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ABSTRACT

This study surveys interannual to diurnal variations of tropical deep convective clouds and convective
overshooting using the Advanced Microwave Sounding Unit B (AMSU-B) aboard the NOAA polar or-
biting satellites from 1999 to 2005. The methodology used to detect tropical deep convective clouds is based
on the advantage of microwave radiances to penetrate clouds. The major concentrations of tropical deep
convective clouds are found over the intertropical convergence zone (ITCZ), the South Pacific convergence
zone (SPCZ), tropical Africa, the Indian Ocean, the Indonesia maritime region, and tropical and South
America. The geographical distributions are consistent with previous results from infrared-based measure-
ments, but the cloud fractions present in this study are lower. Land–ocean and Northern–Southern Hemi-
sphere (NH–SH) contrasts are found for tropical deep convective clouds. The mean tropical deep convec-
tive clouds have a slightly decreasing trend with �0.016% decade�1 in 1999�2005 while the mean convec-
tive overshooting has a distinct decreasing trend with �0.142% decade�1. The trends vary with the
underlying surface (ocean or land) and with latitude. A secondary ITCZ occurring over the eastern Pacific
between 2° and 8°S and only in boreal spring is predominantly found to be associated with cold sea surface
temperatures in La Niña years. The seasonal cycles of deep convective cloud and convective overshooting
are stronger over land than over ocean. The seasonal migration is pronounced and moves south with the sun
from summer to winter and is particularly dramatic over land. The diurnal cycles of deep convective clouds
and convective overshooting peak in the early evening and have their minima in the late morning over the
tropical land. Over the tropical ocean the diurnal cycles peak in the morning and have their minima in the
afternoon to early evening. The diurnal cycles over the NH and SH subtropical regions vary with the
seasons. The local times of the maximum and minimum fractions also vary with the seasons. As the detected
deep convective cloud fractions are sensitive to the algorithms and satellite sensors used and are influenced
by the life cycles of deep convective clouds, the results presented in this study provide information comple-
mentary to present tropical deep convective cloud climatologies.

1. Introduction

Deep convective clouds play an important role in the
earth’s climate by transporting heat, moisture, and mo-
mentum from the lower to the upper troposphere. The

tropical tropopause layer (TTL) between about 14 and
18 km (Sherwood and Dessler 2001; Alcala and Dessler
2002) is the important transition layer between the
tropical troposphere and the stratosphere (Thuburn
and Craig 2002; Liu and Zipser 2005). The convective
overshooting penetrating the TTL affects the exchange
between the troposphere and the stratosphere, thereby
influencing the physical and chemical processes in the
TTL and lower stratosphere (Gettelman et al. 2002;
Notholt et al. 2003). Deep convective clouds also influ-
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ence the earth’s radiation budget by interacting with
incoming shortwave and outgoing longwave radiation
(Hendon and Woodberry 1993; Hall and Vonder Haar
1999; Lin et al. 2006).

The seasonal and diurnal cycles of tropical deep con-
vective clouds belong to the most fundamental varia-
tions of the climate system (Yang and Slingo 2001;
Slingo et al. 2004). The ability to represent the seasonal
and diurnal cycles is a key parameter when investigat-
ing climate models. Recently, Slingo et al. (2004) evalu-
ated the representation of the diurnal cycle in the Had-
ley Centre Climate Model using simulations of the in-
frared radiances observed by Meteosat 7. They found
that the diurnal cycle errors most probably arise from
deficiencies in the convection scheme of the model. Sig-
nificant differences between the measurements and
model simulations were found by comparing basic
cloud climatologies from 10 general circulation models
(GCMs) with satellite measurements (Zhang et al.
2005).

Satellite observations provide a global survey of
tropical deep convective clouds. Their advantages of
high temporal sampling and wide spatial coverage have
been extensively used to study the seasonal and diurnal
cycles of tropical deep convective clouds (e.g., Yang
and Slingo 2001; Betts and Jakob 2002; Slingo et al.
2004; Tian et al. 2004; Hong et al. 2005b, 2006; Liu and
Zipser 2005). Cloud climatologies have been estab-
lished based on a long time series of observations by
different satellite sensors and retrieval techniques.
Since 1983 the 0.5-�m visible channel and 11-�m infra-
red window channel have been analyzed for the Inter-
national Satellite Cloud Climatology Project (ISCCP)
cloud climatologies (Rossow and Schiffer 1999). The
High Resolution Infrared Radiometer Sounder (HIRS)
aboard National Oceanic and Atmospheric Adminis-
tration (NOAA) satellites has been used by Wylie et al.
(2005) to study global cloud cover from 1979 to 2001
based only on infrared channels. Stubenrauch et al.
(2006) have analyzed 8 yr (1987–95) of cloud properties
retrieved from the Television and Infrared Observation
Satellite (TIROS)-N Operational Vertical Sounder
(TOVS).

Infrared methods define a deep convective cloud as a
cloud with a colder top temperature than a given
threshold. Different thresholds of 208–233 K have been
suggested (e.g., Fu et al. 1990; Hendon and Woodberry
1993; Liu et al. 1995; Hall and Vonder Haar 1999;
Gettelman et al. 2002; Machado et al. 2002; Machado
and Laurent 2004; Tian et al. 2004, 2005). Obviously,
different thresholds yield different deep convective
cloud fractions. Moreover, they lead to different peak
times of the diurnal cycle (e.g., Mapes and Houze 1993;

Janowiak et al. 1994; Chen and Houze 1997; Yang and
Slingo 2001; Machado et al. 2002; Machado and Lau-
rent 2004; Soden 2004; Tian et al. 2004, 2005; Hong et
al. 2006).

