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ABSTRACT

A detailed comparison is made between the results obtained from two microphysical parameterizations capable
of simulating cloud and precipitation processes in a mesoscale model. The behavior of each microphysical
scheme is first investigated in the context of a mountain wave simulation. Major differences are found in
raindrop size distributions as well as in the rates associated with various microphysical processes. An assessment
of the accuracy of each scheme is then obtained by comparing model predictions with observational data from
well-documented orographically enhanced precipitation episodes in South Wales. The parameterization of Berry
and Reinhardt does a better job of reproducing the observed dependency of the precipitation enhancement on

the low-level windspeed than does Kessler’s.

1. Introduction

Various recent studies have highlighted the influence
of moist processes upon the dynamics of mesoscale
circulations wherein feedbacks may occur through
diabatic processes as well as precipitation loading
(Durran and Klemp 1983; Hsie et al. 1984). Mesoscale
models generally treat precipitation processes in a re-
solvable, explicit manner or by means of a subgrid scale
parameterization procedure (a concise description of
the relative importance of those two procedures may
be found in Zhang et al. 1988). Clearly, microphysical
processes must be included in any dynamical model
that seeks to replicate the behavior of active weather
systems. A major unresolved question, however, is the
degree of complexity that must be included in any rep-
resentation of cloud and precipitation processes. The
following discussion only considers the question of re-
solvable precipitation wherein the microphysical pro-
cesses within each grid volume are explicitly repre-
sented by a set of one or more equations in a complete
set of model equations.

On the one hand, very detailed formulations such
as those developed for cloud models can be used. As
many as 50 to 100 equations are then required to rep-
resent growth of cloud droplets to precipitation-sized
particles (Berry 1967; Clark and Hall 1983). Such a
degree of complexity, however, is impractical for most
present day applications using a mesoscale model. On
the other hand, microphysical processes can be param-
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eterized with a bulk representation. Limiting the prob-
lem to the consideration of only warm phase processes,
liquid water is subdivided into two classes: cloud water
and rainwater. This type of parameterization based
upon Kessler’s work (1969) has been widely used
(Cotton 1972; Orville and Kopp 1977; Rutledge and
Hobbs 1983). The calculation of microphysical sources
and sinks requires some assumption of the raindrop
size distribution. Kessler type parameterizations make
use of an inverse exponential function, known as the
Marshall-Palmer distribution (Marshall and Palmer
1948). :

Between the many equation formulation and the
single equation formulation of Kessler, a compromise
was proposed by Berry and Reinhardt (1974a,b), who
derived a new parameterization from the stochastic
coalescence equation, less empirical than Kessler’s and
yet nearly as convenient as Kessler’s to implement in
a mesoscale model (Nickerson et al. 1986). Liquid wa-
ter is subdivided between cloud water and rainwater
as in Kessler’s scheme, but an extra predictive equation
is added for the raindrop number concentration,
thereby providing an additional degree of freedom. Self-
collection and partial evaporation may now be taken
into account. In this formulation raindrops are as-
sumed to conform to a log-normal distribution.

This paper examines both the Kessler parameteriza-
tion and the Berry and Reinhardt parameterization
with the overall objective of determining their respec-
tive abilities to simulate the details of the microphysics
occurring in precipitation processes within orograph-
ically forced cloud systems.

A brief description of both parameterizations is
given, including prognostic equations, raindrop distri-
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bution functions (section 2) as well as microphysical
processes (section 3). In section 4, model results for
the two microphysical schemes are systematically
compared in the context of an idealized case of a moist
mountain wave. This comparison is then generalized,
in section 5, to various episodes of orographically en-
hanced precipitation associated with the feeder-seeder
mechanism, for which observational data are available
to compare with model predictions.

2. Predictive equations and raindrop distributions

In this section, the two microphysical parameteriza-
tions of Kessler (K) and Berry and Reinhardt (BR)
are briefly summarized. In both cases, the cloud water
mixing ratio ¢,,, is diagnosed from the prognostic vari-
able g, which is the sum of the water vapor mixing
ratio g, and the cloud water mixing ratio ¢,,. In case
of supersaturation, g, is set equal to the saturated vapor
mixing ratio (g,,) and the excess vapor is converted
into cloud water.

