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Summary

A zonally averaged global energy balance model with feed-
back mechanisms was constructed to simulate (i) the pole-
ward limits of ITCZ over the continent and over the ocean
and (ii) a simple monsoon system as a result of differential
heating between the continent and the ocean. Three numerical
experiments were performed with lower boundary as (1)
global continent, (2) global ocean and (3) continent-ocean,
with freezing latitudes near the poles. Over the continent,
midlatitude deserts were found and the ITCZ migrates 25°
north and south with seasons. Over a global swamp ocean
results do not show migration of ITCZ with time but once
the ocean currents are introduced the ITCZ migrates 5° north
and south with seasons. It was found that the seasonal mi-
gration of ITCZ strongly depends on the meridional distri-
bution of the surface temperature. It was also found that
continent influences the location of the oceanic ITCZ. In the
tropics northward progression of quasi-periodic oscillations
called “events” are found during the pre- and post-monsoon
periods with a period of 8 to 15 days. This result is consistent
with the observed quasi-periodic oscillations in the tropical
region. Northward propagation of the surface temperature
perturbation appears to cause changes in the sensible heat
flux which in turn causes perturbations in vertical velocity
and latent heat flux fields.

List of Symbols

Let y be some variable. Then the convention used is
v vertical average

Vo zonal average

Vo vertical mean of the zonal average

Vos zonal average at the surface

Voo zonal average at 500 mb level

We now define the various symbols used in the model.

] latitude

(- rate of atmospheric heating due to convective
cloud formation (K/sec)

dp/dt (N/m?/sec)

density

potential temperature (K)

rate of rotation of the earth (rad/sec)

empirical constant

humidity mixing ratio

saturated humidity mixing ratio

opacity of the atmosphere

factors for downward and upward effective black
body long wave radiation from the atmosphere
o Stefan-Boltzmann constant

r emissivity of the surface

6p subsurface temperature (K)

a specific volume .
eastward and northward components of surf:
frictional stress

vertical velocity at the top of the boundary layer
(N/m?/sec)

Thickness of the boundary layer (mb)
nondimensional function of pressure

pressure

pressure of the model atmosphere (N/m?)
pressure at the surface (N/m?)

time (sec)

eastward wind speed (m/sec)

northward wind speed (m/sec)

surface water availability

absolute temperature (K)

heat addition due to water phase changes
acceleration due to gravity (m?/sec)

NmoeompoeS g

71 Y2

NawQT NI p
¥

0q &
°3



192 K. Alapati and S. Raman

radius of the earth (m)

gas constant for dry air (J/Kg/K)

specific heat of air at constant pressure (J/Kg/K)

R/C,

latent heat of condensation (J/Kg)

coriolis parameter (rad/sec)

= HY) + HY + HE) + HE + HE)  (J/m?/Sec)

= sum of the rates of vertical heat fluxes per unit
surface area, directed toward the surface

= HY) + HY + HE) + HE (J/m?/Sec)

= sum of the rates of heat additions to the at-
mospheric column per unit horizontal area by
all processes

heat flux due to short wave radiation

heat flux due to long wave radiation

heat flux due to small scale convection

¥ heat flux due to evaporation

5 heat flux due to condensation

) heat flux due to subsurface conduction and con-

vection

e* saturation vapor pressure

R, solar constant (W/m?)

ra

5

;\pw-bﬁxm

X

albedo of the atmosphere

albedo of the surface

b, empirical constant (J/m?/sec)

c empirical constant (J/m?/sec)

e nondimensional empirical constant

b empirical constant (J/m,/sec)

factor proportional to the conductive capacity of

the surface medium

constant used in Sellers model

b, positive constant of proportionality used in the
Sellers model (kg m?/J/sec?)

Kyr coefficient for eddy diffusivity of heat (m?/sec)

Kye exchange coefficient for water vapor (m?/sec)

h depth of the water column (m)

z height (m)

Vows meridional component of surface current (m/sec)

n cloud amount

Go. long wave radiation form the atmosphere for
cloud amount “n” (W/m?)

B, long wave radiation from the surface (W/m?)

So, n short wave radiation from the atmosphere for
cloud amount “n” (W/m?)

A, albedo factor for a cloud amount *“n”

Rn large scale rainfall (mm/day)

Ry small scale rainfall (mm/day)

1. Introduction

One of the important featues of the tropical cir-
culation is the Inter-Tropical Convergence Zone
(ITCZ). The salient features of the observed ITCZ
are that (1) the seasonal shift in the latitudinal
position of the ITCZ is less over the oceans than
over the continents, about 10°—15° over the
oceans and 20°—25° over the continents, (2) the

ITCZ over the land follows the seasonal march of
the sun and (3) the position of the oceanic ITCZ
generally is over the warm regions (Saha, 1971;
Estoque and Douglas, 1978; Riehl, 1979). Nu-
merical studies have also shown that the location
of the ITCZ depends on the location of the max-
imum sea surface temperature (Goswami etal.,
1984; Pike, 1972).

Another important feature of the tropical cir-
culation is the quasi-periodic oscillations and their
northward progression. Yasunari’s (1979) spectral
analysis of digital cloud intensity in the visible
range showed that the cloudiness fluctuation have
two dominant periodicities, one around 15 days
and another around 40 days. The 15-day and 40-
day modes showed northward propagation in the
Asian monsoon region. Krishnamurti and Sub-
rahamanyam (1982) analyzed the wind field at
850mb during MONEX79. Their extracted
30— 50-day wind component showed steady
northward propagation of a trian of troughs and
ridges. Observational studies indicate that the
tropical monsoon season is characterized by quasi-
periodic modes (Sikka and Gadgil, 1980; Krish-
namurti, 1986). The 30 — 50-day oscillation is con-
sidered to be a result of the slow propagation of
the Kelvin wave mode which in turn caused by
the balance between heating and dissipation
(Chang, 1986). This slow Kelvin mode shows a
northwest-southeast phase tilt in the northern
hemisphere and supports the observed poleward
propagation. Later Chang (1986) proposed a Kel-
vin Wave-CISK mechanism to explain the devel-
opment and poleward propagation of these low
frequency modes. The 10— 15-day oscillation is
considered to be a result of the deviations in the
stationary oscillations of the basic state (Webster
and Chou, 1980). Webster (1983) showed that the
quasi-fortnightly oscillations and northward
propagation of these fluctuations are the result of
land-sea hydrological cycle. Goswami and Shukla
(1984) using a symmetric version of GLASGCM
simulated the northward propagation of these
fluctuations in the lower atmosphere. Thus the
northward progression of these fluctuations has
been successfully simulated by several zonally
symmetric models. Recently Lau and Lau (1986)
using the GFDL GCM showed that there exists
east-west propagation of intraseasonal modes in
the tropical region and their modulation by sea-
sonal cycle may lead to the northward propagation .
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of east-west oriented troughs over Asian monsoon
region. Most of these studies simulated the ob-
served quasi-periodic modes using numerical mod-
els of varying complexity.

In this study an attempt has been made to sim-
ulate some of the observed features of the ITCZ
and the northward progression of fluctuations
during the monsoon period using a simple zonally
symmetric global energy balance model. In this
model the linear dynamics is treated implicitly.
The present model includes various physical and
feedback processes using simple relationships.

