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Abstract

Diurnal variations of convective activities in the tropical western Pacific are examined by using 3-
hourly geostationary meteorological satellite data acquired over a 9-year period (1980-1989). Large diurnal
variations of convection exist over continents, large islands and their adjacent sea regions such as the
Indochina Peninsula, the Tibetan Plateau, North Australia and the maritime continent regions. Large
diurnal variations are also found over the Bay of Bengal and the South China Sea. Although the diurnal
variation is less pronounced over the open oceanic regions east of 150°E than over the maritime continent
regions, moderate amplitudes of diurnal variations are observed over the Intertropical Convergence Zone
( ITCZ) and the South Pacific Convergence Zone (SPCZ). Features of the diurnal variation vary with the
seasons and it is enhanced during seasons in which mean convective activities become strong.

Over continents and large islands, the convection attains its maximum intensity in late afternoon
to evening, probably due to strong surface heating during daytime. Over sea areas in the vicinity of
large islands, the maximum convective activity generally occurs in the morning. It is suggested that the
interaction between land-sea circulations and large-scale environmental flows may produce a diurnal cycle
in the offshore convection.

There exist large amplitudes of diurnal variations over the head of the Bay of Bengal during the Indian
summer monsoon season with the maximum amplitude in the afternoon. The diurnal cycle of convection
becomes predominant during summer and fall over the South China Sea, with the maximum convective
activity near local noontime.

The convection over the ITCZ and the SPCZ has a maximum intensity in the morning, in general, but
a secondary maximum of convection occurs in the afternoon. The Fourier analysis of the second component
(semi-diurnal variation) suggests that there exist semi-diurnal variations of convection over the ITCZ and
the SPCZ with maximum peaks around 3-4 LST and 15-16 LST.

1. Introduction cle of precipitation over the Malay Peninsula based
on surface hourly observations. They found that
there exist large diurnal variations of precipitation,
but phases of the diurnal cycle are different between
the inland regions and the coastal regions over the
Malay Peninsula. Brier and Simpson (1969) showed
the existence of semi-diurnal variations of cloudi-
ness and rainfall in the tropical western Pacific and
linked these variations with the semi-diurnal solar
atmospheric tide. Gray and Jacobson (1977) and
McBride and Gray (1980) analyzed the diurnal cycle
of deep cumulus convection over the tropical oceanic
areas such as the western Pacific and the western
Atlantic and found that heavy rainfall is 2-3 times
greater in the morning than in the late afternoon-
evening at many places. They hypothesized that the
morning maximum of deep convection is a result of
radiation balance between convective regions and its
surrounding cloud-free regions.

McGarry and Reed (1978) applied a harmonic
(©1994, Meteorological Society of Japan analysis to the satellite infrared (IR) and precipi-

The tropics play an important role in maintain-
ing atmospheric general circulations as a heat en-
gine. Heat sources in the tropics are mostly due to
condensation heating generated in a large number
of cumulus clouds. Usually in the tropics individ-
ual cumulus clouds are organized into larger-scale
systems such as cloud clusters, super cloud clusters
and wave disturbances. These organized convective
systems vary with different time scales ranging from
a few hours to months.

Among the various time scales of tropical con-
vection, diurnal variations have been known as one
of the prominent variations. Diurnal variations of
rainfall over the different tropical land areas have
been reported by many investigators (e.g., Ramage,
1964; Nieuwolt, 1968; Haldar et al., 1991; Oki and
Musiake, 1994). Quite recently, Oki and Mushiake
(1994) have extensively investigated the diurnal cy-
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tation data during the GARP Atlantic Tropical Ex-
periment (GATE) to determine the diurnal varia-
tion in convective activity and precipitation. They
found that rain amounts and convective activity
become greatest around midnight over the African
land area, but in the early afternoon over the GATE
ship array. Similar analyses of diurnal variations
of cloudiness and precipitation over the GATE area
were performed by many authors (Asplinden et al.,
1976; Grueber, 1976; McGarry and Reed, 1978; Mu-
rakami, 1979 and Ball et al., 1980).

Houze et al. (1981) demonstrated, based on Win-
ter Monsoon Experiment (WMONEX) data, that
the maximum radar echo coverage takes place at 23
LST over land and 8 LST over sea in the vicinity
of northern Borneo. They concluded that the diur-
nal cycle of the offshore convection is generated by
interaction between land breeze from Borneo and
low-level northeasterly monsoon flow.

