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ABSTRACT

Diurnal variation of tropical convection and kinematic and thermodynamic conditions was investi-
gated for different large-scale environments of the convectively active and inactive periods by using satel-
lite observations and surface measurements during the Intensive Observation Period (IOP) of the Tropical
Ocean Global Atmosphere/Coupled Ocean-Atmosphere Response Experiment (TOGA/COARE). During
the convectively active period, the features of nocturnal convection appear in vertical profiles of conver-
gence, vertical velocity, heat source, and moisture sink. The specific humidity increases remarkably in the
middle troposphere at dawn. On the other hand, the altitude of maximum convergence and that of the
upward motion is lower during the convectively inactive period. The specific humidity peaks in the lower
troposphere in the daytime and decreases in the middle troposphere. Spectral analyses of the time series
of the infrared (IR) brightness temperature (TBB) and amounts of rainfall suggest multiscale temporal
variation with a prominent diurnal cycle over land and oceanic regions such as the Intensive Flux Array
(IFA) and the South Pacific Convergence Zone (SPCZ). Over land, the daily maximum of deep convection
associated with cloud top temperature less than 208 K appears at midnight due to the daytime radiative
heating and the sea-land breeze. Over the ocean, convection usually tends to occur at dawn for the con-
vectively active period while in the afternoon during the inactive period. Comparing the diurnal variation
of convection with large-scale variables, the authors inferred that moisture in the middle troposphere con-
tributes mostly to the development of nocturnal convection over the ocean during the convectively active
period.
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1. Introduction

Tropical convection plays an important role in the
general circulation and the climate of the Earth by re-
leasing latent heat associated with a phase change of
water vapor. The heat released from the tropical con-
vection and precipitation drives the large scale circula-
tions such as the Walker circulation and the Madden-
Julian oscillation (MJO). The tropical convection also
influences the Earth’s radiation budget via interaction
with the emission and incidence of solar energy (Hen-
don and Woodberry, 1993). Hence, study of the tem-
poral variation of tropical convection is essential for
understanding the atmospheric circulation.

The temporal variation of tropical convection has
been investigated by many authors. It is reported
that tropical convection possesses variability with
timescales ranging from several hours to many years

(Nakazawa, 1988; Sui and Lau, 1992; Weng and Lau,
1994). Among many components of variations with a
different period, the diurnal variation is most promi-
nent. Gray and Jacobson (1977) found an early morn-
ing maximum in the small islands, while an afternoon
maximum in the large islands, based on rain gauge
observations in the western Pacific Ocean region. For
the tropical Atlantic Ocean, McGarry and Reed (1978)
showed that a maximization of convection occurred in
the afternoon and at midnight from analysis of Global
Atmospheric Research Program Atlantic Tropical Ex-
periment (GATE) observations.

The rain rate retrieved from satellite observation
is used for the study of the global diurnal variation
of rainfall. Augustine (1984) found a strong after-
noon and early morning maximum in the tropical Pa-
cific for August 1979 by analyzing rainfalls retrieved
from the SMS-2 IR (infrared) imagery. Chang et al.
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(1995) found that the early morning rainfall was larger
than the afternoon’s, based on the rain rate retrieved
from the Special Sensor Microwave/Imager (SSM/I).
Imaoka and Spencer (2000) and Nesbitt and Zipser
(2003) examined the rainfall derived by the Tropical
Rainfall Measuring Mission (TRMM) TMI (TRMM
Microwave Imager) and PR (Precipitation Radar) over
the tropical ocean, and they found that the rainfall
peaks around dawn.

The convective index is derived from the infrared
(IR) brightness temperature (TBB) because the satel-
lite IR sensor is a measure of the temperature of the
cloud top. Short and Wallace (1980) and Murakami
(1983) studied the diurnal variation of convection us-
ing satellite data, which showed an increase of convec-
tive activity in the afternoon over the islands and a
maximum convection in the morning over the Pacific
Ocean. Hendon and Woodberry’s (1993) investiga-
tion for the global ocean using IR images showed that
the maximum frequency of convection occurred in the
early morning. Albright et al. (1985) and Janowiak
et al. (1994) compared the diurnal variation of trop-
ical convection determined from the threshold value
of IR TBB. These results showed that the moderately
cold cloud over the ocean peaked in the afternoon but
the deep convection peaked at dawn. Hall and Von-
der Haar (1999) analyzed the GMS IR for the West
Pacific Ocean during the summer and winter of 1994,
and found a diurnal cycle affected by the deep convec-
tions in the early morning.

