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NOAA, Forecast Systems Laboratory, Boulder, Colorado
(Manuscript received 13 September 1989, in final form 3 July 1990)

ABSTRACT

Two widely used microphysical schemes are compared to evaluate their possible impact on wet deposition
mechanisms. They are based upon different spectral distributions for raindrops (Marshall-Palmer and lognormal
distributions) and use different formulations for the autoconversion and evaporation processes, as well as for
the fall velocity of raindrops. A comparative study of these two schemes is carried out for a two-dimensional
mountain wave simulation in a mesoscale meteorological model. Differences in the spatial and temporal evolution
of microphysical fields are investigated. The two schemes are compared for simple chemical scenarios: gas
dissolution in cloud and rain, gas scavenging by raindrops, and wet deposition. Results contrast the differing
behavior of the two schemes in describing processes such as the direct scavenging of gases by raindrops and the
release of chemical species back into the atmosphere because of below-cloud evaporation of rain.

1. Introduction

Acid deposition results from closely coupled and
complex interactions between microphysical, dynam-
ical, and chemical processes. For example, coalescence
mechanisms determine the partitioning of chemical
soluble species and consequently the partitioning of
acidity between cloud and rain. The dependency on
drop sizes of dissolution and mass transfer processes
establishes the need for a thorough treatment of mi-
crophysical processes. Recent theoretical predictions
from a cloud model (Flossmann and Pruppacher 1988)
and experimental observations (Noone et al. 1988)
have suggested that rainwater composition is drop-size
dependent. This drop-size dependency cannot always
be incorporated into a model. One can use the well-
known Kessler scheme (Niewiadomski 1986), which
can be included in a mesoscale meteorological model
but excludes drop-size dependent chemistry, or one
can rely on a sophisticated cloud model (Flossmann
and Pruppacher 1988) that addresses the question of
drop-size dependent chemistry but is compatible only
with simplified dynamics. A microphysical parame-
terization derived from the stochastic coalescence
equation of a cloud model has been proposed (Berry
and Reinhardt 1974a, 1974b) and implemented in a
mesoscale meteorological model (Nickerson et al.

Corresponding author address: Dr. Nadine Chaumerliac, LAMP/
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1986). This formulation, which is between the two ex-
tremes above, offers a greater possibility of simulating
the relevant microphysical processes than that of Kes-
sler.

Richard and Chaumerliac (1989) gave the results of
a systematic comparison of those two microphysical
schemes (Kessler 1969; Berry and Reinhardt 1974a,
1974b) for an idealized case of a moist mountain wave.
Results from that comparison are given in Richard and
Chaumerliac (1989). One of the conclusions of that
paper was that the major differences found in raindrop
size distributions as well as in the formulation of some
microphysical processes should lead to divergent results
between the two schemes when considering wet chem-
istry problems. The aim of the present study was to
examine the impact of those microphysical differences
on the wet deposition of a soluble, nonreactive gas.
Sensitivity tests with various solubilities as well as direct
scavenging by raindrops are studied for this orographic
situation using two different microphysical schemes.
This study considers only warm-cloud processes.

2. Microphysical schemes

The main features of the Kessler (1969) parameter-
ization and that of Berry and Reinhardt (1974a,b) are
briefly summarized. In both cases, liquid water is par-
titioned into cloud water and rainwater. The cloud-
water mixing ratio g, is diagnosed from the prognostic
variable g, which is the sum of the water-vapor mixing
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ratio ¢, and the cloud-water mixing ratio g.,. When
supersaturation occurs, ¢, is set equal to the saturated
vapor mixing ratio g,,;, and the excess vapor is con-
verted into cloud water. For rainwater, the mixing ratio
is predicted in both schemes, but another predictive
equation is added for the total number concentration
in the scheme of Berry and Reinhardt. This allows for
self-collection and partial evaporation of raindrops.

The Kessler parameterization uses a Marshall-Pal-
mer distribution for raindrops, whereas a lognormal
function is assumed for Berry and Reinhardt. Both
schemes include the processes of autoconversion, ac-
cretion, sedimentation, and evaporation. However, self-
collection is considered only in the Berry and Reinhardt
parameterization.

