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Based on outgoing long-wave radiation (OLR) and FGGE level IIIb wind data,
meteorological differences between the two monsoon transition periods in the
eastern hemisphere tropics are investigated. In order to set up.the major monsoons
of Asia, Africa and Australia, the circulation system goes through two transition
periods. Associated with these circulation changes which are also related to the
semi-annual character of the solar heating, the two transition seasons are
convectively active in the near equatorial zone. The rising branch of the thermally
direct Hadley circulation is located in this area. Although similarities exist,
significant differences are found between spring " and autumn in terms of strength
and location of rising and sinking branches of the Hadley and the east-west
(Walker) circulations. During spring the rising branch of the east-west circulation
is east of 90°E and the Hadley-type overturning over the Indian Ocean is weak. In
contrast, during autumn the rising branch of the main east-west circulation is over
the Indian Ocean and the Hadley overturning is strong there. These are mainly
attributed to the asymmetric distribution of land-mass with respect to the equator
which in turn relates to the time lag in land/ocean thermal response to the heating
cycle. )

Circulation patterns for April and November are discussed and differences are
noted. Major differences between the two seasons are found in OLR, vertical motion
and velocity potential fields. In the moisture budget, significant differences are

found with respect to source regions and convergence.

Introduction

Due to the major monsoons of Asia, Africa and
Australia, the eastern hemisphere is subjected to
drastic changes on the annual time-scale. In
association with the extreme changes in the
motion fields from one monsoon to the other, the
circulation system goes through two transition
periods. During these spring and autumn
transitions, the near equatorial troughs are close
to the equator in the Indian Ocean and in the
western Pacific. Westerlies lie between the
troughs and rainfall increases substantially there,
Regionally, characteristics are very similar to
break monsoon conditions (Sumathipala and de
Silva 1981). Sumathipala and Murakami (1986)
noted planetary-scale circulation changes in
relation to the active/break cycle of the Asian
summer monsoon. Similarly, differences between
the transition periods can be related to large-scale
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91 For brevity the term ‘northern hemisphere’ will rarely be used
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circulation changes. Since rainfall carries much
weight in the socio-economic well-being of the
region, transition periods are the most important
seasons for these near equatorial areas.
Mapping of the ten-year (1974-1983) average
outgoing long-wave radiation (OLR) fields, by
Janowiak et al. (1985), indicates that the April
and November mean patterns are nearly sym-
metric about the equator in the major monsoon
area of the eastern hemisphere, with the convec-
tive region (low OLR) over Indonesia. In terms of
the annual march of the sun, one may tend to
assume similar meteorological conditions during
spring and autumn in the eastern hemisphere
tropics. Ideally, seasonal rainfall maxima should
migrate with the monsoon trough. As such,
double rainfall maxima with equal strength may
be expected at any latitude where the trough
passes twice. Being located less that 10 degrees
from the equator and centred in the monsoon
domain, Sri Lanka should present this cycle in the
meteorological variables. The average rainfall for
30 years (Fig. 1) clearly indicates double maxima
in spring and autumn. Thus the amplitude of the
semi-annual wave is dominant in the region.
However, it is interesting to note that the
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Fig. 1 Monthly mean rainfall for Sri Lanka and Singapore.
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November (autumn) rainfall is nearly double that
of the April (spring). This indicates the asym-
metry of rainfall intensity in the two seasons.
Another noticeable feature is the unequal time
interval between the peaks. Rainfall difference
between the two seasons may be related to
circulation differences between the two seasons
(Ramage 1971). On the other hand, the inequality
in rainfall can be due to great differences in
structure and behaviour of the low-level trough
itself at different longitudes (Riehl 1979) during
different seasons. Further, the asymmetric distri-
bution of land-mass with respect to the equator in
the eastern hemisphere can modify the annual
cycle drastically. The frequency of tropical cyc-
lones attaining tropical storm or hurricane inten-
sity in the north Indian Ocean in autumn is more
than double that of spring (Sadler and Gidley
1973). Hence, in the equatorial north Indian
Ocean, not only are transition (intermonsoon)
periods active, but a significant difference in
disturbance activity exists between spring and
autumn.

In 1979, Sri Lankan rainfall in November was
three times that of April. Average monthly mean
rainfall for Singapore in 1979 also indicates
dominant peaks in April and November (Fig. 1).
Again, we see higher rainfall during autumn as
compared to spring. Ohring and Gruber (1983)
noted a late winter/early spring maximum in
long-wave radiation (low convective activity)
associated with the dry tropical air at Saigon
(10°N, 107.5°E), Vietnam.

The above evidence indicates that transition
periods are the most prominent rainfall-bearing
seasons in the equatorial tropics of the eastern
hemisphere. Because of the land/ocean difference
between the northern and southern hemisphere,
the summer monsoon signal is strong and lasts
longer than the winter monsoon over Asia. As
such April and November become the transition
months that are active over the equatorial region.
Further, there exists a significant difference
between the two transitional periods. Namely,
autumn is more active than spring. Therefore the
aim of this paper is to study the characteristics
and identify the differences between the two
seasons. Since the data coverage was a maximum
during the FGGE, most of the computations are
based on 1979 data.

