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Abstract

Two different cumulus parameterization schemes, one developed by Kuo and the other by Betts-
Miller, are used to simulate the orographic-convective rainfall associated with the Western Ghats
for two days during which monsoon rainfall was moderate to heavy. A ten-layer primitive equation
limited area nested grid model is used to perform numerical simulations. It is found that predicted
rainfall near the Western Ghats with the Kuo scheme agrees well with the observations. With the
Betts-Miller scheme, model failed to predict rainfall over this region.

To find out uncertainties in the adjustment parameters used in the Betts-Miller scheme, five sen-
sitivity experiments are performed. Different values are assigned to the two adjustment parameters,
namely the relaxation time scale and the saturation pressure departure, in each of the sensitivity
experiments. Results from these sensitivity studies indicate that specification of relaxation time scale
depends on the model horizontal resolution. Relaxation time scale needs to be smaller as the model
horizontal resolution increases. Also, rainfall predictions are less sensitive to different values of re-
laxation time scales than those for the saturation pressure departure. Variations in the prescribed
thermodynamic reference profiles caused by small prescribed changes in the values of saturation pres-
sure departure led to improvements in the rainfall predictions. It was also found that there exists a
lower limit on the values of relaxation time scales and saturation pressure departures for the monsoon

Introduction

Cumulus convection is an important physical pro-
cess that influences the dynamic and thermody-
mic state of the tropical atmosphere. It is in-
ded in numerical models either explicitly or in
arameterized form depending on the model hor-
izontal grid resolution. Since convective elements
ve a horizontal length scale of the order of 0.1
~10km, fine horizontal resolution is required in
merical models for an explicit treatment of the
convective processes. On the other hand, parame-
‘ization schemes allow us to use coarser grid reso-
(!

'
'
:
’

ion in numerical simulations. Except the hybrid-
sure schemes, cumulus parameterization schemes
n be categorized into three groups: the moisture
nvergence scheme (Kuo, 1965, 1974), the mass-
x type scheme (Arakawa and Schubert, 1974), and
the moist convective adjustment scheme (Manabe et
1965).
Because of its simplicity and ease of implemen-
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region beyond which predicted rainfall rates do not show further improvement.

tation in numerical models compared to mass-flux
type schemes, the Kuo scheme is widely used in sev-
eral research and operational models. The original
Kuo (1965) scheme had a tendency for too much
moistening of the atmosphere. A moistening pa-
rameter (b) was introduced to correct this tendency
(Kuo, 1974). Since a proper choice of b is crucial
for estimating convective heating and moistening
rates, several studies (e.g., Anthes, 1977; Geleyn,
1985) have been made to estimate this parameter.
A semiprognostic study using several versions of the
Kuo scheme for the Indian summer monsoon period
was done by Das et al. (1988). Their results showed
that the 1974 Kuo scheme provides considerable im-
provement in simulating the heating, moistening,
and rainfall rates when combined with the moist-
ening parameter proposed by Anthes (1977). They
also noticed that the choice of small (almost equal
to zero) moistening parameter can cause unrealistic
drying of the atmosphere.

Based on observational studies Betts (1982, 1986)
proposed a new convective adjustment scheme which
includes both deep and shallow convection. The
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deep convection scheme is similar to the other moist
convective adjustment schemes except that it uses
observed quasi-equilibrium thermodynamic profile
as a reference state rather than a moist adiabat.
Baik et al. (1990a and b) incorporated the Betts-
Miller scheme in an axisymmetric tropical cyclone
model and showed that the scheme can simulate de-
veloping, rapidly intensifying, and mature stages of
a tropical cyclone starting from a weak initial vor-
tex. Their results indicated that simulated ideal-
ized tropical cyclone is semsitive to the saturation
pressure departure, an adjustment parameter in the
Betts-Miller scheme. In the present study, we will
use a version of the Betts-Miller scheme similar to
that used by Baik et al. (1990a).

Junker and Hoke (1990) compared performances
of the 1965 Kuo scheme and the Betts-Miller scheme
in predicting rainfall during winter season over
the southern United States with the NMC (Na-
tional Meteorological Center) nested grid model.
The Betts-Miller scheme gave favorable precipita-
tion scores, but it showed the tendency for the mid-
latitude cyclones to overdeepen. Puri and Miller
(1990) studied the sensitivity of the cumulus param-
eterization schemes to the structure of four tropi-
cal cyclones observed during the AMEX (Australian
Monsoon Experiment). Their results showed better
vertical consistency when the Betts-Miller scheme is
used in comparison to the Kuo scheme. Bothe the
analyses and forecasts showed considerable sensitiv-
ity to the Betts-Miller scheme by generating more
intense cyclonic systems as compared to the Kuo
scheme. Their result is somewhat consistent with
that of Junker and Hoke (1990). The Betts-Miller
scheme has been used in the past either to simu-
late observed tropical or mid-latitude cyclones with
a coarse horizontal resolution (>80 km). It will be of
interest to study the performance of the Betts-Miller
scheme in simulating the orographic-convective pre-
cipitation in a model with a finer resolution. Simula-
tion of the orographic-convective precipitation asso-
ciated with the Western Ghats, a mountain range of
about 1km high along the west coast of the Indian
peninsula, will be the subject of this paper.

During the southwest monsoon season (June to
September), west coast of India is one of the ar-
eas where heavy rainfall rates are observed very fre-
quently. This region is of particular interest be-
cause (i) lower level westerlies approach the Western
Ghats almost at right angles after traveling thou-
sands of kilometers over the warm Indian Ocean
and the Arabian Sea. and (i) convective instabil-
ity, which can trigger deep convection giving rise to
convective rainfall, exists. These mountains running
parallel to the west coast are located about 50km
inland. Figure 1 shows the domain of simulation
in the Coarse-Grid Mesh (CGM) and the Fine-Grid
Mesh (FGM). the latter being located over India and
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Fig. 1. The model domain of numerical sim-
ulation in the Coarse-Grid Mesh (CGM)
and the Fine-Grid Mesh (FGM).

the surrounding oceans.

