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ABSTRACT

A six level regional primitive equation model has been formulated and tested for monsoon prediction. The model
uses dynamic nermal mode initialization scheme for obtaining initial balance. The physical processes included are: the
targe scale condensation, the Koo typé of eumulus convection, the surface friction, the sensible heat supply and evap
oration over the sea. The uctnal smooth orography is included. The model has been integrated for 48 hrs using input
of 7 July and 8 August [979 when 1he domain of inlepration was dominated by an intense monsoon depressien. in
order to investigate the model simulation of formative stage of the depression, the model was also integrated using
input of 4 July 1979,

Furthermore, the envelope orography has been constructed and included in the model for investigaling is effects

" on the monsoon pr;:diClion. Results of the mode] forecast are presented and discussed.
I. INTRODUCTION

A regional five level primilive equation model in pressure coordinate with necessary
physical processes was formulated and tested for monsoon prediction (Singh, 1985; Singh et
al., 1988). The effect of orography was not included. Inclusion of orography excited the high
frequency waves and conlaminated the forecast fields particularly in the area of high
orography. Since.ihe sigma coordinate has been found to have advantage over the pressure
coordinate. particularly in (he treatment of orography, the develcpment of a regional primi-
tive equation model using sigma as vertical coordinate was taken up. The dynamical frame of
the model is adopted from the Japan Meteorological Agency limited area forecast model
(Electronic Computation Centre, JMA, 1983).

In this paper, we present the description of the model. the physical processes incorpo-
rated and finally the forecast results obtained for two cases of intense monscon depression.
Furthermore, the forecast results obtained with input of 4 July 1979 are presented and the
impact of envelope orography has been discussed.

II. MODEL EQUATIONS

The model equations are in sigma coordinate on Mercator projection and are in flux
from. The & isdefined as

p=p,
o=———.

P, P,
p,is surface pressure and p_ s the top of the mode! atmosphere which is 100 hPa in the
present model. The p —p.. s denoted as n. The pressure al any point on ¢ level is
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related with = as follows .
p=ar+p T
The set of equations are as follows:
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7T is the eddy stress of momentum, F o Foo F pand Fq are horizontal diffusion for u,v,0

and g respectively. H and E, are vertical eddy flux of heat and water vapour respectively.
(@ is diabatic heating (cooling) per unit mass. M is change of water vapour per unit mass,
Other symbols have their usual meanings.

III, MODEL STRUCTURE AND DATA

In vertical the model has six sigma levels close to 950, 850, 700, 500, 300 and 150 hPa
pressure levels. The sigma levels are 0.94, 0.83, 0.67, 0.44, 0.22 and 0.06. ¢ equalto 1 and 0
coincides with the bottom topography and the top of the model atmosphere (=100 hPa)
respectively. The model is staggered in the vertical. The horizontal wind components,
geopotential height, temperature and mixing ratio for water vapour are defined at these sigma
levels. The vertical ¢ —velocity (&) is specified at intermediate levels. The vertical structure
of the model is given in Fig.1. The domain of integration extends from 10°% to 40°N and 40°E
to 120°E. The horizontal grid interval used is 200 km on Mercator projection true at 23°
north—south latitudes. Arakawa’s B-type of staggering is used. In this type of staggered
grid, the wind components are set at the centre of the grid lattice and all other parameters viz,
geopotential height, temperature, mixing ratio and vertical g—velocity are defined at corners
~ of grid lattice. There are 41 X 29 grid points in the horizontal domain. The data of 12 GMT 4

July 1979, 12 GMT 7 July 1979 and 12 GMT 8 Aungust 1979 extracted from FGGE HIB data
set have been used as input. The synoptic features of interest are the intense monsoon depres-
sions ont 7 July and 8 August 1979 and the formative stage of monsoon depression on 4 July
1979. The computational work of the present study was carried out on NEC-S-1000 com-
puter system of National Informatics Centre at Pune. -
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I¥. BOUNDARY CONDITIONS AND FINITE DIFFERENCE SCHEME

In vertical, the =0 at a=1 and at ¢=0. In horizomtal, the time invariant
boundary conditions are used. All the parameters at the boundary points are kept constant
throughout the period of integration.

