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ABSTRACT

Radar and satellite obsérvations in the vicinity of northern Borneo obtained during the International
Winter Monsoon Experiment (WMONEX) showed that the convection in that region underwent an
extremely regular diurnal cycle. Over the sea to the north of Borneo, the general level of convective
activity was increased during monsoon surges and during the passages of westward-propagating
near-equatorial disturbances. Convective activity was decreased during monsoon lulls. The diurnal cycle
was well-defined, regardless of whether, the general level of convective activity was enhanced or sup-
pressed by synoptic-scale events.

_The cycle of convection over the sea was especially well documented. It was typically initiated at
about midnight when an offshore low-level wind began. Where this wind met the monsoonal northeasterly
flow, usually just off the coast, convective cells formed. After midnight, the convection continued to
develop and by 0800 LST it had evolved into an organized mesoscale system with a precipitation area
often continuous over a horizontal distance of 200 km. The structure of this system resembled that of
squall lines and other organized mesoscale systems observed in the tropics. The precipitation was com-
posed partially of convective cells, but a considerable portion was also stratiform with a well-defined
melting layer extending across much of the system. This precipitation fell from a large mid-to-upper
level cloud shield. The mesoscale systems typically began dissipating at midday, when the offshore wind
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reverted to an onshore wind and low-level convergence became concentrated over land.

1. Introduction

During winter, eastern Asia is dominated by a
strong, steady monsoon, which develops as the con-
tinent cools and the Siberizn anticyclone strengthens.
At low levels, northwesterly flow occurs along the
east coast of Asia at the latitude of Japan (Fig. 1a).
Near the Tropic of Cancer (23°N), the flow turns
southwestward and crosses the South China Sea
toward the Indonesian-Malaysian complex of islands
and peninsulas [called the ‘‘maritime continent’
by Ramage (1968)]. Low-level convergence is con-
centrated in the vicinhity of thé cyclonic center
located along the northern coast of the island of
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Borneo,! which lies in the center of the maritime
continent. Rising motion and large amounts of rain
occur over the maritime continent at this time - This
region, moreover, is the location of the strongest
upper level divergenice in the global wintertime mean
flow (Fig. 1b). The divergent component of the wind
at 200 mb radiates outward from the maritime con-
tinent and feeds the Walker Circulation over the
South Pacific, another tropical east-west circula-

! The entire island composed of the three nations East
Malaysia (Sabah and Sarawak), Brunei and Indonesia (Borneo),
is referred to in this paper by the single physical geographic
name Borneo.
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FiG. 1. Climatology of the Asian winter monsoon. (a) Gradient level winds and precipitation. Streamlines show wind direction.
Black shading indicates 1 November-30 April rainfall over 152 cm. Gray shading indicates amounts from 76152 cm. (b) Streamlines
of the divergent part of the winter mean 200 mb wind shown with arrows. The arrows are orthogonal to isopleths of velocity potential
. x (10* m? s72); contours are drawn for every 100 units. (¢) Streamlines of the nondivergent part of the winter mean 200 mb wind shown
by cortours of streamfunction ¢ (10> m? s™'); contours drawn for every 50 units. Winds in (a) are from Atkinson and Sadler (1970);
precipitation in (a) is from Cobb and Coleby (1966). Parts (b) and (c) are from Krishnamurti et al. (1973).

tion over the North Pacific, a similar circulation
over the Indian Ocean, and the upper level return
flow of the winter monsoon over eastern Asia
(Krishnamurti et al., 1973; Murakami and Un-
ninayar, 1977). The return flow of the monsoon
subsides in the Siberian anticyclone, north of the
subtropical jet stream that passes over Japan (Black-
mon. et al., 1977). This jet can be seen in the non-
divergent component of the 200 mb level wind shown
in Fig. 1c. It lies on the north side of the western
Pacific upper level anticyclone. Borneo lies on the
southwestern corner of this anticyclone, where the
200 mb flow is from the east-southeast.

Latent heat released in the clouds and precipita-
tion that form in this region in winter constitutes
one of the primary sources of energy for the atmos-
phere (Ramage, 1968). The importance of clouds
over the maritime continent to the winter monsoon
circulation is indicated by the results of numerical
models. Using a two-level primitive equation model,
Webster (1972) showed that by prescribing this heat-
ing as external forcing, along with similar but
weaker prescribed heat sources over Africa and

South America, the time-invariant general circula- -

tion of the entire tropics and subtropics can be
simulated with considerable realism.