An analytical study of Smith and Lin (1983) us-
ing a steady-state linear model concluded that in the
absence of convective instability the dynamic forc-
ing by the Western Ghats is insufficient to produce
the observed rainfall rates. Utilizing the aircraft ob-
servations over the Arabian Sea and using a nonlin-
ear mountain-flow interaction model, Grossman and
Durran (1984) concluded that the Western Ghats
are responsible for offshore convection. The lifting
predicted by a model was applied to mean dropwind-
sonde soundings for the days with and without off-
shore convection and it was found that spells in the
rainfall can be attributed to the cooler surface layer
and the dry layer above the boundary layer which
might have originated from the Arabian desert. In
a numerical study using the PSU/NCAR mesoscale
model Vukicevic and Errico (1990) found that to-
pography has an important role in the predictability
of the mesoscale and synoptic-scale circulations. So,
it is important to represent mountains realistically
in three dimensional numerical simulation studies to
capture their important role. Using a cloud model,
Ogura and Yoshizaki (1988) showed that the fluxes
of sensible heat and moisture from the ocean and
vertical wind shear are two important factors that
decide the intensity and location of the rainfall near
the Western Ghats. An observational study of cloud
diameter and height ratios by LeMone (1989) also
shows that vertical shear of the horizontal wind may
enhance convective precipitation. This is in agree-
ment with a numerical study of Ogura and Yoshizaki
(1988) indicating the importance of wind shear in
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the vertical near the Western Ghats.
d'he above studies of orographic-convective rain-
i are two dimensional and have some limitations.
‘With and Lin (1983) specified the heating over the
ocean and Grossman and Durran (1984) omitted
sjalsea interactions, latent heating and wind shear.
in though these studies gave some insight into
W& physical processes involved, they cannot sim-
ulate the observed spatial and temporal variation
4iinfall. In order to simulate the observed rain-
il rates more realistically, one needs a nonlinear
three dimensional model. Such a model should have
proper representation of dynamics, thermodynam-
4 topography and relevant physics.
ignificant features of the problem of orographic-
convective rainfall near the Western Ghats can be
spmarized as follows:

! Moisture flux from the Arabian Sea can con-
i tribute to the rainfall.

The Western Ghats cause the orographic lifting
of the air parcels.

Convective instability over this region can lead
to deep convection.

Vertical wind shear can alter the location and
the amount of the rainfall.

hese processes should be realistically represented
Rimulate the observed spatial and temporal struc-
:ure of the orographic-convective rainfall. In addi-
:jgn, the model domain must be sufficiently large to
sflulate the synoptic-scale circulations.

he paper compares the simulated orographic-
convective rainfall near the Western Ghats region
o a three dimensional limited area nested grid
del with the Kuo and the Betts-Miller cumulus
Yameterization schemes.

..The model

-

v

Governing equations
*¥he present study utilizes a nested grid model
leveloped at the Naval Research Laboratory and
th Carolina State University based on the lim-
S area dynamical weather prediction model de-
reloped earlier by Madala et al. (1987). It is prim-
tiye equation model written in pressure-based o-
‘Bdinate system having a one-way interacting
ed grid network. The o-coordinate is defined by
v = p/p,, where p is the pressure and p, the surface
gssure. Various physical processes are include in
model either explicitly or in parameterized form

M are discussed below.

22 Physical processes
he model physics includes latent heat, sensible
t, and momentum exchange between the bound-
ary layer and the underlying surface using the sur-
i“ layer similarity theory (Businger et al., 1971},
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grid-scale precipitation, dry convection, and diffu-
sion processes. Moist convective parameterization
schemes used in the model are described in the next
subsection. The short and long wave radiative pro-
cesses are not included in the present model. A
second-order diffusion for momentum on o-surfaces
and for heat and water vapor on p-surfaces is used
to account for the cascading of energy into unre-
solved subgrid-scale waves. If super-saturation ex-
ists at any level, the excess moisture is assumed to
condense amd fall out to the next lower layer and
evaporate or continue to fall depending upon the de-
gree of the saturation at that level. The model has a
dry convective adjustment procedure to remove dry
convective instability that can occur during model
integration.

2.2.1 Kuo cumulus parameterization scheme

Kuo’s (1965) parameterization scheme accounts
for the effects of cumulus convection and resulting
changes in the large-scale humidity and temperature
fields. The heating (Q7) and moistening (Qg) im-
parted to the environment by the cumulus clouds
is assumed to be proportional to the temperature
and specific humidity differences between the envi-
ronment and the cloud and can be written as (Kuo,
1974)

_ 9L - )M, (T - Ty)

O = =P (L= Ty ®
Q.= _9bM: (gc — gg) @)

(Pa — Pt) (gc — 4g)’

respectively, where g is the gravitational accelera-
tion, L the latent heat of evaporation, M; the to-
tal moisture accession rate per unit horizontal area,
and p, and p; the pressures at the lowest model level
and at cloud top, respectively. The quantities in the
angular bracket represent the values averaged from
p = p; to p,. The subscripts g and ¢ stand for model
grid-point value and cloud, respectively. T, and ¢,
are the temperature and specific humidity on the
moist adiabat passing through the lifting condensa-
tion level of an air parcel at the lowest model level.
The moistening parameter b is calculated according
to the method suggested by Anthes (1977) and is
given by

b=[1-(RH,)", @)

where <RH,> is the mean environmental relative
humidity averaged from p = p; to p = p,. We have
used n = 3 for the moisture partitioning in the Eq.
(3) consistent with the study on the convective heat-
ing rates over the monsoon region (Das et al., 1988).
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2.2.2 Betts-Miller deep cumulus parameterization
scheme