Following Arakawa and Mintz (1974) and Arakawa and Lamb (1977) mass, energy, po-
tential temperature and variance of potential temperature conserving finite difference scheme

for space derivatives has been adopted. the horizontal advection terms in the momentum
equations has been computed with fourth order accuracy difference scheme. Other terms in
the equations are computed with second order accuracy scheme. Detail description of the
scheme are given in Electronic Computation Centre JMA (1980). The leapfrog scheme with
Asselin (1972) time filter is adopted for marching in time. The time step of 3 minutes is found
suitable for the grid chosen.

V. PHYSICAL PROCESSES

The physical processes included in the model are the large scale precipitation, Kuo (1974)
type cumulus convection and dry convective adjustment. Details of these processes are given
by Singh (1985). The actual orography with smooth configuration is included. the effects of
horizontal and vertical diffusion and surface fluxes of momentum, heat and water vapour as
described in the following subsections, are also included.

. Subgrid Scale Horizontal Diffusion

The diffusion is included in the model for redistribution of physical parameters by small
scale eddies. The diffusion is also found effective in preventing the nonlinear computational
instability.

Following are the expression for the diffusion terms based on a fourth order formulation

F o= -K,V- {nv(w{ u)}—](dl.vn%{vi(‘? : rf)}
=K,V {N(W{ v)}—Km %{vi(v : rf)}
Fy=—K,V: {nv(v{ 9)}
F,~—K,V -{nv(viq)},

where F_ and F_ are diffusion terms for » and v momentum equations, £, for

"
I

thermodynamic ¢quation and £ for water vapour equation. The momentum equation in-

cludes two diffusion terms. The first term is the same as (hose in the thermodynamic and wat-
er vapour equations and it acts on both rotational and divergent component of V. The sec-

ond term acts only on the divergent component of V. The diffusion coefficients are X, =

5x10°m’s™ and K, =10'ms"

in the domain.

The diffusion coefficients are constant for all grid points

2. Vertical Diffusion

The exchange of momentum, heat and water vapour is taken into account as follows
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where 7 is eddy stress term for momentum and A and £ are the vertical turbulent
fluxes of heat and moisture respectively. X K, and X , are the vertical eddy viscosities

for momentum. heat and water vapour respectively. Thzey are defined as
K, =K, =K, ={®,

where / is mixing length and is equal to 30 meters. ® is a function of vertical wind shear

and static stability.
]
o= /E& pg(dvy  gtb
r|x\éo ddg|”

The vertical exchange is applied to lower two layers of the mode! atmosphere.

3. Surface Fluxes

The surface fluxes of momentum, heat and moisture are included as follows:

‘C: =p:c[)‘vs ‘vs‘

p K
H =pccylV (T, —T) T,= BS( 1030)
E =p.c.|V, {a, ~a,)

¢ ¢, and ¢, are bulk coefficients for momentum, heat and water vapour respectively.

D™ H E
The subscript s is used for the parameters related to lowest layer.

v =08y (over sea} v =0.69v, (over land)
b, =0, 7. =%
Subscript g is related to values on earth’s surface, Tg is monthly normal mean temperature
over sea and 9, is saturated mixing ratio for the temperature T, . The surface fluxes of

heat and moisture are considered over the sea only. The formulation for bulk coefficients is
based on Kondo (1975).

