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Numerical simulation of monsoon circulations
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Abstract. Short period variations in monsoon rainfall are caused by the westward
passage of low pressure systems (depressions) from the northern sector of the Bay of
Bengal. A primitive equation model was used to predict the movement of one such
depression (20 August 1977). Four research ships from the USSR, which formed a
part of the recently concluded Monsoon Experiment, provided additional meteorolo-
gical data within the field of this depression. This enabled us to fix the depression’s
i({litial position with greater accuracy than would have been possible without the ships’
ata. . :

The model used a co-ordinate system in which the lower boundary coincided with
the carth’s surface, while the upper boundary was placed at 200 mb. It resembled a
three-dimensional channel with side walls at 0° and 140°E, and northern and southern
boundaries at 60°N and the equator. The grid spacing was 250 km. Numerical
integration was performed upto 5 days of model time. Gravity waves and other
forms of ‘ noise * were filtered out every 24 hr by a process of adjustment referred to
as ‘ initialisation ’. Initialisation after every 24 hr was necessary because the boun-
dary conditions in this regional model did not permit sufficiently rapid dispersal of
gravity waves.

In the first experiment only orographic features were included, but the second
experiment considered the main features of atmospheric radiation in addition to oro-
graphy. The paper presents a statement of deviations between the predicted and
actual movement of the depression, and discusses reasons for such deviations.
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1, Introduction

Numerical models help us to understand the different facets of the monsoon. Experi-
ments with models often reveal how the atmosphere is likely to respond to external
forces. A recent review of the monsoon by the World Meteorological Organisation
(Anon 1976) identified three broad areas where a programme on numerical experi-
mentation could yield valuable results. They are summarised in table 1.

The dimensions of each problem determine whether the numerical model should be
global or regional in extent. For a medium-sized computer, it is possible to experi-
ment with regional models of limited geographical extent. But, for some of the
problems in table 1, it might well be of advantage to construct a fine-mesh regional
model embedded within a global model. The output from the global model could
then provide boundary values for the regional model. Such a procedure creates
interesting problems in matching the solution at the interface of a fine-mesh nested
in.a coarser grid. ' ‘

A list of symbols appeafs at the end of the paper
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o Table 1. Scientific aspects of monsoon circulation

1. Large scale features of the monsoon

(a) onset of the monsoon
(b) active and break monsoons
(c) heat sources and orographic barriers

2. Regional aspects
(a) low level strong cross-equatorial winds off the coast of Bast Africa
(b) temperature inversions and the planetary boundary layer
(c) monsoon depressions in the Bay of Bengal
(@) convection and heavy rain
(e) mid-tropospheric and equatorial disturbances

3. - Interactions
‘ (a) interactions between the northern and southern hemisphere
o (b) interaction of regional monsoon circulation with:
3 (i) the central and western Pacific
(ii) mid-latitude waves and
(i) the circulation in the stratosphere

Numerical experimentation usually follows four different lines of approach. They
may be summarised ds follows.

1.1. Predictability experiments

These are intended to determine to what extent it is possible to forecast the develop-
ment and movement of pressure systems such as monsoon depressions. In such
experimenis we need to examine the proper vertical and horizontal resolution for
optimum results, and to parameterise clouds and rainfall. An individual cloud is a
small entity; its physics cannot be captured in a model which determines the behaviour
of the atmosphere over large areas. But, if we consider an ensemble of clouds, it
is readily seen that their cumulative effect is not negligible. The process of includ-
ing such effects, which are individually small but collectively large, is known as
parameterisation. Parameterisation of the earth’s boundary layer is another impor-
tant problem in predictability expenments

1.2, Controlledvnumerical experiments

Experiments in this category are required to determine the relative importance of
different meteorological variables, and for specifying their required accuracy. Gene-
rally, it is necessary that a numerical model should attain a certain level of stability,
before it can be used for control experiments. : ‘

f 1.3 Observatwn System Szmulatzon Experzments (OSSE)

These determme the 1mpact of observa,txons Wlnch are 1rregu1ar1y spaoed in time and‘v
space. Thus, weather satellites, constant-level balloons and other data-collecting
devices provide valuable information on meteorological variables;—but-sueh—data
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do 1ot coincide with the other data collected by conventional means.: Numerical

experiments are needed to devise the most appropriate means of incorporating theé

 additional information.