The Betts-Miller convective adjustment scheme
assumes that in the presence of cumulus convection,
the local thermodynamic structures are constrained
by the convection and adjusted towards observed
quasi-equilibrium thermodynamic state. The con-
vective heating (Qr) and moistening (Q,) terms are
represented by

Qr=1r"1s, (4)

T

_9r—4y

Q=% (5)
where the subscript r denotes the reference state
and g the grid-point value before convection and
the factor 7 is the adjustment (or relaxation) time
scale. The adjustment time scale represents the lag
between the large-scale forcing and the convective
response. The Betts-Miller scheme contains shal-
low convection as well as deep convection. However,
since the Kuo scheme deals with the deep convec-
tion, only the deep convection part of the Betts-
Miller scheme is used for the comparative purpose.
The stability weight on the moist adiabat is a mea-
sure of instability and determines the slope of the
reference profile with respect to the moist adiabat.
The saturation pressure departure is a measure of
subsaturation, i.e., how far an air parcel must be
vertically displaced to become saturated and hence
is a measure of relative humidity. The stability
weight on the moist adiabat, relaxation time scale
and the saturation pressure departure at the lowest
model level are specified as 0.8, 7200 sec and —30
hPa, respectively.

2.3 Numerical method and nesting technique

The time integration scheme utilized in the
present model is a split-explicit method which allows
a larger time step by effectively separating various
terms in the prognostic equations into parts gov-
erning slow-moving Rossby modes and fast-moving
gravity modes. For the first and second fast-moving
gravity modes smaller time step is used and for all
other modes a larger time step is used. The im-
plementation of these varying time steps is the ba-
sis for the split-explicit method. The time steps
for the slow moving modes in the CGM and the
FGM are 300 s and 100s, respectively, and appro-
priate smaller time steps satisfying CFL criterion
are used for the fast-moving modes. For further de-
tails, reader is referred to Madala et al. (1987). For
the horizontal differencing, a staggered grid network
(Arakawa C-grid) is used with p,, ¢, T, ¢, 7, speci-
fied at the same horizontal points, and u and v in-
terlaced between them where p, is the surface pres-
sure, ¢ the specific humidity, T the temperature, ¢
the geopotential, ¢ the vertical velocity of o, u the
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Fig. 2. The topography in the Fine-Grid Mesh
(FGM). Large surface elevations over the
northern region are the Himalayan moun-
tains and the Western Ghats are located
along the west coast of India.

zonal wind velocity, and v the meridional wind ve-
locity, respectively. The finite difference technique
used in the model is second-order accurate. It con-
serves total energy, mass, and momentum in the ab-
sence of the heat and momentum sources.

In the present version of the model, the FGM
overlaps one-third of the CGM and the FGM is
nested into the CGM such that every third grid
point in the FGM is collocated with that in the
CGM. The nested grid is positioned so that its
boundary rows and columns overlap the CGM in-
terior rows and columns. This nesting configuration
enables the Fine-Grid Mesh domain boundary val-
ues to be specified by the Coarse-Grid Mesh interior
grid points.

2.4 Model domain, topography and sea surface tem-
perature

Analyzed data from the European Centre for
Medium-Range Weather Forecast (ECMWF) are
utilized to specify the initial conditions. Analyzed
data are of 1.875° resolution at 14 vertical levels.
Bicubic polynomial interpolation technique is used
for the horizontal interpolation to model grid points.
Horizontal grid resolutions in the CGM and the
FGM domains are 1.5° and 0.5°, respectively, and
the vertical grid resolution in o-coordinate is 0.1.
The CGM domain covers from 37.5°E to 112.5°E
and 20.5°S to 42.5°N and the FGM domain from
54°E to 102°E and 5.5°S to 30.5°N (Fig. 1).

Model topography was obtained from the navy 10’
global topography data for 1.5° and 0.5° horizon-
tal resolutions. Figure 2 shows the fine grid topog-
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Fig. 3. The cross section of the Western Ghats
at 13°N in the CGM and the FGM along
with the navy 10’ data.

raphy. Large surface elevations over the northern
region are the Himalayan mountains. The West-
ern Gahats are located along the west coast of In-
dia. The Western Ghats extend about 1600 km in a
north-south direction with average heights of 800~
900m although individual peaks have heights ex-
ceeding 1200m. Orographic lifting of the humid
monsoon westerlies causes heavy rainfall over this
region. The cross sections of the topography at 13°N
in the CGM and the FGM along with the actual 10’
data are shown in Fig. 3. Comparison of surface el-
evation data in the CGM and in the FGM domains
shows that the mountains are higher and steeper in
the FGM domain than in the CGM domain. Peak of
the Western Ghats is ~725m in the CGM domain
and ~850m in the FGM. Peaks are at different lo-
cations for different model grid resolutions. The ten
minute topography data (Fig.3) indicates that the
Western Ghats peaks are about 100 km away from
the west coast. In the coarse-grid domain peaks are
located one grid point (~150 km) from the coast and
in the fine-grid domain these are located two grid
points (~100 km) away from the coast. Model sea
surface temperatures (SST) were obtained from the
1° resolution global climatological values based on a
10 year average for the month of July.

2.5 Boundary conditions

Davies scheme (1976, 1983) is employed to provide
lateral boundary conditions in the present version of
the model. For any independent variable a, it can
be written as

a=(1-a)am + aa, (6)

where the subscript m represents model-computed
values and the subscript b represents the bound-
ary values obtained either from observations or from
coarser version of the model. The merging is done
over six grid points at the boundaries of both do-
mains. The a is defined as a quadratic function of
the minimum distance from the lateral boundary in

in time and space from the CGM domain. Also,
for consistency, topographic heights at the lateral
boundaries of the FGM are specified same as those
in the CGM domain. At the model top and bottom,
the boundary condition for ¢ is zero.