¥1. INITIALIZATION SCHEME

The initial data for a primitive equation model needs to be in balance, otherwise during
the course of time iniegration, the excitation of high freguency waves may lead to
computational instability. Different initialization schemes have been developed and used in
NWP models. The dynamic initialization and normal model initialization scheme are com-
monly used in research and operational NWP models. In dynamic initialization (DI) scheme,
model equations are integrated forward and backward around initial time using a time inte-
gration scheme which has selective damping scheme for high frequency waves. In the normal
mode initialization scheme (NMI) the solutions of the equations are split into normal modes
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and the high frequency modes are removed. A new method similar to NMI has been sug-
gested by Sugi (1986} known as dynamic normal mode initialization scheme (DND. In this
method forcing terms in model equations are separated into linear terms and nonlinear terms.
The nonlinear terms are kept constant with time although they are time dependent. Due to
separation of linear and nonlinear terms, soiution of the equation has one part varying with
time and other part remains constant with time. Thus t:he selution can be expressed as

@, =a, +de .
The constant a, is the stationary part of the normal mode which is in balance with the

nonlinear forcings and the Ae'™’ is the oscillating part. With the application of forward
and backward integration with a selective damping scheme, the amplitude of the oscillating
part in the high frequency mode can be made very small.

Sugi (1986) examined the parformance of NMI and DNI schemes and showed that the
longer period waves undergo less damping by DNI than NMI, whereas waves with pariod
smaller than 6 hr undergo stronger damping by DNL

Following Sugi, we have adopted the dynamic normal mode initialization scheme for ob-
taining the initial balance. The scheme is briefly presented as follows:

From the momentum and thermodynamic energy equations linear and nonlinear terms
are separated as,
u—momentum equation
nonlinear terms

(u uy— 3 (v u)—v(a_”_zrz_u) ;ﬁ_‘z’_{__v%rngu?;}
linear terms
™3 +%§r% _C,,Z:;Bag:

v—momentum equation
nonlinear terms

ax(u v)— a (V v)—

linear terms

thermodynamic energy equation
nonlinear lerms
6 3 5 hd (3 " .
Lurn-Bon-i{ ).
ax dy da m 2

linear term
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where @ is area average of potential temperature at different level and #=90—2.
The mixing ratio is not allowed to change during forward—backward operation. The surface
pressure also remains unchanged during the initialization.

The nonlinear tendency terms are kept constant for 20 cycles of forward—backward inte-
gration of linear terms. After each 20 cycles ponlinear terms are updated. This is repeated five
times. As there is no objective criteria for convergence of the scheme, 100 cycles of
forward—backward integration have been found adequate to achieve the initial balance.

VII. FORECAST RESULTS

The model was integrated upto 48 hrs for two intense monsoon depressions viz. 7 July
1979 and 8 August 1979 and one formative stage of monsoon depression viz. 4 July 1979.

1. Results of 7 July 1979

The forecast results of 7 July and 8 August 1979 were found similar in many respecié and
as such results of one case i.e. 7 July 1979 are only presented.

(DWind

The initial flow fields are shown in Fig.2. The forecast and corresponding verification
wind charts are shown in Fig.3. The model performance in the lower troposphere is examined
with the flow patterns at 850 hPa (Fig.3a). The typical features at this level, during southwest
monsoon are the monsoon depression, the cross equatorial flow and the low level jel over
Arabian Sea. It may be seen from Fig.3{a) that the cyclonic circulation associated with the
depression is predicted well. The easterlies to the north is found weaker and westerlies Lo the
south of the depression is comparable. the cross equatorial flow and the circulations along the
equator are predicted well. In the forecast field, a strong narrow southwesterly flow of the or-
der of 50 knots is seen along 15°N  over Arabian Sea, which extends upto Tamil Nadu coast.
The wind weakens from 50 knots to 30 knols in this narrow belt. In the observed wind charis
broad band of the south—westerlies is seen over Arabian sea, with average speed of 40 knots.
It extends upto eastern part of Bay and wind speed reduces to 30 knots. Branch of this band is
observed to the east of the depression centre. '
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Fig.2. Initial (12 GMT 7 July 1979) wind charts at 850 hPa and 200 hPa.
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Fig.3{x). Forecast and verification wind charts at 8§50 hPa. (b). Same as Fig.3(a) except at 200 hPa.
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To study the model performance at upper levels, 200 hPa is chosen as the representative
level for the upper troposphere. Forecast and verification charts for 200 hPa are shown in
Fig.3(b). During strong monsoon situations, synoptic features at upper levels are strong west-
erlies north of 40°N, strong easterlies along 10°N and Tibetan anticyclone over North India.
In the observed charts, strong westerlies is seen north of 35°N, anticyclonic circulation is pres-
ent over North India and strong easterlies is seen over Peninsular India. All these features are
well predicted by the model. The strength of the westerlies is overpredicted but easterlies is
underpredicted.