Formulations of the various microphysical rates and
the differences between them are given in detail in
Richard and Chaumerliac (1989). In this paper, only
the autoconversion rates are given as an example.

For Kessler, the autoconversion rate relative to the
mixing ratio is written as

kl(pach - a), if Palew > 4,

AUg(Q) = { (1)

) if not,

where a designates the threshold value for autocon-
version below which cloud conversion does not occur.
Here a = 0.5 g m ™3, p, is the air density, and k; is the
Kessler autoconversion coeflicient commonly set equal
to 1073571,

For Berry and Reinhardt, two rates must be consid-
ered for the autoconversion: one relative to the mixing
ratio and the other relative to the total number con-
centration. These are written respectively as

AUpr(Q) = &(Dy, o) (pad i) (2)
AUpg(N) = 3.5 X 10°a( Doy » 0c)(Paden)?.  (3)

The coefficient « depends on cloud spectrum features,
D, is the cloud-droplet mean volume diameter, and
o is the standard geometric deviation for the cloud
lognormal spectrum. In this paper, the coefficient « is
set equal to 0.15. Also set are D,, = 27.5 um and o,
= (.2775, which are typical values for a maritime cloud
spectrum (Berry and Reinhardt 1973). Richard and
Chaumerliac (1989) provide other values, and it has
been shown that o = 0.15 results in comparable cloud-
water mixing ratios for the two schemes in a mountain
wave scenario. These comparable conditions are re-
tained here to permit a closer comparison between wet
deposition results obtained with the two microphysical
schemes.

3. The chemical scheme

A soluble, nonreactive gas is considered in the model
and is described by three predictive equations that rep-
resent it in three forms: its gaseous phase, its dissolved
form in cloud water, and its dissolved form in rain-
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water. Three phase concentrations of the species X are
defined: a gaseous one, a concentration in cloud water,
and a concentration in rainwater, denoted respectively
as X,, X., and X,.

The time rate of change of each concentration for a
given soluble species is obtained from the following set
of equations:

an/dt = _Sdis - Sst‘av (4)
dX./dt = Sais — Sace — Saut (35)
dX,/dt = Sace + Sau + Ssea + Sscavs (6)

where S stands for the various sources and sinks of the
concentrations. The subscript “aut” refers to autocon-
version of cloud droplets into raindrops and “acc” to
accretion of cloud droplets by raindrops. The subscript
“sed” refers to sedimentation. The subscripts “dis”
and “scav> designate respectively the dissolution in
aqueous phase of X and the scavenging from gas phase
to rainwater through mass transfer. The left-hand sides
of Egs. (4)—(6) include transport and friction. The
detailed expressions for all the sources and sinks for
the various phase concentrations are given in Chau-
merliac et al. (1989), except for the rate of dissolution
of the gaseous species into cloud water, which was
treated slightly different.

In the present paper, two distinct predictive equa-
tions are considered for the concentration of the species
in the air and in the cloud environment, respectively,
which was not the case in Chaumerliac et al. (1989).
This greater degree of freedom implies that a dissolu-
tion rate of the gaseous species into cloud water must
also be considered and is expressed as

99w
Xais = XaHeggRT ——|
ot cond
where 9.,/ 9t | conq is the condensation rate and H,yis
the effective solubility in moles per atmosphere for X
in aqueous phase. In the sensitivity studies that follow,
two types of species are considered. One is a species
with a low effective solubility (sulfur dioxide), and the
other corresponds to a very soluble species (hydrogen
peroxide ). However, to compare the impact of the two
rain parameterizations on wet deposition processes, one
assumes that the species (which are taken to be either
SO, or H,0,) are nonreactive. It should also be noted
that gas scavenging by water drops is calculated by the
diffusion-controlled kinetic formula, as given in Iri-
barne and Cho (1989):

F =k (C — Cg), (8)

where F is the density of flux of gas toward the drop,
C is the gas phase concentration, and C,, is the value
in equilibrium with the aqueous concentration in the
liguid.