2.6 Numerical experiments

Numerical simulations are performed for 48 hours
starting at 12 UTC 12 July 1988 using either the
Kuo or the Betts-Miller cumulus parameterization
scheme. Coastline in both the CGM and the FGM
domains are determined by the model topography
data. Darker lines in all horizontal space plots, e.g.,
Figs. 5, 6, etc... ., represent the model coastline.

3. Synoptic conditions

During the simulation period, from 12 UTC 12
July to 12 UTC 14 July 1988, monsoon was moder-
ately active over the Indian subcontinent. Figure 4a
and 4b show the cumulative rainfall ending at 03
UTC 13 and 14 July 1988, respectively. Due to the
orographic lifting and associated convection, heavy
rain occurs along the west coast of India. Seaward
increase of rainfall indicates that the maximum rain-
fall associated with the Western Ghats during this
period seems to be located offshore. Maximum rain-
fall just offshore of the west coast of India is about
100 and 140 mm d~!, respectively for the two days.
Rainfall was also observed over the central regions
of India with a maximum of about 100 to 140 mm
d~?! during the period of simulation.

4. Discussion of results

Results from the numerical simulations are com-
pared with the observations in this section. In the
following, model results with the Kuo and the Betts-
Miller schemes are referred to as the KUO and the
BMS, respectively.

Predicted rainfall (mmd~1!) for the first day of
simulation for the CGM domain in the KUO and
the BMS are shown in Fig. 5a and 5b, respectively.
Rainfall predictions are quite different with the
KUO and the BMS. Predicted rainfall along the west
coast of India with the KUO is about 20 mmd-!
while the BMS predicts no rainfall. Observations
indicate rainfall about 100 mmd=! along the west
coast. Both the schemes predict a rainfall of about
20mmd~! over central regions of India, but again
much lower than the observations. Model-predicted
rainfall for the first day of simulation for the FGM
domain in the KUO and the BMS are shown in Fig.
5c and 5d, respectively. Finer horizontal resolution
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Fig. 4. Accumulated rainfall distribution ending at (a) 03 UTC 13 and (b) 03 UTC 14 July 1988.

in the FGM resulted in higher rainfall rates in both
the schemes. In the KUO, predicted rainfall along
the west coast of India is closer to the observations
with a maximum of about 73mmd~! located off-
shore. With the Betts-Miller scheme model again
fails to predict rainfall along the west coast except
about 10mmd~?! over a small region offshore (over
the Arabian Sea). Over land, rainfall rates pre-
dicted by the KUO and the BMS are lower than
those in the observations. However, with the Kuo
scheme predicted rainfall values are somewhat closer

80° 100° 11028

to the observations than those with the Betts-Miller
scheme.

Predicted rainfall for the CGM domain for the
second day of simulation in the KUO and the BMS
are shown in Fig.6a and 6b, respectively. About
140 mm d~? of rainfall was observed offshore of the
west coast of India (Fig. 4b). The spatial distribu-
tion of observed rainfall is somewhat similar to the
previous day (July 13) but with relatively higher
rates along the west coast of India. In the KUO,
the model predicts a rainfall maximum of about 48




H }- - - - - -.

February 1994 K. Alapaty, R.V. Madala and S. Raman 129
(@) 42.5 YT TrTIverrl|II|||r||llll (c) 28.5
9.5 27.0
25.5
3.5 ] 2
1 26.0 E
33.5 3 22.5 £
30.5 0 g % ] 21.2
27.5 '." > 19.5 £
24 .5 : — ig.@
W 21.5 I‘ s 3 8 I3 (> ‘ R g 16.5
5 185 \% oK b 15'2 5
. ? B 13,
ja R 008, 5 %\ 3 —
— 15.5 Q o GL \ ,.\ P — 12.e L
T 12.518pV¢/ \ Q 3 T o5 B
’e
J 95 A v/ xE 4 s0
6.5 O 0 OD 3 7.5
3.5 < Zﬁ? 6. ‘ ] 6.8
© s b 4.5
8.5 X b
] 3.9
-2.5 ® ﬂ - 1.5
-5 N 0.0
H b - K
65 @ . 5 BN |
-11.8 — -8 BS
-14.5 4 P e e
s b 2P VININDOOOOOONN
2o Londin et st et (@ 28.5
©n ] n e w e wn [ n ® w 27.9
N g J g ! g : . : : . 25.5
5 ¢ 2 $ % £ g 8 5z § o 28
(b) 42.5 T T T T T T T Y 22.5
39.5 H 21.0
2 r 10.1 19.5
3.5 [ ] 18.0
33.5 E H 2.0 w 16.5 E
3.5 - 2,81 % 15.0 |
275 F b 0 5 2 135 E
s b [N @ ] E :g.: 3
W oasf 3 5o E
S 185 | ;e E
— ’ o E
= 155 6.8 £
= 125 F 4.5 EH
I 95 L 3.0 532
1.5 F
6.5 e.e £ L
3.5 | 15 F .012 H
0.5 [ _3.0 Bultetitulot b BBt .23 4 1l
-2.5 F i L e L D e L L T
55 [ ARS8 oRe e RS 888503 en2s
-es LBNGITUDE
-11.5 [
<145 [
-17.5 1 1 . P
LSS IEES SR ETU NS ENSTENCT NI I NS SUETE SUNEN EUENS SNAEN
L L L T
~ 0 o~ = ~ ("2 on = ~ w0 o~
™ - w 0 0 ~ @ o o o -
L@NGITUDE

Fig. 5. Predicted rainfall for the CGM domain for a period of 24 hours ending at 12 UTC 13 July 1988 in
the (a) KUO and the (b) BMS, respectively. Contour intervals are 10, 20, 50, 80 mm d~!. Predicted
rainfall for the FGM domain for a period of 24 hours ending at 12 UTC 13 July 1988 in the (c) KUO
and the (d) BMS, respectively. Contour intervals are 10, 25, 50, 75, 100 mm d™.

