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ABSTRACT. A five-level primitive equations limited area model (LAM) in flux form is considered in this
study for short range prediction in the tropics. The model physics ircludes boundary layer, dry convective
adjustment, deep cumulus convection and large scale condensation.  The effect of mountains including Himalayas
is incorporated through sigma coordinate formulation. An efficient split-explicit time integration scheme with
time dependent lateral boundary conditions are used. This study addresses the problem of short range numerical
weather prediction over Indian sub-continent during SW monsoon season. The model is integrated up to 48
hours with four typical cases representing a cut-off low, onset vortex, mid-tropospheric cyclone and moansoon
depression situation during special observing period-Il (MONEX) of the FGGE-1979. The model produced
reasonably good forecasts of surface pressure, wind and temperature fields up to 48 hours. However, the preci-

pitation forecasts were n:0t very satisfactory.

1. Introduction

It is widely recognised that a high resolution limited
area multi-level primitive equations (PE) model is essen-
tial to know relatively small scale features over a given
region of interest and to predict them for a short range
of time. Non-availability of uniformly high quality
global analysis and limitations of computer resources
encourage research and development of limited area
models for numerical weather prediction (NWP). In
addition, it is understood that such models developed
for short range NWP do not require sophisticated para-
meterisation schemes to incorporate sub-grid scale
processes.

A number of regional multi-level PE models have
been developed during the last decade and a detailed
review of such models is given by Anthes (1983). How-
ever, only a few such models have been developed for
tropical region for simulation and prediction of monsoon
circulation (Das and Bedi 1978, Krishnamurti ef al.
1979, Fiorino et al. 1982 etc).

In this study, an attempt is made to adapt an idealised
time efficient multi-level regional PE model in flux form

(developed at Naval Research Laboratory, U.S.A.) for
India and its neighbourhood. The performance of
this limited area PE model (LAM) for short-range
prediction (12-48 hours) of tropical systems (e.g.,
western disturbances, monsoon depression etc) over
India is examined for a number of cases during special
observing period (SOP-I1) of the FGGE-1979 (MONEX).

2. Description of the model

The horizontal domain of the model is bounded by
30°E-105°E and 7.5°S-45°N with a grid resolution of
2.5° Lat./Long. The model has five sigma (e=p/p,)
levels in the vertical, with =0 as the top and o=1
as the bottom boundary. The orography is derived
from U.S. Navy data (obtained from NCAR) and is
interpolated to the model grid points (Fig. 1). An over-
view of the model is given below :

An overview of the model
Domain 1 3122 (7.5°S-45°N, 30°E.
105°E) : Flexible
Independent variables : A, ¢, o, ¢
Prognostic variables : w, v, T, g, p,
Diagnostic variables : ¢, o
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Fig. 1. Model orography (m)

Vertical levels § Five, o=.1, .3, .5, .

(Flexible)

Grid system : Arakawa C-grid

Space finite dif-

ference scheme

Time integration
scheme

i Second order accuracy

i Split-explicit time integration
scheme

Time step : At=1200 sec (20 minutes)

AN, A : 2.5 Lat./Long. (Flexible)

Horizontal diffusion : Linear fourth crder

Initialisation : Dynamic initialisation Okamura
scheme (Nitta 1969)

Physical processes : Dry convective adjustment, deep
cumulus convection (Kuo
scheme) (Anthes 1977) with
convective precipitation

Large scale stratified precipita-
tion with RHZ=95Y%]
Planetary Boundary Layer—

Monin-Obukhov ~ Similarity
Theory

Air-sea sensible heat exchange
and evaporation from ocean

Computer time for
24-hr forecast : 990 sec CPU Time on Cyber

170/730 system.

2.1. Model equations

The primitive equations governing the motion of the
atmosphere, appropriate to a meso-scale quasi-hydro-
static, baroclinic system are represented in flux form in
spherical coordinates. The model with five prognostic
and two diagnostic equations (viz., the zonal and meri-
dional momentum, the thermodynamic, the moisture
continuity, the surface pressure tendency, the hydrostatic
and the continuity equations) for the seven meteorologi-

cal variables (v, v, T, q, p, ¢ andn) forms a closed
system as given below :
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Here p, is the surface pressure, # and v the zonal and
meridional wind components respectively, f the coriolis
parameter, ¢ the geopotential, T the temperature, g the
specific humidity. n=do/dt the vertical velocity in sigma
coordinate, R the gas constant for dry air, # the potential
temperature, ¢, the specific heat capacity of dry air at

constant pressure, D the divergence and D the vertically
integrated horizontal and mass divergence. The vertical
friction terms which include surface fluxes and vertical
and horizontal diffusion of momentum. heat and mois-
ture are represented by F,, F,, Fy, and F, respectively.
Further, the heat and moisture source/sink terms are
represented by Hy and H, respectively. h. and A,
represent the map factors.