In the K parameterization, rainwater is predicted
solely by its mixing ratio ¢,, whereas the BR parame-
terization is based upon the prediction of both mixing
ratio and raindrop total number concentration N,,.
This leads to the following set of equations for K:

{%’ = —AU(Q) ~ AC(Q) + EV(Q) + E(Q). (1)
% = AU(Q) + AC(Q) + SE(Q) - EV(Q), (2)
and for BR:

% = —AU(Q) — AC(Q) + EV(Q) + F(Q), (3)
"Z—;w = AU(Q) + AC(Q) + SE(Q) — EV(Q), (4)
dN,,,
= AUW) + SE(N) = SC(N) = EV(N). (5) -

The microphysical processes taken into account are
autoconversion (AU), accretion (AC), evaporation
(EV), sedimentation (SE) and self-collection (SC). It
should be noticed that self-collection (coalescence of
raindrops among themselves) only arises in BR’s pa-
rameterization. Here F,(Q) designates the turbulent
mixing term, and Q and N refer to mixing ratio and
to number concentration, respectively.

Both parameterizations make use of raindrop dis-
tribution functions which-are: 1) Marshall-Palmer for
the K parameterization, and 2) log-normal distribution
for the BR parameterization. For the first case, the
" number of raindrops whose diameter lies in the interval
D to D + dD is given by '

N(D)dD = Ny exp(—AD)dD: (6)

JOURNAL OF APPLIED METEOROLOGY

VOLUME 28

This formulation originally derived by Marshall-
Palmer (1948) has been widely used. Observations
from Waldvogel (1974 ) for different types of rain show
a range of values for Ny, from 0.4 10" m™* to 3.5 107
m . The total mass of precipitation per unit volume
is obtained by multiplying the distribution given in (6)
by the mass of one raindrop of diameter D and by
integrating over all diameters, i.e.,

mpwNo
A

where p,, p,, are air and water densities respectively.
For the log-normal distribution, the number of rain-
drops in the diameter interval D to D + dD is expressed

as
. D
In (Dor)]dD, (8)

Palrw = f %wa3No exp(—AD)dD = 7N
0

N,
N(DYdD = —2—
(D) V27w o,D

where Dy, is the median size diameter and ¢, the stan-
dard geometric deviation which is a measure of the
breadth of the spectrum. The rainwater content is then
given by

exp[ - 302

Palrw = f z6r‘PwD3N(D)dD
0

=Nrwzwa8rCXp(2 Urz) . (9)
6 2

In both cases, there are more parameters in the dis-
tributions than predictive variables, therefore for each
distribution, one of these unknown parameters must
be specified. The effects of varying these parameters
are illustrated in Fig. 1, which presents mass density
functions for a given rainwater content of 0.5 g m™>,
as a function of raindrop diameter. Figure la corre-
sponds to the Marshall-Palmer distribution for various
values of Ny; Fig. 1b corresponds to the log-normal
distribution for three values of ¢, and a given number
concentration N,,. The variation of N, over the whole
range of measured values has little effect on the mass
density function. A slight shift towards larger diameters
is observed when N is decreased but the peak value
and the shape of the curves remain the same. Therefore,
in the following, Ny will be set equal to 107 m™. A
quite different behavior is found in Fig. 1b. The mass
density function is much more sensitive to changes in
o,. A decrease in ¢, both reduces the peak value and
broadens the spectrum. The value o, = 0.547 is then
retained providing the log-normal distribution with the
most similar spectrum both in shape and amplitude to
the Marshall-Palmer distribution. In the Kessler pa-
rameterization, it is now possible to compute the other
parameter A as a function of Ny and g, [cf. Eq. (7)].
In the same way, Dy, in the BR parameterization can
be expressed as a function of o,, g, and N,, [cf.

Eq. (9)].
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FIG. 1. Mass density functions for a given rainwater content of
0.5 g m~> as a function of raindrop diameter: (a) for Marshall-Paimer
distribution for three values of Ny, expressed in m ™, (b) for log-
normal distribution for three values of ¢, and N,, = 10 drops per
liter.

One of the major advantages in the BR parameter-
ization is the prediction of N,,, which allows much
more flexibility in the representation of the raindrop
spectrum. As an example, for a fixed value of the rain-
water content, log-normal mass density functions have
been drawn in Fig. 2 for three predicted values of the
number concentration and compared with the corre-
sponding function for Marshall-Palmer. Depending on
the predicted value of the concentration, the BR spec-
trum is centered on small diameter (500 um) or on
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large diameter (1000 um), while the K spectrum re-
mains centered on the same (large) diameter. In the
case of Kessler, the shift of the spectrum towards larger
diameter can be achieved only by increasing the rain-
water mixing ratio, while in the case of BR it can also
result from decreasing the number concentration.
Therefore, the prediction of the number concentration
combined with a log-normal distribution brings an ad-
ditional degree of freedom which provides more de-
tailed information about the raindrop size spectrum
and facilitates the representation of the physical pro-
cesses which control the evolution of the spectrum
(Feingold and Levin 1986).