Data and computational procedure
Daily (0000 UTC) values of u, v, @, r, T at seven
pressure levels (1000, 850, 700, 500, 300, 200,
100 hPa) were used in this study. These data were
extracted from the FGGE level III b data set
prepared by the European Centre for Medium
Range Weather Forecasts (ECMWF) at a reduced
resolution of 3.75° latitude-longitude intervals
over a region extending from O°E to 150°W and
37.5°S to 37.5°N. Twice daily (OLR) data
obtained from NOAA polar orbiting satellites
were digitised on a 2.5° X 2.5° grid and resolution
was then reduced to 3.75° X 3.75° latitude-
longitude intervals. Daily OLR was obtained by
averaging the twice—daily (0330 LST, 1530 LST)
values.

Monthly mean u, v (computed from daily
values) were utilised to compute the velocity
potential x and the divergent wind V, as
follows:

02y = (V. V)=% + M

cos 0dy
vx=—Vx, o2

where ¢ = latitude,
X, y = eastward and northward Mercator
coordinate axes,
u, v = zonal and meridional winds,
V. V = divergence.

To solve Eqn 1, y was set to zero at the north
and south boundaries (37.5°N, 37.5°S); since the
data over the whole tropical belt were used for this
calculation there are no boundaries to the east and
the west.

Vorticity { was computed from u, v data as

_ov ducosd 3
&= 0x ~ cosody )
Vertical p-velocity (0 =)  was obtained

through the continuity equation as
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PS
co=u)s+f D dp ... 4
P

Here, D is the divergence and ( ®)s denotes the
vertical p-velocity at the earth’s surface which is
computed from

oP, P oP

o, = + u S+ v s ... 5
s ot S X Sy

where the subscript (), refers to quantities at the
surface. P, is calculated from the geopotential
height @ of the 1000 hPa surface using the
hydrostatic equation. The original © profile
obtained from Eqn 4 was then corrected to satisfy
the upper boundary condition for @ ,,, =0 at 50
hPa, by assuming a linear correction of D with
increasing height.

As described in Murakami et al. (1984) mixing
ratio (q) was calculated from temperature (T) and
" relative humidity (r) as follows.

a=0.622r (e, /p), ...6
and Ine = 21.6 - (5410/T), L7

where e, and p represent the saturation vapour
pressure and pressure, respectively, at a given
pressure level. Equation 7 is derived from the
Clausius—Clapeyron equation with the latent heat
of vaporisation equal to 2.5 X 10 J Kg!, the
specific gas constant for water vapour of 461.7 J
Kg ' and a saturation vapour pressure of 6.11 hPa
at 273.15°K. These q values were used to compute
the vertically integrated moisture fluxes as
follows:

= 1 pS
u=— qu dp, 8

£ 'p,

= 1 pS
qv =— qv dp, ...9

g J‘pl

where g is the acceleration due to gravity, and p, is
the pressure at upper level (300 hPa). Note that no
moisture data are available in the upper tropo-
sphere above 300 hPa. _

Utilising horizontal moisture fluxes qu, qv, the
moisture budget over an area may be approxi-
mated as

(P-E)=fcﬁ1dc, .10

d . —
where the 23 term is small and disregarded; qVn

ot
represents the vertically integrated moisture flux
across thp line C. P-E is the net sum of
precipitation minus evaporation at the surface.

Transient eddy kinetic energy (k*) was calcu-
lated at every grid-point as

k*=%(u*2+v*2), 11

where u*, v* represent departure values from the
monthly mean u, v. The computed results were
then averaged to obtain the monthly mean k*.

OLR fields

In April, OLR is a minimum along the equator
with the primary minima over central Africa,
Malaysia and New Guinea (Fig. 2(a)). The OLR
value at the minimum centre around 155°E is
<200 Wm? but the values over Malaysia -
Indian Ocean area are slightly higher. The area of
OLR maximum over India extends
southwestward over to the equatorial south
Arabian Sea, indicating subsidence and sup-
pressed convection. The summer monsoon first
establishes over the Malaysian peninsula in
mid-April during the transition from the southern
to northern hemisphere summer monsoon
(Murakami and Nakazawa 1985). The higher
values of OLR over nothern Australia indicates
gentle subsidence in the area during this season.
Although the general distribution of OLR
during November (Fig. 2(b)) is close to April, the
minimum OLR (convective) band expands both
in latitude and longitude into the Bay of Bengal-
Indian Ocean region and extends westward to the
Arabian Sea. Large differences in OLR between
April and November can be inferred around 10°N
between 60°E and 170°E. Since the difference
seems to be of large-scale character, the cause for
the change must be related to large-scale circu-
lation systems such as Hadley and/or east-west

Fig.2 Mean OLR 1979 for (a) April and (b) November. Hatching
denotes values less than 240 Wm-2 with contour interval of
20 Wm2
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(Walker) overturnings. Namely the rising branch
of the Walker circulation seems to extend west-
ward well into the east Arabian Sea during
November. Also the area of low OLR expands in
north-south direction indicating intense convec-
tion over a large area. Therefore the meridional
overturning (Hadley circulation) must be strong
during November in the Indian Ocean.