The diurnal variation of convection over the land
and coastal regions having an afternoon-early evening
maximum is understood as arising from the bound-
ary layer heating in the daytime and the land and sea
breeze circulation. As thermal properties of the sur-
face and the effects of boundary heating in the open
ocean are not significant, the mechanism responsible
for the diurnal cycle of the nocturnal deep convection
in the Tropics has yet to be understood (Chen and
Houze, 1997).

Previous hypotheses for the diurnal variation over
the ocean are in general based on the interactions of
static stability, cloud-radiation interaction, and the life
cycle of clouds. Kraus (1963) interpreted that during
the nighttime, the top of the clouds cool to a larger ex-
tent than the cloud base does, and the resulting insta-
bility produces vertical overturning. Solar radiation
warms and stabilizes the clouds during the daytime.
Even though the above explanation is satisfactory for
the diurnal cycle of shallow convection, limitations still
exist, keeping it from being a proper explanation for
the observed large diurnal cycle in the deep convec-
tions (Gray and Jacobson, 1977; Tao et al., 1996).

Gray and Jacobson (1977) suggested that the ra-
diational differences between the cloudy and clear re-
gions enhance the deep convective clouds during the
nighttime. Sui et al. (1997, 1998) hypothesized that
the nocturnal rainfall maximum is associated with
a large scale destabilization in the clear regions by
the radiative heating-cooling cycle and the resultant
change in the available precipitable water.

The cloud-radiation mechanism explaining the di-
urnal cycle of deep convection assumes a prior con-
dition of the existence of a large cloud system. Sim-
ulations of mesoscale convective systems during day-
time conditions produce ∼0–7% less surface rainfall
than during nighttime conditions. This difference is
too small to account for the observed diurnal cycle
of precipitation of ∼25%–100% (difference of rainfall
amount between 0700 LST and 1900 LST). The ampli-
tude of the diurnal cycle is large for the heavy rainfall
period, but on the other hand, the radiative effect on
the rainfall is weaker when the large-scale dynamical
forcing is strong (Miller and Frank, 1993; Tao et al.,
1996; Chen and Houze, 1997).

A hypothesis of the cloud life cycle proposed by
Chen and Houze (1997) is based on the result that
the larger the cloud size and rainfall, the stronger the
magnitude of diurnal variation with a maximum in
the early morning (Gray and Jacobson, 1977; Mapes
and Houze, 1993). The relationship between tropical
rainfall and large-scale motion was shown in Reeves
et al. (1979) over the Atlantic Ocean. By ana-
lyzing the GATE and Winter Monsoon Experiment
(WMONEX) data, Gruber (1976) and Johnson and
Priegnitz (1981) examined the diurnal cycle for the dis-
turbed and undisturbed periods defined by the large-
scale forcing and found that the amplitude of diurnal
variation increased during the disturbed period, and
that the phase distribution is nearly the same for both
periods. Sui et al. (1997) showed that the deep con-
vection was enhanced at dawn during the disturbed
period and shallow convection occurred in the after-
noon during the undisturbed period over the Inten-
sive Flux Array (IFA) of Tropical Ocean Global At-
mosphere/Coupled Ocean-Atmosphere Response Ex-
periment (TOGA/COARE). Chen and Houze (1997)
suggested that a mesoscale convective system tends to
form in the afternoon under the warmest ocean surface
and atmospheric surface layer, which then evolves into
deep convective clouds throughout the night with a life
cycle of 18–24 hours.

The characteristics of the diurnal variation of trop-
ical convection seem to be sensitive to the geographi-
cal location and large-scale environment causing con-
vection. Thus we analyze the temporal and spatial
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variability of the diurnal variation of tropical convec-
tion using the surface observation rainfalls and satellite
data during the Intensive Observation Period (IOP) of
TOGA/COARE. For investigating the large-scale en-
vironment in the development of clouds, we compare
the kinematic and thermodynamic activities for differ-
ent time periods.

Section 2 describes the data, and vertical profiles of
the kinematic and thermodynamic variables are shown
in section 3 to investigate the atmospheric environ-
ments for different large-scale regimes. The diurnal
variation contained in the time series of the satellite
and rainfall observations is shown in section 4, and the
conclusion is given in section 5.

