
in the K scheme cloud water exists on the downwind
side of the mountaintop. This result is due to the for-
mulation of the autoconversion process in K that is
not allowed to create rainwater if the cloud-water mix-
ing ratio is smaller than 0.5 g m~>. In the BR and SP
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FI1G. 2. Vertical cross section obtained after’6 h of simulation time of cloud-water mixing ratio, rainwater
mixing ratio, and precipitation rate for the K, BR, and SP parameterizations. Maximum values are given

in the upper-right corner of each figure.

schemes, the cloud water extends from the upwind side
to the top of the mountain but not downwind because
the autoconversion process is efficient for small cloud-
water mixing ratios.

Precipitation rates in Fig. 2c are also of the same
order of magnitude; 1.20 mm h ™!, but differ in their
spatial extent. The maximum precipitation rate for the
K scheme is centered at the top of the mountain, while
in the BR and SP schemes the maximum precipitation
rates are located on the downwind side of the moun-
tain. This behavior is especially noticeable in the SP
scheme. In contrast to the cloud-water mixing ratio
and precipitation rates, Fig. 2b shows that the rainwater
mixing ratios with the BR and SP schemes are mark-
edly greater than with the K scheme, and like precip-
itation rates, the spatial extent also extends to the
downwind side of the mountain.

These differing behaviors can be explained by con-
sidering the mass density functions of rainwater given

in Fig. 3 for three grid points on the upwind side,
downwind side, and on the top of the mountain, re-
spectively, for three vertical levels. The K mass density
functions are systematically centered on larger diam-
eters than either BR or SP ones. The large drops in the
K scheme have greater terminal velocities, and precip-
itation occurs rapidly. When rainwater is created, the
raindrops have sufficient size to precipitate immedi-
ately. Raindrops do not remain aloft; consequently,
the precipitation rate is large for the rainwater mixing
ratios that develop, and the maximum value is located
on the top of the mountain. Smaller drops in the BR
and SP mass density function are more easily trans-
ported by wind drift to the downwind side of the
mountain.

For the BR and SP schemes, we can examine the
different processes occurring during the formation of
precipitation as a function of the distance from the top
of the mountain. We can consider that on the upwind
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FIG. 3. Mass density functions for raindrops obtained with K (thin line), BR (dashed line), and
SP (full line) schemes, for three grid points located at the top of the mountain, upwind, and downwind
from the mountaintop, respectively, for three vertical levels in the model. These vertical levels are

indicated on the right-hand side of the figure.

side, autoconversion processes occur; on the top of the
mountain, accretion processes govern the evolution of
rainwater; and on the downwind side, sedimentation
and evaporation processes dominate. On the downwind
side of the mountain, small drops with an average di-
ameter of 0.2 mm are created in both schemes by the
autoconversion of cloud water. On the top of the
mountain, accretion processes lead to the formation
of larger drops with a mean diameter equal to 0.4 mm
with the BR scheme and varying from 0.1 to 0.9 mm
with the SP scheme. In this region, small drops are
present in the SP scheme, and the raindrop spectrum
covers a larger range of drop sizes than in the BR spec-
trum. In the BR scheme, the standard deviation re-
mains fixed during the simulation, and consequently
large numbers of small drops and large drops cannot
exist simultaneously in the same location. As previously
mentioned in section 1, the presence of small drops
increases the accretion rate, and the spreading of the
raindrop spectrum is more efficient in initiating the
self-collection process that leads to the creation of large
drops. Consequently, on the downwind side the rain-
drop spectrum in the SP scheme is centered on larger
diameters than that of the BR scheme. In the SP scheme
at this location at 687 m in altitude, small drops are
always present. The effect of evaporation processes can
be clearly seen because at 360 m in altitude the small
drops have disappeared. Evaporation processes remove

the small drops from the spectrum. This behavior is
less noticeable in the BR scheme because the spreading
of the spectrum is fixed and the evaporation process
reduces only the mean diameter of the distribution.
The differences between BR and SP are due also to the
treatment of partial evaporation, which in the case of
the SP scheme does not shift the spectrum to the smaller
drop sizes as BR does; further, the presence of larger
drops in SP allows for a continuous increase in the
diameter of raindrops by self-collection.