Murakami (1983) first examined spatial distribu-
tions of the diurnal variations of the deep convection
over the western Pacific and the Southeast Asia dur-
ing the FGGE period based on IR data observed by
the geostationary meteorological satellite (GMS) of
Japan. It was shown by his analysis that the convec-
tive activity over land is greatest at around 18 LST,
but in the morning over the adjacent oceanic areas.
Augstein (1984) and Albright et al, (1985) made
similar analyses of the diurnal variation of deep con-
vection over the central Pacific Ocean during the
FGGE period using the GOES-West IR satellite
data. They found that a prominent afternoon maxi-
mum occurred in some regions, but a morning maxi-
murn prevailed in other regions. They also noted the
existence of a semi-diurnal component of convective
activities over the oceanic regions.

Previous observational results mentioned above
showed that there exist large regional and seasonal
differences in the diurnal variations of convection,
both in amplitude and phase. Since surface obser-
vations of precipitation and radar echoes are very
limited in the tropical regions, satellite observations
should be more extensively used for the analysis of
the diurnal cycle of convection. Although the inves-
tigators mentioned above have used satellite data
for the analysis of the diurnal variation, their re-
sults are limited in periods and locations. In this
study more detailed features of the diurnal cycle of
tropical convection will be analyzed based on long-
period GMS IR data. Since the analysis errors are
usually reduced in proportion to the square root of
the total number of observations, using 9-year data
in this study may reduce analysis errors by about
one-third by comparison with using only one-year
data as have been analyzed by most previous inves-
tigators. Not only spatial characteristics but also
seasonal changes of the diurnal variations will be
presented.

Vol. 72, No. 5

2.5N,102.5¢E

A~ NN

*1 Q

12 4

LOCAL TIME
&

o
"

~

~
-

T —T T T " T T T T
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
MONTH

Fig. 1. Local time-season section of I¢ in
the inland area (2.5°N, 102.5°E) in the
Malay Peninsula.

The Tropical Rainfall Measuring Mission
(TRMM) will be launched in 1997 under the joint
science program between Japan and U.S.A. to mea-
sure 3-dimensional distributions of tropical precip-
itation from space. One of the scientific objectives
of TRMM is to estimate the diurnal cycle of trop-
ical rainfall quantitatively. This study corresponds
to pre-TRMM research work and will contribute to
the scientific plans for TRMM.

2. Data and method of analysis

3-hourly IR-Tgp (infrared equivalent blackbody
temperature) data for 9 years (1980-1990, except
for 1984) derived from GMS are utilized for analysis.
Tpp data are obtained at 1° x 1° grid points.

In order to determine the activities of deep con-
vective clouds, we use the following index I¢ at each
grid point defined by

250 - Tgp: Tep < 250 K
0 : Ty < 250 K, (1)

Io =

where 250 K generally corresponds to the air tem-
perature around 400 hPa and thus I represents an
index for deep convective clouds whose top height
exceeds about 400 hPa. Eq. (1) not only picks up
convective activity due to deep clouds, but also elim-
inates the effects of surface temperature.

Using 3-hourly Ic data for 9 years, 9-year aver-
aged values of Io are computed at each 3 hourly
UT observation time for each calendar month
(January,. .., December). Then Fourier analysis is
applied to 8 mean I values for one day to deter-
mine amplitudes and phases of the first (diurnal)
and the second (semi-diurnal) components. Phases
(times for maximum I¢) for the two components are
adjusted to the local time at each grid point. Lo-
cal time-season cross sections of I are constructed
in several important regions to examine seasonal
changes of the diurnal cycle.
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Fig. 2. Mean horizontal distributions of I¢ in July (a) and January (b). The contour interval is 2.0 and
light and heavy shaded regions correspond to regions larger than 4.0 and 6.0, respectively.