2.2. Finite difference form of the model equations

The space derivative terms in the model equations are
approximated by a second order accurate, quadratic
conserving finite difference scheme over a staggered
horizontal Arakawa C-grid (Arakawa and Lamb 1977),
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Fig. 2. (a) Vertical o levels and (b) Arakawa C-grid

This scheme is found to be suitable to suppress two-grid
length computational gravity wave noise and to conserve
the integral properties. T, ¢, ¢ and n are computed at the
mass points (7, /) while u is computed at the mid-points
of mass points along x-axis and v at mid-points along
y-axis (Fig. 2). Any parameter AX;; which represents
the value of A4 at (i, j)th horizontal grid point on Kth
level, is approximated in this scheme as :

A = Gk = 4= .

K K K
and <A >x=(A L ded )/2
il i+3 ) i—% )

where &, represents finite difference, < >, an average
along x-direction,

AXy = (Xi+1/zs j — Xieds J)
and h;(#) is map factor in x direction at (i, j)th grid point
for A. The vertical differentiation and averaging are
also carried out in a similar manner. The finite diffe-

rence form of the w-momentum Eqn. (1) is as given
below :
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Similarly model Eqns. (2)-(7) are transformed into
appropriate finite difference form. Separating the
temperature into a mean part, 7%, which varies only
in the vertical and a deviation part, 7' (=T—T%),
the model Eqns. (1)-(7) are transformed into matrix
form for programming and computational purposes.

2.3. Time integration scheme

The model uses an efficient split-explicit time integra-
tion scheme, which is found to be computationally
economical than an explicit scheme (Madala 1981). In
this scheme, the terms in the prognostic Eqns. (1)-(5)
are split according to the vertical modes into those
governing the Rossby and the gravity modes. The
model is integrated for the individual modes using diffe-
rent time steps as required by the respective CFL crite-
ria. This is unlike the technique of Gadd (1978) where-
in only two time steps are used, one commonly for all
the gravity modes and the other for the Rossby modes.
The implementation of varying time steps is the basis of
split-explicit time integration scheme used in the present
work. For the detail description of this method, its
properties and application, it is suggested to refer Madala
(1981) and Mohanty et al. (1987).

2.4, Boundary conditions

A time dependent lateral boundary scheme of Perkey
and Kreitzberg (1976) is incorporated in the model.
This scheme provides a *porous-sponge’ in the boundary
zone. It makes use of the model calculated tendencies
for extrapolation of the boundary values of the variables.
The prediction of any dependent variable ‘M’ is given

by :
My () = My 0y + W) | ar @)

where the subscript » and p denote the new value
after the boundary condition and the previous value at
the preceding time step respectively. The model calcu-
lated tendency of the variable is denoted by ‘m’. W(J)
is the weightage factor whose values are assigned as 0.4,
0.7 and 0.9 for the boundary grid points, one grid point
interior and two grid points interior from the boundary
respectively. The model tendency at the boundary
points are obtained by linear extrapolation of the model
calculated tendencies at the two interior grid points.

2.5. Horizontal diffusion

In order to take into account the effect of energy
associated with unresolved sub-grid scale processes, a
horizontal diffusion scheme is used in the numerical
models. In the case of limited area models, such a
horizontal smoothing substantially controls the compu-
tational noise generated on the artificial lateral bounda-
ries. In this study, a simple linear fourth order diffu-
sion is applied on sigma coordinate surfaces for the
zonal and meridional wind components :

Fpy = Kn V? (V?X) (10)

where X'=u or v and Ky is the horizontal eddy viscosity,
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2.6. Physical processes

Various physical processes such as boundary layer,
stratified precipitation, dry and moist convection etc
relevant to short range weather prediction are paramete-
rised in the model. However, short and long wave
radiations which are assumed to be less important for
a short range forecast (up to 48 hours), are not included.