Energy balance models are some of the simplest
mathematical models with many advantages. In
spite of the drawbacks due to simplified physics
these models provide a tool to study the cause and
effect of meteorological phenomena. The heat
budget or energy balance models predict the dis-
tribution of temperature as a consequence of the
balance among various heat fluxes. The associated
dynamics is generally parameterized in terms of
temperature field. Angular momentum transports
are not included. Dynamic parameters are ob-
tained in an empirical manner. One of the advan-
tages of the thermodynamic energy balance mod-
els is that they are relatively simple and hence
economical on computation time.

In order to achieve the objectives of this study,
a zonally averaged energy balance model with pre-
scribed vertical structure is construced. Numerical
experiments are then conducted to (i) study the
dependency of the migration of the maximum
rainfall zone characterized by ITCZ on the me-
ridional surface temperature profile and (ii) study
a simple monsoon system that develops as a result
of the differential heating between the ocean and
continent regimes. Three numerical experiments
are performed with an idealized earth-atmosphere
system. These are

(i) Global continent domain or Land-covered
Planet (LP) experiment,

(ii) Global ocean domain or Ocean-covered
Planet (OP) experiment and

(iii) Continent-Ocean domain or Land-Ocean-
covered Planet (LOP) experiment with coast run-
ning along the equator.

Freezing latitudes (75° to 90°) near the poles
are considered in all the three cases. Observations
indicate that there exist semiannual cycles of vari-
ous climatic parameters in the equatorial regions
(Reginald etal., 1974). Also the extent of the mi-

gration of ITCZ appears to depend on the type
of lower boundary conditions (Pike, 1971, 1972).
The objectives of the first experiment (LP) are to
study the dependence of the migration of the max-
imum rainfall zone (ITCZ) on the meridional sur-
face temperature distribution and to investigate
the existence of any semiannual cycles of different
climatic parameters in the‘equatorial region.

Studies by Pike (1971, 1972) using an interactive
ocean-atmosphere primitive equation model sug-
gests that the ITCZ structure over ocean is closely
related to the meridional surface temperature dis-
tribution over the ocean. Also with an initially
constant surface temperature distribution near the
equator, Pike (1972) found that a cold equatorial
surface developed progressively as a result of up-
welling and vertical mixing in the ocean. It appears
that in his model these conditions are necessary
for the existence and the migration of the oceanic
ITCZ.

The objective of the second experiment is to
study the migration fo the oceanic ITCZ in re-
lation to the heat transport by the ocean currents.
Here two sub-cases are considered; (a) Ocean with
no currents (Swamp ocean) and (b) Ocean with
wind driven surface currents. Kurihara (1971) has
shown that the storage and the meridional trans-
port and hemispheric exchange of energy in the
ocean play important roles in determining the state
of the climate system.

The observed character of the summer com-
ponent of the monsoon system may be summa-
rized as the development and organization of
cross-equatorial flow. Two specific features of the
monsoon region are (1) change in the directin of
the prevailing winds by at least 120° between win-
ter and summer and (2) spells of heavy rainfall
during the monsoon period. Though there are
other features observed the onset and the intensity
of monsoon may be characterized by the above
the two (Rao, 1976). In the present model these
two features are used to define the model’s mon-
soon. Various numerical experiments have re-
vealed that orography (Hahn and Manabe, 1975)
and the associated moist processes have important
role in the monsoon system (Godbole, 1973). Mu-
rakami etal. (1968) found that the neglect of hy-
drologic processes had little effect on the monsoon
system in their model. Webster and Chou (1979,
1983) showed that the mean sesaonal monsoon is

determined by differential heating between an in-
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teractive ocean and the continent regimes. Their
results indicate that the hydrological processes are
important to produce the subseasonal variability
of the monsoon. Observations also indicate that
the monsoon season is characterized by low fre-
quency variability. A time scale of 10 to 15 days
and 30 to 50 days with regions of cloud bands are
observed to propagate northward across the
Southeast Asia (Sikka and Gadgil, 1980). The
" third experiment (LOP) is designated to simulate
the quasi periodic oscillations in a monsoon sys-

tem.

2. Model Description
2.1 Model Atmosphere Equations

In spherical geometry for an axially symmetric
field the vertically averaged thermodynamic en-
ergy equation and the water vapor equation for

the atmosphere can be written as

08, 1 @
ot aCos g dp VoboCosg

19 (K,,,a_y_o)

+ —_—
aCos¢6g» a Op
1 /P
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C,,(P,,) g$ )
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where the double bar represents the vertical av-
erage, the subscript “o” represents the zonal av-
erage, ¢ the latitude, 6 the potential temperature,
¢ the humidity mixing ratio, Kyr and Kyg are
coefficients for eddy diffusivity of heat and water
vapor. The first two terms on the right side of the
above equations are the rate of change due to
advection and diffusion and the last term in Eq.
1 is the rate of change due to diabatic processes,
and third and last terms in Eq. 2 are source and
sink for moisture respectively. A list of symbols
is given in the Appendix. Representing the model
atmosphere at 500 mb the vertically averaged var-
jables can be written in terms of their values at
500mb level and at the surface (assumed to be

1000 mb) by prescribing linear profiles except for
the vertical velocity for which a parabolic profile
is used. Following the relations given by Saltzman
and Vernekar (1971), meridional component of
Wind V,, vertical velocity w,, atmospheric poten-
tial temperature 6y, and humidity mixing ratio &
at pressure level P can be written as

vo(p) = v 2255 ®
_ —03V,,Cosp[ P(P—P)
@ (P) = aCos g 0p [ P, ] @
6u(P) = b, + (P = PO ®
4
P = o 7 ) ©

where & = 2.53 (in Eq. 6) is an empirical constant
suggested by Smith (1966) assumed to be inde-
pendent of pressure and latitude. The net rate of
heat addition to the atmospheric column per unit
horizontal area by each diabatic process can be
written as (Saltzmann and Vernekar, 1971)

- (2)e

Substituting the corresponding relations form Eq.
3, 5 and 6 for the vertically averaged terms in Eq.
1 and 2 and integrating with respect to the pres-
sure, Eq. 1 can be written as the governing equa-
tion of the representative atmosphere (500 mb
level) as

ot _3aCos¢a¢(V0:90a Vs 60s) Cos @

- g_(xmaoo,,> " L(&)"
aCosgpdp\ aode C,\ P,
-[%(H&L’ + HR + HY) + as"’] ™

and the governing equation for water vapor at the
surface as

%:[_ ¢ 1 -a—V Cos
ot A+ 5@+ &aCospdp ¥~
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(1+&aCospdp\ a d¢

1 1
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where HY), HY), HS) are diabatic fluxes. We now
deal with the relationships for these fluxes.

Diabatic heating of the atmosphere: The total
heating of the atmosphere is given by

4 .
H,= X HY ©9)

n=1

where n = 1 represent various contributions to the
diabatic heating of the atmosphere as described
below. Following the parameterization given by
Saltzman and Vernekar (1971), here after referred
to as SV, these fluxes can be written as below.