1.4. Theoretical model experiments

Theoretical experiments are designed to explore the major physical processes that
lead to changes in weather. Recent experiments have revealed, for example, the
impact of soil-reflectivity (albedo) on the rainfall over arid and semi-arid regions of
the world. It has been found that sea surface temperature fluctuations could also
bring about important changes in the overlying atmospheric circulation. Theoreti-
cal experiments often involve numerical integration starting with an idealised atmos-
phere. In this manner, it is possible to determine the important elements which
govern the changes in weather.

A number of numerical models have been devised by national meteorological
services in many parts of the world. The governing equations in these models are:

(i) Newton’s law of motion relating the acceleration of a moving parcel of air,
in a rotating frame, to the forces impressed on it, ‘

(i) the first law of thermodynamics which equates the rate of change of
internal energy to the rate of external heating, '

(iii) the principle of conservation of mass, and
* (iv) the thermodynamic state of the air.

If the external forces and rate of heating, together with boundary conditions, are
propetly specified, then it is possible to construct a closed system which can be solved
by numerical methods. Usually the system is nonlinear; this makes it necessary to
devise special algorithms to ensure compritational stability. ‘

" But there exist many difficulties which at present are not sufficiently well under-
stood. An example is the effect of very small scale motions upon the large scale
motions. For short periods of integration, the small scale motions (known as inertia-
gravity waves) may be suppressed because they are more dispersive and contain less
energy than the larger scale motions. This is achieved by a process of adjustment,
known as ¢ initialisation ’, between the wind and mass, or pressure fields, which are
initially in a state of imbalance. Opinions differ on what is the best method of ini-
tialisation for a nonlinear system, especially in regional models where the boundary
conditions sometimes prevent the rapid dispersal of short-scale motions.

The purpose of the present paper is to use a numerical model to predict the path
of an important feature of the monsoon circulation, namely, a monsoon depression
in the Bay of Bengal. We used a modified version of a model devised by Shuman &
Hovermale (1968). This model has been used by the National Meteorological
Centre (NMC) in the USA for several years. Although the model was adopted
from Shuman & Hovermale, certain important modifications introduced in the
model are described. It is intended to further improve this model so as to study
some of the other problems mentioned in table 1.. In earlier studies (Das & Bedi
1976, 1977) the model was used to study the mechanical effect of ‘mountains on an
idealised monsoon. ST )
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The depression selected for this study occurred in the third week of August 1977.
This was an interesting situation because additional data were made available by
four research ships from the USSR, which took part in a joint Indo-USSR experi-
ment named Monsoon-77. These data enabled us to delineate the location, and the
centre of the depression with greater accuracy than would have been possible with
the existing network of upper air stations near the northern sector of the Bay of
Bengal. Using this data base, it should be possible in future to estimate an optimum
network of upper air stations that will be required to improve the prediction of
monsoon depressions.

i 2, Basic equations

The model resembles a three-dimensional rectangular channel. Its northern and

southern boundaries were at 60°N and the equator. The two side walls of the model

were placed along 0° and 140°E. It had a rigid upper lid at 200 mb, while its lower

P boundary was treated as a co-ordinate surface coinciding with the earth’s surface.

! For this purpose, o, a linear function of pressure, was used as the vertical co-
: ordinate instead of the geometrical height. This has the advantage of simplifying
Pk the lower boundary condition, but it is known to create large truncation errors in

R the vicinity of mountains. .