(DT rack of the depression

¢+ Track of the monsoon depression is shown in Fig.4. During first 24 hr, depression has
moved north—west direction and in the next 24 hr it has moved in west—north—west direction.
In the forecast during first 24 hr track of depression is similar to the observed but in the next
24 hr movement is westward instead of westnorthwest direction. The observed phase speed
first 24 hr is 450 km / 24 hr and the next 24 hr it is 600 km / 24 hr. The predicted phase speed
has been found comparable with those of the observed phase speed. The predicied phase
speed is 330 km / 24 hr and 660 km / 24 hr in the first 24 hr and next 24 hr respectively. The
vector error in the centre of depression is 150 km and 175 km in 24 hr and 48 hr forecast
respectively.

Fig.4. Track of the depression.

(3) Vertical velocity and rainfall

The predicted p—velocity ( w ) on sigma surface is computed using following relation:

dp x| & 2 udn v on T
=L +ol S 4= T
e " {@E(“/m ) a(max moy |t
. . . - . - . dw | du
The verification vertical p—velocity is computed using continuity equation 5 +E

a A~ . . .
+ # = o) after adjusting the net divergence equal to zero in a vertical column.

The vertical structure of the monsoon depression is examined with the vertical cross sec-
tion of vertical velocity along 22°N (Fig.5). It is seen from Fig.5 that, upward velocity associ-
ated with monsoon depression is predicted well. In 24 hr forecast a shallow cell of upward ve-
locity is seen. Its horizontal extension is from 62°E to 90°E, whereas in observed, upward ve-
locily extends from 72°E to 92°E and in vertical it is present upto 300 hPa. In 48 hr predicted
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and observed fields, values of maximum upward velocity are comparable. The maximum up-
ward velocity is found at 700 hPa level.

The forecast and verification fields of vertical veloc:lty at 700 hPa are shown in Fig.6. The
position and the values of the maximum upward velocity are comparable. The upward veloci-

ty is expected in southwest sector of the depression; the model is unable to predict such area
of vertical velocity.

raidenth (w-l

razs et (hba)

o&f@ﬁ%@‘

racsaunt | Wr)

PR T iy, T w] 130T T ALY Iy
?

Fig.6. Forecast and carresponding verification charts of vertical velocity at 700 hPa (Unit: 107 hPas™),

Predicted and observed rainfall rates are shown in Fig.7. For the summer MONEX, in-
cluding the period of present monsoon depression, krishnamurdi et al. (1983) made detailed
rainfall estimates vsing the satellite cloud data as well as the raingaoge data. These rainfall es-
timations are used fot verification in the present study, The position of the maximum rainfall
and rain area are predicted well whereas predicted rainfall rates are under—predicted.