Precipitation radar (PR) has been used to detect
tropical deep convective clouds (Anagnostou et al.
2001; Alcala and Dessler 2002; Takayabu 2002; Nesbitt
and Zipser 2003; Liu and Zipser 2005; Hong et al. 2006;
Lin et al. 2006; Liu et al. 2007). The seasonal and diur-
nal cycles of tropical convective overshooting have
been investigated by Liu and Zipser (2005) using 5 yr of
measurements from the Tropical Rainfall Measuring
Mission (TRMM) precipitation radar, which can re-
solve the vertical structure of clouds. Because of micro-
wave frequencies’ capability to penetrate clouds, they
have also been used to detect convective systems (e.g.,
Mohr and Zipser 1996; Mohr et al. 1999; Nesbitt et al.
2000) and to build cloud climatologies. Cecil et al.
(2005) have used the TRMM Microwave Imager (TMI)
combined with the TRMM PR and the Lightning Im-
aging Sensor (LIS) to analyze 3 yr of precipitation fea-
tures. Ferraro et al. (1996) have used Special Sensor
Microwave Imager (SSM/I) measurements to build an
8-yr (1987–94) time series of precipitation and clouds.
The physical basis of the detection techniques using
meteorology radar or low microwave frequencies less
than 85 GHz is primarily sensitive to large ice particles
that occur only at ice water contents of above 0.1 g m�3

(Wu et al. 2006).
Combining PR results with data of the Visible and

Infrared Scanner (VIRS) onboard the TRMM satellite
over the tropics (30°S–30°N) from November 1998 to
April 1999, Hong et al. (2006) found a 2-h lag in the
diurnal cycle peak of tropical deep convective clouds
over both ocean and land detected from the TRMM PR
compared to that from the VIRS using the threshold of
210 K. The TRMM satellite takes about 46 days to
return to a given position at a given local time (Nesbitt
and Zipser 2003). However, the Advanced Microwave
Sounding Unit B (AMSU-B) instruments aboard the
polar orbiting satellites NOAA-15, NOAA-16, and
NOAA-17 observe each position on the earth at six
local times (0200, 0700, 1030, 1400, 1900, and 2230 LT).
This allows one to investigate the diurnal cycle with
microwave sensors, which are not available on geosta-
tionary platforms.

The range of retrievable cloud properties depends on
the used sensor type and retrieval algorithm (Wielicki
and Parker 1992; Hong et al. 2007). For example, the
infrared radiances over clouds become saturated when
the cloud optical thickness is over 10 (Luo and Rossow
2004), so with infrared sensors, deep convective clouds
cannot be distinguished from other high clouds. The
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visible channels are sensitive to cloud optical thickness
larger than 10, but such observations are only available
during the daytime. Stubenrauch et al. (2006) have ana-
lyzed the consistency of the retrievals of cloud proper-
ties on the basis of visible and infrared bands. The cloud
properties retrieved from TOVS infrared observations
agree quite well with the results from Wylie et al. (2005)
using NOAA polar orbiting HIRS/2 multispectral data,
but they differ from the ISCCP based on visible and
infrared observations. The differences, which are due to
the different sensitivity of retrieval algorithms and sat-
ellite sensors, provide the potential to obtain overall
cloud properties using mutually complementary infor-
mation.

Currently, the Special Sensor Microwave Tempera-
ture 2 (SSM/T2), the Special Sensor Microwave Imager
Sounder (SSMIS) aboard the Defense Meteorological
Satellite Program (DMSP) satellites, AMSU-B aboard
NOAA-15–18, and the AMSU Humidity Sounder for
Brazil (HSB) aboard the Aqua satellite cover the fre-
quencies from 85 to 190 GHz. These high microwave
frequencies are sensitive to scattering by precipitating
or nonprecipitating frozen hydrometeors in convective
systems. Compared to lower frequencies, they are more
sensitive to smaller frozen hydrometeors. Additionally,
the high frequencies are not sensitive to variations in
surface emissions. Therefore, they have been exten-
sively used to detect convective clouds and precipita-
tion (e.g., Grody 1991; Spencer 1993; Burns et al. 1997;
Wang et al. 1997, 1998; Bennartz and Bauer 2003; Chen
and Staelin 2003; Liu 2004; Weng et al. 2003; Hong et al.
2005a,b; Ferraro et al. 2005). Because of the microwave
frequencies’ unique capability to penetrate clouds,
these high frequencies have been employed to comple-
ment the retrievals of the cloud properties from visible
and infrared measurements (Wang et al. 2001). Al-
though these high frequencies are generally not sensi-
tive to cirrus and anvil cirrus clouds, they will probably
have difficulty distinguishing some strong anvil clouds
from deep convective clouds. But fortunately, these
strong anvil clouds are generally tightly connected with
deep convective cloud systems.

The purpose of this study is to establish an additional
complement of tropical deep convective cloud proper-
ties. A time series of tropical deep convective clouds
and convective overshooting using 7 yr of AMSU-B
measurements from 1999 to 2005 is first built, and then
their variations, seasonal cycles, and diurnal cycles are
analyzed in detail. The AMSU-B data and the method
are introduced in section 2. Section 3 presents the 7-yr
variations of tropical deep convective clouds and con-
vective overshooting. Seasonal and diurnal cycles are

investigated in sections 4 and 5, respectively. Section 6
concludes the findings.