‘ The volume of the channel was divided into four layers to take into account the
thermal stratification of the atmosphere. The vertical structure of the model is
shown in figure 1. It includes a boundary layer of 50 mb depth adjacent to the
earth’s surface. The input data consist of geopotentials for 85¢, 700, 500, 300 and

- 200 mb, along with the field of sea level pressure. The size of the unit grid was 250
km and variations in the map factor were neglected for simplicity. Unlike Shuman
& Hovermale (1968), the model did not have a stratosphere. As we were concerned
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Figure 1, Vertical grid
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with a monsoon depression, which is a lower tropospheric phenomenon, this is not

a limitation for the present study.
The basic equations of the model are

e + ity 4 vity + & ug) —fo = — ¢, — C, b, + pV2u, (0
Vet (e + 0, + 6 06) + fit = — ¢, — C, O, + uV, )
$o + Cpfme =0, 3)
0, + (ub, + v6,) + 00, = Q, (4)
Por + ( Po)x + (Po)y + (0Po)o = 0. (5

On differentiating (5) we have
pa-(ol-)a-a- + pa’(u(r.\' + vay) _‘_ (ucr po-x + vapa)’) = O' . (6)

The system consists of equations (1) and (2) for the rate of change of horizontal
momentum, an equation for hydrostatic equilibrium (3), the first law of thermo-
dynamics (4), and the equation of continuity (5). Equation (6) is for the vertical
component of motion (¢) in ¢ co-ordinates and was used to match the solution
at the interface of two successive layers of the atmosphere. The different layers are
identified by a reference variable k in figure 1. The sigma co-ordinates for the boun-
dary layer are shown by a suffix B in this figure. Thus, o, =0, 1 refer to the top
and bottom of the boundary layer.

When o is the vertical co-ordinate, there are two terms, instead of one, for
the pressure gradient in (1) and (2). Near steep mountains, where there are large
pressure gradients, these two terms are individually large but of opposite sign. Conse-
quently, the determination of x and y derivatives in the first two terms on the right
of (1) and (2) often provides a wrong representation of the pressure gradient. A
method of minimising this error will be discussed shortly.

- A non-staggered horizontal grid, with a scheme for averaging and differencing the
dependent variables, was used for computing partial derivatives in the model equa-
tions. This scheme is not strictly energy-conserving and -does not handle short
scale waves very well, but it is satisfactory for short range prediction. As boundary

conditions, the vertical velocity (o) was made to vanish at the top and bottom of the
model atmosphere. We have

c=0 at o=0 and o,=10,

It may be noted that if pressure was used as the vertical co-ordinate, the boundary
condition at the surface would be

Wy = aapts VsV Ps

P. (C)—2
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Apart from difficulties in determining the appropriate value of Vg, another difficulty
would arise.  During the course of integration the surface pressure (p;) would change,
and there was no way of knowing whether w,was being determined, at the same grid
points throughout the integration. Such difficulties are avoided by the sigma. system.

. Along the lateral walIs,-the time derivatives of all dependent variables were made
to vanish. We put

Uy =0, =0;
or =0, = 0; X =0, 140°E; Y =0, 60°N. )]

Physically this implies a rigid wall along the sides. This has the effect of reflec-
ting inertia-gravity waves, and preventing their outward dispersal from the region.
We intend to experiment with more realistic boundary conditions in later studies,
but for the present these boundary conditions were retained because of their simpli-
city and the limitations imposed by a small computer memory.

3. Initialisation

In integrating prumtwe equat1011 models, it is. necessary to remove, as much as
possible, sources of inéitia-gravity waves from the initial data. This is achieved by
minimising the divergence in the initial wind and pressure fields. Although there
exist several techniques which may be a.pphed there is no general method for low
latitudes This difficulty arisés because the process of geostrophic adjustment is not
well understood for the tropics. Specifically, it is not known whether the pressure
adjusts to the wind, or the other way round in low latitudes. For our purpose, we
carried out a scheme of forward integration for 1 hr followed by backward integration
for ahothér hour.  One half the initial pressure and height fields were restored at the
end of each cycle, while the wind field was allowed to adjust itself to the pressure
frecly. The factor % was chosen on “empirical consxderatlons, 50 as to provide some
allowarice to the pressure to adjust to the wind at the end of each cycle. If the full
pressure and height fields were restored, it would force the wind to adjust to the
pressure. But, as we have noted, the process of adjustment is not known in low
latitudes; consequently, an empirical procedure was adopted The dxifusmn and
hieating ferms we1e not 1ncluded during 1n1t1al1sat1on because they represent irrever-
sxble processes. :