3. Microphysical processes

a. Autoconversion

The sole rainwater initiation mechanism is the au-
toconversion process. The autoconversion rates for the
two parameterizations are written as:

for Kessler,

k .
- (Pach —a) if p.gw>a

AUg(Q) =1 Pe (10)
0 if not;
for BR,
AUpr(Q) = & Do, 0.)(pag2n) (11)
AUpr(N) = 3.5 10° a( Dew, 0c)(padew)®.  (12)

The Kessler rate relies on intuitive considerations: the
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FIG. 2. Mass density functions for a given rainwater content of
0.5 g m ™ obtained with the log-normal distribution for o, = 0.547
and three predicted values of N, in drops per liter (thin lines) and
with the Marshall-Palmer distribution for Ny = 107 m ~* (thick line).
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autoconversion rate increases linearly with the cloud
water content but cloud conversion does not occur be-
low a threshold value a. Berry and Reinhardt’s for-
mulation is based upon results from solutions of the
stochastic coalescence equations using a detailed mi-
crophysical model employing 72 discrete size catego-
ries. The coefficient « depends on cloud spectrum fea-
tures:

Doy, 0.) = 0.0067[10'6N,,, ~*/*Vvarx — 2.7]
X [104(N,,, ""Wvarx)'3 — 1.2], (13)

where

varx = exp(9¢.2) — 1

w 9
1= Pade = z wa(?;c exP(E 0,02),

New
¢ N.. 6

assuming that cloud droplets are distributed according
to a log-normal function of parameters o,, Dy.. Ad-
justing the « coefficient provides us with the flexibility
necessary to simulate the extreme differences in the
colloidal stability of clouds formed in various air
masses. A maritime cloud spectrum will lead to a much
greater value of « than a continental one. And in con-
trast to Kessler’s formulation, BR’s formulation per-
mits autoconversion in the early stages of cloud droplet
collection, thereby allowing for the production of rain-
water even for low cloud water contents.

Figure 3 presents autoconversion rates as a function
of the cloud water content. For the Kessler parame-
terization, the parameters k, and @ are commonly cho-
sen equal to 1073 s™! and 0.5 g m ™3 respectively. In
the case of BR, two curves are plotted corresponding
to a 35 pm, 0.2775) = 0.66 (BR1) and « (27.5 um,
0.2775) = 0.15 (BR2). These two values, both typical

(mgim’s)

autoconversion rate

KESSLER
0.5

0.5 1.0
cloud water content (gim?%

FIG. 3. Autoconversion rates as a function of cloud water content

for Kessler and for two values of the autoconversion coefficient of
Berry and Reinhardt’s parameterization.
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of a maritime cloud spectrum, result in the two BR
autoconversion rates bracketing the Kessler rate.
b. Accretion and sedimentation

Once embryonic precipitation particles are formed,
rainwater mixing ratio growth occurs primarily by ac-
cretion of cloud water in the form:

for Kessler,

po

172
ACk(Q) = O-2935]\,0”8 ( ) ch(Paqrw)7/8; (14)
Pa
and for BR,
3000w lcw 2 -
A =TT Yl D s Dcw
Cer(Q) 20uD,, Yo (Dy )

X [V(Dg) = V(Day)], (15)

where D, is the predominant diameter of the rainwater
distribution, D, is the mean diameter of the cloud
water distribution. Here v.2(D, D') is the collision ef-
ficiency between drops of diameters D and D', and
V( D), the terminal fall velocity for a drop of diameter
D, is expressed in MKS as:

for Kessler,

Po 03
V(D)= 130 (—) D%, (16)
and for BR,
17 Re
= . 17
V(D) oD (17)

The reader is referred to the list of symbols for further
details. Equation (16) is used to derive Eq. (14) as
given in Kessler (1969). Equation (17) is taken from
Berry and Pranger (1974). It is important to note that
the BR accretion rate is parameterized as a function
of the collection kernal [Eq. (15)], eliminating the need
to evaluate arbitrary coefficients, as in the Kessler case.

In contrast to the formulations for the accretion
terms, the sedimentation process is formulated in the
same way for the two parameterizations as

d
SE(Q) = o~ (Fy)

T pw
6 pa
where F, represents the sedimentation flux. The dif-
ference between the BR and the K expressions just
results from different formulations of terminal veloc-
ities and distribution functions.