2. Data and detection of tropical deep convective
clouds

The Advanced TOVS (ATOVS) system, beginning
with the NOAA-15 satellite launched in May 1998, has
a 20-channel AMSU instrument suite, AMSU-A for
temperature and AMSU-B for moisture sounding.
AMSU instruments are also part of the payloads of
satellites NOAA-16, NOAA-17, and NOAA-18
launched in September 2000, June 2002, and May 2005,
respectively. Two nearly identical instruments,
AMSU-A and HSB, were launched on May 2002
aboard the National Aeronautics and Space Adminis-
tration (NASA) Aqua satellite. NOAA-15–18 and
Aqua have a sun-synchronous polar orbit with equato-
rial crossing times of about 0700, 0200, 1030, 0200, and
0130 local time, respectively (Parkinson 2003; Ferraro
et al. 2005). In the present study, the AMSU-B instru-
ments aboard NOAA-15–17 are used to detect tropical
deep convective clouds. The 7 yr of AMSU-B measure-
ments aboard NOAA-15 from 1999 to 2005 are used to
investigate the variations of deep convective clouds
over the tropics (30°S–30°N). The three satellites ob-
serve most locations approximately 6 times a day with a
surface swath width of about 2200 km and a 150-km
nominal resolution at nadir. Thus, the diurnal cycles of
the cloud fractions can be investigated. One year of
AMSU-B measurements from NOAA-15–17 from De-
cember 2002 to November 2003 is used to investigate
the diurnal cycle of tropical deep convective clouds.

In the present study, the level-1c data of AMSU-B
are used. The standardized software package [the
ATOVS and Advanced Very High Resolution Radiom-
eter (AVHRR) Preprocessing Package (AAPP) devel-
oped by a number of European meteorological organi-
zations (Whyte and Atkinson 2006)] is used to perform
the processing steps from the level-1b to level-1c data,
which are preprocessed, calibrated, and navigated data
of brightness temperatures. Also, the upgraded calibra-
tion coefficients are provided through updated versions
of the AAPP (Atkinson 2001; Buehler et al. 2005). The
ATOVS calibration tasks in the AAPP perform the
calibration coefficients calculation for each ATOVS in-
strument to generate a level-1c file of calibrated bright-
ness temperatures or reflectance factors. The standard
AAPP processing provides the same input data in an
efficient way for different users. In the present study,
the new calibration coefficients issued on August 2004
by NOAA are used for converting AMSU-B level-1b to
level-1c data.
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The three water vapor channels at 183.3 � 1, �3, and
�7 GHz of the AMSU-B instruments are sensitive to
frozen upper-tropospheric hydrometeors (e.g.,
Gasiewski 1992; Muller et al. 1994; Burns et al. 1997;
Wang et al. 1997, 1998; Greenwald and Christoper
2002; Skofronick-Jackson et al. 2002; Bennartz and
Bauer 2003; Hong et al. 2005a). Hong et al. (2005b)
have developed a method to detect tropical deep con-
vective clouds from the three AMSU-B water vapor
channel measurements. Their criterion is that the
brightness temperature differences between 183.3 � 1
and 183.3 � 7 GHz, between 183.3 � 1 and 183.3 � 3
GHz, and between 183.3 � 3 and 183.3 � 7 GHz must
be simultaneously equal to or greater than a given
threshold temperature that is a function of the satellite
viewing angle. This method can distinguish deep con-
vective clouds from thick cirriform clouds that are gen-
erally tightly associated with deep convective clouds
(Hong et al. 2005c). In this study, the method devel-
oped by Hong et al. (2005b) is used to detect tropical
deep convective clouds and convective overshooting.

The physical meaning of the method is that the order
of the values of their brightness temperatures reverses
when the atmospheric conditions change from clear sky
to deep convective clouds. Under clear sky conditions,
the brightness temperatures at the three water channels
are determined by their vertical weighting functions
and the atmospheric temperature lapse rate. As a con-
sequence, the channel with the weighting function
peaking lowest, 183 � 7 GHz, shows the highest bright-
ness temperature. Under the presence of deep convec-
tive clouds, these brightness temperatures are attribut-
ed to their vertical weighting functions again and the
scattering of frozen hydrometeors in deep convective
clouds. As a consequence, the channel at 183 � 7 GHz
with the weighting function peaking lowest shows the
lowest brightness temperature. Convective overshoot-
ing is identified as the deep convective clouds penetrat-
ing the tropical tropopause layer. The exact thresholds
depend on the viewing angle. Since the method to de-
tect convection overshooting from Hong et al. (2005b)
is limited to satellite viewing angles below 30°, such
observations are used only for both deep convection
and convective overshooting. Cloud fractions of both
parameters are derived from the ratio of the counts
flagged as deep convective cloud/convective overshoot-
ing to the total observations within a selected study
region and time period.

3. Seven-year variations of deep convective clouds

The geographical distribution of the mean cloud frac-
tions of tropical deep convective clouds and convective

overshooting is shown in Fig. 1. The values based on the
AMSU-B aboard NOAA-15 for the time period 1999–
2005 are averaged within a 1° � 1° (latitude, longitude)
spatial resolution over the tropics (30°S–30°N). The dis-
tribution patterns of cloud fractions of deep convective
clouds (Fig. 1a) and convective overshooting (Fig. 1b)
are in agreement with each other. Their major concen-
trations are over the ITCZ, the South Pacific conver-
gence zone (SPCZ), tropical Africa, the Indian Ocean,
the Indonesia maritime region, and tropical and South
America. The geographical distribution agrees well
with many previous studies on tropical deep convective
clouds (e.g., Alcala and Dessler 2002; Jiang et al. 2004;
Luo and Rossow 2004; Tian et al. 2004; Hong et al.
2005b). The annually averaged ITCZ is located around
5°N in the Pacific Ocean. A secondary less pronounced
annually averaged ITCZ, which was identified by pre-
cipitation (e.g., Lietzke et al. 2001; Halpern and Hung
2001; Zhang 2001; Gu et al. 2005), is distinctly shown by
deep convective and convective overshooting fractions

FIG. 1. Mean geographical distribution of (a) deep convective
clouds and (b) convective overshooting over the tropics (30°S–
30°N). Averages are from 1999 to 2005 determined from the
AMSU-B aboard NOAA-15 using the method of Hong et al.
(2005b).
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and located around 2°–8°S over the eastern Pacific. The
land–ocean contrast of convective overshooting from
the AMSU-B is not as strong as that from observations
from with TRMM (Alcala and Dessler 2002; Liu and
Zipser 2005). This is primarily attributed to the differ-
ences in the sampling schemes between NOAA-15 (sun
synchronous leading to nearly constant local time for all
observations) and TRMM (not sun synchronous).