~ Wefoundit necessary to repeat initialisation after every 24 hr to suppress the growth
of inertia-gravity waves. This is a limitation of the model, but is probably caused by
the boundary conditions at the lateral walls. -

4. Inclusion of high mountains

The inclusion of high mountains in regional models.is difficult -because: of large
truncation errors. Very little is known about the inertia-gravity waves that are
generated by such barriers. But, as the path of monsoon depress1ons is 1nﬂuenced
by mountain ranges, we included their effect in our model. =
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Truncation errots near smoothed mountain profiles were reduced by removing the
hydrostatic component of the geostrophic field. The residual geopotential is then
considered to be the dependent variable. As the new variables are now much smaller
than the previous ones, their gradients are also reduced.

We define
¢'(x, ¥, ps =49 (x; y p 1) "’...,‘}; (p), ‘ (8)
0’ (x,y,p,t) = 0 (x,p,p, 1) — 6, 9)

where ¢ (p) is the mean geopotential for a surface of constant pressure. A mean
potential temperature for the region is similarly defined by

é = [<¢r> — {$s0] + [Cp Kmg) — 7)) (10)

The subscripts T and S refer to values at 200 mb and the earth’s surface, and ¢ )
denotes an average value. Thus, {¢¢> is the mean surface geopotential and

‘ ‘5 (p) = [<¢s>(" - "TT) - <‘/’T> (<'"s> —m] -+ <’”.s'> — 7). an

It may be noted that (11) is denved by integrating the hydrostatic equation

— T e

% _ _ ¢,
o
and assuming a constant value of g given by (10). The effect is thus to introduce a
‘ reference * atmosphere, which in this case is defined by (10) and (11). Tt would be
interesting to experiment with other types of * reference * atmospheres. This will be
reported in a later study.
Introducing (8) and (9) on the right side of (1) and (2) we have

Vebp —Cpr0Vom=Vod' —Cpb0 Vom. . (12)

From contouls of the topograph1c features, we computed the sea level pressure (p S)
by assuming hydrostatic balance. - Thus,

$s = ¢ = RTs In (ps/po)’ | (1‘3)

where po 1000 mb, ¢, is the geopotential correspondmg to po and T is a mean
temperature between sea level and the height of the barrier. Deviations (¢') from the
mean geopotential field were next computed by (8) and (9) for different surfaces of
constant pressure. Subsequently, the appropriate value of ¢’ for. a given sigma
surface - was obtamed by Lag1ange s 1nterpolatlon This expresses ¢' by the
polynomial S : ' R

g = Zk 1Lk<p>(¢')k, S
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where the index k refers to values of ¢’ on different pressure surfaces, and

(p”‘"ps) (p———850) (1}""200) . | (15)
(Pe—pg) (Px—850) ... (Px—200)

Ly (p) =

It was observed that the combination of (12) and (15) considerably reduced trunca-
tion errors. If we used the original geopotential field, with hydrostatic interpolation
to obtain the value of ¢ for a sigma surface, then an abnormal anticyclone was generat-
ed over the Himalayas.

5. Non-adiabatic heat input

A depression is accompanied by rainfall. This provides an important source of
non-adiabatic heating (referred to as ¢ diabatic * heating), because of the latent heat
released by condensation of water vapour. Unfortunately, it was not possible to
incorporate this important heat source in the model because of constraints on
computer memory. Although, the present model represents a °dry’ atmosphere,
we included (a) incoming solar radiation, (b) the albedo or reflectivity of the
earth’s surface, (c) long wave radiation received from the atmosphere and also

emitted by the earth, and (d) the flux of sensible heat from the earth. Thus, Q,
the rate of diabatic heating in (4), is

Q=0+ 0, (16)

where 0y = [[Qo (1—a)te o5 Ty (a-+b/e) — cog Tbtdeos T3 (Te—T)] odo,
(17

Q=3z (Ko 5-2-). (18)