To extract more information concerning the details
of the microphysical processes, we have plotted in Fig.
4 the vertical profiles of the variations of rainwater
mixing ratio by autoconversion, accretion, evaporation,
and sedimentation on the downwind side of the
mountain for the three parameterizations. Autocon-
version and accretion processes are of the same order
of magnitude in the BR and SP schemes. The sedi-
mentation rate is lower for the K scheme than for BR
and SP schemes because raindrops have previously
fallen out on the top of the mountain. The SP sedi-
mentation rate is greater than the BR rate because the
raindrop spectrum is centered on larger diameters in
the SP scheme. Major differences appear when consid-
ering the evaporation process. In contrast to the results
obtained in section 1, the evaporation rate is greater
in the SP scheme than in the BR scheme. This result
comes from the large spreading of the raindrop spec-

Unauthenticated | Downloaded 02/03/21 10:03 AM UTC



1102 JOURNAL OF APPLIED METEOROLOGY VOLUME 33
KESSLER BERRY-REINHARDT SPECTRAL
3t L L
g -
5 4 sed —~
~ 2t sed/ L sed T aut L /'d acc
N \/ ace \/ Dacc T *
§ aut
N
ir evt» F ev< B ev<;\)
i I 1 A 1 1 1 i 1 1 1 1 1 1 1
-4-2 0 .2 4 -4-2 0 .2 .4 -4-2 0 .2 .4
dqrw/dt (mg/kg/s)
FIG. 4. Vertical profiles of the variation of rainwater mixing ratio dq.,/dt (mg kg™' s™') due to
autoconversion, accretion, sedimentation, and evaporation processes on the downwind side of the
mountain for the three parameterizations.
trum in the SP scheme. More small drops are present dC,
in this part of the domain and evaporate; also, large at ~Sais ~ Ssca T Seva (10)
drops can partially evaporate. The evaporation rate is
strongly dependent on the shape of the raindrop spec- dC, s S S
trum. dt T dis T Pacc ~ Saut (11)
The rainwater mixing ratios obtained by the BR and dC
SP schemes are quite similar in intensity and spatial T = Sea + St + Suce + Seed — Sevar (12)
distributions and both contrast with results from the at

K scheme. In the BR and SP parameterizations, the
rainwater is represented by smaller drops that are more
sensitive to wind drift. The maximum of rainwater
mixing ratio is greater than that of the K scheme and
is centered on the downwind side of the mountain.
This feature is emphasized in the SP scheme. With
respect to spectral distributions, the spectral scheme
appears to provide a better representation of the mi-
crophysical processes because the shape of the spectrum
is not defined a priori. Larger drops are created because
small drops are present, and the accretion process is
more efficient in initiating self-collection. These dif-
ferences between evaporation, sedimentation, and
raindrop spectra will affect the scavenging processes
and wet deposition.

3. Chemical model

In this section, we describe in detail the chemical
model used with the three microphysical parameter-
izations. We consider a soluble nonreactive gas. In the
K and BR schemes, three predictive variables are con-
sidered that represent the concentration in gaseous
phase C,, aqueous phase in cloud water C, and
aqueous phase in rainwater C,. In the SP scheme, dis-
solved gas in rainwater is represented by 30 variables
corresponding to the concentration of gas in aqueous
phase as a function of raindrop diameter C,(D). The
time of change of each concentration for a given species
is calculated as follows:

Here S represents the various sources and sinks of
the concentrations. The subscript aut refers to auto-
conversion of cloud droplets into raindrops; acc to ac-
cretion of cloud droplets by raindrops; in the case of
the SP scheme, scol represents the change in raindrop
concentration by self-collection in each size category
of diameter D; and eva represents the change in rain-
drop concentration due to evaporation. If raindrops
evaporate completely, all the chemical species move
to the gas phase, and if evaporation is partial, the con-
centration within the raindrops increases. The sub-
scripts dis and sca designate, respectively, the absorp-
tion or desorption of gas in aqueous phase for cloud
droplets and raindrops. The left-hand sides of Egs.
(10)-(13) include transport and diffusion terms.