The coefficient k, = f D,/ r (where D, is the diffusivity
in the gas phase and r is the drop radius) contains a
correction factor f that represents the mass transfer

(7)
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enhancement produced by the relative motion of the
drop and the air and by the drag-induced internal cir-
culation. As discussed in Walcek et al. (1984),

for r < 500 pm, f=1
for 500 <r<900 um, f=25
and for r > 900 um, f=20.

Section 4 describes the results from a series of nu-
merical experiments that successively combine the
chemical scheme described above with the micro-
physical parameterizations from Kessler (1969) and
Berry and Reinhardt (1974a,b) in a meteorological
setting corresponding to two-dimensional orographic
flow.

4. Model results

The meteorological scenario is defined as in previous
papers (Richard and Chaumerliac 1989; Chaumerliac
et al. 1987) and consists of a two-layer atmosphere
over an idealized bell-shaped mountain. The initial
horizontal wind speed is a uniform 20 m s™!, and a
relative humidity of 80% is assumed below 3 km.

The gas variable is initialized with uniform concen-
trations in the vertical, initially taken equal to | ppb
to facilitate the interpretation of the sensitivity tests.

Simulations were performed with a two-dimensional
version of the model (Nickerson et al. 1986) over a
horizontal domain of 430 km, using a horizontal grid
length of 10 km. The calculations were carried out to
6 h using a time step of 10 s.

Before discussing the wet chemistry, a recapitulation
of the results from both microphysical parameteriza-
tions in the orographic rain situation is presented. In
Fig. 1, vertical cross sections of cloud-water mixing
ratio, rainwater mixing ratio, and precipitation rate are
given for Kessler (1969) and Berry and Reinhardt
(1974a,b). As previously mentioned, the choice of the
autoconversion coefficient in the Berry and Reinhardt
scheme leads to cloud-water mixing ratios comparable
to those obtained with the Kessler scheme. The pre-
cipitation rates are also comparable in intensity but
differ slightly in their spatial extent. In contrast, the
corresponding rainwater mixing ratios are quite dif-
ferent. It was shown in Richard and Chaumerliac
(1989) that the difference occurs because rainwater
mass is carried by much larger raindrops in the Kessler
case. Those larger raindrops precipitate with larger fall
velocities than in the case of Berry and Reinhardt,
leading to much faster depletion of the rainwater mix-
ing ratio in the Kessler scheme. A good illustration of
the differing behavior of the two schemes is also pro-
vided in Fig. 2, which shows mass density functions
for Kessler and Berry and Reinhardt for various model
grid points in the vicinity of the mountain top. In all
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cases, the Kessler mass density functions are centered
over larger drop diameters.

Another effect related to raindrop size is the down-
wind spreading of the precipitation zone in the case of
Berry and Reinhardt. The smaller Berry and Reinhardt
raindrops are more sensitive to wind drift effects. It can
already be inferred that the inherent differences be-
tween each microphysical scheme should lead to dif-
fering results for the gas scavenging and deposition
processes.

To study the impact of those differences upon the
chemical processes, a series of numerical experiments
was performed: in the first experiment, scavenging of
a very soluble gas is considered (Hoz= 10°M atm™');
in the second experiment Henry’s law equilibrium is
assumed for the raindrops for the same gas; and the
last experiment consists of the transport and scavenging
of a less soluble gas (H,g= 103 M atm ™). In all cases,
the gas is assumed to be nonreactive.

Results from the first experiment are shown in Fig.
3 with the partitioning of a highly soluble gas between
air, cloud and rain. Vertical cross sections of gaseous
and aqueous concentrations in nanomole per liter of
air are plotted after 6 h of simulation time. For airborne
concentrations, the depletion of gas due to gas uptake
by cloud and rain looks quite different for the two mi-
crophysical schemes on the downwind side. The gas is
more efficiently scavenged on the downwind side of
the mountain in the case of the Berry and Reinhardt
parameterization. This is because the rainwater mixing
ratio in the Berry and Reinhardt scheme is 3-5 times
larger than that of Kessler (see Fig. 1). Also, the smaller
raindrops of the Berry and Reinhardt case are more
sensitive to advection and consequently have a longer
residence time in the atmosphere, allowing for more
efficient scavenging of the gas on the downwind side
of the mountain.