2. Data

The data used in this study are based on the
TOGA COARE observations for the period November
1992-February 1993. The GMS (Geostationany Mete-
orological Satellite) IR TBB, rain rates by radar, and
rainfall amounts observed by rain gauges on the is-
lands are analyzed to study the diurnal variation of
tropical convection. The TOGA COARE objective
analysis data are used to analyze the kinematic and
thermodynamic variables. A detailed description for
each dataset is given in the following.

2.1 GMS-4 IR TBB and rainfall

GMS-4 IR TBB has a 0.1◦×0.1◦ spatial resolution
and a 1-hour temporal resolution. The observation
domain shown in Fig. 1 covers 15◦S–15◦N and 130◦E–
180◦.

TBB estimated by the satellite IR sensor has been
used as an index for convective activity. Mapes and
Houze (1993) suggested that the coverage of cloud
colder than 208 K gave an approximate correspondence
to the radar echo patterns during the Equatorial

Fig. 1. The entire domain denotes the TOGA COARE
GMS data coverage. Black dots represent the rain gauge
observation sites on the islands of Manus and Nauru. The
thick small rectangles indicate sub-regions for the study of
local diurnal variations in the time series of the GMS IR
TBB.

Fig. 2. Time mean values of the GMS IR TBB for the
TOGA COARE IOP lasting for four months from Novem-
ber 1992 to February 1993. The shading is in 5◦K intervals
with the scale shown on the right-hand side of the figure.

Mesoscale Experiment (EMEX), and the area of 208
K cloud top temperature also indicates the rain area
derived from SSM/I (Liu et al., 1995). Thus, the 208
K threshold is used for assessing the diurnal variation
of convections observed from the satellite during the
TOGA COARE IOP.

The rain rate observed by two radar sets, which
were installed on a research vessel in the IFA, is an-
alyzed for the diurnal variation of rainfall. The rain
rate used in this study was released from the National
Aeronautic and Space Adminstration (NASA) God-
dard Space Flight Center by applying the Z-R rela-
tions based on the Kapingamarangi Atoll observations
(Short et al., 1997). The gridded rain map is within
a 5◦ × 5◦ latitude-longitude area with a 2-km spatial
resolution centered at 2.5◦S, 155.5◦E.

Rainfall is observed at four islands–Kapingamar-
angi Atoll, Kavieng, Manus, Nauru–by tipping-bucket
rain gauges during the TOGA COARE IOP. Although
optical rain gauges were used to observe the rain rate
on ships and buoys, they are excluded in this study
because of the irregular spatial distribution due to the
cruising of ships, in addition to the lack of confidence
in the unverified data.

The time mean distribution of GMS IR TBB dur-
ing the TOGA COARE IOP shows that the convective
activity was stronger in the mid-Pacific than in the
western Pacific (Fig. 2). Manus Island, which was lo-
cated in the weak convective region, and Nauru Island,
in the active convective region, are chosen to examine
the diurnal variability in relation to the degree of con-
vective activity. Manus is a rather large island among
the four islands, whereas Nauru is sufficiently small,
so that it is possible to investigate the dependence of
diurnal variation of rainfall amounts on the size of the
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islands for comparison with the results of Gray and
Jacobson (1977).

2.2 Objective analysis for the TOGA COARE
IOP

The TOGA COARE objective analysis data ob-
tained from Colorado State University are analyzed to
investigate the kinematic and thermodynamic charac-
teristics of the large-scale environment. The data cover
the TOGA COARE Large Scale Array (LSA, 10◦S–
10◦N, 140◦E–180◦) with a resolution of 1◦ × 1◦ and

are interpolated vertically from 1000 to 25 hPa with
an interval of 25 hPa with rawinsonde data (Lin and
Johnson, 1996a).

The data are comprised of wind, temperature,
geopotential height and specific humidity. The hori-
zontal convergence, vertical velocity, and heat source
/ moisture sink are calculated for the kinematic and
thermodynamic analysis. The vertical velocity is cal-
culated by the kinematic method, whereas the appar-
ent heat source (Q1) and moisture sink (Q2) are com-
puted using the method of Yanai et al. (1973).