As already mentioned, in spite of the hypothesis
made for the cloud droplet spectrum in case of the SP
scheme, we compute the absorption/desorption of
gases over the whole range of drop diameters and re-
distribute the aqueous phase concentrations between
cloud droplets and raindrops adopting a cut diameter
of 60 um. This leads to a last equation for the SP
scheme written as

59;([&) = Sa(D) + Sau(D) + Suee D)
+ Sa(D) + Sea(D) — Sea(D),  (13)

where Sea = 2 ¥, Swa(D), and where N is the number
of classes representing the raindrop spectrum.
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We now focus our attention on the assumptions that
were used to absorb and desorb the gases in the liquid
phase. The dependency of aqueous phase chemistry on
drop size has been demonstrated both experimentally
(Noone et al. 1988) and theoretically (Flossmann et
al. 1987). The scavenging of gases by water drops is a
very complex process involving diffusion of gases to-
ward gas-water interface, transfer through the interface
into the drop, diffusion and liquid circulation within
the drop, and chemical reactions in the liquid phase.
With the method employed in the SP scheme, the vari-
ation in aqueous phase takes into account the diameter
of both cloud droplets and raindrops. Mass transfer
limitations are considered for cloud droplets and rain-
drops. According to Schwartz (1986), processes in-
volving scavenging of gas are parameterized using a
mass transfer coefficient k, given by

K a? N 4g \"!
! (3Dg 35a) :

The mass transfer coeflicient describes the transport
of gas from the gas phase across the air-water interface
to the surface of the droplets, and vice versa. Variable
a is the droplet radius (cm), D, is the gas phase diffusion
constant (0.1 cm? s™'), and v is the mean molecular
speed. Gas-phase diffusion effects depend on the surface
of the droplets and the gas-phase diffusion constant.
Transfer across the air-liquid interface depends on the
droplet radius and on the accommodation coeflicient
«, which represents the probability of capture of gas
molecules by water molecules. This formulation for
the mass transfer coefficient neglects aqueous phase
diffusion effects, which is valid for all the species con-
sidered. The accommodation coefficient is poorly
known, and according to Lelieveld and Crutzen (1991)
it is assumed to be equal to 0.2 for a highly soluble gas
like H,0O, and equal to 0.05 for a less soluble gas like
SO,. Consequently, diffusion in gas phase is the dom-
inant process limiting the transfer of gases into the
aqueous phase.

At each time step, we solve for all drops two primary
equations that express the rate of concentration changes
between gas and aqueous phase, respectively:

(14)

ac, _ C.(D)k,

= CgL(D)k,+——He“ (15)
dC,(D) _ _ Cu(D)k,
— = GL(D)k H. - (8

The variables C, and C,(D) are the gaseous- and
aqueous-phase concentrations, respectively, as a func-
tion of drop radius from 1 to 5 um, both of which are
expressed in molecules per cubic centimeter of air; Hog
is the effective Henry’s law constant (M atm™'), which
takes into account the possible dissociation of the
chemical species in the aqueous phase as a function of
the pH; and L(D) is the liquid water content in each
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size category (dimensionless ). At each time step, a bal-
ance is made between gas phase and aqueous phase,
and the results depend on the chemical species in
aqueous phase and in gas phase. An exponential
method ten times faster than the Gear method (1971)
described by Chang et al. (1987 ) has been used to solve
the system of equations (15) and (16). This exponen-
tial chemical solver has been tested by varying the time
step from 0.5 to 10 s. We find that a time step of 1 s
can be used for a less soluble gas, whereas a time step
of 5 s is required for the more soluble gas. Recently,
Gregoire et al. (1993) have used this exponential
method in the framework of a chemical aqueous phase
module dealing with more extensive chemistry of
ozone. They found good agreement between their re-
sults and those obtained by Jacob (1986) and Cha-
meides (1984).

A series of tests on the chemical module has been
carried out to determine the efficiency of drops, as a
function of their diameter, in reaching equilibrium be-
tween gas and aqueous phase at 25°C for both a highly
soluble gas and a less soluble one. The results obtained
have been compared to the theoretical results obtained
by Iribarne and Cho (1989). In Figs. 5a,b, the evolution
of the concentration in aqueous phase by absorption
of gas is presented for three different diameters of drops:
D =20 pm, 0.2 mm, and 1 mm. Characteristic times
for the attainment of equilibrium between gas phase
and aqueous phase obtained by Iribarne and Cho are
summarized in Table 1. We can consider that the char-
acteristic time to reach solubility equilibrium can be
neglected when it is less than the microphysical time
step At = 10 s.