mmd~! offshore of the west coast of India, about
one-third of the observed value. In the BMS, model
predicts a rainfall maximum of about 13mmd-!
over the same region, but for a smaller area. In
general, over land, predicted rainfall rates with the
Kuo scheme are closer to the observations than with
the Betts-Miller scheme. Figure 6c and 6d show pre-
dicted rainfall for the FGM domain for the second
day of simulation in the KUO and the BMS, respec-
tively. In the KUOQ, predicted rainfall maximum is
Jjust offshore of the west coast of India with a max-
imum of about 144 mm d~!, very similar to the ob-
served value. In the BMS, model predicts rainfall
maximum just offshore of the west coast of India

with a maximum of about 23 mm d~!, In the BMS,
model predicts very little rainfall over the Arabian
Sea (less than 0.1 mmd~!) while the KUO predicts
larger rainfall rates. It is difficult to compare the rel-
ative performances of the Kuo and the Betts-Miller
schemes in data sparse regions such as the oceans.
However, over the central regions of India, the KUO
predicts rainfall somewhat closer to the observations
while the BMS predicts lower rates.

In summary, predicted spatial distributions of
rainfall offshore of the west coast of India with the
Kuo scheme are in good agreement with the obser-
vations for the two days of simulation for the FGM.
As expected, predicted rainfall rates are larger for
the fine-grid domain as compared to the coarse-grid
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Fig. 6. Predicted rainfall for the CGM domain for a period of 24 hours ending at 12 UTC 14 July 1988 in
the (a) KUO and the (b) BMS, respectively. Contour intervals are 10, 20, 50, 80 mm d7'. Predicted

rainfall for the FGM domain for a period of 24 ho
and the (d) BMS, respectively. Contour intervals a

domain for the cumulus parameterizations. Model
fails to predict the observed spatial and temporal
distribution of rainfall when the Betts-Miller scheme
is used. Convective adjustment parameters in the
Betts-Miller scheme used in this study are good only
for tropical cyclone simulations (Betts, 1986; Baik et
al., 1990; Puri and Miller, 1990). For the monsoon
region, particularly for the orographically induced
rainfall, validity of these parameters need to be stud-
ied. Flow patterns and associated thermodynamic
structure of the atmosphere for a tropical cyclone
are different from those present in the monsoon cir-
culations. Also, unlike in a tropical cyclone monsoon
westerlies are humid only up to about 400 hPa. An-
alyzed data indicate presence of strong vertical shear
from surface to tropopause near the Western Ghats

urs ending at 12 UTC 14 July 1988 in the (c) KUO

re 10, 25, 50, 75, 100, 125, 150 mm d-'.

region and cumulus convection can be influenced by
this shear present in the environment. For these rea-
sons, several sensitivity studies are performed with
the Betts-Millers scheme.

Sensitivity studies on the simulation of an ide-
alized axisymmetric tropical cyclone (Baik et al,
1990) with the Betts-Miller scheme indicated that
their model predictions are very sensitive to two
convective adjustment parameters, namely, relax-
ation time scale and saturation pressure depar-
ture. Other convective adjustment parameters n
the Betts-Miller scheme such as stability weight on
‘moist adiabat, etc... ., were found to have lesser sig-
nificance on their model predictions. In view of the
model failure to predict observed rates of rainfall
with the Betts-Miller scheme in the present study,
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Table 1. List of sensitivity experiments with
the Betts-Miller Scheme

CASE 7 (s) S (hPa) Grid
CASE-1 7200 -30 CGM & FGM
CASE-2 3600 —30 CGM & FGM
CASE-3 3600 —30 CGM

1200 FGM
CASE-4 1800 -30 CGM
600 FGM
CASE-5 1800 —40 CGM
600 FGM
CASE-6 1800 -50 CGM
600 FGM

sensitivities of rainfall predictions to the two convec-
tive adjustment parameters (relaxation time scale
and saturation pressure departure) with the Betts-
Miller scheme are studied in the following section.

4.2 Sensitivity of rainfall predictions to convective
adjustment parameters
Five sensitivity experiments are performed by as-
signing different values for relaxation time scale ()
and saturation pressure departure (S) parameters.
Table 1 shows the values assigned for the 7 and the
S in each of the sensitivity experiment. As men-
tioned earlier, the coarse-grid domain is referred to
as the CGM and the fine-grid to as the FGM. Simu-
lation results with the Betts-Miller scheme described
above are considered as those for the control exper-
iment and is referred to as CASE-1 in the Table 1.
In the simulations from CASE-1 to CASE-4 satura-
tion pressure departure is kept the same while the
relaxation time scale is decreased from 7200 to 600 s.
Note that relaxation time scales are different for the
CGM and the FGM from CASE-3 through CASE-
6. Betts (1986) found that for a given S value there
was a limit for 7 in the model used at ECMWF and
it also strongly depended on the model horizontal
tesolution. For this reason we also selected different
relaxation time scales for the CGM and the FGM.
The adjustment or relaxation time scale param-
eter (7) determines the lag of the convective re-
sponse to large-scale forcing. As the T values be-
comes smaller, adjustment of the model atmosphere
towards specified thermodynamic reference profile
will become more rapid. On the other hand, us-
age of larger 7 values will result in increased grid
scale rainfall. For Indian monsoon region, observa-
tions indicate that most of the rainfall is from the
deep cumulus convection while large scale rainfall
is smaller. So, for the monsoon region relaxation
time scale should be smaller and should be on the
order of two hours or less. The saturation pressure
departure (S) is related to the subsaturation and
hence to the equilibrium relative humidity. Though
it does not significantly influence the equivalent po-
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Fig. 7. Temporal variation of the averaged to-
tal rainfall for the area 8° to 20°N and
70.5° to 76.5°E for the (a) coarse-grid do-
main and (b) fine-grid domain in all nu-
merical experiments.

tential temperature but a decrease in S value will
lead to warming and drying of the vertical column
in the model. In other words, decrease in S should
lead to an increase in sub-grid scale rainfall.