2. Results of 4 July 1979

To test model’s performance during the formative stage of monscon depression, the
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model has been integrated upto 48 hrs using data of 12 GMT 4 July 1979 as input. Fig.3
shows input, predicted and observed wind fields at 850 hPa. It may be seen from the 24 hr
forecast wind chart that the cyclonic circulation associated with the depression has been simu-
lated well. However, the shaliowing of the cyclonic circulation could be seen in the 48 hr fore-
cast. The cross equatorial flow is predicted satisfactorily. Jt may be inferred from the above
results that model is able to simulate some of the features of the formative stage of monsoon
depression as seen in the 24 hr forecast wind chart. However, the shallowing of the cyclonic
system as seen in 48 hr wind chart is a probable indication of the beginning of damping be-
vond 24 brs integration. The observed and predicted rainfall rates are shown in Fig.9. The
rainfall area associated with the system is predicted well but rainfall rates are
under—predicted. the observed maximum rainfall is 140 mm / 24 hr whereas predicted rainfall
rate is 70 mm / 24 hr. )

RAMFALL (MM 12GMT 7July 19TS T=i2-DbHr RAMFALL (mm)  [29MT T July 78 T=38-48Hr
&
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i o]

Fig.7. Predicted and observed (Krishnamurti et al. 1983) 24 br rainfall (mn). The predicted rainfal] for the period
from 00 GMT 9 July (top right panel} is 12 hoi_n rainfall,
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Fig.9. Same as Fig.7 but for 12 GMT July 1979 input.
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VIIl. ENVELOPE OROGRAPHY
1. Concept of Envelope Orography

Wallace et al. (1983) introduced the notion of envelope orography in ECMWF grid point
numerical weather prediction model following Messinger (1977) and Bleck (1977). Mesinger
and Bleck suggested that mesoscale circulations might be parameterized in large—scale numer-
ical weather prediclion models by treating ihe sheltered basins and mountain valleys as
though they were part of the terrain itself. Wallace et al. created envelope orography simply
by adding, before the final smoothing operation, to the grid—point mean orography an addi-
tional increment equal (o a constant times the sub—grid—scale standard 'deviation of the high
resolution orography about its grid—point mean value. They found that a constant of 2.0
would vield a true envelope orography whose height is equal to that of the movntain tops.
Such a representation of orography appears to be most effective for rough mountain ranges,
which is considerably under—represented in the conventional smoothed orography, The enve-
lope orography not only increases the maximum height of the mountain ranges, but it also re-
splts in a substantial increase in the area covered by high terrain. Using ECMWF model,
Wallace et al. further showed that the envelope orography is capable of yielding more realistic
simulation of the observed wintertime flow. The high resolution orography data used by them
to construct the envelope orography was taken from the US Navy data set which has a resolu-
tion of 1 /6° latitude % 1/6° longitude.

Krishnamurti et al. (1984) explored the sensitivity of monsoon circulations to normal
and envelope orography using a global spectral model. Their experiments with envelope
orography showed a major improvement in the monsoon region. They found that with the
steeper Western Ghats track of the monsocn onset vortex is predicted extremely well, while
with the normal orography the vortex tends to move far inland. They also noted that the en-
velope orography has an adverse effect on the divergent winds east of the Himalayas over
wesiern China and around the Andes.

In the present study we propose to investigate the impact of envelope orography cn mon-
soan prediction using the regional model described in the previous sections.

2. Experiments with Envelope Orography

URELIen caoemaT

hil q A oy T

|
4
I

Fig.10. Normal and Envelope orography (Unit: decameter).

We carried oul prediction experiments with envelope and normal orography using
adiabatic version of the model. In each experiment the model was integrated upto 48 hrs using
input of 7 July 1979. The envelope orography was created following Wallace et al, (1983) with
the 1° latitude X 1° longitude Scrips topography data. The envelope orography increased
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the horizontal extent of the area covered by the mountains and height of the highest moun-
tains are increased by about 1 km (Fig.10}. Due to the coarse resclution of 1° latitude x 1°
longitude used to construct the envelope orography, we find that the narrow orographic bar-
riers like Western Ghats and Burmese mountains are not adequately represented. It is under-
standable that the realistic envelope orography can not be constructed with such coarse
orographic data. Our objective in the present study is to make an attempt towards under-
standing the impact of envelope orography on the monsoon prediction and also to what ex-
tent the orography gets modified. '

WG $10DPa  ASHee AP 12 OMT T iak (573 [ Ervalups Ovagaphs)

WD IDO NPy 4ANr Afhe WAMT Ty B (Esvitps Oregrepert

WHD SSONFY s Hen MHE (R SMT 2 Juy (DTS [Mermel Grogaghel

Fig.11. 48 hr forecast wind charts at 850 hPa and 260 hPa with envelope and normal orography.