Total short wave flux to the atmosphere, Hf)
is given by

Hi) = (1= r) xR (10

where y is the opacity of the atmosphere to the
solar radiation, r, the albedo of the atmosphere
and R, the intensity of the solar radiation at the
top of the atmosphere. Total long wave flux to
the atmosphere, Hi is given by

B = o| 1O~ 01+ (%:)“eaa an

where I is the emissivity of the lower surface, ¥,
and 7, are the climatological factors respectively
for downward and upward effective black body
long wave radiation from the atmosphere and o
is the Stefan Boltzmann constant. We have taken
y = 1.20, y,=0.8 and I'=0.95 as suggested by
SV. First term on the right side of the Eq. 11
represents long wave radiation from the surface
and the second term long wave radiation from the
atmosphere. Net heat flux due to small scale con-
vection from the lower surface, HS is given by

Y T R

where b, and c, are empirical constants and are
equal to 1.5 Joules/m*/Sec/°’K and —28.0 Joules/
m?/Sec respectively based on observations. Heat
flux due to condensation, Hj) is given by

HY ='—%as‘> (13)

where §§ is the rate of heat addition due to con-
densation. This heat addition in the model is con-
sidered to be of two types: (i) large scale prepip—

itation, Ry and (ii) small scale precipitation, R,
assumed to exist only in tropics. The formulations
used are as follows.

(i) Large scale precipitation: In order to account
for the condensation at different levels the at-
mosphere in the vertical is divided into three lay-
ers. Humidity mixing ratio and its saturation val-
ues at three levels, i.e.; 250, 500, and 750 mb are
calculated and corresponding difference betwéen
them (only positive values) is treated as the water
available for precipitation. The vertical variation
of saturated humidity mixing ratio, & (P) is given
by

e*(P) R, (14)

.o 0.622
&(P)=—p

where e* (P) is the saturated vapor pressure at
level P with the following relation:

ey (P) = 6.1078 Exp [{(T-273)/(T—b3)}a;]  (15)

where R, is relative humidity and a, and b; are
empirical constant and are equal to 21.87 and 7.66
over ice and 17.269 and 35.86 over water respec-
tively and are suggested by SV. The mass of water
available for large scale precipitation can then be
written as

P,
1
Ry = -szae(P)dP (16)
0

When d¢ (P) is positive, R, is computed and itis
assumed that 50% of the excess moisture is pre-
cipitated out and the rest is retained to moisten
the atmosphere.

(ii) Small scale precipitation: In the tropical lat-
itudes convective precipitation is predominant.
This convective precipitation is called small scale
or cumulus precipitation. A simple empirical for-
mula suggested by Pushitov and Gutman (1970)
is used to calculate the small scale rainfall. The
latent heat energy input to the atmosphere by con-
vective condensation & (assumed to exist between
30°N and 30°S) can be written as

d=-nST*W an

where 7 is a function of pressure, S is the stability
parameter, 7* is the vertical velocity at the top of
the boundary layer, and W the surface water avail-
ability. From the continuity equation the vertical
velocity at the top of the boundary layer (900 mb)
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can be written as

1 0
* = —(V AP,

where AP; is the thickness of the boundaq layer
assumed to be 100mb. Then the total heatmg'rate
& due to convective condensation can be written

as

(18)

w(P) -
= - St*W fort* <0 19
® @) " (19
o=90 for™* >0 (20)
and the small scale precipitation, Ry, as
P
C,1
=—L—_ | PdP. 21

0

In this model small scale precipitation is consid-
ered only in the tropics and neglected in other
regions. Heating of the atmosphere due to large
and small scale condensations can then be written
as

19 = Rn + RES @)
where L is the latent heat of condensation and P;
the surface pressure.

Parameterization for heat diffusion: An empir-
ical formula suggested by Sellers (1973) is used to
calculate the large scale eddy diffusion coefficient
for heat, Ky and is given by

Kyr = C,|AT|10° 23)

where AT represents the poleward surface tem-
perature gradient and C, has a value of 0.25. This
parameterization is based on the observations pre-
sented by Fritz (1960) and Clapp (1970). Analo-
gous to the heat diffusion coefficient K7, the co-
efficient for large scale eddy diffusivity of mois-
ture, Ky can be written as

Ky = C.|Ae| 10° (24)
where Ae represents the poleward gradient of sur-
face specific humidity and C, is a weight factor
equal to the ratio of the surface humidity mixing
ratio at a latitude to the maximum surface hu-
midity mixing ratio. Values of C, range from zero
to unity thus providing a smooth latitudinal dis-
tribution of Kyg. '

2.2 Governing Equations for the Surface

In the present model three types of lower boundary
surfaces (land, ocean and ice) are considered. Gov-
erning equations for each of them are given below.

The Ocean: Depth-averaged governing equa-
tion for the lower surface (ice, water or land) can
be written as

08, _ 1 .0 1 @
a CM® aCospdp
1@ (ana%w> -
aCospdp\ a Op

where 6, is the surface potential temperature av-
eraged both zonally and through the depth of the
active layer and Ky the coefficient of eddy dif-
fusivity for heat transfer by ocean currents. Fol-
lowing the parameterization given by Sellers
(1973) and considering an ocean mixed layer of
constant depth h, the depth variation of potential
temperature, 6, can be written as

6o, (2) = 0p + 8y, — 0p) Exp (az) (26)

where 6, is the subsurface temperature at the level
of thermocline, and z the depth below the surface.
Negative z represents this depth. Depth variation
of the meridional current velocity, V,,, is then

Vow(2) = (1 + az) ¥, Exp (a2). o)

The surface meridional current velocity, Vi, is
taken to be a fraction of the surface zonal wind
velocity and is given by

Vows = F Cow U (28)

where C,, = 0.01 (Sellers, 1973). Integrating Eq.
25 with respect to depth the governing equation
for the ocean surface becomes

%60,
ot

1 0
= =1 - —_—
4 { aCoswatpCOW

[ 0p Vous Exp (— ah)

E —_—
+ a0V o+ RO 2L

1 1 0 d
+ n) — —_—
C_,MH&‘T + aCospdp ¥ ade
W+ 60 -4} 9)
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where
4= [1 — Exp(— ah):|
ah

Surface heat fluxes: The net heat transfer at the
surface is given by

5
X Hf

n=1

(30)

where n = 1 to 5 represents various heat fluxes.
Following the parameterizations given by SV, dif-
ferent heat fluxes can be written as below.

Net short wave radiation flux to the surface,

HY) is given by

HY)=(Q1-r)(0 -1 -r)R (31
where r, the surface albedo, r, the atmospheric
albedo and R, the intensity of the solar radiation

at the top of the atmosphere. Net long wave ra-
diation flux to the surface, H§? is given by

P 4k
H = o (%) ot

Assuming that the amount lost (gain) by the at-
mosphere will be the gain (loss) to the surface, the
sensible heat flux, H§) is taken to be

HY) = - HY. (33)
Heat flux due to the evaporation at the surface,
HY is given by

HY) = W [e HR) + f3] (34)
where e, and f, are dimensionless empirical con-
stants and W is surface water availability. Thus
heat flux due to evaporation is made dependent

on sensible heat flux. Heat flux due to sub-surface
conduction and convection, H§) is given by

HE) = — k (8, — 6p) (3%
where k is a factor for the conductivity of the
surface.

(32)

2.3 Governing equation for the Land
and Ice Surfaces

When the lower surface is a rigid one (ice or land)
the advection term for these surfaces drops out
from Eq. 29 and neglecting the diffusion the gov-
erning equation for the surface can be written as

00, — Exp(— ah)
F HB’)[ ah ]

0
' fVOS + aOs"gz_tOxs =0

(36) .