The planetary boundary layer is parameterised in the
model to include the effects of friction, air-sea sensible
heat exchange and diffusion of heat, moisture and mo-
mentum. The vertical exchange of heat, moisture and
momentum are parameterised in a similar way as des-
cribed by Manabe et al. (1965). The surface friction is
considered through the drag law with a drag coefficient
Cp (2.5 % 102 for land and 1.0 > 10—2 over water).
Bulk aerodynamic formulae are used to include the latent
and sensible heat exchanges with the exchange coefficient
value of C as 1.0 x 1073 over water and 0.0 over

land.

The treatment of deep cumulus convection in the
model is based on Kuo (1965, 1974) as subsequently
modified by Anthes (1977) where in the available mois-
ture is partitioned into two parts, viz., a part which is
used for the moistening of the environment and the
second part for heating. Large scale condensation over
regions of-ascent of stable saturated air is computad by
limiting the humidity values to their saturation values
(95% of RH). Ifany level is super-saturated, the excess
moisture is allowed to condense out and fall to the next
lower level and evaporate or continue to fall depending
upon the state of saturation at that level.

A dry convective adjustment scheme as proposed by
Manabe et al. (1965, 1970) is incorporated in the model.
This scheme removes the absolute instability, if it has
occurred at any grid point, by neutralizing the lapse rate
while conserving the dry static energy in the entire
column. The instability is explicitly removed via an
equal energy adjustment after every two hours of inte-

gration of the model.

3, Data and initialisation

GARP summer monsoon experiment (SOP-11) during
FGGE year (1979) provided an excellent data base for
NWP studies. For the first time, a truly tropical belt
data set has been obtained over the data-sparse region
through various conventional and non-conventional
means and for a complete set of atmospheric data over
monsoon region ever obtained. The final form of the
gridded data set called as FGGE level 111-b analysis,
produced at the European Centre for Medium Range
Weather Forecasts, U.K. is used for this study.

Four typical situations, which represent different facets
of the SW monsoon during 1979, are selected in this
study to evaluate the performance of the limited area
model for short range prediction up to 48 hours. These

are :
(a) A case of a cut-off low over northwest India
and neighbourhood during pre-monsoon (22
May 1979).
(b) Case of monsoon onset vortex over Arabian
Sea (14 June 1979).

TABLE 1

Time series of mean kinetic energy and mean total energy
during one day ferecast

Time |KE] |TE|
(ho (< 102m?/sec?)  ( 107m?/sec?)
0 3.4537 1.3238
3 3.4548 1.3227
6 3.4552 1.3221
9 3.4571 1.3217
12 3.4580 1.3212
15 3.4594 1.3208
18 3.4613 1.3197
21 3.4624 1.3195
24 3.4629 1.3186

(¢) Caseof a mid-tropospheric cyclone off Gujarat
coast (26 June 1979).

(d) Case of a monsoon depression (5 July 1979).

In all the cases. :2 GMT data of 11 standard pressure
levels (1000, 850, 700, 500, 400, 300. 200, 100, 70, 50
and 30 mb) at regular grid points of 1.875° Lat./Long.
has been interpolated to the model grid points at five
sigma levels (as discussed in section 2).

An effective dynamic initialisation schemz of Okamura
(Nitta 1969) is used to an adiabatic version of the model
{o achieve a balance between mass and velocity fields
before forward time integration of the model. Details
about the performance of this initialisation scheme with
12 GMT of 22 May 1979 data-set is describzd by
:Vlohunty et al. (1987) and hence will not bz repzated
nere.

4. Results and discussion

The verformance of the model in simulation and pre-
diction (up to 48 hours) with the input of the four typical
cases, as mentioned in szction 3, is critically examined.
The results are presented in the following three sub-

sections.

4. 1. Model characterisiics

Before evaluating the forecast performance of the mo-
del. it is necessary to examine the conserving properties
and behavioral characteristics of the limited area model
during its forward integration, as a number of approxi-
mations (e.g.. lateral boundaries, finite difference scheme,
time integration etc) are involved in the formulation of
the model In this sub-section, some such parameters
as the level mean kinetic energy. mean total energy,
mean divergence, mean absolute tendencies of w, v. T'
and also surface pressure and n (vertical velocity in sigma
coordinate) at a given location (15°N, 60°E), are moni-
tored at each of the time step during the entire length of
integration of the model (48 hours). However, results
of the first 24 hours of integration are presented as no
significant change in the trend of these parameters are

observed beyond this period.
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TABLE 2

Root mean square error of 24 hours and 48 hours forecast
(v, vand Vin m/sec, Tin °C and ps in mb)