Winds and vertical motion fields
Spring

At 200 hPa (Fig. 3(a)), the subtropical ridge lines
are equidistant from the equator and divergent
casterlies between the ridges extend from 80°E to
160°E. Divergent winds are also apparent over
equatorial Africa. However westerlies are promi-
nent over the equatorial western Indian Ocean. In
the vertical p-velocity field at 500 hPa (Fig. 3(b)),
fairly strong upward vertical velocities are found
over the equator in the western Pacific, Africa and
southwest of Sumatra. Strong downward vertical
motion is apparent over India. This sinking area
extends from India to the southwestern Indian
Ocean.

At 850 hPa (Fig. 3(c)), the northern hemisphere
near-equatorial trough is located around 5°N over
South-East Asia during April. The southern
hemisphere counterpart is close to the equator in
the Indonesian region, but extends southward to
about 10°S over the Indian Ocean. A strong
anticyclone over the north Arabian Sea keeps the
near-equatorial trough almost over the equator in
the western Indian Ocean. A weak anticyclone is
located over the Bay of Bengal and the ridge
system in the western Pacific is located further
north. Transient eddy kinetic energy (k*) at 850
hPa for April (not shown) is minimum over the
Arabian Sea, India and Indonesian region. This
indicates minimum disturbance activity during
April.

During April, the 200 hPa y field (Fig. 5(a))
shows a strong divergent centre in the equatorial
western Pacific but the values decrease towards
the Indian Ocean and become negative over the
western Indian Ocean. These features are in good
agreement with the OLR field, suggesting that
during April while the major rising area is over the
western Pacific (140-170°E) a sinking area is
located over the western Indian Ocean. Strong
divergent winds to the north and south of the
positive x centre in the equatorial western Pacific
represent the upper-level flow of the Hadley-type
meridional overturnings.

The relation between the OLR (convection)
and the wind fields at 850 hPa and the 200 hPa
resembles Gill’s (1980) solution for a steady heat
source at the equator (refer to his Fig. 1).
Maximum upward vertical velocity at 500 hPa
(Fig. 3(b)) and minimum OLR (Fig. 2(a)) around
150°E at the equator resembles the heat source.

Low-level westerlies are found to the west
between the two troughs while easterlies are
present to the east (Fig. 3(c)). Upper-level
easterlies to the west and westerlies to the east
show the return flows of the east-west
overturnings.

Autumn

During November, the northern hemisphere
ridge is further north over South-East Asia (Fig.
4(a)). Hence, a broadband of strong easterly flow
covers the equatorial region. These easterlies also
extend further westward over to the Arabian Sea.
In contrast to April, the 200 hPa y field for
November (Fig. 5(b)) shows the largest and
strongest (6 X 10° m2s'') positive centre on the
equator in the Indian Ocean. Also high cyclonic
vorticity extends from the South China Sea to the
Arabian Sea at 850 hPa (not shown). Vertical
velocity at 500 hPa (Fig. 4(b)) indicates strong
upward motion over both the Bay of Bengal-
Indian Ocean and the South China Sea regions.
This region of upward motion extends further
westward than in April. As indicated by the OLR
field (Fig. 2), the convective region also extends
further westward. Notice the strong divergent
winds emanating from the positive centre in the
Indian Ocean (Fig. 5(b)). These winds are
strongest to the north and south indicating
dominant Hadley-type meridional overturnings.
Similarly the long wind arrows to the southeast
and the northeast of this centre are an indication
of strong east-west overturnings.

The near-equatorial troughs are close to the
equator at 850 hPa (Fig. 4(c)). Once again, the
flow pattern closely resembles Gill’s model sol-
ution for a heating symmetric about the equator.
Over South-East Asia, the troughs closely
resemble the April pattern, however in the Indian
Ocean both trough systems are located further
north than in April and the northern hemisphere
trough crosses Sri Lanka and the southern tip of
India. Anticyclonic centres in the northern hemi-
sphere are located around 25°N, and conse-
quently the converging (speed) easterly flow
extends from the South China Sea to the Arabian
Sea. Due to this flow pattern, convergence may be
inferred not only over equatorial South-East Asia,
but also over the Bay of Bengal and the equatorial
Indian Ocean. In contrast to April, during
November the Indian Ocean is characterised by
large values of eddy kinetic energy k* (not shown).
This is an indication of frequent synoptic-scale
disturbances during autumn in this region.

Moisture budget during spring and
autumn

For further study of rainfall distribution and the
convective activity, a moisture budget compu-
tation was conducted. Vertically integrated moist-
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Fig. 3 Mean wind for April 1979 (a) 200 hPa (unit vector: 25 m s71) () 850 hPa (unit vector: 8 m s°!). Heavy full (dashed) lines indicate
location of major troughs (ridges). (b) Vertical velocity at 500 hPa. Hatching denotes regions of upward motion. Contour interval: S
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Fig. 4 As in Fig. 3 except for November.
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