Figure 2 shows the 7-yr (1999–2005) variations in in-
tegrated tropical (30°N–30°S) monthly mean cloud
fractions of deep convective clouds and convective
overshooting detected by NOAA-15. These cloud frac-
tions are accumulated from both the ascending (night)
and descending (day) orbits. The convective overshoot-
ing shows a distinct decreasing trend of �0.142% de-
cade�1. Deep convective clouds show an insignificant
decreasing trend of �0.016% decade�1. The convective
overshooting is reduced by almost 50% from 1999 to
2005, while the deep convection remains practically un-
changed. However, the trend of deep convective cloud
fraction increases by a factor of more than 3 if exclud-
ing the strong drops in January and February 1999,
which are distinctly different from other months. The
7-yr observation period is so short that these trends
should be used cautiously. Nevertheless, it is interesting
to compare them with other published trends. The de-
creasing trends are qualitatively consistent with those
of high clouds found by ISCCP, while they contrast with
the increasing trend of high clouds found by HIRS
(Wylie et al. 2005). In general, the same pattern in
variations of deep convective clouds and convective
overshooting is found. Their pronounced local peaks
generally occur in boreal spring and fall, while their
pronounced local minima occur in boreal winter and
summer.

The tropical deep convective clouds and convective
overshooting are also detected on the basis of the cali-
bration coefficients issued in July 2002. The results are
compared to those shown in Figs. 1 and 2, which are
based on the new calibration coefficients issued August
2004. The mean geographical distributions (Fig. 1)
based on the two sets of calibration coefficients are
essentially the same. Furthermore, the resulting 7-yr
variations (similar to Fig. 2) using the old calibration
coefficients have similar trends.

Figure 3 shows the monthly variations in deep con-
vective cloud and convective overshooting fractions
over land and ocean from 1999 to 2005 for three lati-
tude bands, NH subtropics (30°–15°N), tropics (15°N–
15°S), and SH subtropics (15°–30°S). The trends of
cloud fractions are also shown. Over both land and
ocean, the cloud fractions over the tropics (Figs. 3c and
3d) are higher than those over the NH (Figs. 3a and 3b)
and SH subtropics (Figs. 3e and 3f). Deep convective
cloud and convective overshooting fractions over the
SH subtropical land are higher than those over the NH
subtropical land whereas those over the SH subtropical
ocean are lower than those over the NH subtropical
ocean. The land–ocean contrasts of cloud fractions are
significant in the tropics and SH subtropics, where
cloud fractions are distinctly higher over land.

The trends of deep convective clouds and convective
overshooting over land and ocean are also investigated
for the three latitude bands. The trends of deep con-
vective clouds and convective overshooting, which are
0.043% decade�1 and �0.033% decade�1 respectively,
are weak over the NH subtropical land. Over the NH
subtropical ocean, the trends are similar to those over
land. Over the tropical land, deep convective clouds
have a weak increasing trend of 0.021% decade�1 and
convective overshooting has a decreasing trend of
�0.276% decade�1. Over the tropical ocean, convec-
tive overshooting still has a decreasing trend of
�0.179% decade�1 while deep convective clouds also
have a slight decreasing trend of �0.016% decade�1.
Deep convective clouds over the SH subtropical land
do not have any significant trend while convective over-
shooting has a decreasing trend of �0.164% decade�1.
A similar decreasing trend of about �0.1% decade�1 is
found for both deep convective clouds and convective
overshooting over the SH subtropical ocean. The cau-
tion above concerning the short study time period also
applies to these local trends, of course.

Next, the 7-yr variations of deep convective clouds
and convective overshooting are investigated as func-
tions of latitude. The anomalies of deep convective
cloud fractions relative to the 7-yr means are shown in
Fig. 4. The decreasing trend of convective overshooting

FIG. 2. Seven-year (1999–2005) variations in tropical monthly
mean cloud fractions of deep convective clouds and convective
overshooting detected by the AMSU-B aboard NOAA-15.
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already found in Fig. 2 is confirmed and can be located
in the northern tropics (0°�15°N), but deep convective
clouds do not show a significant trend at any latitude.
Strong seasonal cycles are found along the latitudes for
both deep convective clouds and convective overshoot-
ing with similar latitude patterns. The predominate
cloud fractions occur around 5°–10°N. There is a sharp
seasonal movement of cloud fractions from the NH to
the SH from summer to winter.

The yearly deep convective clouds and convective
overshooting have been averaged over 1° � 1° grid
boxes for each year from 1999 to 2005. The geographi-
cal distributions of the yearly means are shown in Figs.
5 and 6. The distributions display similar features,
which are similar to those of the 7-yr mean (Fig. 1). In
general the local maxima of deep convective cloud frac-
tions more frequently occur over ocean than over land.
Over ocean, they occur most frequently over the ITCZ,

FIG. 3. Monthly time series of deep convective cloud and convective overshooting over (left) land and (right) ocean detected by the
AMSU-B aboard NOAA-15 from 1999 to 2005 for three latitude bands. The trends of cloud fractions are also shown.

1 SEPTEMBER 2008 H O N G E T A L . 4173



SPCZ, Indian Ocean, and Indonesia maritime regions
(Fig. 5). However, the local maxima of convective over-
shooting fractions in general tend to be more frequent
over land (tropical Africa and South America) than
over ocean (Fig. 6). A pronounced secondary ITCZ is
found over the eastern Pacific between 2° and 8°S, but
is not equally strong each year. In 2003 and 2005, the
secondary ITCZ is much weaker than in other years.