Looking now at the contours for gas scavenged by
cloud, one finds three cells of maximum concentration
in the Kessler case, whereas there is only one cell for
the Berry and Reinhardt scheme. This can be related
to the threshold behavior in the autoconversion process
in the Kessler case, which results in an accumulation
of gas in the cloud phase before conversion to rain.
For the same reason, we observe a distortion of the
contours on the downwind side in the Kessler case be-
cause dissolved gas in cloud can be advected below the
autoconversion threshold. However, the amounts of
aqueous species in the cloud are about the same with
the two parameterizations, reflecting the behavior al-
ready noticed in the cloud-water fields.

For rainwater species, differences between the two
microphysical schemes are much stronger than is the
case for airborne and cloudborne species. Aqueous
concentrations in rainwater are about three times
greater in the Berry and Reinhardt simulation than in
the Kessler one. This reflects the rainwater fields, but
it also shows a greater absorption of gases upwind from
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FIG. 1. Vertical cross sections of cloud-water mixing ratio g, rainwater mixing ratio g,,, and precipitation
rate P, for Kessler (1969) and Berry and Reinhardt (1974a,b). Maximum values are indicated in the upper
right corner of each figure.

the mountain top, probably because rainwater is carried  believe that direct scavenging of gases by raindrops is
by the smaller raindrops of the Berry and Reinhardt the process responsible for such a pattern. Other pro-
case. These differences in the condensation zone as well  cesses leading to rainborne species production or de-
as the behavior already noticed in the airborne con- struction are derived from microphysical processes
centration fields in the evaporation zone lead us to through proportionality relationships and cannot result
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FiG. 2. Mass density functions for raindrops with Kessler (1969) and Berry and Reinhardt (1974a,b) droplet spectra
for three grid points located at mountain top and upwind and downwind from mountain top for three vertical levels

in the model.

in nonlinearities between the microphysical rainwater
fields and the corresponding chemical fields.

To see the impact of direct scavenging of gases by
raindrops on the source or sink of aqueous species, a
sensitivity test was performed in which we assumed
Henry’s law equilibrium for gas dissolution in rain-
drops. Results are presented in Fig. 4 in the same format
as in Fig. 3. When Henry’s law equilibrium is main-
tained in the rain formation processes as for the cloud
water, then the amount of trace gases transferred from
the cloud water to the rainwater is about one-third-
one-half that of cloud-water field. Mass transfer limi-
tation reduces the gas absorption by about a factor of
2, as seen on the rainborne species’ fields, and decreases
the concentration effect when raindrops evaporate be-
low the cloud, as shown on airborne species’ fields on
the downwind side from the mountain top. The main
contrast between the two microphysical schemes is in
a greater desorption zone of gases downwind from
mountain top in Berry and Reinhardt case when equi-
librium is assumed. The differences may be attributed

to a more efficient total evaporation in the case of the
smaller Berry and Reinhardt raindrops.

A summary of the principal results for the entire
series of numerical experiments is presented in Fig. 5,
which shows deposition rates for the two microphysical
parameterizations and the three sensitivity tests. The
first two sets of figures display deposition rates obtained
with mass transfer limitations included for a very sol-
uble gas and a less soluble one. Again, observe the
downwind spreading of the deposition zone in the case
of Berry and Reinhardt, which should be related to the
corresponding effect already noted in the precipitation
rate. Lowering the solubility has the effect of reducing
the deposition rate for both microphysical schemes. In
the case of Berry and Reinhardt, the maximum of the
deposition rate is displaced slightly downwind from
the mountain top and is much more concentrated in
the case of the less soluble gas. The drift effect of smaller
raindrops in the Berry and Reinhardt case is enhanced
here, owing to a longer residence time for the less sol-
uble species. Mass transfer limitation effects are of ma-
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HIG. 3. Vertical cross sections of concentrations for a highly soluble species in air,
in cloud, and in rain environments in nanomoles per liter of air.

jor importance, especially with the Berry and Reinhardt
scheme: when Henry’s law equilibrium is assumed, the
deposition rates for the Kessler scheme have about the
same order of magnitude while Berry and Reinhardt
deposition rates are two times greater than when the
mass transfer limitation is considered.