Maruyama et al. (1986) utilized monthly mean
high-cloud-amount data derived from GMS which
generally correspond to I¢ used in this study to ex-
amine a relationship with precipitation. They ob-
tained a strong linear relationship between two pa-
rameters. Their results indirectly suggested that I
defined by Eq. (1) could be used as an index of deep
convective clouds producing precipitation. In order
to check whether Ic values defined by Eq. (1) re-
ally represent the convective activity, we compare
I with precipitation observed by surface raingauges
over Malaysia analyzed by Oki and Mushiake (1994).
They investigated seasonal changes of the diurnal
cycle of precipitation over Malaysia using ground-
based hourly observations for 10 years (1981-1990).
They found that there exists a pronounced diurnal
cycle of precipitation with peaks around May and
October in season and around 15-16 LST in time

of day over the inland region of the Malay Penin-
sula. Figure 1 shows the local time-season section
of I at 2.5°N, 102.5°E corresponding to the inland
region which Oki and Mushiake (1994) analyzed.
I- has two peaks around May and October which
are consistent with the results of the precipitation
obtained by Oki and Mushiake (1994). However,
Io has a peak around 17-18 LST which is about
2 hours later than that of the precipitation. This
time lag between the two parameters may be due
to the fact that the cloud cover may expand further
for about a few hours even after the the convective
system reaches the maximum intensity (maximum
rainfall). The comparative study between Ic and
the surface precipitation over the Malay Peninsula
indicated that I can be used for the analysis of
the diurnal cycle of the convective activity, although
there may exist a few hours time lag between I and
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Fig. 3. Horizontal distributions of amplitudes of diurnal components of I¢ in July (a) and January (b).
The contour interval is 1.0 and heavy shaded regions denote regions larger than 2.0.
precipitation. Figure 3 shows the horizontal distributions of the

3. Spatial characteristics of diurnal varia-
tions

Diurnal variabilities of the convective activity may
be related to the total intensity of the convective ac-
tivity itself. Figure 2 shows horizontal distributions
of the 9-year averaged Ic for July, and January.
During July active convection is mostly found in the
northern tropical regions, such as the Bay of Ben-
gal, the Indochina Peninsula, the Philippine Sea and
the ITCZ. Active convection also exists to the east
of New Guinea, corresponding to the SPCZ. In Jan-
uary, active convective regions move to the southern
tropical regions and extend in the east-west direc-
tion along Eq.-10°S. Especially the convection over
the SPCZ is greatly enhanced, while the convective
activity over the ITCZ is reduced.

amplitudes of the diurnal cycle of I¢ for July and
January. During the northern summer, large diurnal
variations exist over the continental regions such as
the Tibetan Plateau and the Indochina Peninsula.
Large amplitudes are also found over the head of
the Bay of Bengal and in the vicinity of large is-
lands such as Borneo, Sumatra and New Guinea.
Some large diurnal variations can be seen along the
ITCZ and the SPCZ. During the northern winter,
large amplitudes are concentrated in the maritime
continent regions and over North Australia. Some
amplitudes can be found along the SPCZ extend-
ing eastward from about 160°E. Large magnitudes
of mean values and the diurnal cycle of I found
over the Tibetan Plateau in January (Figs. 2b and
3b) are not due to convection, but due to the low
surface temperature and its diurnal variations.
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Fig. 4. Amplitudes and phases of diurnal components of Ic represented by vector forms in the maritime
and the phase corresponds to the local time of the maximum Ic.
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Fig. 5. Local time-season sections of I¢ over land and sea areas in the vicinity of the Northwest Borneo

(a, b) and the North Java (c, d).

These results indicated that diurnal variations of
convection are mostly dominant in continental re-
gions, and over and nearby large islands in the mar-
itime continent regions, suggesting that the strong
surface heating during daytime may play an impor-
tant role in the diurnal cycle over land areas. Mod-
erate amplitudes of the diurnal cycle can be seen in
the open oceanic regions along the ITCZ and the
SPCZ where convection itself is quite intense. The
results of Figs. 2 and 3 show that the diurnal vari-
ability of I generally accounts for about 80 % or
more of the mean Io over continents and large is-
lands, but only about 20 % over the ITCZ and the
SPCZ.

The results of the diurnal cycle of I for individ-
ual years (not shown) are generally similar to those
for the 9-year averages over continents and large is-
lands, but vary to some degree from year to year over
oceanic regions probably due to interannual varia-
tions of convective activities.

In the following two sections we examine more de-
tailed features of the diurnal variation over the mar-
itime continent regions and over the open oceanic
regions east of 140°E.