In Fig. 4a, accretion rates divided by the cloud water
content are shown as a function of the rainwater mixing

ratio in the K case and in the BR case for three values
of the total number concentration. The accretion pro-

_9[” 3
—GZL N(D)V(D)—2 D%dD, (18)

/
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FIG. 4. (a) Accretion rates divided by the cloud water mixing ratio
as a function of rainwater mixing ratio. (b) Sedimentation fluxes as
a function of rainwater mixing ratio in the Kessler case (thin line)
and in the Berry and Reinhardt case for the three values of N,,, (thick
lines).

cess, as formulated by BR, is more efficient when the
rainwater content is carried by smaller raindrops, i.e.,
higher concentrations. The accretion rate obtained by
10 drops/liter in BR closely matches the Kessler curve.
Figure 4b shows the sedimentation fluxes as a function
of the rainwater mixing ratio. This time, the sedimen-
tation process is more efficient when the rainwater
content is carried by larger raindrops. The Kessler curve
is located between the 1 and 10 drops/liter BR curves.

c. Evaporation

Similarly, one can estimate the rate of change due
to evaporation of raindrops. Kessler, using experimen-
tal data from Gunn and Kinzer (1949), found

EVELYNE RICHARD AND NADINE CHAUMERLIAC
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EVK(Q) = 0.17 10 No®*(0agrw) *** (qus — @v).
(19)
In the case of BR, the evaporation rate is obtained
from a more complete theoretical calculation including
ventilation effects, pressure and temperature depen-

dency as in Pruppacher and Klett (1978). It can be
written as

2 _
EVar(Q) = A—’; N,.[~4.33 105D, ?

+ 5.31 10°D,,,% exp(—0,%)

(qu - qv)
Palvs

In BR, an additional term is considered on the con-

centration in order to take into account the number

of raindrops which disappear completely by evapora-

tion during each time step A¢. The raindrops evaporate

completely as soon as they have a diameter smaller
than a critical value Dg;; calculated by

0 -+ At 4 q
f DdD=f (1——9—)41:. (21)
Deriy t A3pw q,

+ 0.572 D, exp(—a.2)] (20)

vs

This leads to

Derit

EVpr(N) = J; N(D)dD. (22)
Figure 5 shows EVk(Q) and EVggr(Q) divided by (g,
— gys) for three values of N, at two different pressure
levels. The BR evaporation rate is highly sensitive to
the raindrop concentration and the evaporation of
small raindrops is favored. The Kessler formulation
does not allow any dependency of the evaporation rate
on droplet size and provides at the ground an evapo-
ration rate which is between these obtained from BR
for N,, = 1 and 10 drops/liter. Moreover, the Kessler
evaporation rate does not vary with altitude, whereas
BR’s rates are about twice as large at 700 mb as they
are at 1000 mb.

4. Mountain wave simulations

Simulations have been performed with a two-di-
mensional version of the model (Nickerson et al. 1986)
over a horizontal domain of 430 km with a grid mesh
of 10 km. The vertical domain extends from the ground
to 100 mb and is discretized into 15 equally spaced
levels in the vertical coordinate » (where » is a modified
o vertical coordinate ). Lateral boundary conditions are
of the Davies type (Davies 1983). At the upper bound-
ary, a top absorbing layer occupies the first five vertical
levels. The simulation duration is 6 h with a time step
of 10 s. The planetary boundary layer is parameterized
according to O’Brien (1970) with a constant depth of
1 km.
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A meteorological scenario of a mountain wave has
been selected in order to provide a well-defined forcing
mechanism as well as a dynamical and thermodynam-
ical consistent setting for the production of clouds and
precipitation (Durran and Klemp 1983; Chaumerliac
et al. 1987). The model is run over an idealized bell-
shaped mountain, 1 km high and 20 km in halfwidth.
The initial atmosphere consists in a layer of constant
lapse rate with 80% relative humidity up to 250 mb,
which is topped by a dry isothermal layer. The initial
horizontal windspeed is 20 m s™'.

For this orographic rain situation, results obtained
both from K and BR are systematically compared. The
BR results are presented for the two values of the au-
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toconversion coefficient defined in section 3a. First,
results from complete runs, including all of the pro-
cesses are studied. Then, the role of each process is
investigated individually.