Expression (17) indicates that the rate of heat absorbed by a column of air near the

earth (Q) is made up of (a) the total flux of heat on a horizontal surface less the
amount reflected by the soil, (b) the infra-red radiation from the atmosphere absorbed
at the ground (long wave counter radiation), (c) the infra-red radiation emitted by the
earth, and (d) a correction term because of the difference in temperature between the
earth’s surface (7,) and of the adjacent air (T,) (Sellers 1965). The second term in
(17) for the long wave counter radiation included a contribution by the water vapour
in the planetary boundary layer. Appropriate values of the surface albedo were
used in the model. For @, we took the values reported by Ramachandran and

Kelkar (1977). The different components of Ql are integrated from the surface of
the earth (o, = 1+0) to the top of the planetary boundary layer (o = 0) in the model.

The second component of diabatic heating is the flux of sensible heat from the
surface. This has been parameterised in terms of a thermal eddy-diffusivity, which

is treated as a constant for simplicity. B '



Numerical simulation of monsoon circulations 25
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Figure 2. Initial position of depression (20 August 1977)

6. Results

Two experiments were performed with this model. In the first, only the mountains
were included, while the second included the mountains as well as diabatic heating,.
Figure 2 shows the initial position of the depression on 20 August 1977. It will be
observed that the additional wind data provided by research vessels from the USSR
helped to locate the centre of the depression with more precision than would have
been otherwise possible. ,

In the first experiment it was found possible to integrate the model upto 5 days, but
the second experiment had to be terminated after 2 days because of the rapid growth
of inertia-gravity waves. The growth of such waves may be monitored by recording
the variation of r.m.s. values of the pressure tendency. This was done, and the
results are shown in figure 3. The figure depicts a jump every 24 hr, because the mass
and wind fields were initialised every 24 hr to suppress inertia-gravity waves. Figure 4
shows the observed and predicted track of the depression. There is a discrepancy
of approximately 250 km in the observed and predicted landfall of the depression,
if no heating is included, but the preliminary results indicate an improvement when
heating is included. As mentioned earlier, we were unable to include the release of
latent heat by condensation of water vapour. This clearly needs consideration in
future experiments. We observe that in the absence of heating, successive initialisa-
tion after every 24 hr leads to an approximate steady state after 5 days, but thisis
not the case when diabatic heating is included. It appears that there is no decrease in
the amplitude of such waves even after an initial rise between 24 and 48 hr, when
diabatic heating is put in the model. It is known that interia-gravity waves are more
dispersive than the meteorologically important Rossby waves, and they contain less
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Figure 4. Observed and predicted tracks. Observed tracks are shown by a dashed
line with triangles. The predicted track, without heating, is shown by'a firm line,
The predicted track with heating is shown by a dotted line, -~ - L
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energy than Rossby waves. But, it is not known how much of the energy of Rossby
waves is extracted by interactions between Rossby waves and inertia-gravity waves.
We wish to examine this aspect in another paper.

List of symbols

The following are the symbols not explicitly defined in the text.

a, b constants (¢ = 0-605, b = 0-048)

C, specific heat at constant pressure

e vapour pressure (17-3 mb)

k R/C,, where R is the gas constant

ko eddy coefficient of thermal diffusivity (10* cm? s

)/ atmospheric pressure

Ds surface pressure

0 rate of non-adiabatic heating per unit mass

0y net radiative heating due to incoming solar radiation, and outgoing
long wave radiation

Q. flux of sensible heat transfer from the earth’s surface

T, air temperature 25 mb above the earth’s surface

T, temperature at the earth’s surface

u, v zonal and meridional components of the vector wind in Cartesian
co-ordinates (0xy), with the x and y axes pointing to the east and
the north

a albedo or reflectivity of the earth’s surface

€ surface emissivity (0-9)

6 potential temperature (°K)

I eddy diffusivity (105 m2 s~1)

™ (p/1000)*

o vertical co-ordinate ¢ = (p — 200)/ps — 200)

og Stefan-Boltzmann constant (8:14 x 101 Iy min~* °K-%)

¢ geopotential (m? s
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