Fig. 3. Normalized wavelet amplitudes with periods of 3–6 days, which are estimated
from the time series of PHC208. An active period is defined to have amplitudes larger
than or equal to 0.1 in magnitude, denoted by the horizontal dotted lines. The other
periods are regarded as inactive periods.
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3. Vertical profile of kinematic and thermody-
namic variables

Tropical convection appears to be closely related
with large-scale motion or circulations such that the
MJO modulates a high frequency convection (Reeves
et al., 1979; Sui and Lau, 1992; Kiladis et al., 1994).
Thus, we analyze the kinematic and thermodynamic
variables for different phases of cloud development.

To examine the diurnal variation of the kinematic
and thermodynamic fields during the different large-
scale regimes, the convective periods are divided into
active and inactive periods by applying wavelet analy-
sis to the time series of percent high cloudiness (PHC)
with TBB less than 208 K over IFA. The PHC is cal-
culated as the percentage of pixel numbers colder than
a threshold temperature at each pixel for a given area.
The PHC208 was used to denote the fractional cov-
erage of clouds with an IR temperature colder than
208 K (Chen and Houze, 1997). The practical wavelet
analysis method used in this study was adopted from
Torrence and Compo (1998). Using the above method,
we define the active period as having the normalized
wavelet power greater than 0.1 for the synoptic distur-
bances with periods of 3–6 days, which are significant
in the Western Pacific (Takayabu and Nitta, 1993),
while the remaining periods are classified as inactive
periods (Fig. 3).

The vertical profiles of average divergence for the
convectively active and inactive periods are shown in
Fig. 4a. A significant difference between the convec-
tively active and inactive periods is discernable in the
vertical depth of convergence. The convergence ex-
tends up to 400 hPa during the convectively active
period, but reaches less than about 600 hPa during
the inactive period. Vertical velocity during the con-
vectively active period is stronger than that of the in-
active period in the mean profile (Fig. 4b). During
the convectively active period, the maximum upward
vertical motion appears in the upper troposphere (400
hPa). The vertical velocity of strong upward motion
in the upper troposphere during the active period and
that of shallow upward motion in the inactive period
are in agreement with the vertical distribution of con-
vergence.

The profiles of the specific humidity perturba-
tion are shown for both periods, which are clearly
contrasted in the middle troposphere. The positive
anomaly appears during the active period and shows
its maximum between 500 hPa and 700 hPa. The neg-
ative anomaly of specific humidity, however, appears
in the middle troposphere during the inactive period,
and the maximum amplitude of the positive anomaly
appears in the lower troposphere around 800 hPa

(Fig. 4c). The largest difference in specific humidity
appears in the middle troposphere in periods with con-
vectively active cloud clusters and in fair weather in
the analysis of Lucas and Zipser (2000).

Fig. 4. Vertical profile of (a) divergence (10−6 s−1), (b)
vertical velocity (hPa h−1), and (c) specific humidity per-
turbation (g kg−1) over the IFA during the convectively
active and inactive periods.
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Fig. 5. As in Fig. 4, but (a) is for the heat source (K d−1) and (b) is for the
moisture sink (K d−1).

The difference of the cloud height between the con-
vectively active and inactive periods appears in the
distribution of the heat source (Fig. 5a). The heat
source exhibits its maximum near 450 hPa during the
active period, compared to around 650 hPa during the
inactive period. The moisture sink peaks between 400
hPa and 500 hPa, where the associated condensation
is maximized during the active period. The heights of
the maxima of the moisture sink during the inactive
period appear around 500 hPa and 850 hPa (Fig. 5b).

Heating and moisture sink profiles over the western
Pacific Ocean have been investigated by many authors
(Yanai et al., 1973; Lin and Johnson, 1996b; Yang and
Smith, 1999; Yang and Smith, 2000). Our maximum
heating rate between 400 hPa and 450 hPa during the
convectively active period is consistent with the mean
heating rate profile of IOP over the IFA from Lin and
Johnson (1996b). By the way, the moisture sink curve
over the IFA from Lin and Johnson (1996b) has a dif-
ferent feature in contrast with Yanai et al. (1973) that
indicates two peaks at 700 hPa and 500 hPa. The
double peak structure in the inactive period of Fig.
5b is consistent with Yanai et al. (1973). Johnson
(1984) proposed that the double peak structure is a
combined consequence of two different drying phenom-
ena. He suggested that the lower peak is a result of
cumulus updrafts in the convective region, while the
upper one comes from the mesoscale updraft within
the anvil clouds. Although there exist differences in
the magnitudes of the moisture sink, the distribution
in the convectively active period is similar to the IOP
mean profile by Lin and Johnson (1996b), which indi-
cates the moistening below 900 hPa. This moistening
is due to strong evaporation and upward transport of
moisture by shallow cumuli (Lin and Johnson, 1996b).