4. Diurnal variations over the maritime con-
tinent and adjacent sea regions

In this section, spatial and seasonal variations of
the diurnal cycle over the maritime continent regions
including the Indochina Peninsula, the Bay of Ben-
gal and the South China Sea are described in detail.
Figure 4 shows spatial distributions of amplitudes
and phases (local time of maximum convective ac-
tivity) described by vector forms in the region of
20°N-10°S and 90°E-150°E for July and January.
In July, large diurnal variations are found over the
Indochina Peninsula and large islands, where the di-
urnal cycle has peaks generally in the evening. Large
diurnal variations also exist in the sea regions nearby
large islands where peaks take place generally in the
morning. There exist large amplitudes in the Bay
of Bengal, where the maximum convective activity
occurs near local noon. There also exist large am-
plitudes in the South China Sea, where the peak
activity takes place in the early afternoon. Diur-
nal variations over the open oceanic areas east of
about 130°E are weaker than those over the conti-
nent and maritime continent regions, but some am-
plitudes can be seen along the ITCZ in 5°-10°N with
peaks in the morning.

In January, large amplitudes are found over large
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islands such as Borneo, Sumatra, Java and New
Guinea and the maximum activity mostly occurs in
late evening. Large amplitudes are also found in the
sea areas nearby large islands, but the maximum
activity takes place mostly in the morning. There
exist large diurnal variations over seas between large
islands, such as the Java Sea and the Banda Sea.

In order to see more details of the land-sea con-
trast of the diurnal cycle near the large islands,
local time-season sections of I are examined in
the vicinity of northwestern Borneo and northern
Java (Fig. 5). Over the inland area of northwest-
ern Borneo (Fig. 5a) the convection becomes most
active around May and October, corresponding to
semi-annual rainy seasons. During active convection
seasons, maximum convection takes place around
19 LST. Over its adjacent sea area (Fig. 5b), the
convection becomes most dominant in November
with maximum amplitudes around 3 LST. Similar
late afternoon peaks of the diurnal cycle can be
seen over inland of northern Java during November-—
April, corresponding to the southern summer season
(Fig. 5¢). On the other hand, the maximum diurnal
cycle is found near noon in the Java Sea (Fig. 5d).

Houze et al. (1981) obtained an extremely regular
diurnal cycle for the convective activity in northern
Borneo during the international Winter Monsoon
Experiment (WMONEX). They observed, based on
radar and satellite observations, that the maximum
convective activity occurs in late evening over land,
but in the morning over sea. In order to confirm
their results using long-period GMS data, we pick
up the diurnal cycle of I in December over land
and sea areas which correspond to their analysis ar-
eas (Fig. 6). There exist large diurnal cycles, with
peaks in late evening over land and in the morning
over sea. These results are generally consistent with
those obtained during the WMONEX. The results
in Fig. 6 demonstrate that the diurnal variability in
the vicinity of large islands such as Borneo accounts
for about 70 %—100 % of the total convective activ-
ity.

The late evening peak of the diurnal cycle over
large islands such as Borneo may be generated by
the surface heating during daytime. It may take sev-
eral hours for organized convective systems to reach
maximum intensity. Probably, the maximum areal
coverage of clouds lags by a few hours the maximum
convective intensity, as discussed previously, result-
ing in maximum peak of I in late evening. Houze
et al. (1981) suggested that the morning peak over
sea areas in northern Borneo is resulted from the
interaction between land breezes and a monsoonal
northeasterly flow. Our results for 9 years over the
adjacent sea area of northwestern Borneo (Fig. 5b)
indicated that the diurnal cycle of I with morning
peaks is intensified during the winter season, consis-
tent with the results by Houze et al. (1981). How-
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Fig. 6. Diurnal cycles of Ic over land

(upper) and sea (lower) in the West Bor-
neo.

ever, the morning peak appears also during other
seasons. It may be that morning peaks over sea ar-
eas in the maritime continent regions are generated
due to the interaction between land-sea circulations
and large-scale environmental flows. The results of
seasonal mean winds analyzed by Matsumoto (1992)
indicated that the 850-hPa wind is a westerly blow-
ing from sea areas to land areas in northwestern
Borneo during November in which a strong morning
peak is found over sea areas, but that an easterly
wind blows from land to sea during March in which
the morning peak becomes obscure. These results
suggest that the large-scale wind direction blowing
to or from sea areas may be important to generate
the offshore convection, but further detailed analy-
sis of wind fields associated with the diurnal cycle
of convection may be needed to clarify the mecha-
nism of the morning peak in sea areas around large
islands.
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Fig. 7. Local time-season sections of I in the Indochina Peninsula (a), the Bay of Bengal (b), the South
China Sea {c) and the equatorial Indian Ocean (d).