48 hr forecast wind charts are shown in Fig.11. The corresponding verification wind
charts are given in Fig.3 (a—b). Evaluation of the forecast results show that the circulation
features are predicted quite well with envelope and normal crography. In the 24 hr forecast
{not presented ) the predicted wind around the monsoon depression is weaker than the actual
in both experiments. The 48 hr winds around the depression are comparable to the actual.
The 24 hr forecast of the depression centre with envelope orography is at 21°N, 84°E, while it
is at 21.5°N, $6°E with normal orography. The 48 hr forecast centre is at 19°N, 82°E for the
envelope orography and 21°N, 81°E for the normal orography. The depression centre is at
21°N, 85°E cn 8 July 1979 and 22°N, 80°E on 9 July 1979. In general predicted track of the
depression is south of the observed track. Furthermore, the predicted centre of depression
with envelope orography is more considerably shifted towards south than that observed in
case of normal orography. The southward shift of the depression cenire in the experiment
with envelope orography could be due to the southward extension of Himalayan mountains.
In both the experiments the upper tropospheric core of strong westerlies in the higher lati-
tudes are overpredicted and the core of easterlies in the lower latitudes is under—predicted.

We have also run the diabatic version of the model with envelope orography and com-
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pared the precipitation rates and phase speed of the monsoon depression obtained with nor-
mal orography. We found little change in the precipitation rates and phase speed. The possi-
ble reason for little change in rainfall and phase speed could be due to the
underrepresentation of the Western 'Ghats and Burmese mountains in the envelope
orography.

IX. CONCLUDING REMARKS

A six level primitive equation model in sigma coordinate has been formulated and ap-
plied for monsoon prediction. The model has been integrated upto 48 hrs. The flow patterns,
cross—equatorial flow and structure of the depression are predicted satisfactorily, but the
movement is found slower than the actual. The rainfall region is also predicted reasonably
well, however, the precipitation rates are underpredicted. The movement of the monsoon de-
pression is normally attributed to the convergence produced in the forward sector due to re-
lease of latent heat. Since the rainfall rates produced by the model is much lower than the ac-
tual, this implies that the convergence is also weaker than the actual in the forward sector,
thereby slowing down the forecast movement of the cyclonic circulation.

1t was pointed out by Singh et al. (1988) that for a realistic monsoon rainfall prediction,
the divergent wind should be modified over the rainfall region through physical initialization
(Krishnamurti et al., 1984), so that the cumulus parameterization of the model (Kuo Scheme)
can reproduce the observed rainfall rates as much as possible at the initial time. The
formulation and testing for the modification of divergent wind using observed precipitation
rates for the model is being done and the results will be reported later. The other factors influ-
encing poor prediction of rainfall rates could be (i) the complete absence of heat and moisture
supply from the land surface and (ii) the error involved in the computation of heat and mois-
ture supply from the sea surface by using mean monthly sea surface temperature, which might
deviate significantly from the sea surface temperature of the input day.

In order to provide effective {reatment to the steepness in topography, the envelope
orography was constructed and included in the model. The results did not show improvement
in the forecast. This is quite understandable as the envelope orography was constructed using
coarse grid of 1° latitude—longitude grid.

Despite a few shortcomings outlined above, the model with necessary physical processes
and realistic topography could be effectively utilized for studies on different initialization
schemes, lateral boundary.conditions including nested grid, parameterization of cumulus

_ convection, boundary layer parameterization and in the treatment of orography.
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