A comparison between Table 1 and Figs. 5a,b for
all chemical species and for all drop diameters consid-
ered shows that the results obtained by our chemical
module are consistent with the theoretical results of
Iribarne and Cho. It is clear that solubility equilibrium
can be assumed for cloud droplets for all relevant gases
when the characteristic time is less than the micro-
physical time step. As can be seen in Fig. 5a and in
Table 1, for a highly soluble gas, the limitation by mass
transfer is not negligible for raindrops (v = 400 s for
raindrops of diameter 0.2 mm). Differences between
two size categories of raindrops are significant when
one diameter is five times greater than the other because
then the characteristic time is higher by a factor of 10.
As it has previously been mentioned, the limitation of
gas-phase transfer is inversely proportional to the sur-
face area of the drops. In the case of a less soluble gas,
we can consider that all drops are in equilibrium with
their gas phase concentration because for large rain-
drops the characteristic time is equal to 1 s.

These results serve to confirm our chemical module.
Variations in characteristic times for reaching equilib-
rium are significant in terms of drop diameter and the
chemical species considered. The spectral approach al-
lows us to take into account these significant variations.
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In the calculations described above, the spectral dis-
tribution of raindrops and cloud drops and micro-
physical events have not been considered. Perdue and
Beck (1988), however, show that the simultaneous oc-
currence of drops with different pollution levels may
result in a situation where each individual drop is in
chemical equilibrium with the gas phase, but the bulk
chemical composition of the drops is not. Conse-
quently, we also treat the scavenging of gas by cloud
droplets as a function of their different diameter.

In the case of bulk parameterizations, cloud water
is considered in equilibrium with its environment, and
its variation depends only on the variation of cloud
water by condensation. Then Sy; is written as follows:

9w
SdiS=CgHeffRT( a ) : (17)
cond

at

The assumption for scavenging gas into cloud drops
appears to be insufficient because, on the one hand,
many authors have shown the nonlinearity in scav-
enging of gas and, on the other hand, Pandis and Sein-
feld (1991) demonstrated that drops represented by an
explicit model always have a greater capacity for up-
taking SO, from the gas phase than drops represented
by a bulk approach. With this bulk parameterization,
we can then expect an underestimate of the uptake of
gas by cloud drops.

In rainwater, the limitation due to mass transfer is
considered but usually parameterized. Drops are con-
sidered as falling through the air with a constant con-
centration in gas phase, C,. The density flux F of gas
toward the drop is given by F = k,(C, — C.q), where
C, is the gas-phase concentration and C is the value
in equilibrium with the aqueous concentration. The
coefficient k, = fD,/r (where D, is the diffusivity in
the gas phase and r the drop radius) contains a cor-
rection factor that represents the mass transfer en-
hancement produced by the relative motion of the drop
and the air and by drag-induced internal circulations.
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TABLE 1. Relaxation time for acquiring solubility equilibrium.

7 (8) 7 (s) 7(s)

He (M atm™) D =20 um D=02mm D=1mm
10° 4 400 4000
10 1073 107! 1

As in Walcek et al. (1984), f= 1 if r < 500 um, f
= 2.51£500 < r <900 um, and f= 20 if r > 900 pm.
The variation of concentration in rainwater, Sy, is
then written as

Sua = cheffRT(ag—;‘")[l - exp(

0
DgHe RT d’)] ‘
(18)

As in the case for cloud water, the rate of change of
the concentration in aqueous phase is linearly depen-
dent on the variation of rainwater. The coefficient that
represents the limitation by mass transfer is inversely
proportional to the drop radius, whereas the limitation
by mass transfer is governed by gas-phase diffusion in-
versely proportional to the surface area of the drops.
This formulation overestimates this coefficient and
then underestimates the efficiency of drops to uptake
gas. Another point can be made regarding the correc- -
tion factor, which considers only three size categories
of raindrop diameter. As we have seen in section 2,
raindrops are represented by a distribution of diameter
between 0.1 and 1.0 mm, for example, in the BR
scheme, and only a single value of the correction factor
is taken for all drops because scavenging is based only
on the mean diameter of the distribution. Conse-
quently, small drops are not taken into account, and
this formulation can lead to an underestimate of the
scavenging process.