2.4 Wind and Temperature Relationships
near the Surface

Approximate expressions for the surface wind ve-
locity components within the friction layer can be
derived from the momentum equations,

37

F U= oLy 0 P = 0 (9)
where 7o, and 7, are the Eastward and North-
ward components of the frictional stress, and ag,
is the specific volume at the surface. Assuming a
logarithmic wind profile relationship near the sur-
face and using the equation of state to approxi-
mate the pressure gradient term proportional to
the surface temperature gradient, these equations
can be written as

fVOs— as|U0:|U0.s=0

fUs + &, Vacl Ve + R = 5)° ‘”"’ -

Solving for the surface wind components gives
(Sellers, 1973) at any latitude:

[R(b - 1)‘”“]
as UO:

Um:f[” |

as
V0s=7|UOs|U0$

and at the equator:
= = | R, - 1%
Uss = 0 and Vm_\/[a,(b‘ l)aaqa}

2.5 Feedback Processes and Surface Parameters

(39)

The feedback processes due to the clouds, albedo,
and soil moisture in the model are given below.

(a) Cloud amount (n): The cloud amount n, can
be calculated as the ratio of the rainfall over a
latitude, R, to the maximum rainfall, R;,,,,. The

- climatological values of the total cloud amount

varies from 0 to 0.5. Calculated cloud amount is
reduced by a factor of two to conform to these '
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values and can be written as

Rfmax

(b) Long wave radiation-Cloud feedback: Making
use of a simple empirical relation suggested by
Kondetreyev (1969), the increased atmospheric
long wave radiation emission for a cloud amount
n can be written as

Gon=Go(1+Cn) 41

Here G, is the downward directed long wave ra-
diation from the atmosphere with clear skies, and
C' = ¢(B,/Go — 1) where By is long wave radiation
from the surface and c is a constant, equal to 0.76.

(40)

(c) Short wave radiation-Cloud feedback: The de-
creased short wave radiation for a cloud amount
n can be written as (Kondetreyev, 1969)

So.n = Hg.,;(l - 4,) (42)

where H,, is the incoming solar radiation with
clear skies and the parameter A, = n-a, with
Q= 0.7.

(d) Surface water availability (W): Considering a
soil depth of one meter as the active depth and
assuming that 50% of the volume is occupied by
voids, it follows that 500 mm of water is enough
to saturate the soil. The water availability over
the land surface can then be written as

Sm_
H,P”
where S,, is the soil moisture, H, is depth of the
active layer and P? the porosity of the soil. Over

ocean, W is assumed to be unity and over the ice
Zero. '

W= oz=zwz1l 43)

(e) Soil moisture (S,,): Neglecting the surface run
off, the soil moisture over the land surface, S, can
be considered as the balance between the rainfall,
evaporation and the existing soil moisture (S,.)
given by

Sm=(Rr—= E)* Sme (44)

where R;is the total rainfall and E, the evaporation
at the surface.

() Surface density (pss): The density of ocean
water and ice are taken as constants. The soil
density is made a function of surface water avail-

ability. Wet soil density, psus is then

_ (psd + €pPy W)
Psws 1+ e (45)

where e is the void ratio, assumed as 0.5, and p,
and p,, are the densities of dry soil and water,
respectively. Here a dark type of soil is considered
with a density, p; = 1600kg/m’.

(8) Surface specific heat (Cys): Since the soil spe-
cific heat is a function of the wetness and density,
the surface specific heat is given by

C, +eC,WE
Psd (46)

CSWS =
1+ Pr e
Psd
where C,; and C,, are the specific heats of dry soil
and water respectively, and p, and p,, are the
densities of water and dry soil respectively. The

values used are given in Table 1.

(h) Surface Albedo (r): Over the ocean and ice
regions constant surface albedos are assumed and
are 0.06 and 0.8, respectively. Over land it can be
calculated as

rs=rsd(1—W)+rswsW (47)

where r,; and r,,, are the albedos of dry soil and
wet soil and are equal to 0.28 and 0.15, respectively
(Sellers, 1965).

2.6 Ice Cover

Following Budyko (1969), a simple feedback pro-
cess is used, which assumes that the ice line is

Table 1. Various Constants Used in the Model Equations

k = R/C,=0.287 a, =0.76

P, =10° Nm~2 P =05

P,=5x10* Nm™? e =05

x =03 (0.55 over ice) pua =1600kgm™3

o =567x10"% p» =1000kgm™?
Jm~287'K~*

r =095 C, =20003kg~'K~!

n =12 C. =4200)kg~'K~!

72 =0.8 Tsad = (.28

b, =15 Im~287'K>' r,, =015

c, =280 Jm—28"! ' AP; = 100mb

& =258 z = 100m (for water)

a ==z Cow =001

e =127 fi =-320
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determined by a threshold surface temperature.
Initially we assume an ice of thickness two meters
over the latitudinal belts between 75° and 90°. If
the surface temperature falls below the threshold
temperature (273 °K), then the model assumes that
the lower surface is covered by ice.

2.7 Solar Radiation

Intensitivity of the Solar radiation at the top of
the atmosphere over any latitude can be written
as

Ry(p.1) = 57-;'-9 [H Sin ¢ Sin 6
+ Cos ¢ Cos 8 Sin H] (48)

where 6 the solar declination, Roo the solar con-
stant, H the hour angle in radians between sunrise
or sunset and solar noon, ¢ the latitude. Here

8 = 23.5°Sin2n [ "—'AA] (49)
and
H = Cos™!(— tangtand) (50)

with #, as the number of time steps, A, the number
of seconds in a year, and At the time step in sec-
onds.

3. Numerical Experiments

Using the annual zonally averaged values of cli-
matic data (Reginald etal. 1974) for the input
parameters, ug,, Vos, 8o, 6o, and r,, three numerical
experiments are performed. The time integration
is carried out for twenty years for all the three
cases. These numerical experiments are (i) Con-
tinent domain experiment (referred to as LP or
Land-covered Planet experiment) (ii) Ocean do-
main experiment (referred to as OP or ocean-cov-
ered Planet experiment) and (iii) Continent-Ocean
domain experiment (referred to as LOP or Land-
Ocean-covered Planet experiment) with freezing
latitudes (75° to 90°) near the poles. With grid
resolution of 5° and 360 days in a year (remaining
5.25 days were adjusted in the time step), a time
step of 6.0875 hours is used. This time step satisfies
the diffusion and C.F.L. criteria. Monthly (30
days) averages and the daily values of the 20th

year of integration are analyzed and the resuits -

are presented in the following section. Day 1 in
all the time series plots corresponds to the spring
equinox of the twentieth year of integration unless
other wise indicated. The plots of latitudinal dis-
tribution of various parameters are for July and
January mean conditions. The model simulations,
with atmosphere at rest, for the first the two ex-

~ periments (LP and OP experiments) are compa-

rable with that of Kuihara (1971). At 85° and 90°
latitudes the potential temperature gradients were
made equal to zero so that no flux across the poles
exists.