The geographical distribution of the anomalies of
deep convective cloud and convective overshooting
fractions with respect to the 7-yr mean values (Fig. 1) is
shown in Figs. 7 and 8. For each pixel the anomalies of
the years 1999–2005 (Figs. 7a–g and 8a–g) add up to 0.
The results are merged into 2° � 2° grid boxes to more
clearly obtain distinct pattern features. The noisy over-
all impression of the figures reflects the high horizontal

variability of deep convection clouds and convective
overshooting. Larger horizontal variations generally
occur over the regions with high cloud fractions. Two
features can be observed; first, the trend of convective
overshooting found globally in Figs. 2 and 4b can now
be studied in its geographical distribution (Fig. 8). Sec-
ond, although deep convective clouds do not show a
significant trend, they show different variations from
region to region. For example, in 1999 and 2000, deep
convective clouds over parts of the ITCZ and SPCZ
have low coverage, while they have high coverage over
these regions in 2002–04. Over the Indonesia maritime
regions, deep convective clouds have large coverage in
1999–2001, with low coverage in 2002–05.

The double ITCZs occurring over the eastern Pacific
are generated by the equatorial sea surface cold tongue
(e.g., Lietzke et al. 2001) but are not observed during
the El Niño–Southern Oscillation (ENSO) warm phase
(e.g., Zhang 2001). The relationship between ENSO
and the existence of the secondary ITCZ is investigated
in Fig. 9 by averaging sea surface temperatures (SSTs)
over the Niño-3 region (5°N–5°S, 150°–90°W) and time
series of yearly mean cloud fractions along the latitude
from 10°N to 10°S over 150°–90°W. The anomalies of
mean SSTs over the Niño-3 region can be obtained
online (http://www.cpc.ncep.noaa.gov/). The variations
of deep convective cloud and convective overshooting
fractions along the latitudes have the same features
(Figs. 9a and 9b). Note that interruptions in the lines in
Figs. 9a and 9b indicate cloud fractions lower than can
be displayed on the logarithmic scale. The local minima
are around the equator. The peaks of cloud fractions
occur at around 8°N and the secondary peaks occur at
around 5°S. During the La Niña years (1999–2001; with
anomalies of SST below 0 K) the secondary peaks of
cloud fractions are significantly higher than during the
El Niño years (2002–05) (Fig. 9c). This feature is con-
firmed by the double ITCZs in Figs. 7 and 8. The sec-
ondary ITCZ in 1999–2001 shows positive anomalies
while those in 2002–05 show negative anomalies, evi-
dently revealing that the secondary ITCZs shown by
the deep convective clouds and convective overshoot-
ing over the eastern Pacific are mostly associated with
cold sea surface temperatures.

4. Seasonal cycle of deep convective clouds

The variations of deep convective clouds and convec-
tive overshooting also show seasonal cycles (Figs. 3 and
4). In the NH and SH subtropics, the seasonal cycles of
deep convective clouds and convective overshooting
are pronounced over both land and ocean. However, in
the tropics, the seasonal cycle is more pronounced over

FIG. 4. Anomalies of deep convective cloud and convective
overshooting fractions relative to the 7-yr means (from the
AMSU-B aboard NOAA-15) as a function of latitude.
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land. Compared to both the NH and SH subtropics, the
tropics show weaker seasonal cycles of deep convective
clouds. The variations of convective overshooting are
consistent with those of deep convective clouds. In the
tropics (15°N–15°S), deep convective clouds and con-
vective overshooting appear most often in the NH
spring and fall. Slight time lags in the variations of cloud
fractions over ocean with respect to those over land are

found by determining their maximum correlations func-
tions. The time lags over the NH and SH subtropics are
more significant (1–2 months) than those over the trop-
ics (0–1 month). The time lags for deep convective
clouds are less obvious than those for convective over-
shooting.

Figure 10 shows the monthly anomalies of deep con-
vective cloud and convective overshooting fractions

FIG. 5. Geographical distribution of yearly mean of deep convective cloud fractions from the AMSU-B aboard NOAA-15 over 1° �
1° grid boxes for each year from 1999 to 2005.
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relative to their mean values. The mean annual cycle of
deep convective cloud fractions is qualitatively the
same as that of convective overshooting fractions.
Strong positive variations occur between approximately
5° and 10°N from April to November, and at the same
time the SH has less pronounced variations occurring
between approximately 15° and 30°S. Moreover, the
prominent variations between 5° and 10°N in the NH

are consistent with the time series in Fig. 4. The results
for deep convective clouds are in agreement with those
obtained from IR measurements, which found that the
maxima of deep convective clouds are over the ITCZ
and tropical continents during local summer (e.g.,
Gettelman et al. 2002). But it was also found that this
feature is observed in the NH late spring. In the SH
there are also positive variations occurring in the region

FIG. 6. Same as Fig. 5 but for convective overshooting fractions.
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5°–10°S from November to April while there are nega-
tive variations occurring in the region of 10°–30°N.

The zonal means of the fractions of tropical deep
convective clouds and convective overshooting along
latitudes over land and ocean for different seasons are
shown in Fig. 11. The months of March–May (MAM),

June–August (JJA), September–November (SON), and
December–February (DJF) are denoted as spring, sum-
mer, fall, and winter in the NH, respectively. The total
mean of tropical deep convective clouds and convective
overshooting over both land and ocean in all seasons
(shown by the red dotted lines) have their peaks at

FIG. 7. Geographical distribution of anomalies of deep convective cloud fractions with respect to 7-yr mean values (from the
AMSU-B aboard NOAA-15).
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about 7°N, clearly indicating the presence of the ITCZ.
However, the all-season mean of deep convective
clouds over land peaks at about 2°S with a broader high
fraction in the intertropical regions around the equator
(Fig. 11a), while the all-season mean of convective
overshooting over land peaks with a broader maximum
fraction at 6°S–8°N in the intertropical regions around

the equator (Fig. 11c). Over ocean, the all-season
means of deep convective clouds and convective over-
shooting have similar features as their total means,
peaking at about 7°N, and have a distinct secondary
peak at approximately 5°S (Figs. 11b and 11d).