The SP approach provides a more realistic descrip-
tion of processes involved in the scavenging of gas by

d =20 um
———=d=0.2mm
——=---d=1mm

Heff = 102 M/atm

,5 109 a 108
i //

N - // e n
‘\q 107 -7 // g 107
D] - , 3 ——
el / c]
19 L Pd 9]
] - ]
3 ,./ a 3 b
g 105 1 L 1 g 106 | A !

10 102 103 104 1 10 102 103 104

time (s) time (s)

FiG. 5. Temporal evolution of chemical aqueous phase concentration in droplets of three di-
ameters (D = 20 pm, 0.2 mm, and 1 mm) for (a) a highly soluble gas (H.¢ = 10° M atm™') and
(b) a less soluble gas (H.s = 102 M atm™).
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both cloud and raindrops in terms of diameter depen-
dency, nonlinearity with respect to microphysical pro-
cesses, and the balance between the gas phase and the
aqueous phase. All these differences between bulk and
detailed parameterizations will become even more
pronounced in the dynamical framework because the
spectral distributions and the microphysical history of
raindrops are very different for the three schemes.

4. Results and discussion

In this section, we show the results from a complete
simulation with the mountain wave scenario, including
the chemical module previously described. The initial
gas concentration is set equal to the constant value of
1 parts per billion (ppb) over the entire domain. In
Fig. 6, results are presented for a highly soluble gas,
where Heg = 10° M atm™' . For the three microphysical
parameterizations, vertical cross sections of chemical
species concentration are shown in the gas phase (Fig.
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6a) and in the aqueous phase for both cloud (Fig. 6b)
and rain (Fig. 6¢).

Maxima of gaseous-phase concentration in Fig. 6a
are of the same order of magnitude (around 60 nmol
per cubic centimeter of air) for the three parameter-
izations. We can see that the occurrence of the cloud
leads to a depletion of the gas phase concentration but
that the spatial distribution and the intensity of this
depletion are very different for the three parameteriza-
tions. With the K and BR schemes, the gas concentra-
tion decreases to 40 nmol cm™ within the cloud, and
this decrease corresponds exactly with the spatial limit
of the cloud presented before in Fig. 2a. With the SP
scheme, in contrast, the minimum value of the con-
centration in gas phase is much lower (10 nmol cm™),
and the spatial extent of the depletion stretches down-
wind. As we have seen in the previous section, the SP
scheme results in the uptake of more gas because, as
Pandis and Seinfeld (1991 ) mentioned, when the spec-
tral distribution of cloud drops or raindrops is consid-

SPECTRAL

AIR

3 [ 20.9

21.0

3| 1.10

3.23 19.3

50 km

FIG. 6. Vertical cross section of chemical concentrations in (a) air, (b) cloud, and (¢) rain environments
for a highly soluble gas in nanomoles per liter of air, for the K, BR, and SP parameterizations. Maximum
values are given in the upper-right corner of each figure.
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ered instead of a bulk mixing ratio, more gas is scav-
enged. With the SP scheme, absorption of gas is not
linearly dependent on the variation of cloud-water
mixing ratio, and the balance between gas-phase and
aqueous-phase chemistry at each time step is made in
terms of the whole cloud-water and rainwater mixing
ratios. The spatial extent of the depletion on the down-
wind side of the mountain can be attributed to the
presence of small raindrops reaching equilibrium in
this area and scavenging more gas than the larger drops
present in the BR and K schemes. At low levels on the
downwind side of the mountain, the concentration in
gas phase increases in the BR and SP schemes. Total
evaporation of small drops allows for the desorption
of gas. Also, since the presence of smaller drops are
favored in the BR and SP schemes after partial evap-
oration, those small drops are advected downwind from
the mountaintop and evaporate farther downwind than
in the K scheme. In the K scheme, this process does
not occur because relatively few small drops are present,
and partial evaporation on large drops is not taken
into account. With the SP scheme, the increase of the
concentration in gas phase is more significant than with
the BR scheme. In Fig. 4 we have seen that the evap-
oration rate for the SP scheme is much greater than
for the BR scheme. More small drops that completely
evaporate are present in the SP scheme, and in addition,
partial evaporation of large drops significantly increases
the aqueous concentration.