Figure 7 shows local time-season sections of I
over the Indochina Peninsula, the Bay of Bengal, the
South China Sea and the equatorial Indian Ocean.
Over the Indochina Peninsula (Fig. 7a), intense con-
vection develops during the rainy season from May
to October, with peaks at about 18 LST probably
due to the strong surface heating during daytime.
Over the Bay of Bengal (Fig. 7b), there exist ex-
tremely large diurnal cycles with peaks near 18 LST
during summer months, especially in June in which
Indian monsoon starts. Spatial distributions of the
diurnal variation over the Bay of Bengal and its sur-
rounding areas (not shown) suggest that the diurnal
cycle over these regions may be affected by the com-
plicated land-sea contrasts such as the Indian Sub-
continent, the Indochina Peninsula and the Bay of
Bengal. The diurnal cycle over the South China
Sea (Fig. 7c) becomes dominant during the sum-
mer monsoon season, and the maximum amplitude
is found near noontime. Over the equatorial Indian
Ocean (Fig. 7d), convection is active during July-
October with peaks around 12-15 LST. Although
Murakami (1983) indicated the existence of diurnal
variations of deep convection over the Bay of Ben-
gal, the South China Sea and the equatorial Indian
Ocean during summer, based on the FGGE data,
detailed spatial and seasonal features of the diurnal

variation of convection over these regions have been
demonstrated for the first time in this study. How-
ever, the mechanism generating large diurnal varia-
tions of convection in the above sea areas is not clear
and further studies may be required in the future.

5. Diurnal and semi-diurnal variations over
the ITCZ and the SPCZ

In this section we investigate characteristic fea-
tures of diurnal variations over the open oceanic re-
gions east of the maritime continent. Figure 8 shows
horizontal distributions of amplitudes and phases of
the diurnal cycle for July and January in the region
of 15°N-15°S, 140°E-160°W. In July, active convec-
tive regions extend in the east-west direction both in
5°N-10°N and 5°S-10°S, corresponding to the ITCZ
and the SPCZ, respectively (Fig. 2a). Diurnal com-
ponents over most of the ITCZ and the SPCZ re-
gions in July have maximum peaks in late morning,
but afternoon peaks appear in some regions. There
exists little diurnal cycle over oceanic regions other
than the ITCZ and the SPCZ. This may be due to
the fact that I¢ defined by Eq. (1) corresponds to
deep convection whose activity is mostly limited to
the ITCZ and the SPCZ.

The diurnal cycle also appears in January over
the ITCZ and the SPCZ, but the amplitude over
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Fig. 8. Amplitudes and phases of diurnal components of Ic represented by vector forms in the open

Units of amplitudes are 5 shown in

oceanic regions east of 140°E in July (a) and January (b).

right-lower corner and the phase corresponds to the local time of the maximum I¢.

NI | -El ectronic Library Service



Met eor ol ogi cal

636

LOCAL TIME

LOCAL TIME

LOCAL TIME

LOCAL TIME

Soci ety of Japan

Journal of the Meteorological Society of Japan

3.5N,160.5E

7.5N,160.5E

Vol. 72, No. 5

w

L

3 . B w
. T + = oY
: = o
o oo 12
) L / g
IR E S 5
> ]
- 18 4 2.0
T\ '
L 21 4
v T T T f ? y . T o 24 T T 7 T T T T -
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
MONTH MONTH
5.5N,160.5E 9.5N,160.5E
L . L o N s ) s
]
3 L
o
. " L
w -
Z 5] ol b
- o
12 3
-
2 4
S F
-

T T T T T T Y T T T
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
MONTH

MONTH

T T T

T
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Fig. 9. Local time-season sections of I¢c at various latitudes over the ITCZ.

12.5S5,170.5E

A i L I L L L g 1

ot~ |

d- A
T T T
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
MONTH

n

10.5S,170.5E

AN

LOCAL TIME

LOCAL TIME

0 +—F—~t—

6.55,170.5E

~ -+ T T T T T =L
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

MONTH

'S

sl §
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
MONTH

t =T T T
JAN FEB MAR APR MAY

T T T T T “r
JUN JUL AUG SEP OCT NOV DEC

MONTH

Fig. 10. Local time-season sections of I¢ at various latitudes over the SPCZ.