Yang and Smith (1999, 2000) studied a heat source

and moisture sink for convective and stratiform cases.
For the convective systems, the heat source and mois-
ture sink are positive throughout the troposphere. In
the stratiform systems, the profile of the heat source
indicates a cooling process below 650 hPa and a heat-
ing process up to 250 hPa with a maximum value
around 400 hPa. The profile of the moisture sink sug-
gests moistening below 700 hPa and drying above that
level with a maximum near 450 hPa (Yang and Smith,
1999; Yang and Smith, 2000). Compared to Yang and
Smith (1999, 2000), the peak of the heat source at 400
hPa during the convectively active period may result
from mesoscale updrafts within anvil clouds and the
weakening of the heating during the inactive period
comes from the updraft by cumulus, while the cool-
ing below 650 hPa shown in Yang and Smith (1999,
2000) is not observed in our analysis. Although the
altitude of moistening is low during the convectively
active period, the maximum drying at 400–500 hPa is
similar to the stratiform systems in Yang and Smith
(1999, 2000). The difference in features of heat source
and moisture sink profiles with Yang and Smith (1999,
2000) may result from using the classification method
of PHC208. Now PHC208 is not for classification of
cloud type, but for cloud development. Due to the
intrinsic problem of classifying the convective period
with PHC208, cases of the convectively active period
including anvil cloud and small cumulus are abundant
in the inactive period.

Sensitivity tests on the criterion of wavelet power
magnitude have been conducted to examine its effects
on profiles by classification of the convectively active
and inactive periods (not shown). As the threshold
value increases, the change in the vertical distribution
is significant for the convectively inactive period rather
than for the active period. For the former, the conver-
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(a) Divergence 

(b) Vertical velocity 

(c) Specific hum idity perturbation 

Fig. 6. Diurnal variation of (a) divergence with contours with 0.5×10−6 s−1 intervals, (b) vertical
velocity with contours with 0.5 hPa h−1 intervals for the active period and 0.2 hPa h−1 intervals for
the inactive period, and (c) specific humidity perturbation with contours with 0.1 g kg−1 intervals
over the IFA during the convectively active and inactive periods.

gence layer and height of maximum upward motion in-
crease as the threshold value is raised. Higher thresh-
old values cause a decrease of negative perturbation
in the specific humidity and an increase of maximum
height in the profile of the heat source. The double

peak structure of the moisture sink profile with a dry-
ing maximum around 800 hPa and 500 hPa is a similar
feature in the 0.1 threshold.

The diurnal variation of divergence shows the max-
imum convergence near 850 hPa at 2300 LST during
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the convectively active period. In contrast, there is a
convergence peak around 950 hPa at 1700 LST dur-
ing the inactive period, and the convergence decreases
in the evening. The level of maximum convergence
is lower during the inactive period than in the active
period (Fig. 6a).

The maximum of vertical motion at 2300 LST dur-
ing the convectively active period may be associated
with the middle troposphere convergence feature (Fig.
6b). During the inactive period, a peak is shown at
1700 LST, around 600 hPa. The convectively active
period is dominated by deep convective effects with a
strong convergence up to 400 hPa around midnight and
a strong upward motion in the upper troposphere. On
the other hand, the convergence maximum is placed
in the lower troposphere in the afternoon with a weak
upward motion during the inactive period.

As in the divergence and vertical velocity, a distinct
diurnal oscillation of specific humidity appears with a
morning maximum (1100 LST) during the convectively

active period. The specific humidity is considerably
weaker during the inactive period than the active pe-
riod in the middle troposphere, and has a maximum
at 850 hPa in the afternoon and evening (1700–2300
LST) (Fig. 6c).

The diurnal cycle of the heat source is similar to the
specific humidity such that the largest value of the heat
source is found near 0500–1100 LST during the convec-
tively active period and near 1100–1700 LST during
the inactive period (Fig. 7a). A maximum moisture
sink appears at midnight and dawn (2300–0500 LST)
due to the condensation of water vapor during the con-
vectively active period, while it occurs between 1700
LST and 0500 LST in the low troposphere during the
inactive period (Fig. 7b).