The aqueous concentrations in cloud water (Fig. 6b)
are comparable for the BR and K schemes and reflect
the spatial extent of the cloud. With the SP scheme,
however, the intensity of the cloud concentration is
twice as large and explains the greater depletion in the
gas phase. The scavenging of gas by cloud drops is not
linearly dependent on the evolution of the cloud-water
content, and at each time step the balance between gas
phase and aqueous phase is made. The underestimate
of cloud concentration obtained by the K and BR
schemes originates on the one hand from this linear
dependency that does not take into account the ad-
vection of gas during two time steps, and on the other
hand from the bulk representation of cloud water that
limits gas scavenging, .

This underestimate can be seen too in rainwater
concentration fields (Fig. 6¢), where the chemical spe-
cies is transferred from cloud water to rainwater by
coalescence. In the SP scheme, this effect of high con-
centration in rainwater is emphasized. With this
scheme, more small drops are present in the rainwater,
and partial evaporation on the downwind side of the
mountain concentrates chemical species in raindrops.
In the formulation of BR, we consider the mean di-
ameter of raindrops and an average value for the cor-
rection ventilation factor fto scavenge gas, and these
approximations increase the effects of mass transfer
limitations. We can also notice a greater absorption of
gas by rainwater upwind from the mountaintop with
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the BR and SP schemes because rainwater is carried
by smaller drops more efficient at uptaking gas than
the greater raindrops in the K scheme. Also, in the SP
scheme, smaller drops are more sensitive to wind drift
effects and have a longer residence time in the down-
wind part of the domain, resulting in more time for
absorbing gases.

The SP scheme allows us to obtain the distribution
of the concentration (in moles per liter of water) as a
function of raindrop diameter, which is plotted in Fig.
7 for three different points of the domain at three dif-
ferent altitudes. The results obtained for a highly sol-
uble gas (solid line) and a less soluble gas (dashed line)
are presented. On the downwind side of the mountain,
rain formation occurs after having accreted cloud
droplets, and we observe for the two gases an increase
in aqueous phase concentration during the formation
of rain.

On the upwind side of the mountain, corresponding
to the area where autoconversion occurs, the two gases
dissolve following a similar raindrop size dependency.
All drops present in this area, from 0.1 to 0.5 mm in
diameter, have almost the same concentration because,
as we have previously seen, small drops reach chemical
equilibrium quickly. Differences between the two gases
appear when large drops are formed on the top of the
mountain. For a highly soluble gas, the aqueous con-
centration in raindrops decreases when their diameter
increases. Chemical concentrations increase in all
drops, but mass transfer limitations prevent large drops
from reaching equilibrium. The differences are smaller
for a less soluble gas since the time to reach equilibrium
is smaller, and microphysical processes act to homog-
enize the concentration for all diameters of raindrops
(Flossmann et al. 1987). On the downwind side of the
mountain, large drops are created by the self-collection
process. For the two chemical species, whatever their
solubility is, the aqueous concentration decreases when
the drop diameter increases. This characteristic is em-
phasized for highly soluble gas, where, for example, at
360 m in altitude the concentration for a drop with a
diameter of 0.1 mm is equal to 2 X 10™* mol L ™! of
water and is equal to 2 X 107> mol L™! of water for a
diameter of 2 mm. Mass transfer limitations are re-
sponsible for the decrease of the aqueous concentration
as a function of the raindrop diameter, but another
process acts because this behavior also occurs with a
less soluble gas. In this part of the domain, evaporation
processes play an important role. The detailed treat-
ment of partial evaporation increases the aqueous con-
centration in drops and acts to concentrate chemical
species inside drops. Drops are then unable to release
gas. This behavior is consistent with the increase in gas
concentrations in Fig, 6a. Because the SP scheme con-
siders the details of the evolution for the chemical con-
centration as a function of the raindrop diameter, par-
tial evaporation is more important in the SP scheme
than in the BR scheme. Individual small drops quickly
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reach chemical equilibrium and release more gas than
the well-mixed solution with the same raindrop di-
ameter obtained from the BR scheme. This explains
the greater desorption area in gas phase on the down-
wind side of the mountain observed with the SP scheme
than with the BR scheme. When considering gas scav-
enging, it is important to consider the distribution of
raindrop diameter because significant differences ap-
pear when the partial evaporation process concentrates
the chemical species inside the drops and subsequently
releases gas.