NI | -El ectronic Library Service



Met eor ol ogi cal

Soci ety of Japan

October 1994

3.5N,164.5E

10 T T T T T

ITCZ

lc

0 1 1 1 1 L 1 i
0o 3 6 9 12 15 18 21 24

LOCAL TIME
7.5N,171.5E

10 T T T T T T T

0 3 6 9 12 15 18 21 24

LOCAL TIME

T. Nitta and S. Sekine 637

8.5S5,170.5E

T T T T T T

/W

© st ]
o 1 1 1 1 1 1 L
o 3 6 9 12 15 18 21 24
LOCAL TIME
10.5S5,170.5E
10 T T T T T T T
© st :
0 i 1 1 1 1 1 1

0 3 6 9 12 15 18 21 24

LOCAL TIME

FIg. 11. Diurnal cycles of Ic over the ITCZ in June (left) and over the SPCZ in February (right).

the SPCZ is slightly larger than over the ITCZ. Di-
urnal components over the SPCZ are more enhanced
in January than in July. The maximum peak in Jan-
uary mostly occurs near noontime.

Amplitudes of the diurnal cycle over the ITCZ and
the SPCZ are a few times smaller than those over
the maritime continent regions. There exist non-
uniform features of the diurnal variation in Fig. 8,
but it is not certain now whether these features
are associated with real physical processes or due
to noise which was not fully smoothed out by the
analysis. More detailed analysis should be done in
future to examine these variations.

Figure 9 shows local time-season sections of I
at several latitudes in 160.5°E, corresponding to the
ITCZ. Convection over the ITCZ is generally active
during the northern summer, but inactive during
winter. Convection over the ITCZ has a dominant
peak in the morning in general, but there is another
peak in the afternoon during active convection sea-
sons.

Figure 10 shows similar sections of Io over the
SPCZ. The SPCZ at 170.5°E is predominant during
the northern winter (southern summer), especially
during February. In February, the convection has
double peaks at about 5 LST and 14 LST. The SPCZ
becomes slightly enhanced in July at 6.5°S-8.5°S
with the maximum amplitude in the morning. The

diurnal modulation of the convective activity over
the ITCZ and the SPCZ is weaker than that over
the maritime continent regions.

Figure 11 shows diurnal cycles of Ic over the
ITCZ in June and those over the SPCZ in Febru-
ary. Ic values over the ITCZ and the SPCZ have
two peaks around 5-8 LST and 13-15 LST, as sug-
gested from Figs. 9 and 10. The results in Figs. 9 ,
10 and 11 imply that there exist semi-diurnal com-
ponents of the convective activity over the ITCZ and
the SPCZ.

Figure 12 shows horizontal distributions of
the semi-diurnal component in July and January
over 15°N-15°S, 140°E-160°W. Larger semi-diurnal
variations can be seen over the ITCZ and the SPCZ
than over other oceanic regions. The Fourier analy-
sis shows that the semi-diurnal component over the
ITCZ and the SPCZ has a maximum near 4-5 LST
(and also at 16-17 LST). The semi-diurnal compo-
nent over the ITCZ is larger than that over the
SPCZ in July, but the latter becomes larger than
the former in January. The amplitude of the semi-
diurnal component is about a half of the diurnal
component. Similar irregular features as in Fig. 8
are also found in Fig. 12.

Augstine (1984) found the existence of the semi-
diurnal component in satellite-inferred rainfall for
August 1979 in the tropical eastern Pacific. He
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showed that the semi-diurnal component has a max-
imum around 4-5 LST and 16-17 LST which gen-
erally corresponds to the results obtained in this
study, although his analysis period and region are
different from ours. Albright et al. (1985) also ob-
tained the double peaks of satellite-inferred rainfall
over the SPCZ for January-February 1979. They
found that the morning peak is mostly due to the
deepest clouds with tops colder than 208 K (above
the 175-hPa level), but the afternoon peak is at-
tributed to clouds with tops in the 253 K-218 K (400
to 200 hPa). These results imply a possibility that
the double peaks of I obtained in this study may
result from a mixture of different types of clouds,
but further analyses using different threshold Tgpg
are needed in future.