Additional evidence of the relative importance of
processes involved in gas scavenging by raindrops is
found in Fig. 6, where the temporal evolution of dif-
ferent sources and sinks for rainborne species is shown
by 1) microphysical processes such as autoconversion
and accretion, 2 ) evaporation processes, 3 ) dissolution
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FIG. 4. Same as in Fig. 3, but Henry’s law equilibrium is assumed for gas dissolution in raindrops.

of gas into raindrops, and 4) sedimentation of rain- Lx rL:

drops. The budgets were calculated for a period of 2 h J; J; (Sawr + Sacc)dxdz, 9
by integrating the expressions representing the indi-

vidual processes over the entire model domain. For where L, and L, are the horizontal and vertical extents,
example, the term for the microphysical process is cal- respectively, of the model domain, and S,,, and S,
culated as follows: are defined in Eq. 6. For a highly soluble species, mi-
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FIG. §. Vertical cross sections of deposition rates in micrograms per square meter per second for three
sensitivity cases. For the first two cases, effects of direct scavenging of gases by raindrops are shown for a
highly soluble species and a less soluble one. The third case considers that Henry’s law equilibrium is obeyed
for the highly soluble gas.

crophysical processes together with evaporation and
sedimentation dominate over scavenging effects in both
the Kessler and the Berry and Reinhardt cases because
the species were already dissolved in the cloud and
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partly converted into the rain. Because of the autocon-
version threshold effects in the Kessler case, gases have
more time to dissolve in the cloud, and therefore the
microphysical conversion of cloudborne species into
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rainborne species is more efficient than in the Berry
and Reinhardt case. Therefore, looking into more de-
tails, sedimentation is the most important process for
the Kessler scheme and is rivaling microphysical and
evaporation effects in the Berry and Reinhardt param-
eterization. For a less soluble species, evaporation is
really the most important mechanism in the Berry and
Reinhardt scheme and scavenging effects this time bal-
ance sedimentation and microphysical processes. In
the Kessler case, sedimentation and evaporation are
both dominating microphysical and scavenging pro-
cesses. The importance of evaporation over the other
processes is related to the previously mentioned con-
centration effect on the deposition rates (Fig. 5b). The
evaporation effect is greater for the smaller raindrops

represented in the Berry and Reinhardt parameteriza-
tion. Conversely, sedimentation effects are larger in the
Kessler case irrespective of the solubility because rain-
water mass in that formulation is carried predominately
by the larger raindrops.

5. Conclusion

A comparative study of two microphysical schemes
corresponding to a mountain wave scenario was made
to examine the impact of each of these schemes upon
gas scavenging and wet deposition.

The Kessler scheme produces raindrop size spectra
that are centered on larger diameters than that of the
Berry and Reinhardt scheme. Consequently, there is a
large discrepancy between the two schemes with respect
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to their treatment of direct gas scavenging by raindrops,
which is a size-dependent process. Another effect re-
lated to drop size is the downwind spreading of the
precipitating area, and subsequently of the deposition
area. Deposition zones extend farther downwind from
the mountain top in the case of Berry and Reinhardt.
Furthermore, the smaller raindrops of the Berry and
Reinhardt scheme are more efficient for absorbing gases
and have longer residence times in the atmosphere,
thereby providing more time for dissolving and scav-
enging the gases. Differences between the two schemes
in the formulation of microphysical rates, such as the
one for autoconversion, imply as well a different be-
havior for gas dissolution and scavenging. And finally,
evaporation effects in the case of Berry and Reinhardt
lead to an enhanced concentration of species on the
downwind side relative to that obtained in the Kessler
case, whereas sedimentation of large Kessler raindrops
removes more gas from the air than is removed by the
Berry and Reinhardt raindrops.

In conclusion, intricate chemical processes such as
those involved in wet deposition evolve in a different
manner in the Berry and Reinhardt scheme than in
the Kessler scheme. An assessment of whether the Berry
and Reinhardt scheme is more appropriate than that
of Kessler must be determined by comparing model
data and experimental data. However, it must also be
noted that the Berry and Reinhardt scheme is com-
putationally more expensive than the Kessler param-
eterization, and that for grid sizes larger than those
considered in this paper, the Kessler scheme may be
quite appropriate.
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