4. Diurnal variation of tropical convection

4.1 Diurnal variation in satellite observations

Figure 8 shows the IOP mean cloud coverage deriv-

(a) Heat source 

(b) M oisture sink 

Fig. 7. As in Fig. 6, but (a) is for the heat source with contours with 1 K d−1 intervals and (b)
is for the moisture sink with contours with 1 K d−1 intervals for the active period and 0.5 K d−1

intervals for the inactive period. Negative values are dashed.
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Fig. 8. Diurnal variation in the ratio of cloud coverage estimated from GMS IR TBB lower than
208 K for the TOGA COARE IOP lasting for four months from November 1992 to February 1993.

ed from IR TBB colder than the 208 K threshold
(PHC208). A significant phase difference is observed
between the diurnal variation over land and that over
the ocean. Over land, a convection is found with a
maximum around midnight (2300 LST) and a min-
imum at 0800–1400 LST, while the strongest convec-
tive activity occurs at 0100–0700 LST and the weakest
at 1800–2100 LST over the mid-Pacific Ocean (15◦S–
10◦N, 160◦E–180◦).

To identify and describe a periodic variability of
fractional coverage on a regional basis, a spectral anal-
ysis is performed for the PHC208 time series of Papua
New Guinea, the costal region of Papua New Guinea,
Manus, IFA, Nauru and the SPCZ. During the TOGA
COARE IOP, the mean TBB is colder over the mid-
Pacific region than in the western Pacific as shown in
Fig. 2. This may be due to the location of the ITCZ.
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Fig. 9. Power spectra of the time series of the fractional coverage of clouds defined with their top
temperature colder than 208 K. Dotted curves indicate the spectra of the corresponding red noise
functions.

The diurnal variation of the convection around Nauru,
which is located in the strong convective region, may
stand for the diurnal variation in the ITCZ. The di-
urnal variation of Manus Island may represent that of
the weak convective region.

The results of the spectral analysis show the multi-
scale variations over the TOGA COARE domain (Fig.
9). This result is consistent with the previous stud-
ies by Weng and Lau (1994) and Chen et al. (1996).
They said that the convective activity over the west-

ern tropical Pacific Ocean included the short-period
oscillations embedded in the intraseasonal oscillation.

It is observed that there are diurnal variations in
the activity of deep convection around Papua New
Guinea and its coastal region. Semidiurnal and 2-day
oscillations are apparent at Manus Island (Fig. 9). The
2-day period component is reduced and the 1-day pe-
riod is distinctive in the analysis of the cloud coverage
between 273 K and 288 K (warm clouds) of Manus Is-
land as shown in Fig. 10.
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Fig. 10. As in Fig. 9, but for the warm clouds, for which the TBB is between 273 K and 288 K.

Spectral analysis of the fractional coverage of deep
convection over Nauru and the IFA shows the diurnal
and 2-day period spectral peaks. The 2-day period
peak is stronger than the diurnal peak for the frac-
tional coverage of warm clouds. This feature is also
observed over the SPCZ, in which the 2-3-day period
peak is stronger than the 1-day peak for the warm
clouds (Fig. 10). It seems that these facts are related
with the life cycle of the convective clouds over the
tropical ocean. It can be inferred that the cloud life
cycle of Nauru and the SPCZ is longer than those of
the land where clouds develop and decay with a one-
day cycle.

To examine the effects of the degree of convective
activity on the diurnal variation of convection, the

temporal variation is classified as in Fig. 3. The distri-
bution of TBB histogram anomalies during the active
period shows that the land and the coast display op-
posite features. The high clouds (TBB <233 K) over
the land are extended at midnight (2200 LST) and
decay during the dawn and afternoon. The midlevel
(233 K<TBB<273 K) and warm clouds (273 K<TBB)
are maximized in the morning and at noon. On the
other hand, the maximum presence of high clouds over
the coastal region develops at dawn (0600 LST), while
the midlevel clouds may be observed in the afternoon
and early evening. The warm clouds appear in the
morning over the coastal region. At Manus Island, the
high clouds show a semidiurnal variation with after-
noon and dawn peaks. Spectral analysis reveals a semi-
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Fig. 11. Diurnal variation of the histogram of TBB anomaly for the convectively
active period of the TOGA COARE. Positive-value areas are shaded to denote the
development of cloud.

diurnal peak that is stronger than the diurnal peak
at Manus Island. The warm clouds appear most fre-
quently in the early morning at Manus (Fig. 11).