Forecast period

—————————— — e ————————_ — — —
24 hours 48 hours o
————————— A pm——— —— e
Levels/Variables 1 2 3 4 Mean Mean B l(— 2 3 4 Mean Me_z:l?
300 mb  u ve a1 36 36 38 55 49 61 68 58
v 44 42 40 3.7 3.8 5.8 7.0 7.5 6.6 5.1 65 8.7
T 24 23 20 1.9 22 3.1 29 28 26 28
500 mb " 2.1 2,7 2.8 3.8 28 7.0 6.9 6.2 5.1 6.3
v 2.8 1.9 20 2.1 22 3.6 2.3 3.1 24 27 2.6 6.8
T 1.0 1.4 1.3 1.2 1.2 1.4 1.4 1.6 21 1.6
700 mb u 3.2 29 2.7 2.6 2.8 44 39 46 50 4.5
v 22 1.7 2.6 21 21 35 3.2 39 34 3.8 3.3 .56
T 09 1.1 1.2 09 1.0 1.1 1.5 1.8 2.1 1.6
850 mb 2.9 2.7 26 30 28 34 31 32 3.9 3.3
v 22 19 20 22 21 3.5 2.7 2.4 2. 8.1 2.7 4.3
T 1.6 1.5 1.3 1.1 1.4 4 1.3 15 19 1.5
Ps 1.7 1.6 1.9 2.0 138 1.8 2.1 2.3 2.0 2.1
Case 1—22 May 1979 & 1200 GMT (cut-off low) Case 2—14 June 1979 : 1200 GMT (onset vortex)
Case 3—26 June 1979 : 1200 GMT (mid-tropospheric cyclone) Case 4—5 July 1979 : 1200 GMT (monsoon depression)

Table 1 depicts the change in the mean kinetic energy
(KE) and total energy (TE) during the first 24 hours of
integration of the model. It is seen from this figure that
during this period the mean KE and TE remain almost
constant (= 10% change). Similarly, the model
is also found to conserve the total mass over the domain.
Thus, the model satisfies an important property to con-
serve mass and energy to a desired level during its inte-

gration up to 48 hours.
4.2. Evaluation of the forecast performance

In order to evaluate the efficiency of the model in the
prediction of meteorological variables (up to a period of
48 hours), the forecast results are compared with the
corresponding observed field in respect of the four syno-
ptic cases under study. Both qualitative and quantitative
comparisons are carried out. For this purpose, the root
mean square (r.m.s.) error of the forecast fieldsof w, v, T
and p, at 24 and 48 hours from the respective verification
fields are presented in Table 2. The r.m.s. errors are
estimated over an interior domain (2.5°N-30°N,
45°E-92.5°E) in order to avoid the region close to the
lateral boundaries. In general, it is seen from the Table 2
that the models performed well for all the four cases. The
r.m.s error of u, v, T and r.m.s. vector wind error atall
the levels are found to be reasonably small and compar-
able to similar results presented for tropics (Heckley

1983). The r.m.s. error of surface pres ;
2 mb during 48 hours forecast. pressure 1s about

The r.m.s. error of zonal wind is found to be hi
than that of the meridional wind except in the uglp1§:
troposphere (300 mb). In general, the r.m.s. vector wind
error is found to increase with height. The mean r.m.s
vector error of wind at 850 mb is 3.5 m/sec and 4.3
m/sec vector wind at 24 and 48 hours respectively.
This result is found to be comparatively lesser than
the r.m.s, error of vector wind obtained from a number of
global models for the tropical belt (30°S-30°N) at 850
mb for 11 June 1979 (Temperton et al. 1983). However,
such a comparison may not be considered optimistic
in view of the small and different samples of data
used for these studies. The r.m.s. error of temperaluré
is found to be smail and it even does not exceed 2°C
after 48 hours of forecast.

4.3. Prediction of monsoon depression over the Bay
of Bengal '

Though a detailed qualitative analysis and comparison
of the forecasts and respective observed fields are carried
out for all the four synoptic cases mentioned in section
3, in this sub-section we have restricted the presentation
to the case of monsoon depression (5-7 July 1979).
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Fig. 3. Mean sea level pressure analysis of (a) 24 hours

Surface pressure, wind, temperature and rainfall analysis
of forecasts and the corresponding observed fields are
presented in this sub-section.