In Fig. 6, vertical cross sections of cloud water mixing
ratios, rainwater mixing ratios and precipitation rates
have been reported for K, BR1 and BR2. Cloud water
fields (Fig. 6a) are comparable for K and BR2, whereas
cloud water mixing ratios obtained with BR1 are
weaker due to a more efficient conversion from cloud
to rain. The precipitation rates of K and BR2 (Fig. 6¢)
are also comparable in intensity but differ slightly in
their spatial extent. Surprisingly, the corresponding
rainwater mixing ratios (Fig. 6b) are quite different.
BR2 produces much larger rainwater mixing ratios than
K. Further insight may be obtained from Fig. 7, which
shows mass density functions for K, BR1 and BR2 for
various model grid points in the vicinity of the moun-
tain. For all the selected grid points, the Kessler mass
density functions are systematically centered over larger
diameters. Such differences in raindrop sizes provide
a rationale for the interpretation of the differing be-
havior of the BR and K schemes. In the Kessler scheme,
large raindrops precipitate with greater terminal veloc-
ity than BR raindrops, so that rainwater mixing ratio
is depleted much faster. Another effect directly related
to raindrop size is the downwind spreading of the pre- .
cipitating zone in the case of BR. The BR raindrops,
which are smaller than the Kessler raindrops, are more
sensitive to wind drift effects.

In order to emphasize the differences inherent in
each microphysical process, we have carried out a series
of simplified runs: in run A, only autoconversion and
sedimentation are considered, then successively self-
collection (run B), accretion (run C) and rain evap-
oration (complete run) are added.

In Fig. 8, vertical cross sections of the rainwater
mixing ratios and precipitation rates are represented
for K, BR1 and BR2 in case of run A. Recalling that
the Kessler autoconversion rates were intermediate be-
tween those of BR1 and BR2 (Fig. 3), Kessler should
give more rain than BR2 and less than BR1. As ex-
pected, we did find that BR1 leads to much higher
rainwater mixing ratios and precipitation rates than
BR2. For Kessler, however, the rainwater mixing ratio
is weaker than for BR2, while the precipitation rate is
greater than for BR1. This behavior should be attrib-
uted, as already mentioned for the complete run, to
the size of the raindrops which are larger and have a
greater terminal velocity in K than in BR1 and in BR2.
In other words, for the Kessler scheme, the autocon-
version source is overwhelmed by the sedimentation
sink. '

Results from run B taking into account self-collec-
tion are shown in Fig. 9, using the same format as Fig.
8. This process is not included in the Kessler param-
eterization and Figs. 9a and 9b merely duplicate Figs.
8a and 8b. Comparing results from run A and run B,
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FI1G. 6. Vertical cross sections of cloud water mixing ratios, rainwater mixing ratios and precipitation rates for K, BR1 and BR2.
Maximum values are given in the upper right corner of each figure.

one notices that by including self-collection, the down-
wind extent of the precipitating zone has been reduced
in the case of BR 1. Rainwater mixing ratios have about
the same intensity in runs A and B, however, since the
self-collection process only acts on number concentra-
tions. The precipitation rate changes very little in BR2,
while it increases about 30% in BR1. When self-col-
lection is acting efficiently, as in BK1, the raindrop
spectrum is shifted towards larger diameters. Conse-
quently, these larger raindrops are less sensitive to ad-
vection and also induce a stronger precipitation rate.
In the case of BR2, self-collection has little effect be-
cause the BR2 raindrop spectrum does not comprise
enough large raindrops to initiate the self-collection
process.

Moving to Fig. 10, which presents the results from
run C, accretion is now introduced. A global increase

of rainwater mixing ratios and of precipitation rates is
found for all the parameterizations (note that isocon-
tour values are not the same as shown previously).
This increase from runs B and C is achieved in various
proportions: for instance, the precipitation rate in-
creases by a factor of 2 for K, a factor of 5 for BRI
and a factor of 12 for BR2. This hierarchy in the effi-
ciency of the accretion process comes directly from the
fact that smaller droplets, which are more numerous
lead to higher accretion rates as shown in Fig. 4. Con-
sequently, the relative importance of the three precip-
itation rates changes significantly; the BR precipitation
rates that are smaller than the Kessler rates in run B
become larger as soon as the accretion process is in-
troduced. Also, the spatial extent of the rainwater fields
downwind from the mountain top is considerably re-
duced in run C. By means of the accretion mechanism,
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F1G. 7. Mass density functions for raindrops, obtained with K, BR1 and BR2 for three grid points located at mountain top,
upwind and downwind from mountain top and for three vertical levels in the model.

raindrop spectra shifted towards larger diameters again
make the raindrops less sensitive to horizontal advec-
tion.

The last process to be considered is evaporation.
Comparing Fig. 10 with Fig. 6, only slight modifications
in rainwater mixing ratios and precipitation rate in-
tensities are observed. The main difference between
the two figures is the reduction of the downwind
spreading for the BR rainwater fields. In the Kessler
case, the precipitating zone is not modified through
evaporation because most of the precipitation occurs
within the saturated area.