In order to compare the effects of different val-
ues of relaxation time scale and saturation pressure
departure on the model predictions, area-average of
predicted rainfall over an area, 8° to 20°N and 70.5°
to 76.5°E covering most of the region surrounding
the Western Ghats is considered. Figure 7a and
7b show temporal variation of area-averaged total
rainfall for the above region for the CGM and the
FGM domains, respectively. Decrease of the relax-
ation time scale, 7, from 7200 to 1800 s, i.e., from
the CASE-1 through CASE-4 had little effect on the
predicted total rainfall. In general, there is a slight
Increase in rainfall rates from the starting time to

end of the simulation period (Fig. 7a) for the CGM

domain. When the saturation pressure departure,
S, is decreased from —30 to —50 hPa there exists
major differences in the predicted rainfall rates, par-
ticularly after ninth hour of simulation. Also, during
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the first two hours of simulation a decrease in the
S resulted in large rainfall rates and is indicated by
a spike in the CASE-5 and CASE-6. This is due to
the fact that decrease in the S value caused refer-
ence profiles for temperature and specific humidity
to deviate largely from the model soundings over
these convectively active regions resulting in large
rainfall rates. This indicates some uncertainty in
the initial conditions. After the adjustment period
of two hours, predicted rainfall rates are similar to
those in the other cases. For the monsoon region,
variations in the S have larger impact on the model
predictions than variations in the 7. Also, rainfall
rates in the CASE-6 are almost higher than those in
the rest of the simulations.

On the other hand, rainfall predictions for the
FGM domain (Fig.7b) show some differences as
compared to those in the CGM domain. Decrease
of 7 from CASE-1 through CASE-4 indicate con-
tinuous increase in the predicted rainfall rates. De-
crease in the S values resulted in further increased
rainfall rates. Also, differences in the predicted rain-
fall rates between the CASE-5 and the CASE-6 on
average and very small (less than 0.1 mm hr=1) as
compared to those in the CGM domain. This result
indicates that further decrease in the S and the 7
values for the FGM domain may not result in signifi-
cant increase in the predicted rainfall rates. But, for
the CGM domain, further decrease in these adjust-
ment parameters may give slightly increased rainfall
rates. Rainfall rates predicted in the CASE-6 for the
CGM and the CGM domains on average are higher
than those in the rest of the cases. It can be seen
that for both the CGM and the FGM domains, rain-
fall predictions are more sensitive to the values of §
than to the values of 7. Predicted rainfall rates with
the Kuo scheme show earlier occurrence of rainfall
maxima during the first day of simulation while the
rainfall maximum with the Betts-Miller scheme lags
behind by about four hours. After 30 hours of simu-
lation, rainfall rates predicted with the Kuo scheme
are much higher than those with any of the simula-
tions using the Betts-Miller scheme.

Temporal variations of area-averaged evaporation
for the region between 8° to 20°N and 70.5° to
76.5°E for the CGM and the FGM domains are
shown in Fig. 8a and 8b, respectively. Temporal av-
erage of the predicted evaporation rate with the Kuo
scheme is about 0.16 mmhr~! for the CGM while
with the Betts-Miller scheme (in all cases) it is rel-
atively higher. This is due to the fact that the Kuo
scheme dried upper layers of the atmosphere more
than those near cloud base. This resulted in humid
layers near to the surface limiting the evaporation
rates. On the other hand, results obtained using the
Betts-Miller scheme indicated weaker vertical gradi-
ents in the convective heating profiles with relatively
drier layers near to the surface as compared to those

—o— CASE1 —%— CASE4 —8—Kuo
—e— CASE2 —&— CASES
—e— CASE3 —+— CASES

|
T T T T T B

E

o o

o w g 'S

w w &~ (4]

T Al na o RS

o

o

@
|
1

Evaporation (mm/hr)

o

()

e
t

0.15+

0 8 16 24 32 40 48

Evaporation (mm/hr}

0 8 16 24 32 40 a8
Hour

Fig. 8. Temporal variation of the averaged
evaporation for the area 8° to 20° and
70.5° to 76.5°E for the (a) coarse-grid do-
main and (b) fine-grid domain in all nu-
merical experiments. ‘

present in the KUO. This factor along with the dif-
ferences in the wind speeds led to larger evaporation
rates in the BMS. For the FGM (Fig. 8b) evapora-
tion rates are somewhat similar to those in the CGM
but are slightly higher. Also, after 24 h of simulation
average evaporation rates in the KUO as well as in
the CASE-1 through CASE-4 are somewhat similar
for the FGM. Circulation patterns associated with
the deep cumulus convection are only marginally dif-
ferent for CASE-1 through CASE-4. Interestingly,
decrease in saturation pressure departure values in
CASE-5 and CASE-6 caused increased evaporation
rates in the CGM and FGM. This is due to the fact
that decrease in the S values triggered intense cumu-
lus convection. Increased convective heating caused
stronger circulation patterns over this region lead-
ing to stronger surface-level winds, which resulted
in increased evaporation.

In order to analyze the effects of different values
of the S and  on the grid scale and sub-grid scale
rainfall, area-averages for the region between 8° to
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Fig. 9. Temporal variation of the averaged sub-grid scale rainfall for the area 8° to 20°N and 70.5° to
76.5°E for the (a) coarse-grid domain and (b) fine-grid domain in all numerical experiments. Temporal
variation of the averaged grid-scale rainfall for the area 8° to 20°N and 70.5° to 76.5°E for the (c)
coarse-grid domain and (d) fine-grid domain in all numerical experiments.