4. Discussion of Results

4.1 Land-Covered Planet (LP)
or Continent Domain Experiment

Figures 1 (a), (b), and (c) show the monthly av-
erages of surface potential temperature at 0°, 45°
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Fig. 1a, b, c. Time variation of surface temperature at 0°,
45° and 90° North for the Land-Planet (LP) experiment, be-
ginning with spring equinox of the first year of time inte-

gration. Semi-annual cycles are found over the equator )
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Fig. 3. Latitudinal variation of rainfall for twentieth year
(LP). The maximum rainfall zone (ITCZ) migrates 25° pole-
ward with seasons

and 90°N respectively plotted for sixteen years.
The number on the abscissa are the months be-
ginning with spring equinox. From the Fig. 1 it
can be seen that at45° and 90 °N the climatic values
repeat after third year of integration where as at
the equator the climatic values repeat only after
the twelfth year of integration. This indicates that
the climatic processes over the equatorial region
could be more complex than those at other lati-
tudes. Over the equatorial regions semiannual cy-
cles are observed with double maxima lagging be-
hind the insolation maxima by one month. There
are no such semi-annual cycles over other lati-
tudes. This result is in agreement with the climatic
observations showing the existence of intra-annual
cycles of temperature and other parameters over
the equatorial regions (Reginald etal., 1971). Lat-
itudinal distributions of surface potential temper-
ature for July and January are shown in Fig. 2.
The surface potential temperature maximum shifts
to 45° north and 45° south with seasons. The at-
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Fig. 4a. Latitudinal variation of vertical velocity (at 900 mb)
for twentieth year (LP)
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Fig. 4b. Same as in Fig. 4a but for soil moisture. Desert
regions are found over zero soil moisture zones

mospheric potential temperature (not shown) also
shows the same feature. Figure 3 shows the mi-
gration of the ITCZ indicated by maximum rain-
fall and this migration is up t0 25° north and south
with seasons. Observations also show similar pole-
ward limit of the ITCZ with seasons over the con-
tinents (Estoque and Douglas, 1978; Riehl, 1979).
Model results indicate no rainfall over the lati-
tudinal belt between 45° and 55°. The surface hu-
midity mixing ratio is very low (close to zero) over
these dry regions. Figures 4 (a) and (b) show the
distribution of vertical velocity at 900 mb (which
is assumed to be the level of the top of the bound-
ary layer) and soil moisture respectively with lat-
itude. Over the dry belt, 45° to 55° latitude, strong
sinking motion prevails and the soil moisture is
zero. These dry belts represent the model’s desert
regions. This resultisin qualitative agreement with
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the fact that most of the deserts are found between
30° to 45° over both the hemispheres. Small pole-
ward extension of the deserts in the model could
be due to the assumption of simplified distribution
of the continental mass. Slight asymmetric distri-
bution of the soil moisture is caused by the asym-
metric distribution of the evaporation (not shown)
at the surface. Figure 5 shows the variation of the
zonal component of the surface wind with latitude.
During the northern hemispheric summer solstice
the easterlies from the southern hemisphere cross
the equator and become westerlies over the trop-
ical region. Reverse pattern is observed over the
southern hemisphere during the southern hemi-
spheric summer solstice. Existence of a single Had-
ley cell during these periods is thus evident.

4.2 Ocean-Covered Planet (OP)
or Ocean Domain Experiment

Two numerical experiments with ocean domain
are performed. In the first experiment a swamp
ocean, i.c., ocean with no currents is considered.
In this case the interaction between the atmos-
phere and the ocean is only through diabatic heat
fluxes. Initially a symmetric surface temperature
distribution with a single maximum over the equa-
tor has been considered as a starting condition.
The time integration is carried out with variable
solar forcing for twenty years. In the second ex-
periment wind-driven surface currents are gener-
ated in the ocean to accomplish the heat transport

by the ocean currents and again the time integra-
tion is carried out for twenty years. The basic
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Fig. 6. Latitudinal variation of surface potential temperature
for the wind driven Ocean (WO-OP) for twentieth year. Dou-
ble temperature maxima with a dip in between is found to
migrate 5° poleward with seasons

purpose of this experiment is to determine whether
the migration of the oceanic ITCZ depends on the
meridional surface temperature distribution and
to investigate the role of the heat transport by
ocean currents on the migration of the ITCZ. We
now refer the swamp ocean case as SO-OP and
the wind driven ocean case as WO-OP. Figure 6
shows the latitudinal distribution of surface tem-
perature for wind driven ocean case. In the SO-
OP case the surface temperature changes with sea-
sons but the temperature maximum over the equa-
tor does not shift poleward (not shown). In the
WO-OP case a double maxima of surface tem-
perature with a dip in between exists and this
migrates 5° north and south with seasons (Fig. 6).
Pike (1971, 1972) using an interacting ocean and’
atmospheric primitive equation model showed
that a cold equatorial ocean surface appears and
a single ITCZ develops north or south of the equa-
tor over the surface temperature maximum in the
warmer hemisphere. Pike (1971, 1972) also found
that the dip in the temperature over the equatorial
region developed as a result of the upwelling and
vertical mixing in the ocean and the ITCZ mi-
grated quickly between the hemispheres lagging
slightly behind the seasonal reversal of the surface
temperature asymmetry. His model’s ITCZ mi-
gration was clearly related to the seasonal progress
of the surface temperature. The magnitude of the
dip in the equatorial surface temperature in the
present study is low (less than 0.5° K) as compared
to the one reported by Pike (5.0°K). The lower
value is believed to be due to the lack of the mul-
tiple ocean layers and the assumption of simple
ocean dynamics in the model. These features may
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Fig. 7. Same as in Fig. 6 but for atmospheric potential tem-
perature for twentieth year (W 0-0P)

be important in determining the thermal state of
the oceans. Moreover, in the present model the
subsurface temperature at the level of the ther-
mocline which determines the direction of the ver-
tical heat transfer at the subsurface due to con-
duction and convection is held constant with time.
This decrease in the surface potential temperature
field is believed to be due to large evaporation at
the surface. Figure 7 shows the model atmospheric
potential temperature variation with latitude for
the wind driven ocean (W 0-OP) case. A decrease
of about 6°K is found even in the atmospheric
potential temperature for the WO-OP case. The
location of the dip in the mean atmospheric po-
tential temperature coincides with the location of
maximum cloudiness (not shown here) and also
with the peaks of rainfall and vertical velocity
patterns. A similar dip in the humidity field (not
shown here) is also found. Figures 8 (a) and (b)
show the latitudinal variation of rainfall with sea-
sons for the swamp ocean (SO-OP) and wind
driven ocean (WO-OP) cases respectively. In the
SO-OP case there exists a single rainfall maximum
just over the equator all the time. The rainfall
maximum in WO-OP case migrates 5° north and
south with seasons. The rainfall minima on both
sides of the single maximum in the Fig. 8 (a) are
‘caused by the sinking branches of Hadley cells on
both hemispheres with a common rising limb over
the equator. The rainfall maximum next to the
rainfall minimum in the Fig. 8 (b) is due to the
single Hadley cell with a rising limb over warmer
hemisphere and with a sinking limb over the cooler
hemisphere. In WO-OP case during July and Jan-
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Fig. 8a. Latitudinal variation of rainfall for twentieth year
for the Swamp Ocean (SO-OP). Rainfall maximum (ITCZ)
does not show any seasonal migration
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Fig. 8b. Latitudinal variation of rainfall for twentieth year
for the wind-driven ocean (WO-OP). ITCZ migrates 5° pole-
ward with seasons

uary the Hadley cells merge into a single cell with
one rising and one sinking limb. Figure 9 shows
the variation of vertical velocity (at the top of the
boundary layer, 900 mb) with latitude for the WO-
OP case. Strong vertical motions over 5° N during
July and 5°S during January are consistent with
the rainfall maximum over these latitudes. Figure
10 shows the latitudinal variation of the zonal
component of the surface wind. The model results
concerning the tropical easterlies, strong westerlies
in the middel latitudes and weak polar easterlie:
are in accordance with the observed general pat
tern. .