These mountain wave simulations give additional
insight into the differences previously discussed re-

garding raindrop size distribution and microphysical
rate expressions. Numerical results permit the estab-
lishment of a hierarchy between the various micro-
physical processes. Sedimentation and accretion, both
size-dependent processes, are dominant in determining
rainfall production in the two parameterizations; how-
ever, their relative contribution differs notably between
the two schemes. Other processes like self-collection
and evaporation do not quantitatively affect rainwater
fields but play a significant role in BR cases by reducing
the downwind extent of the precipitating area.

After taking note of these preliminary conclusions
obtained for the idealized mountain wave situation and
the need for a concluding study involving real data, it
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FIG. 8. Vertical cross sections of rainwater mixing ratios and precipitation rates for K, BR1 and BR2, obtained for run A.
Maximum values are given in the upper right corner of each figure,
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FI1G. 9. As in Fig. 8 except for run B.
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FiG. 10. As in Fig. 8 except for run C.

seemed that the orographic enhancement of rain
through the feeder-seeder mechanism would provide
an especially appropriate meteorological situation to
test the capabilities of the two schemes to simulate the
expected interactions between dynamics and micro-
physics.

5. Feeder-seeder cloud simulétions

The mountain wave simulations give evidence of
the main differences between K and BR but do not
enable us to draw any definitive conclusions in favor
of one or the other parameterization. Therefore, it is
worthwhile to check the results from the two schemes
against experimental data. A field study of orographic
rain conducted by Hill et al. (1981) over South Wales
has been selected for several reasons. First, this exper-
iment is well documented, combining radar measure-
ments and rain gauge data. Results from these obser-
vations showed that the generation of orographic rain
is greatly favored by the Bergeron (1965) feeder—seeder

mechanism, according to which raindrops from upper -

level (seeder) clouds wash out small droplets through
accretion within low-level (feeder) clouds formed over
the hill. Finally, in a previous paper, Richard et al.
(1987) have shown that their numerical model cou-
pling dynamics with detailed microphysics gives better
agreement with the observations than the simpler
theoretical model of washout developed by Bader and
Roach (1977) and rerun by Hill et al. (1981). In par-

ticular, the numerical model (Richard et al. 1987) was
able to reproduce the strong observed dependency of
the precipitation enhancement upon the low-level
windspeed. This dependency was underestimated by
the theoretical model (Hill et al. 1981). Therefore, this
dataset appears quite adequate for a comparative study
between the two microphysical schemes of K and BR.

We have simulated the 8 events presented by Hill
et al. (1981). Some of the events were subdivided ac-
cording to the low-level windspeed v, , yielding a total
of 14 cases. These cases are listed in Table 1 together

TaBLE 1. Computed cases for the observations of Hill et al. (1981).

vy A P,
Case (ms™) (km) (mm h™')

1 : 30 2.2 25
2 28 1.5 1.5
3a 23 1.5 1
3b 26 1.5 1
4a 16 1.5 1
4b 22 1.5 1
4c 26 1.5 1
5 21 1.5 1
6a 19 1.5 1
6b 17 1.5 1
7a 14 1.5 1.5
7b 18 1.5 1.5
Tc 21 1.5 1.5
8 14 1.5 3
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with the seeding height z; and the precipitation rate at
seeding level P;. Further details can be found in Rich-
ard et al. (1987). The model is initialized for each case
with the corresponding radiosounding taken from Hill
et al. (1981). The terrain is represented by a slope of
1 in 40 leading to a 400 m high plateau. The model is
run over the 14 seeding events with K, BR1 and BR2,
defined exactly as for the mountain wave simulations.
In each case, the orographic enhancement of the surface
rainfall rate is computed as the difference between the
precipitation rate at the hill crest, P, and the precip-
itation rate at the coast, Pp. Figure 11 presents the
computed enhancements from coast to hill versus the
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observed values for all cases. Figures 11a, 11band 11¢c
correspond respectively to computations with the K,
BR1 and BR2 parameterizations. The best agreement
between computations and observations is found for
the BR1 parameterization; BR2 does not give results
as good as BR1 and shows a slight tendency to under-
estimate the enhancement. In the case of the BR pa-
rameterizations, the best fit to the observed data is ob-
tained for the most maritime case BR1. The agreement
with observations was even better with a more maritime
cloud spectrum (g, = 0.28; D, = 40 pm) as simulated
in Richard et al. (1987); however, the difference be-
tween the two BR parameterizations is not as large as

£
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£ 6 | .
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g
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FIG. 11. Computed orographic enhancement P, — P, versus the
observed value for the fourteen cases of Hill et al. (1981). (a) for K,
(b) for BR1 and (c) for BR2 parameterizations.
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the difference between the K and BR schemes. With
Kessler, the enhancement is globally underpredicted,
especially in the case of strong low-level windspeeds
(cases 1, 2, 3, 4b and 4c¢). Figure 12 shows the precip-
itation enhancement as a function of the low-level
windspeed for the observations and the three compu-
tations. All the parameterizations approximately depict
the enhancement in the speed range of 10t0 20 ms™".
For stronger wind values, large discrepancies appear
between observations and the Kessler results. Only the
BR parameterizations are able to reproduce the ob-
served dependency of the orographic enhancement on
the low-level windspeed.