20°N and 70.5° to 76.5°E is considered. Figure 9a
and 9b show temporal variation of area-averaged
sub-grid scale (parameterized) rainfall for the CGM
and the FGM, respectively for all the cases (CASE-
1 through CASE-6) using the Betts-Miller scheme.
Note that sub-grid scale rainfall rates are very sim-
ilar to the total rainfall rates (shown in Fig. 7a and
7b). This is expected because most of the rainfall
over the monsoon region is from the deep cumu-
lus convection. Temporal variation of area-averaged
grid scale rainfall for the CGM and the FGM are
shown in Fig. 9¢ and 9d, respectively. It can be seen
that grid scale rainfall rates are about an order of
magnitude smaller than the sub-grid scale rainfall
rates for the CGM and the FGM domains. Consis-
tently, increased horizontal resolution in the FGM
domain resulted in reduced grid scale rainfall rates
as compared to those rates in the CGM domain. For
the CGM and the FGM domains there 1s a contin-
uous decrease in grid scale rainfall from CASE-1 to
CASE-4. In the CASE-5 the S value is lower than
that in the CASE-1, CASE-2, CASE-3 and CASE-
4. Decreased S value in CASE-5 leads to increased

grid scale rainfall, as a result of stronger vertical cir-
culations, as explained earlier. But further decrease
in the S value in CASE-6 also results in further de-
crease in the grid scale rainfall.

The construction of reference profiles and the
specification of the relaxation time scales are the
two major components of the Betts-Miller cumu-
lus parameterization scheme. It can be seen from
the above discussed results that model predictions
of rainfall depend more strongly on the saturation
pressure departure parameter rather than on the
relaxiation time scale. Also, constructed reference
profiles for moisture are based on the saturation
pressure departure parameter and hence rainfall pre-
dictions are more sensitive to the S values. These re-
sults are consistent with the sensitivity experiments
with an axisymmetric tropical cyclone model (Baik
et al., 1990b). Their results indicated that the con-
vective adjustment parameters in the Betts-Miller
scheme affect the grid-scale precipitation as well as
the convective precipitation. Also, precipitation was
found to be more sensitive to changes in the satura-
tion pressure departure than in the adjustment time
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Fig. 10. Predicted rainfall for the CGM domain for a period of 24 hours ending at 12 UTC (a) 13 July and
(b) 14 July, 1988 in the BMS for the CASE-6. Contour intervals are 10, 20, 50, 80 mm d~?'. Predicted
rainfall for the FGM domain for a period of 24 hours ending at 12 UTC (a) 13 July and (b) 14 July,
1988 in the BMS for the CASE-6. Contour intervals are 10, 25, 50, 75, 100, 150 mm d~".
scale. There exist some differences in the predicted rainfall

To evaluate the model prediction of rainfall with
the Betts-Miller scheme, results from CASE-6 are
compared with the observations and with the Kuo
scheme. Figure 10a and 10b show the total rainfall
predicted in the CGM for the first day and second
day, respectively. For the first day and the second
day of simulation predicted rainfall is about 39 and
45mmd~! near the Western Ghats with maxima
occurring just offshore of the west coast of India.
In the control experiment (CASE-1) model did not
predict rainfall along the west coast for the entire pe-
riod of simulation. Also, predicted rainfall over land
is higher than that in the control experiment. Pre-
dicted rainfall in the CASE-6 with the Betts-Miller
scheme is comparable to that with the Kuo scheme
(Figs. 5a and 6a) for both the days of simulation.

rates over oceanic regions in the KUO and the BMS.
Due to the lack of observational data, rainfall predic-
tions over surrounding oceans could not be verified.
Figure 10c and 10d show the total rainfall predicted
in the FGM for the first day and second day, respec-
tively for CASE-6. As expected, predicted rainfall
rates are higher than those in the CGM and much
higher than those in CASE-1. Comparing with the
rainfall rates predicted using the Kuo scheme (Figs.
5¢ and 6c¢), it can be noticed that in CASE-6 pre-
dicted rainfall over land (northwest regions of In-
dia) is far lower than those obtained with the Kuo
scheme. Though predicted rainfall rates along the
west coast of India with the Kuo and the Betts-
Miller scheme are comparable with the observations,
the Betts-Miller scheme still fails to predict rainfall
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Table 2. Comparison of observed and pre-
dicted rainfall maxima associated with the
Western Ghats.

Description 24 Hours ending | 24 Hours ending
12 UTC 13 July | 12 UTC 14 July
Rate Rate
(mm/day) (mm/day)
CGM FGM CGM FGM
Observations 110 110 140 140
Kuo 20 73 48 144
Betts-Miller 0 10 13 23
CASE-1
CASE-2 0 20 16 33
CASE-3 0 49 16 86
CASE-4 16 69 21 95
CASE-5 35 72 35 111
CASE-6 39 75 45 118

over land regions reasonably. Also, over northern
and central Bay of Bengal, large rainfall rates (185
and 256 mm d~!) are predicted in the CASE-6 with
the Betts-Miller scheme while with the Kuo scheme
these rates are negligible (10 to 30 mmd~1).

It can be seen that with the Kuo scheme pre-
dicted rainfall rates are higher than those with the
Betts-Miller scheme while the evaporation rates are
higher with the Betts-Miller scheme. Temporal vari-
ation of forecast errors (not shown) for the zonally
averaged specific humidity indicated that model at-
mosphere is relatively humid with the Betts-Miller
scheme. Also, forecast errors in the circulation pat-
terns near the Western Ghats region are marginally
different with both the schemes.