In Fig. 11, the diurnal variation of high clouds for
the oceanic region such as the IFA, Nauru, and the
SPCZ shows that the high clouds develop in the early
morning at 0400–0800 LST and gradually decrease in
the afternoon. The midlevel clouds are observed in the
afternoon and at midnight.

The diurnal variation of convection during the con-
vectively inactive period over land and coastal regions
is similar to the active period, but the convective inten-
sity is weaker than in the active period. Convection

develops in the afternoon, and nocturnal convection
does not appear on Manus Island. The TBB histogram
anomalies during the inactive period over the oceanic
regions such as the IFA, Nauru, and the SPCZ shows
that the high clouds develop in the afternoon, with the
midlevel and warm clouds at dawn (Fig. 12).

The observed diurnal variation of tropical convec-
tion during TOGA COARE is contrasted between the
land and ocean. The diurnal variation in the active
period is almost similar to that in the inactive period
over the land region, while the open ocean shows that
the deep convection increases at dawn during the ac-
tive period and in the afternoon during the inactive
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Fig. 12. As in Fig. 11., but for the inactive period of convection.

period. The diurnal variation in the western Pacific
Ocean is different from that of Africa and South Amer-
ica which is characterized by afternoon maximum con-
vection (McGarry and Reed, 1978; Mapes et al., 2003).
The maximum time of convection over the land and
coastal regions is influenced by the sea-land contrast
and topography, but the different features of diurnal
variation over the open ocean according to the convec-
tive period may be caused from the large-scale envi-
ronment.

4.2 Diurnal variation in the rainfall amounts

Multiscale variabilities are discernable in the spec-
tral analysis of surface observations of rainfall amounts
(Fig. 13). The 1-day period is the most pronounced in

the rainfall of Manus and Nauru. Peaks with periods
of 2–3-, 6-, 30- and 40-days are shown. The radar rain
rate observed for the IFA also shows significant spec-
tral peaks in the high frequency range of 1 and 2–4
days, besides the low frequency components.

In Fig. 14, the diurnal variations of rainfall
amounts during the TOGA COARE IOP may be dis-
tinguished in that an afternoon peak of diurnal vari-
ation occurs at Manus. In contrast, an early morn-
ing peak from midnight to 0800 LST is dominant at
Nauru and in the IFA. The diurnal variation of rain-
fall amount is consistent with the diurnal variation of
GMS IR TBB in that a convection is developed in the
afternoon over Manus and at dawn over Nauru and the
IFA. A weak rainfall peaks at dawn and during the af-
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Fig. 13. Power spectra of the observed rainfall amounts at
Manus, Nauru, and IFA for the TOGA COARE IOP. Dot-
ted curves denote the spectra of the respective red noise
functions.

ternoon on Manus, which is consistent with Gray and
Jacobson’s (1977) finding of a semidiurnal oscillation
and a stronger afternoon peak over a larger island.

From the difference of the maximum rainfall time
over Manus and Nauru, we can infer that the diurnal
variation of rainfall is influenced by the temporal and

Fig. 14. Diurnal variation of four-month averages of rain-
fall, which were observed at Manus, Nauru, and over the
IFA for the TOGA COARE IOP.

regional variation of cloud development. Thus, in or-
der to examine the diurnal variation of the rainfall
amount in a different large-scale environment, the con-
vectively active and inactive periods are divided by
using the wavelet analysis of PHC208.

The amount of rainfall at Manus peaks at 1300–
1600 LST during the convectively active and inactive
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Fig. 15. Diurnal variation in the time series of the hourly amounts of rainfall for the convectively
active period in the left-hand side column panels and for the inactive period in the right-hand
panels.

periods, but the rainfall at Nauru shows a maximum
at dawn in both periods. The diurnal variation of
rainfall amount under a different large-scale regime
over the IFA is clearly different. The rain rate has
a peak at dawn during the convectively active period,
and maximum rainfall appears in the afternoon dur-
ing the inactive period (Fig. 15). The reason for this
difference is due to the cloud cluster and the precipita-
tion mechanism. The weekly mean TBB distribution
shows that large convective clouds are seldom observed
at Manus during the TOGA COARE IOP, and that
large cloud clusters associated with the ITCZ are al-
most static at Nauru. Over the IFA region, a large

cloud cluster forms in the active period, while small
clouds are found frequently during the inactive period
(not shown). Therefore, the precipitation is caused
from the small scale and short time period of cloud at
Manus, from a large cloud cluster at Nauru, and from
the small-scale cloud to the large-scale cloud cluster
over the IFA.