From the above results of LP and OP experi

ments it is apparent that the migration of the ITC:

strongly depends on the meridional surface tem

perature distribution. The meridional transport ¢



A Study of the Seasonal Migration of ITCZ 203

2,00
~ ALY
o 1507 " JANUARY
38 =.
o 1004}
o) H
E i 4
< 40 A ;' H
‘e 030 : Y /i /\\/\ }'\f
» i 14 '-‘ ........ et “. — ‘\‘
> 00071 f\‘a‘“”’\\‘ B == N
= Yo 5 ," ,"
g ; { {
S -0.50- ; - Y
o L
> “:: '
-1004 °
- T T L T T L)
0.0 60.0 300 0.0 -300 -600  -800

LATITUDE
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Fig. 10. Latitudinal variation of surface zonal wind velocity
for the twentieth year for the wind-driven Ocean-Planet (WO-
OP)

heat by ocean currents appears to be an important
process. At least over the ocean, ITCZ migration
is associated with the double maximum of surface
potential temperature. The extent of the migration
of the oceanic ITCZ strongly depends on the lo-
cation of the maximum ocean surface tempera-
ture. In contrast, over the land even though the
surface temperature maximum shifts 45° pole-
ward, the ITCZ shifts only 25° poleward.

4.3 Land-Ocean-Covered Planet (LOP)
or Continent-Ocean Domain Experiment

An idealized continent-ocean system with the con-
tinental cap north of the equator and the ocean
south with the coast running along the equator is
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Fig. 11. Latitudinal variation of surface potential temperature
for the twentieth year for the Land-Ocean covered Planet

(LOP)
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Fig. 12. Latitudinal variation of rainfall for the twentieth
year for LOP experiment. Over land ITCZ shifts up to 25°
North and over wind driven ocean it shifts up to 5° South

considered. Initially latitudes near the poles from
75° to 90° are assumed to be covered with ice. The
extent of the ice is determined by a threshold sur-
face temperature. Time integration is carried out
for the twenty years with seasonally varying solar
forcing.

Figure 11 shows the latitudinal variation of the
surface potential temperature. Over the continent
the maximum is at 45°N during July. Over the
ocean, during January, the maximum is at 15°S.
Figure 12 shows the latitudinal distribution of
rainfall. There is no rainfall at the 45° — 55° latitude
belt and during January this dry belt extends up
to 35° N towards the equator. Strong sinking mo-

~ tions are found over this dry latitudinal belt. This

dry belt with sinking motion represents the mo-
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Fig. 13 a, b. Time-Latitude section of surface potential tem-
perature for OP and LP experiments beginning with spring
equinox of 20th year of integration. Contour interval: 3°K.
Smooth seasonal variation is found

del’s desert region. Figures 13 (a) and (b) show
the smooth seasonal variation of the surface po-
tential temperatures for the ocean-covered (OP)
and landcovered (LP) domains respectively. Fig-
ures 14 (a) and (b) show the rainfall distribution
for the OP and LP domains respectively. No cel-
lular type of structure is seen in both the OP and
LP domains. Figure 15 depicts the time-latitude
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Fig. 14a, b. Same as in Fig. 13 but for rainfall. Contour
interval: 9mm and 3mm for OP and LP experiments re-
spectively

section of vertical velocity (at 900 mb) starting
with spring equinox of the twentieth year of time
integration. A cellular type structure can be seen
over tropical latitudes. An “epoch” as termed by
Sikka and Gadgil (1980) or an “event” as termed
by Webster (1983) is apparent in Fig. 15 as cells
of strong vertical motions moving northward with
time. A weak event appears South of the equator
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Fig. 15. Time-latitude section of vertical velocity (at 900 mb)
for LOP experiment beginning with spring equinox of the
20th year of integration. Scale: 10~ mb. Contour interval:
40 x 10~ ®mb. Dashed contours represent negative values.
Subseasonal activity and northward propagation of “events”
with a period of 8 to 15 days can be seen

during April. During May and June these “events”
propagate northward while a new “event” origi-
nates in the lower latitudes. During July and Au-
gust a well defined strong vertical motion appears
over 35° N where the “events” merge and lose their
identity. Even though two new “events” originate
north of the equator during June to mid July and
during mid August to September, these events do
not show any northward movement. The poleward
excursion of these events disappears once there
exists a period of strong and well defined vertical
motion over middle latitudes. Again in late Sep-
tember these events appear over 15° N of the coast.

Webster (1983) using a zonally symmetric prim-
itive equation model showed that these “‘events”
are present during the entire monsoon season and
disappear during the other seasons. In the present
model the poleward excursion of the “events” dis-
appears once there exists a period of strong and
well defined rising motion over the middle lati-
tudes. Webster and Chou (1979 a) also found that
these “‘events” were absent in the global ocean
experiment and even in the ocean-continent ex-
periment. But the “events” appeared only in the
ocean-continent experiment when hydrological
processes are considered.
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Fig. 16. Same as in Fig. 15 but for surface potential tem-
perature (LOP). Contour interval: 2°K. Oscillations are
found during pre-monsoon season

We also find that these events are absent in the
land-covered planet (LP) and ocean-covered
planet (OP) experiments even in the presence of
hydrological processes similar to that of Webster
and Chou (1979 b). “Events” exist only in the LOP
experiment where hydrological processes and dif-
ferential heating due to land-ocean contrasts exist.
These two processes are obviously necessary for
the existence of the “events” in the present model.

Figure 16 shows the distribution of surface po-
tential temperature over different latitudes. Strong
rising motions over the land and over the ocean
occur over the locations of the surface potential
temperature maxima. During April and May
quasi-periodic oscillations associated with the
“events” are seen in the surface temperature field
over the tropical latitudes (Fig. 16) and is in agree-
ment with the results reported by Webster (1983).
The period of oscillations for the vertical velocity
field and for the surface temperature field are
about 8 to 15 days. The observational and the
numerical studies by Sikka and Gadgil (1980),
Murakami (1977), Krishnamurti and Bhalme
(1976) show that there exist two principal energy
peaks with 10— 15 days and 30— 40-day periods.
But in the present model results there is no indi-
cation of 30—40-day oscillations.