It can be seen that the upper limit for the 7 can
be as high as about 2 hours while the lower limit
depends on the model horizontal resolution. To de-
termine the lower limit of 7 for the fine-grid mesh
domain, another experiment with 7 as 500 s was per-
formed while keeping the 7 value for the CGM same
as that in the CASE-6. It was found that model
predictions are very similar to that in the CASE-6
for the FGM except that during 6th and 10th hour
of simulation computed sub-grid scale rainfall was
negative and is about —0.1 to ~0.3 mmhr~!. Since
negative rainfall was not allowed in the model simu-
lations, it has no effect on the subsequent integration
of the model. This negative precipitation is a direct
result of the rapid adjustment of the model toward
the prescribed thermodynamic profiles and also due
to insufficient time given to the large-scale forcing to
moisten the model atmosphere. For these reasons,
the lower limit on 7 for the present study of mon-
soon rainfall simulations can be considered as 600s
for the FGM domain.

Table 2 gives a summary of the model predicted
rainfall maxima near the Western Ghats for all of
the cases in the Coarse-Grid Mesh and the Fine-Grid
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Mesh domains during the two days of simulation us-
ing the Kuo and the Betts-Miller cumulus parame-
terization schemes along with the observed rainfall
rates. It can be seen that wih the Kuo scheme, pre-
dicted rainfall rates for the FGM domain are closer
to the observations. With the Betts-Miller scheme,
there is a gradual improvement of rainfall predic-
tions from the CASE-1 to the CASE-6. Also, spatial
distribution of rainfall showed increased aerial cover-
age from CASE-1 to the CASE-6. Thus, results from
the CASE-6 are the best in terms of comparison to
those from the Kuo scheme and the observations.

5. Summary and conclusions

A ten-layer primitive equation limited area nested
grid model was used to study the performance of the
Kuo and the Betts-Miller cumulus parameterization
schemes and the role of the horizontal grid resolution
in simulating the orographic-convective rainfall as-
sociated with the mountains along the west coast of
India. Two numerical experiments were performed
for 48 hours using the Kuo and the Betts-Miller cu-
mulus parameterization schemes. The initial condi-
tions for the model integrations were obtained from
the ECMWF analysis.

As expected, fine-grid resolution (FGM) model
results compare better with the observations than
those of the coarse-grid resolution (CGM). With the
Kuo scheme, predicted rainfall rates along the west
coast of India and over other land regions are compa-
rable to those in the observations. With the Betts-
Miller scheme, model underpredicted rainfall rates
by about an order of magnitude. Previous studies
(Betts, 1986; Baik et al., 1990b; Puri and Miller,
1990) indicate that the convective adjustment pa-
rameters used in the Betts-Miller scheme are good
for simulating a tropical cyclone. To find out the
relevancy of values used for these adjustment pa-
rameters for the monsoon region, five sensitivity ex-
periments are performed by systematically changing
the values.

Relaxation time scale (7) and saturation pressure
departure (S) are two key adjustment parameters
in the Betts-Miller scheme. The values of 7 and S
are changed systematically to determine the model
sensitivity to these adjustment parameters. Results
indicate that a significiant decrease in the 7 values
leads to only a minor improvement in rainfall pre-
dictions. It was also found that for a give horizontal
resolution of the model there exists a lower limit on
the 7 value. Decrease of 7 for the CGM from 7200 to
1800 s showed negligible improvement in the rainfall
predictions. So, further decrease in 7 for the CGM
may not result in improvement in the rainfall pre-
dictions. Also, it may not be critically important
to find out the lower limit of 7 for the CGM as the
CGM is mainly used to capture the synoptic scale
monsoon circulations and to provide lateral bound-
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ary conditions to the FGM. The lower limit for 7 the
finer-grid model is found to be about 600s. Further
decrease in the 7 value in the FGM leads to a reduc-
tion in the predicted rainfall rates. This is due to
the fact that as the relaxation time scale becomes
smaller, adjustment of the model atmosphere to-
wards the prescribed thermodynamic reference pro-
files becomes more rapid. This rapid adjustment
does not allow large scale forcing to moisten the at-
mosphere sufficiently.

However, predicted rainfall rates are found to be
more sensitive to the changes in the saturation pres-
sure departure parameter. A decrease of 20 hPa in
the value of saturation pressure departure at the
lowest level of the model (level closer to the ground)
resulted in a significant improvement in the model
predictions of rainfall. It is found that major im-
provement occurs when S is decreased from —30 to
—40hPa. Further decrease in the S value to —50
hPa leads to only slight changes in the rainfall rates.
Also, spatial distribution of rainfall with S = —50
hPa is similar to those obtained with S = —40hPa
but with a slight increase (by about 7mm d=! in
the maximum near the Western Ghats. This result
suggests that further decrease of S value may not re-
sult in the improvement of rainfall predictions. Also,
further decrease in the S value may result in unre-
alistic rainfall predictions during early hours of sim-
ulation. Thus, for the monsoon conditions present
during the simulation period, S = —50 hPa appears
to give better rainfall rates comparable to observa-
tions near the Western Ghats region.

Though predicted rainfall rates with the Kuo
scheme are closer to the observations near the West-
ern Ghats region, some differences do exist be-
tween model prediction and observed rainfall rates
over northwest regions of India. With the Betts-
Miller scheme these differences are very large over
land regions with the exception to the Western
Ghats. Also, predicted rainfall rates over surround-
ing oceanic regions (Bay of Bengal, Indian Ocean
and Arabian Sea) differ significantly with the Kuo
and the Betts-Miller schemes. Performance compar-
ison of these two schemes over the oceans could not
be made due to lack of observations.

Though this is a single case study, it highlights
the role of key adjustment parameters in the Betts-
Miller scheme and suggests suitable values for the
monsoon region. Increased model vertical resolu-
tion with better boundary layer physics, inclusion of
shallow convection in both the Kuo and the Betts-
Miller schemes and a diabatic initialization scheme
to initialize the data among other improvements wiil
be necessary to improve the model predictions over
land regions. '
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