The seasonal migrations of deep convective clouds
and convective overshooting are shown by the shifting

FIG. 8. Same as Fig. 7 but for convective overshooting fractions.
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of their peaks. Over land, deep convective clouds peak
at about 11°N in JJA, 6°N in SON, 16°S in DJF, and 1°S
in MAM (Fig. 11a). Convective overshooting over land
(Fig. 11c) shows features similar to deep convective
clouds. From NH summer to NH winter, the seasonal
migrations of deep convective clouds and convective
overshooting are with a shifting of 27° latitude over
land. Over ocean, deep convective clouds have their

maxima all year-round in the NH between 6° and 8°N
(Fig. 11b). They also have a secondary maximum in the
SH and distinct local minima near the equator. The
variations of deep convective cloud fractions with lati-
tudes in JJA and SON are very similar (Fig. 11b). The
secondary peak of deep convective cloud fractions in
DJF has a distinct southward shift with respect to those
in other seasons. Convective overshooting (Fig. 11d)
over ocean has features similar to deep convective
clouds. The variation range of deep convective cloud
and convective overshooting fractions is strongest in
JJA over land whereas over ocean it is strongest in JJA
and SON. The total means of deep convective cloud
and convective overshooting fractions for all seasons
over ocean has features similar to that for all seasons
over both land and ocean (Figs. 11b and 11d). How-
ever, the total means for all seasons over land have
pronouncedly different features from the total means
for all seasons over both land and ocean (Figs. 11a and
11c). This is attributed to the large portion of area cov-
ered by ocean in the tropics.

Figure 12 shows the seasonal geographical distribu-
tion of tropical deep convective clouds and convective
overshooting in the NH four seasons MAM, JJA, SON,
and DJF. They are derived from the 7-yr measurements
of the AMSU-B aboard NOAA-15. The patterns of the
seasonal geographical distributions of deep convective
clouds and convective overshooting are very similar.
The seasonal migration of deep convective clouds and
convective overshooting already observed in Fig. 11 can
now be located more exactly. The ITCZ moves south
with the sun from summer to winter. This is in agree-
ment with many previous studies for ice clouds and
deep convective clouds (e.g., Jin et al. 1996; Wylie and
Menzel 1999; Tian et al. 2004; Wylie et al. 2005; Hong
et al. 2005b; Stubenrauch et al. 2006). The ITCZ over
the Pacific stays along the latitudes around 2°–10°N,
although the ITCZ over other regions shows a sharp
southward movement from the NH summer to winter.
It is also found that the ITCZ over the Pacific has a
broader latitude coverage in summer and fall and is
very narrow in winter. The double ITCZs already
shown in Fig. 1 now can be attributed to the months
MAM but usually not to other seasons. This comple-
ments previous precipitation-based studies (Lietzke et
al. 2001; Halpern and Hung 2001; Zhang 2001; Gu et al.
2005) using the aspect of convection.

5. Diurnal cycle of deep convective clouds

Infrared measurements from geostationary satellite
data providing high temporal sampling with wide spa-
tial coverage have been used extensively (e.g., Hall and
Vonder Haar 1999; Soden 2000; Machado et al. 2002;

FIG. 9. Zonal means of (a) deep convective cloud and (b) con-
vective overshooting fractions from the AMSU-B aboard NOAA-
15 along the latitude from 10°N to 10°S over 150°–90°W, and (c)
the anomalies of mean SSTs over the Niño-3 region (5°N–5°S,
150°–90°W) from 1999 to 2005. Note that interruptions in the lines
(a), (b) indicate cloud fractions that cannot be displayed on the
logarithmic scale.
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Machado and Laurent 2004; Tian et al. 2004, 2005). In
general, from infrared measurements it has been found
that the diurnal cycles of tropical deep convective
clouds peak in the late afternoon to early evening and
have their minimum value in the early to midmorning

over land (e.g., Soden 2000; Machado et al. 2002;
Machado and Laurent 2004; Tian et al. 2004, 2005).
Over ocean they peak in the early to midmorning and
have their minima in the late afternoon to early evening
(e.g., Hall and Vonder Haar 1999; Soden 2000; Tian et

FIG. 10. Anomalies of the mean annual cycles of deep convective cloud and convective
overshooting fractions from the AMSU-B aboard NOAA-15 along latitudes from 30°S to
30°N.
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al. 2004). In this section, the diurnal variations of deep
convective cloud and convective overshooting fractions
detected by the ASMU-B are investigated.

The monthly variations of deep convective cloud and
convective fractions from the separated ascending and
descending orbits of AMSU-B onboard NOAA-15–17
that provide six different local observation times are
shown in Fig. 13 (over ocean) and Fig. 14 (over land).
One year of AMSU-B data measured from December
2002 to November 2003 are used here. Again, like Fig.
3, three latitude bands are investigated.

Over ocean, the diurnal variations of both deep con-
vective cloud and convective overshooting fractions are
most apparent over the tropics (15°S–15°N) (Figs. 13c
and 13d). The diurnal variations in the NH subtropical
region (Figs. 13a and 13b) are stronger than those in the
SH subtropical region (Figs. 13e and 13f). Over the NH
subtropical ocean, the diurnal variations are pro-
nounced from the late NH spring to the NH fall, but are
very weak in the NH winter and early spring. More-

over, in the seasons with strong diurnal variations, deep
convective clouds occur more frequently at 0200, 0700,
and 1030 LT (Fig. 13a) and convective overshooting
occurs frequently from 2230 to 1030 LT (Fig. 13b).
Over the SH subtropical ocean, the diurnal variations
are less pronounced, but still visible from January to
June. Over the tropical ocean (Figs. 13c and 13d), the
diurnal variations of deep convective cloud and convec-
tive overshooting are apparent over the whole year.
Particularly, deep convective clouds in general have
their maxima at 0700 and their minima at 1900 LT.