"The importance of clouds in the winter mon-
soon is further indicated by examining the processes
that maintain the eddy kinetic energy of the tropics

during the Northern Hemisphere winter. This eddy
kinetic energy is- dominated by the longitudinal
irregularity introduced into the wind fields of low-
latitudes by the Asian winter monsoon over the
maritime continent and similar planetary-scale
eddies over Africa and South America. This kinetic
energy is maintained by two processes—eddy pres-
sure interaction with higher latitude circulations
(i.e., the convergence of the flux of energy from
higher latitudes associated with the correlation of
wind and pressure fluctuations) and the baroclinic
conversion of eddy available potential energy to
eddy kinetic energy associated with the coincidence
of large-scale rising motion and higher tempera-
tures over the equatorial and maritime-continental
heat sources. Using a multilevel general circula-
tion model, Manabe et al. (1970) showed that in the
upper troposphere the planetary-scale circulations
of the tropics in winter can be maintained qual-
itatively correctly in a dry model by the pressure
interaction effect alone. However, no planetary-
scale eddy Kkinetic energy occurs in the lower
troposphere of the dry model. When the effects of
clouds are added to the model, through adjust-
ment of the lapse rate for moist convection, vertical
coupling between the lower and upper troposphere
is established, and planetary-scale monsoonal cir-
culations extend throughout the depth of the tropo-
sphere in a realistic fashion.
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Thus, it is evident that the clouds and precipita-
tion over the maritime continent and the vertical
motions associated with them are essential to the
winter monsoon as sources and sinks of condensa-
tional heating and as mechanisms for distributing
the released heat vertically through the troposphere.
Moreover, from studies such as those of Gray and
Jacobson (1977) and Webster and Stephens (1980),
it is apparent that the cloud cover significantly af-
fects the vertical distribution of radiative heating
in the vicinity of the maritime continent.

The structure of monsoon clouds has been de-
scribed previously only in the broadest terms.
Ramage (1971) categorized monsoon precipitation
into ‘‘showers’” from towering cumulus and cumu-
lonimbus and ‘‘rains’’ from deep nimbostratus with
embedded cumulonimbus. The observation of the
latter type of precipitation indicates that both
stratiform and convective air motions can occur in
association with monsoon clouds and that the
precipitation may be widespread as well as localized.

It also has been noted that the clouds and pre-
cipitation of the winter monsoon are sensitive to

both synoptic-scale fluctuations and subsynoptic--

scale variations of the planetary-scale monsoonal
flow in the vicinity of the maritime ‘continent.
For example, heavy rainfalls on the north coast of
Borneo are associated with ‘‘cold surges,’”’ during

which a general strengthening of the low-level winds .

over the South China Sea occurs nearly simul-
taneously with a cold frontal passage at Hong Kong
(Ramage, 1971). On other occasions, heavy pre-
cipitation over Borneo accompanies the passage
of westward propagating disturbances, or waves,
moving across the South China Sea from the
equatorial Pacific Ocean (Cheang, 1977; Chang et
al., 1979). On the subsynoptic scale, land-sea
contrasts, orography and the diurnal cycle in radia-
tive heating combine to drive local circulations,
which influence the rainfall over and near the various
islands and peninsulas (Ramage, 1971; Short and
Wallace, 1980).

One of the major goals of the International
Winter Monsoon Experiment (WMONEX) was a
better description and understanding of winter mon-
soon clouds and precipitation, both in terms of their
structure and their relationship to large-scale and
local flow patterns.

In this study, we make use of special observa-
tions obtained during December 1978, the intensive
observation period of WMONEX, to examine
winter monsoon clouds and precipitation. The pri-
mary data are radar observations obtained over
northern Borneo and the adjoining southern South
China Sea. Borneo lies in the center of the mari-
time continent and is the focus of the upward branch
of the planetary-scale monsoon. Some 300—500 mm
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of rainfall along the northern coast of Borneo
during a typical December, and in WMONEX a
substantial number of the convective systems re-
sponsible for this typical rain were sampled by radar.

By describing the WMONEX convective sys-
tems in sufficient detail, we expect to elucidate two
aspects of the monsoonal atmosphere’s convective
response to larger scale forcing. First, the time
variation of the convective response will be shown
by determining the extent to which the convection
was modulated on diurnal and synoptic time scales.
Second, the nature of the cloud-scale vertical
motions, which, as noted above, link the the lower
and upper level components of the planetary-scale
monsoon, will be investigated by examining the
relative degrees to which the clouds and precipita-
tion exhibited convective or stratiform structure.
In a companion paper by Johnson and Priegnitz
(1981), similar objectives are pursued with rawin-
sonde data from the WMONEX ship array just north
and west of the area of radar observations. The
observed convective systems tended to form in the
radar area and drift west-northwestward into the
ship network. Consequently, a fuller understanding
of the convection emerges from the two studies
together than from either one alone.

2. Data
a. Radar observations

During WMONEX, the Massachusetts Institute of
Technology’s WR73 C-band weather radar was in-
stalled on the north coast of Borneo at Bintulu,
Sarawak, East Malaysia, where it was operated
without significant interruption from 8 to 31 Decem-
ber 1978. The characteristics of the radar system
are summarized in Table 1. The same radar system
was used in the Global Atmospheric Research
Programme’s Atlantic Tropical Experiment (GATE)
on the Research Vessel Gilliss. It is equipped with
a computer that controls the automatic operation
of the radar, processes the returned signals, and
records the data. In WMONEX, data were taken
by repeatedly running the antenna through a pre-
scribed sequence of conical scans. From this
sequence, which took ~8 min to complete, three-
dimensional echo structure can be determined. A
sequence was initiated once every 10 min through-
out the experiment.

b. Satellite imagery

Meteorological satellite observations were ob-
tained during WMONEX with the Japanese geo-
synchronous satellite. In this study, we have used
microfilm images of the infrared photography ob-
tained at 0000, 0300, 0600, 0900, 1200, 1600, 1800
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TasLE 1. MIT WR?73 radar characteristics.