4.3.1. Surface pressure distribution

Figs. 3 (a-d) depict 24 and 48 hr forecast of surface
pressure isobaric distribution and corresponding observ-
ed analyses (12 GMT, 6-7 July 1979). On 5 July 1979
at 12 GMT, alow pressure area was centred ciose to
21°N and 91°E (initial field for the model). It intensi-
fied into a depression on 6 July (centred at 20°N.
90° E) and subsequently into a deep depression at 12
GMT of 7 July centred close to 20°N, 88°E. The 24
hours forecast clearly brings out the intensification of
the initial low into a depression almost at the same
position as the observed analysis. However, further
intensification into a deep depression has not been
reflected in the 48 hours forecast. Moreover, the
predicted location of the depression in the 48 hours
forecast is about two degrees to the north as compared
to the actual position. However, the semi-permanent
features like the monsoon trough and heat low over
NW India and Pakistan are reasonably well simulated
up to 48 hours by the model.

forecast for 05 July 1979 (12 GMT), (b) 48 hours forecast
for 05 July 1979 (12 GMT) and (c)-(d) corresponding verification analyses

4.3.2. Streamline-isotach analysis

Figs. 4 (a-d) present the streamline isotach pattern
of 24 and 48 hours forecasts and the corresponding ana-
lysis at 700 mb. The cyclonic circulation associated with
the monsoon depression is well predicted in the 24 and
48 hours model forecasts. The location of the centre of
the circulation in the 24 hours forecast is almost same as
in the actual analysis. However, the 48 hours forecast
position of the centre, like in the case of surface pressure,
is about two degrees to the north as compared to
the observed location. Moreover, the intensification of the
circulation as evident from the casterly maxima (10
m/sec) to the north of the system, is not reflected in the
48 hours forecast. The broad belt of strong westerlies
over Arabian Sea, Peninsular India and Bay of Bengal
is well simulated by the LAM. However, the
model produced a strong anticyclonic eddy between
507 and 70°E, between equator and 5°N. in the 48 hours
forecast which is not observed in the corresponding
verification field. This is probably due to the lateral
boundary conditions for the LAM.

4.3.3. Rainfall distribution

Fig. 5(a) depicts the observed 24 hours precipitation
from raingauge and satellite data calibration from
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Fig. 4. Same as Fig. 5 but for streamline isotach analysis (m/s) of wind field at ¢ =5.7 (approx. 700 mb)
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Fig. 5. Precipitation (mm) for 24 hours ending 07 July 1979

(00 GMT) : (a) observed & (b) forecast

6 July to 7 July 1979, 00 GMT (Krishnamurti [983).
The 24 hours predicted distribution of precipitation for
the same period is shown in Fig. 5(b). It is seen from
Fig. 5 that the model predicted precipitation rate in the
WSW sector of the monsoon depression is almost
similar to the observed rate of precipitation. However,
the model has either failed to simulate or has under-
estimated precipitation rate over SE Asia, Ea§t§:rn
Himalayas, Kerala coast, Sri Lanka and adjoining
oceanic areas. Also the model forecast shows a spurious
region of rainfall over Gujarat and adjoining areas.

5. Conclusions

Performance of a five-level primitive equations limited
area model in flux form has been evaluated with four
typical cases to predict different aspects of monsoon over
Indian region using FGGE level-1Ilb data sets, The
forecast verifications show a considerable skill in pre-
dicting surface pressure, wind and temperature fields
up to a period of 48 hours. The forecast error of surface
pressure in 48 hours does not exceed 2 mb and mean
forecast temperature error lies within 1°-2°C. The mean
forecast error of vector wind increases with height in the
troposphere and the maximum value does not exceed
6 and 9 m/sec in 24 and 48 hours respectively at 300 mb.
The monsoon trough and other semi-permanent features
of SW monsoon are well simulated by the model. The
movement of monsoon depression is reasonably well
predicted up to 48 hours. However, though the location
of the heavy precipitation in the field of monsoon dep-
ression is well brought out, considerable discrepancy in
the amount of precipitation is observed.

Though, the inter-comparison of the forecast error
statistics of this model with similar models in tropics is
very encouraging, due to the limited number of cases
examined in this study, the conclusions may not be consi-
dered either general or comprehensive. The forecast
errors suggest improved vertical resolution, particularly
in the boundary layer, inclusion of shallow convection
and radiation and suitable modifications in the existing
planetary boundary layer and deep cumulus convection
schemes in the model to remove the conceptual
deficiencies,

;‘f‘%
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