The diurnal variations of both deep convective cloud
and convective overshooting fractions are much stron-
ger over land (Fig. 14) than those over ocean (Fig. 13).
Similar to those over the NH subtropical ocean, the
diurnal variations are pronounced from the late NH
spring to the NH fall (Figs. 14a and 14b). However, in
contrast to the results over the SH subtropical ocean
(Figs. 13e and 13f), those over the SH subtropical land
(Figs. 14e and 14f) are apparent from September to

FIG. 11. Fractions of tropical deep convective clouds and convective overshooting as functions of latitudes over land and ocean for
separated seasons and all seasons. The detected clouds are from NOAA-15 from 1999 to 2005.
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FIG. 12. Seasonal geographical distribution of tropical deep convective clouds and convective overshooting for MAM, JJA, SON, and
DJF over the tropics (30°S–30°N). Averages are from 1999 to 2000 and for clouds detected from the AMSU-B aboard NOAA-15.
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April. Deep convective clouds have their maxima at
1900 and their minima at 1030 LT over the NH and SH
subtropical land (Figs. 14a and 14e), respectively, in
months when their diurnal variations are strong. Over
the tropical land (Fig. 14c), deep convective clouds
have their maxima at 1900 and their minima at 1030 LT
during the whole year. The local time at 1030 with mini-
mum deep convective clouds is consistent with those
detected from the TRMM PR and VIRS (Hong et al.

2006). However, the local time with maximum deep
convective clouds (at 1900) occurs 2–4 h later than
those detected from the TRMM PR and VIRS (Hong
et al. 2006). This 2–4-h time lag is attributed to two
factors: one is the typical life cycle of tropical deep
convective clouds (Nesbitt and Zipser 2003; Zipser et
al. 2006; Hong et al. 2006); the other is the sampling
interval of about 4 h for NOAA-15–17. Over the NH
subtropical land, convective overshooting (Fig. 14b)

FIG. 13. Monthly variations of deep convective cloud and convective overshooting fractions over ocean from the separated ascending
and descending orbits of the AMSU-B series onboard NOAA-15–17. Diurnal variations are detected for three latitude bands and for
six different observation at 0200, 0700, 1030, 1400, 1900, and 2230 LT. (left) Deep convective cloud and (right) convective overshooting.
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generally has its maximum at 1900 and its minimum at
1030 LT, which is consistent with deep convective
clouds. Convective overshooting most frequently oc-
curs from afternoon to midnight over the tropical land
(Fig. 14d). This feature is also observed over the SH
subtropical land during the months with strong diurnal
variations of convective overshooting (Fig. 14f).

Figure 15 shows the diurnal cycles of deep convective
clouds and convective overshooting in the NH summer
(JJA) and winter (DJF) over the three latitude bands.

Note that summer and winter use different y-axis scales.
In the same seasons, deep convective clouds and con-
vective overshooting have the same type of daily cycles.
Over the NH subtropical land (Fig. 15a), deep convec-
tive clouds and convective overshooting peak at 1900
and have their minima at 1030 LT in the NH summer.
In the NH winter, their maxima occur at early morning
and their minima occur at 1030 LT. Additionally, they
have a secondary peak at 1900–2230 LT in the NH
winter. In both the NH summer and winter over the

FIG. 14. Same as Fig. 13 but over land.
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tropical land (Fig. 15c), deep convective clouds and
convective overshooting take their maxima at 1900 and
their minima at 1030 LT. Over the SH subtropical land
(Fig. 15e), deep convective clouds and convective over-
shooting show their maxima in the afternoon to early
evening and their minima at 1030 LT in the NH winter,
while in the NH summer they display their maxima
around midnight (2230 to 0200) and their minima at
1900 and 0700 LT, respectively. A secondary maximum
is also found for them at 1030 LT in the NH summer.

Over the NH subtropical ocean in summer, deep con-

vective clouds and convective overshooting peak at
0700 and have their minima at 1900 LT, and in winter
they peak at 1030 and have their minima at 1400 LT
(Fig. 15b). Deep convective clouds over the tropical
ocean (Fig. 15d) have their maxima at 0700 and their
minima at 1900 LT in both the NH summer and winter,
but convective overshooting has its maximum and mini-
mum at 1030 and 1900 LT, respectively, in the NH sum-
mer, and in the NH winter at 0200 and 1900 LT, re-
spectively. Over the SH subtropical ocean (Fig. 15f),
both deep convective clouds and convective overshoot-

FIG. 15. Diurnal variations of deep convective cloud and convective overshooting fractions over land and ocean in the NH summer
(JJA) and winter (DJF) for three latitude lands.
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ing have two peaks at 1400 and 2230 LT and have two
minima located at 0700 and 1900 LT in the NH summer.
Over the tropical land and ocean (Figs. 15c and 15d),
deep convective clouds and convective overshooting
have similar diurnal variations in both summer and win-
ter, whereas the diurnal cycles over the NH and SH
subtropical region (Figs. 15a, 15b, 15e, and 15f) are
highly sensitive to season.