To investigate why the K, BR1 and BR2 parame-
terizations behave differently in the simulation of these
precipitation episodes, various microphysical fields are
detailed for the case 2 sounding corresponding to a
strong low-level windspeed. Figure 13 presents vertical
cross sections of the cloud water mixing ratio, the rain-
water mixing ratio and the precipitation rate for Kess-
ler, BR1 and BR2. This figure has exactly the same
format as Fig. 6, where the corresponding cloud and
precipitation fields were shown for the mountain wave
simulation. In that case, the cloud water mixing ratios
were about the same in all three parameterizations. In
the feeder-seeder cloud simulation, the Kessler cloud
water mixing ratio is twice as large as the BR cloud
water mixing ratios. This must be related to the effi-
ciency of the washout process which drives the feeder—
seeder mechanism and is greater for the BR formula-
tions than for the K scheme. For this simulation, rain-
drop concentrations around 100-200 L™' have been
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FiG. 12. Precipitation enhancement as a function of low-level
windspeed for the observations and for the three computations with
K, BR1 and BR2. ’
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obtained using the BR parameterization. Recalling the
discussion of Fig. 4, a high value of the raindrop con-
centration in BR leads to more efficient accretion rate
than Kessler for a given rainwater mixing ratio. An-
other evidence of the efficiency of the washout process

. is in the location of the maxima in rainwater mixing

ratios. In the BR simulations, the maximum in the
rainwater mixing ratio spreads below the seeding level
down to the ground. In the Kessler case, the maximum
rainwater mixing ratio is focussed over the crest of the
hill near the ground, because seeding raindrops pre-
cipitate with larger terminal velocity and cannot grow
as much by accretion as in the case of BR.

The precipitation rates reflect the rainwater fields.
The value of the precipitation rate at the coast is lightly
smaller for Kessler than for BR1 and BR2 while at the
crest of the hill there is a much larger contrast between
K and BR. Looking at the horizontal extent of the
cloud, the BR raindrops growing much more efficiently
through accretion should increase the precipitation at
the coast as well as at the hill crest. The efficiency of
the Bergeron process in the case of BR cannot by itself
explain the difference in the results at hill top. There
is also a great distortion in the spatial distribution of
the precipitation rate for BR, which is not noticed for
Kessler. This suggests, as for the mountain wave sim-
ulation, that wind drift effects are acting to displace
the precipitation field downwind. A complementary
sensitivity test has been performed with the case 2 sim-
ulation in which horizontal advection effects have been
withdrawn in the rainwater prediction [Eqgs. (2), (4)
and (5)]. Results from this sensitivity study are shown
in Fig. 14 with vertical cross sections of the precipitation
rates with and without wind drift effects in the K and
BR1 cases. For Kessler, with or without the advection
effect, the precipitation patterns are not significantly
modified cither at the coast or at the crest of the hill.
By way of contrast, the BR precipitation field is much
less distorted and precipitation at the coast is enhanced
when wind drift effects are suppressed. It should be
noticed that without wind drift effects, rainfall at the
crest does not correspond to a maximum as was pre-
viously the case.

In conclusion, it has-been shown that the accretion
process combined with the horizontal advection effects
lead to different precipitation patterns for the K and
BR schemes. This should account for the better agree-
ment found between computations and observations
in the BR simulation in the case of strong mean wind-
speed. In case of lighter low-level windspeed, vertical
motions are weaker and smaller in area, less cloud water
is available to be washed out by the rain and wind drift
effects are negligible. Therefore, when the low-level
wind speed ranges from 10 to 20 m s™, there is a close
agreement between observations and computations for
the three parameterizations. Conversely, for wind-
speeds exceeding 20 m s~! only the BR computations
are in agreement with the observations.
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FIG. 14. Vertical cross sections of the precipitation rates with the case 2 sounding for K and BR1 parameterizations (a) including wind
drift effects, (b) excluding wind drift effects. Maximum values are given in the upper right corner of each figure with indication of P, and

P, values.
6. Conclusion

A complete description of the Berry and Reinhardt
‘parameterization and of the Kessler parameterization
has first of all displayed differences in raindrop size
distributions and in microphysical rate expressions.
The main conclusion of this detailed analysis is the
greater flexibility of Berry and Reinhardt’s scheme
versus Kessler’s formulation, due to an extra predictive
equation of raindrop number concentration and to a
somewhat less intuitive representation of some micro-
physical processes. For example, the Berry and Rein-
hardt autoconversion formula allows the model to re-
spond to differing air masses and the Kessler param-
eterization does not take into account the decrease in
the relative number of small drops due to evaporation.