Time-latitude of rainfall for 360 days after

_spring equinox is shown in Fig. 17. The regions
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Fig. 18. Spectral plot of rainfall at equator (LOP) during the
pre-monsoon season. Dominant rainfall is in the period of
10.4 days

and the periods of rising motion are well correlated
with the regions and the periods of rainfall. Figure
18 shows the spectral plot of the rainfall at the
equator for two months starting from spring equi-
nox. A peak in the 10— 11-day period 1s clearly
seen. The secondary peak corresponds to the rain-
fall with a period of 1.4 days. Figures 19 (@), (b)
and (c), (d) show the time series plots of vertical
velocity (at 900 mb), and surface potential tem-
perature for a 60-day period starting with spring
equinox at 10°N and 15°N respectively. Figure

19 (e) shows the rainfall at 10°N for the same
period and the magnitude of the peaks in the rain-
fall rate increases by a factor of about 5 as com-
pared to the rainf; a1l before the 60-day period. This
type of rainfall pattern is typical during the time
of summer monsoon (Rao, 1976). These peaks
repeat witha period of about 8§ — 13 days in surface
temperature, vertical velocity and rainfall fields.
The time periods associated with these peaks are
in good agreement with the dominant frequency
obtained using the spectral analysis of the rainfall
shown in the Fig. 18. Figure 20 (a) shows time
series plot of surface temperature, vertical velocity,
sensible heat flux and latent heat flux at 15°N for
the 60-day period starting from the spring equi-
nox. For the sake of analysis the magnitudes of
all components on y-axis are not shown. It can be
seen that the peaks in the surface potential tem-
perature are in phase with those of the sensible
heat flux. Peaks in the vertical velocity are in phase
with those of the latent heat flux and both these
fields lag behind that of the surface potential tem-
perature. Figure 20 (b) shows the similar trend in
these parameters at 20° N. Thus a perturbation in
the surface potential temperature field appears to
cause a change in the sensible heat flux field which
in turn produces perturbations in the vertical ve-
locity and latent heat flux fields.

Temporal and latitudinal distribution of the
parameters discussed above can provide more in-
sight into the mechanism of development of these
oscillations. Figure 21 (a) to (f) show the latitu-
dinal distribution of vertical velocity, latent heat
flux, sensible heat flux and surface potential tem-
perature over the latitudes 0°—30° N for the days
11 through 26 starting from spring equinox. One
day 11 the vertical velocity maximum is located
over 10°N and by day 20 this has migrated to
20° N with a secondary maximum at 5°N. Again
by day 26 the secondary maximum at 5°N has
moved to 10°N with a reduction in the amplitude.
On day 11 the zone of maximum condensation
(latent heat flux) is at 10°N. By day 23 the mag-
nitude of latent heat flux decreases at 10°N, but
increases relatively at 20° N. By day 26 the pattern
resembles close to that on day 11. Though the

. relative amplitudes of the propagating latent heat

flux peaks are decreasing during the poleward
propagation this is essentially similar to the pole-
ward propagation of the vertical velocity peaks.
On day 11 the surface temperature maximum is
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Fig. 19a, band c, d. Time history of vertical velocity (at 900 mb) and surface potential temperature at 10° and 15° N respectively
beginning with spring equinox of the 20th year integration (LOP). Quasi-periodic oscillations with periods of 8 to 15 days
can be seen

at 10°N and by day 20 there is a decrease in the
temperature at 10°N with relatively higher tem-

24 . peratures at 5° and 15°N. By day 26 the surface
A 0" north temperature maximum is at 20° N. This shows a
b clear poleward propagation of the surface tem-

perature peak. Though the amplitude of the os-

cillation in the sensible heat flux is small, prop-

agation of peak can also be seen. Poleward prop-

agation of peaks with time of all components is
41 seen in these figures.

W On day 11 at 10° N, vertical velocity, latent heat

2] L———— flux and surface temperature peaks are in phase

. while by day 20 vertical velocity and surface po-

0 © ) D?& % % & - tential temperature peaks propagate poleward

' with the latent heat flux lagging behind them. By

Fig. 19¢. Same as in Fig. 19 but for rainfall at 10°N day 23 vertical velocity and surface temperature
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Fig. 20a, b. Time history of vertical velocity (at 900 mb),
latent heat flux, surface potential temperature and sensible
heat flux at 15° and 20° N respectively beginning with spring
equinox of the 20th year of integration. Vertical velocity and
latent heat flux peaks lag behind surface potential temper-
ature peaks

maxima are over 20° N and the amplitude of the
peak of the latent heat flux increases considerably
over this zone. By day 23 the peaks are in phase
at 5° N and 20° N. The sensible heat flux also shows
an increasing trend with latitude and oscillations
are evident in Fig. 21 (d). Webster (1983) using a
primitive equation model showed that a pertur-
bation in the sensible heat flux can lead to the
perturbation and poleward propagation of other

parameters. It appears that in Webster’s model
sensible heat flux is the crucial component re-
sponsible for the poleward propagations of other
variables. The maximum values of various param-
eters (1atent heat flux, vertical velocity etc.,) in the
present model are comparable (although smaller)
to that of Webster (1983). The decrease in mag-
nitude may be due to the missing advection terms
in the momentum equations and implicit treat-
ment of the dynamics in the present model. Also
while evaluating the vertical velocity only geo-
strophic component was considered and the ageos-
trophic component was not included. Maximum
values of various components in the present model
at 10° N are 4.76 x 10~ ¢ °K/sec for latent heating
rate, 0.44 x 10~ ° °K/sec for sensible heating rate
and 1.1 x 10~ *mby/sec for vertical velocity which
are smaller magnitudes as compared to the results
of Webster (1983).

1t follows that in the present model a positive
perturbation and its poleward propagation of the
surface temperature can lead to the perturbation
and poleward propagation of other components.
It is encouraging to find that a simple energy bal-
ance model could simulate the northward pro-
gression of quasi-periodic oscillations during the
pre- and post-monsoon periods in the tropical re-
gion.

Behavior of the ITCZ over an unbounded
ocean may not be similar to that over a bounded
ocean where fluid motions are subject to conti-
nental influences (Pike, 1972). In the global ocean
(WO-OP) case of the present model, the ITCZ
migration is confined to 5° latitude only. But in
the LOP case, ITCZ over the ocean shifts further
South to a latitude of 10° (Fig. 17). This shows
the effect of continent on the oceanic ITCZ lo-
cation.

Vertical velocity patterns for the land-ocean
planet (LOP) domain for the 18th to 20th years
of time integration are shown in Fig. 22. Even
though there are small changes in the relative mag-
nitudes with years, the onset and withdrawal of
the model’s monsoon are similar every year with
essentially the same features.