The diurnal cycles of deep convection over the NH
subtropical region are stronger in summer than in win-
ter, whereas those over the SH subtropical region are
stronger in the NH winter than in the NH summer. This
is well in agreement with the diurnal cycles derived
from infrared, visible, and precipitation radar observa-
tions (e.g., Soden 2000 2004; Nesbitt and Zipser 2003;
Tian et al. 2004; Hong et al. 2006; Stubenrauch et al.
2006). However, because of different sensitivities of the
detection methods and sensors to deep convective
clouds (Wielicki and Parker 1992; Hong et al. 2007) and
their life cycles (Nesbitt and Zipser 2003; Zipser et al.
2006; Hong et al. 2006), phase differences in the diurnal
cycles from different measurements have been ob-
served (e.g., Mapes and Houze 1993; Janowiak et al.
1994; Chen and Houze 1997; Yang and Slingo 2001;
Machado et al. 2002; Tian et al. 2004; Soden 2000, 2004;
Hong et al. 2006). These effects are pronouncedly
shown by the differences between the diurnal cycles of
the deep convective clouds from AMSU-B in the
present study (Fig. 15a) and the high opaque clouds
from TOVS and ISCCP (Stubenrauch et al. 2006) over
the NH subtropical land in summer: the diurnal cycles
from AMSU-B have their minimum fractions at 1030
and their maximum fractions at 1900 LT, while the di-
urnal cycle of the opaque clouds from TOVS has its
minimum in the early morning and that from ISCCP
has its minimum in the early evening and its maximum
in the morning.

6. Conclusions

Seven years (1999–2005) of tropical deep convective
clouds and convective overshooting detected from the
AMSU-B aboard the NOAA-15 satellite have been
analyzed. The major concentrations of tropical deep
convective clouds and convective overshooting are
found over the ITCZ, the SPCZ, tropical Africa, the
Indian Ocean, the Indonesia maritime region, and
tropical and South America. The geographical distribu-
tions are consistent with previous results from infrared-
based measurements. However, the cloud fractions
found in this study are lower than those from infrared-
based measurements. This is attributed to the different
sensitivities of microwave and infrared wavelengths to

clouds: both infrared and visible wavelengths are sen-
sitive only to the top of clouds while microwave wave-
lengths can see deeper in clouds. In general, deep con-
vective clouds tend to have maximum fractions over
ocean whereas convective overshooting tends to have
maximum fraction over land.

In the investigated period, deep convective clouds
have a slightly decreasing trend with �0.016% de-
cade�1 and convective overshooting has a distinctly de-
creasing trend with �0.142% decade�1, corresponding
to a decrease of 50% of its initial value during the in-
vestigation period. The trends of tropical deep convec-
tive clouds and convective overshooting over land are
different from those over ocean and vary with latitude.
All these trends should be regarded with caution, as
they are derived from the short observation period of
only 7 yr and for observations at 0700 and 1900 LT.
They may not represent the mean fraction of the deep
convective clouds from full-day observations. The deep
convective cloud and convective overshooting fractions
over the tropical latitude band (15°N–15°S) are higher
than those over the NH and SH subtropics. The land–
ocean contrasts of these cloud fractions are stronger
over the tropical and SH subtropical (15°–30°S) regions
than those over the NH subtropical (30°–15°N). Large
interannual variations of deep convective clouds and
convective overshooting generally are over regions with
high cloud fractions.

The seasonal cycles of deep convective cloud and
convective overshooting are stronger over land than
over ocean. The deep convective cloud and convective
overshooting over the NH and SH subtropical regions
have stronger seasonal cycles than those over the tropi-
cal region. The seasonal migration of cloud fractions of
deep convective cloud and convective overshooting is
pronounced and moves south with the sun from sum-
mer to winter. However, the predominate cloud frac-
tions occur around 5°–10°N in the NH spring to fall.
The ITCZ over the Pacific stays along latitudes around
2°–10°N although it also moves southward. The second-
ary ITCZ occurring over the eastern Pacific between 2°
and 8°S in spring is found to be associated with cold sea
surface temperatures of the La Niña years (1999–2001
in the present study).

The AMSU-B instruments aboard NOAA-15–17
overpass each location in the tropics at six different
local times per day, providing the capability to investi-
gate the diurnal cycles of tropical deep convective
clouds and convective overshooting with passive micro-
wave sensors. The diurnal cycles of deep convective
clouds and convective overshooting are stronger over
the tropical land than those over the tropical ocean
between 15°S and 15°N. However, the diurnal cycles
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over both the NH and SH subtropical lands are much
stronger than those over oceans in local summer.

The diurnal cycles peak in the early evening and have
their minima in the late morning over the tropical land.
But over the tropical ocean the diurnal cycles peak in
the morning and have their minima from the afternoon
to early evening. The maxima and minima of the diur-
nal cycles over the NH and SH subtropical regions vary
with the seasons. A pronounced secondary peak is also
found over both the NH and SH subtropical lands in
the NH winter and summer, respectively.

Tropical deep convective cloud climatologies have
been analyzed from various measurements such as sat-
ellite infrared, visible, and radar measurements. The
tropical deep convective cloud climatologies in this
study, based on passive microwave measurements of
the AMSU-B aboard NOAA satellites, provide infor-
mation complementary to previous tropical deep con-
vective cloud climatologies. The amount of detected
deep convective cloud fractions is sensitive to the re-
trieval algorithms and satellite sensors used (Wielicki
and Parker 1992; Hong et al. 2007) and is influenced by
the life cycles of deep convective clouds (Nesbitt and
Zipser 2003; Zipser et al. 2006; Hong et al. 2006). On
the other hand, the detection results of tropical deep
convective clouds from various methods and sensors
can provide compositive information on tropical deep
convective clouds. This is also important for evaluating
the representation of tropical deep convective clouds
(geographical distribution and yearly, seasonal, and di-
urnal variations) in GCMs. Thus, the next step toward
a more complete understanding of tropical deep con-
vective cloud climatologies will be synthesizing the
cloud datasets on the basis of various detection tech-
niques.
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