6. Summary and conclusions

Diurnal variations of convective activities in the
tropical western Pacific are analyzed based on 3-
hourly GMS-Tgp data for 9 years. Large diurnal
variations of convection exist over the Indochina
Peninsula, the Tibetan Plateau and northern Aus-
tralia, the maritime continent regions, the Bay of
Bengal and the South China Sea. Moderate ampli-
tudes of diurnal variations are also found over the
ITCZ and the SPCZ.

Over continents and large islands, the convection
attains the maximum intensity in late afternoon to
evening, probably due to strong surface heating dur-
ing the daytime. Over sea areas near large islands in
the maritime continent regions, the maximum con-
vective activity generally occurs in the morning.

Houze et al (1981) analyzed convection in the
vicinity of northern Borneo based on the radar
and satellite observations obtained during the
WMONEX and found a regular diurnal cycle in that
region. They showed that convection is enhanced
near midnight over land, but in the morning over
sea. They concluded that the offshore convection
is enhanced by the convergence of the land breeze
from Borneo with the low-level northeasterly mon-
soon flow. Our results for the diurnal cycles in the
vicinity of large islands over the maritime continent
regions are generally consistent with their results.
However, our results indicated that the diurnal vari-
ations in the offshore convection over the maritime
continent are predominant not only during active
monsoon seasons but also during transition peri-
ods between summer and winter monsoons and that
phases of the enhancement of the convection vary
in different locations and seasons. The interaction
between local circulations generated due to land-sea
heat contrast and the large-scale environmental cir-
culations such as monsoonal or non-monsoonal flows
may play an important role in generating the large
diurnal cycles of the offshore convection in the vicin-
ity of large islands. The detailed structure of the
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atmospheric circulations associated with the diurnal
cycle over the maritime continent regions should be
further investigated.

There exist large amplitudes of diurnal variations
during Indian monsoon seasons over the head of the
Bay of Bengal, and the maximum convection takes
place in the afternoon. Complicated land-sea con-
trast surrounded by the Indian Subcontinent and
the Indochina Peninsula may affect the diurnal cycle
over this region, but further detailed analysis using
upper air observation data would be needed to un-
derstand the mechanism of the diurnal cycle. The
diurnal cycle of convection becomes predominant
during summer and fall over the South China Sea
and the maximum convective activity occurs near
local noontime.

Although diurnal variations are less pronounced
over the open oceanic regions east of 150°E than
over the maritime continent regions, there exists
the diurnal cycle over the active convection regions
such as the ITCZ and the SPCZ with amplitudes
a few times smaller than over the maritime conti-
nent regions. Ic over the ITCZ and the SPCZ has
its maximum intensity generally in the morning but
the secondary maximum of Io occurs in the after-
noon, indicating the existence of the semi-diurnal
variations. The Fourier analysis of the second com-
ponent (semi-diurnal variation) shows that there ex-
ist semi-diurnal variations of I over the ITCZ and
the SPCZ, suggesting the existence of semi-diurnal
variations of convective activity, but further analy-
ses using different threshold values of Tgp and other
data such as radar echoes may be needed to deter-
mine the semi-diurnal variation of convection.

The results of the morning maximum of the
convective activity over the ITCZ and the SPCZ
obtained in this study are consistent with those
by Gray and Jacobson (1977), McBride and Gray
(1980) and Murakami (1983). Gray and Jacobson
(1977) hypothesized that the diurnal cycle in deep
convection over the oceanic areas may result from
day versus night variations in tropospheric radia-
tive cooling between the convective region and its
surrounding cloud-free region.

Brier and Simpson (1969) have shown that there
exist semi-diurnal variations of cloudiness and rain-
fall at Batavia (6.80°S, 106.45°E), with peaks near
sunrise and sunset. They suggested that the semi-
diurnal variations of cloudiness and rainfall are re-
lated to a semi-diurnal solar atmospheric tide.

Although several hypotheses have been proposed
to explain the mechanism of the diurnal and semi-
diurnal variations over the tropical oceanic regions
as mentioned above, further detailed observational
and modeling studies may be required to confirm
those hypotheses. The TOGA/COARE (Tropical
Ocean Global Atmosphere/Coupled Ocean Atmo-
sphere Research Experiment) has been conducted
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over the warm water pool in the tropical western
Pacific during November 1992-February 1993 and
various types of observations in the atmosphere and
ocean were obtained. It may be quite desirable to
analyze the diurnal cycle of convection by using the
TOGA/COARE data in near future.
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