In Table 2, maximum values of the deposition rates
corresponding to precipitation rates maxima are pre-
sented for the three parameterizations for the case of
a highly soluble gas and also for a less soluble gas. For
the two species considered, those deposition rates
maxima are much greater with the SP scheme. Also,
with the SP scheme the average chemical concentration
in rainwater is greater because the assumptions re-
garding the distribution of the aqueous concentration
as a function of raindrop diameter are favoring gas
scavenging. Partial evaporation concentrates aqueous
concentrations, and drops are unable to release gas.
With the SP scheme, raindrops are centered on a larger
diameter than with the BR scheme and are more effi-
cient to sediment. The proportionality factor between
highly soluble gas and a less soluble one is not identical.
With the K scheme, the influence of the limitation by

mol/1
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TABLE 2. Maximum values of deposition rates (mg m=2 s71).

1074}
1075

- —Tos

dy ——

Kessler Berry-Reinhardt Spectral
Highly soluble
H =10°M atm™! 0.51 0.59 3.61
Less soluble
H=10>M atm™! 0.02 0.04 1.28

mass transfer is significant with respect to evaporation.
For the BR and SP schemes, partial evaporation con-
centrates gas inside the drops. Also, for low soluble
species the limitation by mass transfer for acquiring
equilibrium is not as important as for the soluble case.

5. Conclusions

A comparative study of three microphysical schemes
in a mesoscale model was made to examine the impact
of each scheme on gas scavenging and wet deposition.
Rainfall rates are comparable in intensity, but their
downwind spreading is markedly larger in both the BR
and SP cases than in the K case. The K parameteriza-
tion produces raindrop size spectra centered on larger
diameters than obtained from the BR and SP schemes.
More small drops are present in those two schemes,
and those smaller drops are more susceptible to the
advection process. The K scheme considers only the

— Highly soluble
Less soluble

T 7-687m

T———Z=360m

~———7Z=135m

FiG. 7. Aqueous concentrations in moles per liter of water for a highly soluble gas (solid lines)
and a less soluble gas (dashed lines) as a function of raindrops diameter obtained with the SP
scheme for three grid points located at the top, on the upwind side, and on the downwind side
of the mountain, respectively, for three vertical levels of the model.
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complete evaporation process, whereas the SP and BR
schemes treat in detail the partial and complete evap-
oration process, resulting in more drops on the down-
wind side of the mountain. When considering micro-
physical processes appropriate for the inclusion in a
meteorological model, the BR scheme appears to be a
middle approach because it is not too expensive with
respect to calculation time, and the results obtained
are comparable to those obtained with a spectral mi-
crophysical model.

The coupling of the scavenging process with a bulk
microphysical approach appears insufficient because
intricate chemical processes are not linearly dependent
on the evolution of water content, as the SP scheme
shows. Contrary to bulk parameterizations, a spectral
scheme does not consider rainwater as a well-mixed
solution, and this assumption leads to a larger efficiency
of rainwater to scavenge gas. The SP scheme provides
additional information on raindrop chemical concen-
tration spectra, which is important when considering
evaporation processes. Partial evaporation concentrates
gas in the liquid phase and allows chemical equilibrium
to be reached more quickly for large drops with the
subsequent release of gas. This behavior aiso shows up
in the BR scheme. Evaporation and sedimentation
processes reduce the differences between highly soluble
gas and less soluble gas, and deposition rates are in the
same order of magnitude as the SP scheme. The same
behavior is observed in the spatial and temporal evo-
lutions of gases in the BR and SP schemes, but the
efficiency of releasing gases through evaporation is
lower in the BR scheme than in the SP one. This phe-
nomenon is not even observed in the K scheme. For
the study of gas scavenging and chemical reactions in
aqueous phase, it 1s necessary to have a microphysical
approach that considers diameter of drops and alsoto
have a chemical module completely coupled with mi-
crophysical and dynamical processes because wet de-
position is not linearly dependent on cloud processes.
It should also be pointed out that in this study, as a
first step, we have neglected chemical reactions, and
that the amount of dissolution could be different when
chemical reactions are allowed to take place in the
aqueous phase. The results of this study, however, still
stand qualitatively, and we can conclude that the pa-
rameterization of Berry and Reinhardt appears to be
a good compromise for studying chemical processes,
but absorption should be reviewed in terms of the linear
dependency between scavenging of gas and the evo-
lution of water mixing ratio.
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