5. Conclusions

A zonally averaged energy balance model with
feedback mechanisms was constructed to simulate
the poleward limits of the ITCZ using different
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Fig. 21a thru f. Latitudinal distribution of vertical velocity at 900mb (Units: 10~ °mby/sec), Latent heat flux (10" W/m?),
surface potential temperature (°K) and sensible heat flux (W/m?) respectively for the days 11, 14, 17, 20, 23, and 26 starting
from the spring equinox of the 20th year integration (LOP). Poleward propagation of various parameters can be seen

Latitude

Fig. 22. Time Latitude section of vertical velocity (at 900 mb)- -
for years 18, 19 and 20 beginning with the spring equinox
for LOP case. Scale: 10~®mb. Contour interval:
60 x 10~%mb. Dashed contours represent negative values.
Years - Models’s monsoon repeats with similar features
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lower boundary conditions and to study a simple
monsoon system as a result of differential heating
between the continent and the ocean. The results
show that the ITCZ migrates to a greater extent
over the continents (up to 25° north and south)
than over the oceans. Migration over the ocean
is confined to 10° north and south. These results
are in good agreement with the observed poleward
limits of the ITCZ. The “‘events”, which are prom-
inent features during the monsoon season, appear
only in the LOP (Land-Ocean-covered Planet) do-
main where hydrological processes and differential
heating due to land-ocean contrasts exist. These
“events” are absent in the OP (Ocean Planet) and
the LP (Land Planet) domains. Periods of the os-
cillations are about 8 — 15 days and are prominent
only during the onset and withdrawal of the mo-
del’smonsoon. Northward propagation of the sur-
face temperature perturbation appears to cause
changes in sensible heat flux which in turn causes
perturbations in vertical velocity and latent heat
flux fields. The time of onset (April) and the with-
drawal (October) of the model’s monsoon is in
good agreement with the observed time periods.
During the months of June, July and August the
propagation of the “events” disappears leaving a
uniform distribution of various fields. But the ob-
servations indicate that during monsoon season
the propagation of the events with varying peri-
odicities appear to be a continuous feature (Sikka
and Gadgil, 1980). The temporary absence of the
“events” in the model results may be due to the
implicit treatment of the model dynamics and ab-
sence of nonlinear terms in the momentum equa-
tions. Moreover, the parameterizations used for
solving the components of the surface wind field
(Sellers, 1973) in a way fixes the geographical lo-
cation of the Ferrel Cell. The present model results
may not be applicable to the real atmosphere in
which many complex processes interact nonli-
nearly and the realistic representation may require
a General Circulation Model. But the present
model, like other climate models, necessarily con-
tains the parameterization of the integrated effects
and simulates some of the observed features of
ITCZ and explains the basic mechanism respon-
sible for the northward progression of the
“events”.

Acknowledgement

The authors are thankful to Dr. Sankar-Rao, Indian Institute
of Science, Bangalore, India, for many helpful suggestions.

Also the authors are thankful to the reviewers for their val-
uable comments. This work was partially supported by the
Naval Research Laboratory, Washington, D.C. and by the
Division of International Programs, National Science Foun-
dation under the Grant INT-82-19710.

References

Chang, C.-P., 1986: Kelvin wave-CISK: a possible mecha-
nism for the 30— 50 day oscillations. International con-
ference on Monsoon and Mesoscale Meteorology, Taipai,
1986, 236-245.

Estoque, M. A, Douglas, M., 1978: Structure of inter tropical
convergence zone over GATE area. Tellus, 30, 55-61.
Fritz, S., 1960: Dynamics of climate, Pfeftor, R.L., Ed. New

York, Pergamon press, 96-100.

Godbole, R. V., 1973: Numerical simulation of the Indian
Summer monsoon. Indian J. Meteor. Geophys., 24, 1-14.

Goswami, B. N, Shukla, J., 1984: Quasi-periodic oscillations
in a symmetric general circulation model. J. Atmos. Sci.,
41, 20-37.

Goswami, B. N., Shukla, J., Schneider, E. K., Sud, Y. C.,
1984 Study of the dynamics of the inter tropical con-
vergence Zone with a symmetric version of the GLAS
climate Model. J. Atmos. Sci., 40, 1584-1591.

Hann, D. G., Manabe, S., 1975: The role of the mountains
in the South-Asian monsoon circulation. J. Atmos. Sci.,
32, 1515-1541.

Hubert, L. J., Krueger, A. F., Winston, J. S., 1969: The
double inter tropical convergence Zone — Fact or Fiction?
J. Atmos. Sci., 37, 515-533.

Kondratyev, K. Yao., 1969: Radiation in the Atmosphere.
New York: Academic press.

Krishnamurti, T. N., Bhaime, H. H., 1976: Oscillation of a
monsoon system, Part I: Observational aspects. J. Atmos.
Sci., 33, 1937-1954. .

Krishnamurti, T. N., 1986: Analysis of the 30— 50 day os-
cillation from several years of observations. International
conference on monsoon and mesoscale meteorology, Tai-
pai, 1986, 246-257

Kurihara, Y., 1971: Seasonal variation of temperature in an
atmosphere at rest. J. Meteor. Soc. Japan, 49, 537-544.

Lau, N. C., Lau, K. M., 1986: The structure and propagation
of Intraseasonal oscillations appearing in a GFDL Gen-
eral Circulation Model. J. Atmos. Sci., 43, 2023-2047.

Murakami, T., Godbole, R. V., Kelkar, R. R., 1968: Nu-
merical experiment of the monsoon along 80 E longitude.
Sci Rep. No. 62, Indian Meteorological Department,
Poona, 51 pp.

Murakami, T., 1977: Spectrum analysis relevant to Indian
monsoon. Pure Appl. Geo phys., 115, 1149-1166.

Pike, A. C., 1971: Inter tropical convergence zone studied
with an interacting atmosphere and ocean model. Mon.
Wea. Rev., 99, 469-477.

Pike, A. C., 1972: Response of a tropical atmosphere and
ocean model to seasonally variable forcing. Mon. Wea.
Rev., 100, 424-433.

Pushitov, P. Yu., Gutman, L. N., 1970: A baroclinic model
of the atmospheric zonal circulation in the equatorial re-
gion. Academy of Sciences, Institute of Atmospheric
Physics, USSR.



A Study of the Seasonal Migration of ITCZ 211

Rao, Y. P., 1976: Southwest Monsoon. Meteorological Mon-
ograph, Synoptic meteorology, India Meteorological De-
partment, No. 1/76.

Reginald, E. N., John, W. K., Dayton, G. V., George, J. B.,
1974: The General Circulation of the Tropical Atmosphere
and Interactions with Extra Tropical Latitudes. Vol. 1 and
2, The Massachusetts Institute of Technology, 862 pp.

Riehl, H., 1979: Climate and Weather in the Tropics. New
York: Academic Press, 661 pp.

Saltzman, B., Vernekar, A. D., 1971 : An equilibrium sotution
for the axially symmetric component of the earth’s macro

~ climate. J. Geophy Res., 76, 1498-1524,

Sellers, W. D., 1965: Physical Climatology. University of
Chicago Press, 587 pp.

Sellers, W. D., 1973: A global climate model based on the
energy balance of the earth-atmosphere system. J. Appl.
Meteor., 8, 392-400.

Sikka, D. R., Gadgil, S., 1980: On the maximum cloud zone

and the ITCZ over Indian longitudes during the South
West monsoon. Mon. Wea. Rev., 108, 1840-1853.
Smith, W. L., 1966: Note on the relationship between total
precipitable water and surface dew point. J. Appl. Meteor.,
5, 726-121.
Webster, P.J., Chou, L. C., 1979 a: Low frequency transitions
of a simple monsoon system. J. Atmos. Sci., 37, 368-382.
Webster, P. J., Chou, L. C., 1979 b: Seasonal structure of a
simple Monsoon system. J. Atmos. Sci., 37, 354-367.
Yasunari, T., 1979: Cloudiness fluctuations associated with
the Northern Hemisphere summer monsoon. J. Meteor.
Soc. Japan, 57, 227-262.

Authors’ addresses: Kirankumar Alapati and Sethu Raman,
Department of Marine, Earth and Atmospheric Sciences,
North Carolina State University, Raleigh, NC 27695-8208,
US.A.

Printed in Austria