5. Conclusions

The diurnal variation of tropical convection in the
different large scale environments during the TOGA
COARE IOP has been investigated by using the sur-
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face observations of rainfall amounts, radar rain rates,
and the GMS-4 IR TBB. Large-scale environments are
classified into convectively active and inactive periods
by using the results from a wavelet analysis of the time
series of TBB colder than 208 K. To examine the kine-
matic and thermodynamic characteristics of the clas-
sified large-scale environments, we used the vertical
profiles of variables derived from the TOGA COARE
objective analysis data.

Over the IFA, the vertical profiles are different in
the shape of the kinematic and thermodynamic vari-
ables between the convectively active and inactive pe-
riods. For the convectively active period, the conver-
gence increases up to the 400-hPa level, with a max-
imum near 850 hPa at 2300 LST. The upward verti-
cal motion is the strongest in the upper troposphere
(400 hPa) at midnight (2300 LST), and the specific
humidity perturbation shows a maximum at 600–700
hPa. The vertical profiles of the heat source and mois-
ture sink indicate that the clouds develop in the up-
per troposphere (450 hPa) with a midnight peak. On
the other hand, for the inactive period, the height of
the convergence layer is displaced downward with its
maximum in the lower troposphere (950 hPa), and
the maximum of convergence is found in the after-
noon (1700 LST). The upward motion that appears
in the afternoon is maximized in the middle tropo-
sphere (600 hPa). The specific humidity perturbation
shows a peak in the daytime in the lower troposphere
and a negative one in the middle troposphere. The
altitudes of the maximum values of heat source and
moisture sink are lower when compared with those of
the convectively active period.

The spectral analyses of the times series of PHC208

and rainfall amounts indicate that the high-frequency
components of variations with a prominent diurnal cy-
cle coexist with the low frequency components which
represent the slowly varying convective activity asso-
ciated with the large-scale weather conditions. Over
land, the diurnal variation of tropical convections is
found to have a midnight maximum of amplitude,
which is common to the convectively active and inac-
tive periods. Over the ocean, such as in the IFA, ITCZ,
and SPCZ regions, the convection reaches a maximum
activity level at dawn during the convectively active
period, while in the afternoon during the inactive pe-
riod.

The surface observations of rainfall amounts also
show a diurnal variation. Manus Island shows an af-
ternoon maximum of rainfall, but an early morning
peak appears in Nauru with a large amount of rain-
fall. The diurnal variation of rainfall amount based
on radar observation over the IFA shows a maximum
at dawn during the convectively active period and in

the afternoon during the inactive period. Oceanic con-
vections show their peaks at different times of day ac-
cording to the strength of convective activity. The
deep convection in the morning and a shallow one in
the afternoon over the ocean are consistent with the
results in which the heavier and larger clouds appear
at dawn, while light rain and small clouds occur in the
afternoon (Gray and Jacobson, 1977; Chen and Houze,
1997).

Comparing the vertical profile of kinematic and
thermodynamic fields with the diurnal variation of
convection over the ocean, the large-scale variables re-
flect the diurnal variation of the deep convection at
night and the shallow convection in the afternoon. The
diurnal variations of the large-scale variables and con-
vection in different periods are evidence for the con-
vective life cycle proposed by Chen and Houze (1997).
The deep convective cloud during the convectively ac-
tive period evolves throughout the nighttime after its
initiation in the afternoon.

The role of large scale variables in the development
of deep convection may be recognized in Fig. 4, which
shows the vertical profile of the specific humidity per-
turbation. The difference of specific humidity pertur-
bation between the convectively active and inactive
periods is significant in the middle troposphere. Dur-
ing the convectively active period, the specific humid-
ity perturbation shows a positive value throughout the
entire troposphere with its maximum occurring around
650 hPa, while the positive value is found in the lower
troposphere with a maximum at 800 hPa during the in-
active period. Brown and Zhang (1997) showed a good
correlation between rainfall and relative humidity in
the mid to upper troposphere. By a numerical experi-
ment, Ridout (2002) suggested that rainfall was most
sensitive to moisture in the mid- to upper-level tropo-
sphere. Nocturnal rainfall during the convectively ac-
tive period results mostly from the cloud system which
reaches its maximum in the nighttime after initiation
in the afternoon, when sufficient moisture exists in the
middle troposphere.
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