Wavelength 5.30 cm
Pulse length 300 m

PRF 250 s
Peak power 250 kW
Beam width 1.45°
Azimuth averaging interval 1.0°
Azimuth recording interval 1.0°

Range bin size 0.25-1.0 km
Maximum range recorded 256 km

and 2100 GMT.2 For years prior to Winter MONEX,
we have used twice daily (0900 and 2100 LLST) in-
frared images on microfilm from polar orbiting U.S.
satellites.3

c. Synoptic data

Surface and pilot-balloon data from stations
in northern Borneo were obtained from the Malaysian
Meteorological Service.

3. Organization of the analysis around the diurnal
cycle

That the clouds and precipitation over Borneo
- and its surrounding waters have a strong diurnal
modulation was recognized a priori, both from
studies of past data (Ramage, 1971; Short and
Wallace, 1980) and from our monitoring of the
WMONEX radar and satellite data while it was be-
ing taken. Consequently, we organized our analysis
around the diurnal cycle. In the following sec-
tions, we consider (i) how well the diurnal cycle
of convective response was maintained throughout
the experiment; (ii) the relationship of the diurnal
cycle of cloud and precipitation development to
the diurnal land-sea wind oscillation associated
with Borneo; (iii) the sensitivity of the diurnal
convective cycle to intermittent synoptic-scale in-
fluences; and (iv) the convective versus stratiform
structure of the diurnally generated clouds and
precipitation.

4. Horizontal distributions of cloud and precipitation

at various times of day

Short and Wallace (1980) used . infrared radiance
data in digital form from 0900 and 2100 LST
satellite observations for the summer of 1975 and
winter of 1976 in a global analysis of diurnal
variations in cloud cover. Their winter season re-
sults show that the cloud cover in the vicinity of

2 Data obtained from Japan Weather Association, Kaiji Cen-
ter Bldg. 5, 4-Chome, Kojimachi Chiyoda-Ku, Tokyo 102.

3 Data obtained from the National Climatic Center; Asheville,
North Carolina 28801.
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Borneo was dominated by high cloud tops gen-
erated by deep convection, with the cloudiness over
land being much greater at 2100 LST than 0900 LST,
while in a region a few hundred kilometers wide
surrounding the.island the cloudiness over water
was much greater at 0900 LST than at 2100 LST. This
behavior typifies large tropical islands, and Short and
Wallace attribute the result to the generally held
view that the convection over and near such is-
lands is modulated by the diurnal variation of
the boundary-layer circulation, which favors after-
noon and evening’ cloudiness over the islands
and later night and morning cloudiness over
coastal waters.

Examining the northern portion of Borneo and
the immediately surrounding southern South China
Sea in more detail, we analyzed photographic
images of the 0900 and 2100 (all times LST) infrared
satellite data for three Decembers (1974, 1976 and
1977). Areas of high (cirriform) cloud tops were
identified visually in a manner similar to studies
such as those of Payne and McGarry (1977) and
McGarry and Reed (1978). Contour patterns of the
fractional area covered by high cloud are shown in
Fig. 2. Subtraction of the 2100 pattern from that at
0900 results in contours qualitatively very similar
to Short and Wallace’s (1980) pattern of winter sea-
son differences between 0900 and 2100 outgoing IR
radiance in the vicinity of Borneo. Consequently,
we are confident that our visual method leads to
results consistent with the numerical satellite data.

The major feature of the 0900 cloud cover pat-
terns is a maximum centered offshore north-
northwest of Bintulu (Fig. 2a). As will be shown
below, this feature is associated with convection
that forms offshore near midnight in response to
the land breeze. Concentration of the nocturnally
generated cloudiness in the region of the maxi- .
mum is probably associated with the concave coast-
line and the concave mountain range inland, which
at night must tend to focus [in the manner sug-
gested by Neumann (1951)] both the land-sea and
mountain-drainage winds in the region just off-
shore from Bintulu. At 2100 LST, the maximum
of high cloud cover is centered over land several
hundred kilometers south of Bintulu (Fig. 2b).

The cloud-cover pattern during December 1978
(Fig. 3), the period of WMONEX, was determined
from the Japanese geosynchronous satellite data
and found to be similar to the 3-year December
climatology shown in Fig. 2. The morning maxi-
mum of cloudiness offshore was again prominent,
but displaced some 200 km south of its 3-year aver-
age position (cf. Figs. 2a and 3a). The evening
maximum over land south-southwest of Bintulu was
in about the same position as in the 3-year average
(cf. Figs. 2b and 3c¢).

Since the Japanese satellite was geosynchronous,


