Next, the two sets of microphysical parameteriza-
tions have been compared for various orographic sit-
uations in a mesog-scale model. Sensitivity tests with
mountain wave simulations have first been performed
to investigate the impact of the above differences on
the predicted rainfall at the ground. In conditions of
similar autoconversion rates, rainfall rates are com-
parable in intensity but their downwind spreading is

markedly larger in the Berry and Reinhardt case than
in the Kessler case. This comparative study has been
pursued further using observed feeder-seeder cloud
situations involving intricate microphysical processes.
Berry and Reinhardt’s parameterization led to a good
agreement with the experimental data and was the only
one capable of reproducing the observed dependency
of the orographic rainfall rate enhancement upon the
low-level windspeed.

In conclusion, recommendations in favor of one or
the other rain parameterization for mesoscale modeling
will depend on the problem to be addressed. The im-
pact of the selected microphysical scheme is going to
be different if one deals with either surface precipitation
forecasting or chemical species evolution in cloud sys-
tems. The Berry and Reinhardt parameterization is
probably more appropriate to wet chemistry studies
since recent theoretical predictions from a sophisticated
cloud model (Flossmann and Pruppacher 1988) and
experimental observations (Noone et al. 1988) have
suggested that rainwater chemical composition, e.g.,
rainwater pH, depends on drop size. Regarding the
large-scale precipitation forecast, the main difference
between the two parameterizations results from the
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sensitivity of raindrops to wind drift effects. The two
schemes will diverge more for strong wind situations
or at mesory-scale than for light wind situations or at
mesoa-scale. It should be noted, however, that the
Berry and Reinhardt parameterization does require the
solution of an additional predictive equation, and
hence additional memory. For computations on the
mesoa-scale, especially when computational speed is
a major concern such as in the production of opera-
tional forecasts, the Kessler parameterization may in
fact be preferable.

Further investigations are needed to complete this
study, which was restricted to orographic precipitation;
the two schemes could for instance be tested for the
case of frontal rain. The crucial role of evaporation
and water loading effects in the dynamics of moist
frontogenesis foreshadows differences in generation,
location and intensity of the frontal rainbands.
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APPENDIX
List of Principal Symbols

a Kessler threshold value for autoconversion
RT L
thermodynamical function | = + —
As y i unctio [ oD, kT
L,
X -1
(7))
D drop diameter
Dy, predominant diameter of the rainwater log-

normal distribution

Dy, median size diameter for cloud droplet log-
normal distribution

Do, median size diameter for raindrop log-normal
distribution

D, cloud droplet mean diameter (defined by p,q...
= éNcwprDcw 3)

D, raindrop mean diameter (defined by p.q,.
= §NnwpwmDpy )

D, water vapor diffusivity

s partial pressure for saturating vapor

F,(Q) turbulent mixing term

k. dry air thermal conductivity

k, Kessler autoconversion coefficient

L, latent heat of vaporization

Ny intercept parameter of the Marshall-Palmer
distribution
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N, cloud droplet total number concentration

Ny raindrop total number concentration

P precipitation rate

Py precipitation rate at the coast

Py precipitation rate at the hill crest

Py precipitation rate at the seeding level

D pressure

Do reference pressure (1000 mb)

q sum of water vapor mixing ratio and cloud
’ water mixing ratio

v water vapor mixing ratio

Gos saturation vapor mixing ratio

Gew cloud water mixing ratio

Grw rainwater mixing ratio

R universal gas constant

Re Reynolds number

R, gas constant for water vapor

T temperature

Ty reference temperature at pg

varx relative variance of cloud spectrum

v low-level windspeed

V(D) terminal fall velocity for a drop of diameter D

Zg seeding height

a Berry and Reinhardt autoconversion coeffi-
cient

n dynamical viscosity of air

A slope parameter of the Marshall-Palmer dis-
tribution

Pa air density

Po reference air density at py

Pw density of water

g, standard geometric deviation for cloud log-
normal spectrum

o, standard geometric deviation for rain log-
normal spectrum

™ surface pressure

o pressure coordinate defined by ¢ = p/n

v vertical coordinate defined by o = (4v — v*)/3
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