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Abstract 

In order to understand the general characteristics of the clouds and cloud clusters 
over the western Pacific warm pool, analyses were performed for 2 days (Nov. 11-12, 
1992) during the TOGA-COARE lOP, on radar and satellite data when Keifu Maru (a 
Japanese research vessel) was cruising in the IFA region. Doppler radar data col· 
lected on Manus Island were also analyzed to understand the vertical structure of 
tropical clouds. A modified CST (Convective Stratiform Technique) was used to 
analyze GMS-IR data to compare the cloud characteristics with those of radar 
analysis. 

Using Keifu Maru radar, the lifetime of the echo elements of isolated echoes and 
nonisolated echoes was calculated. The elements of nonisolated echoes were found 
to last longer (1-5 hours) than the elements (20 minutes to 1 hour) of isolated echoes. 
This long lasting quality of the individual elements supported the nonisolated (sub
system) echo in its long life. This also implies that long lasting (~13 hours) sub
system is essential to the formation and maintenance of a system while each sub
system has to be composed of a number of long-lived elements. In contrast, short
lived elements are organized to form isolated echoes (~5 hours) which die down fast 
and do not take part in the formation of the sub-system or the system. The long
lived nonisolated echo was analyzed to have traversed a distance (~350 km) longer 
than that (~155 km) of the short-lived isolated echo even though the area and moving 
speed were almost the same. Importantly, the duration of the developing stage 
lifetime was calculated at approximately one-third of the duration of the total 
lifetime for both isolated and nonisolated echoes. 

The convective rainfall amount determined by the CST was found to be lower 
than that determined by Keifu Maru radar, even though the area was comparable. 
The present analysis recognized that this underestimate came from the low rain rate 
calculated by the CST and the high intensity of Keifu maru radar, and strongly 
suggested the need to assign the CST rain rate from radar data. The results of 
precipitation determined by the CST and three radars indicated the necessity of 
adapting the CST for TOGA-COARE convection in order to obtain better agreement 
between the results determined by the CST and radar. 

* Present Affiliation: Department of Physics, Bangladesh University of Engineering and 
Technology, Dhaka-1000, Bangladesh 
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1. Introduction 

The study of tropical clouds is important because it has an impact on 

radiative fluxes, atmospheric latent heating, and fresh water flux into the ocean. 
Furthermore, the fresh water flux from precipitating clouds plays an important 
role in the enhancement of the tropical sea surface temperature (Webster and 

Lukas, 1992). One of the principal driving mechanisms of the atmospheric 
general circulation is that the surrounding environment is modified through the 
release of latent heat associated with the tropical convection. Because the 

Pacific warm pool occupies about 20% of the surface of the earth, its variation 
can ultimately modify the large-scale circulation of the surrounding ocean and 
atmosphere. It is therefore necessary that we study tropical meteorology to 
understand the role of the tropical convection in the climate. An observational 
and modeling program, the Tropical Ocean Global Atmosphere (TOGA) Coupled 
Ocean-Atmosphere, Response Experiment (CO ARE) has been designed to gain a 
clear understanding of the global climate, the ENSO (El Nino-Southern Oscilla
tion) phenomenon, and the inter-seasonal variability of the coupled atmosphere
ocean system (Webster and Lukas, 1992). Among the many objectives of the 
TOGA-COARE, the investigation of the properties of clouds and precipitation in 
the region are important targets of study. 

In order to understand the organization mechanism of the tropical meso
scale convective systems (MCSs) which have often been referred to as "cloud 
clusters" (e.g., Houze and Betts, 1981), analysis detailing the internal structure 
throughout their lifetime is needed. Current analyses of cloud clusters during 
the TOGA-COARE Intensive Observation Period (lOP) have been reported in 

several works. The internal structure of a cloud cluster composed of four sub
systems was analyzed by Mori (1992) and suggests the necessity of a detailed 
investigation of cloud cluster sub-systems to reveal the organization mechanism 
of cloud clusters. A few observational results revealed the horizontal and 

vertical structures, and the life cycle of the clouds in the TOGA-COARE domain 
during the lOP (Mori, 1995; Uyeda et aI., 1995; Takahashi and Uyeda, 1995; 
Satoh et aI., 1995; Kikuchi and Uyeda, 1996). It is also necessary that we 
understand the life cycle of the individual radar echo cell, the isolated echo, and 

the nonisolated echo. Moreover, we have to know how the clouds and cloud 
clusters are formed; i.e., the internal structure and interactions within and 

between the MCSs. 
One may be interested in the time duration of the early development of 

clouds i.e., the formative stage of the cloud or the time of the formation of the 
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anvil cloud. This work revealed these properties by using a large coverage of 

Keifu Maru C-band radar data in addition to the analysis of satellite data. 
Precipitation from the MCSs, as typical of the warm pool, has both 

convective and stratiform components (Houze, 1977; Leary, 1984). Because of 
the lack of conventional cloud and precipitation observations over the ocean, the 
use of satellite data is clearly desirable. Moreover, radar data results in a clear 
determination of the precipitation amounts associated with shallow and isolated 
convection. Therefore, the use of radar data to calibrate the results of high 
spatial resolution satellite data will result in the classification and Quantification 
of all types of clouds in the tropics. Performing the calibration where radar 
data is available will be useful for a large domain using only satellite data. 
Mori (1995) described the mesoscale precipitating systems using Keifu Maru 
radar data during the TOGA-COARE lOP. His analysis, however does not 
cover the comparative results between the radar and satellite analyses. This 
analysis covered the comparative study between radar and satellite analyses. 
Furthermore, the current analysis focused on the comparative study between the 
isolated and nonisolated echoes to reveal the organization mechanism of iso
lated and nonisolated echoes. 

The important thing was to locate or construct a sound method for the 
analysis of satellite data. In this analysis, the Convective Stratiform Technique 

(CST) algorithm was chosen because it was tested for the analyses of Florida 
convection (Adler and Negri, 1988; hereafter AN88), Winter Monsoon Experi
ment (WMONEX) cloud clusters (Goldenberg et aI., 1990; hereafter GHC90) and 
TOGA-COARE cloud clusters (Kikuchi and Uyeda, 1996). AN88 obtained a 
general agreement between radar and rain-gauge observed rainfall. GHC90 
obtained similar results in radar value in its early period, before the system 
moved out of range of the coastal radar. Kikuchi and Uyeda (1996) applied the 
GHC90's CST on the cloud clusters observed in Manus Island during the TOGA
COARE lOP. They reported disagreements between the results of radar and 
the CST. This implies that the properties of the convection in the TOGA

COARE domain are somewhat different from the properties of Florida convec
tion or WMONEX convection. Sophisticated tasks were incorporated to detect 
what and where the cause is in the CST calculations, that results in the 
disagreement between the results of radar and satellite observations. By 
applying the GHC90's CST to GMS-4 IR imagery and comparing the results 

with those of three radars, the present analysis is able to recognize the parame
ters of the CST which have to be modified for the TOGA-COARE convection. 

In this paper, the characteristic features of the isolated and nonisolated 
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echoes were analyzed at various stages of their lifetimes. Radar and GMS-4 IR 

data were utilized to reveal the cloud properties in the lower-level and upper
level. One of the main objectives of this paper is to detect the cause of the 
disagreement between the results of radar and satellite (CST), as reported by 
Kikuchi and Uyeda (1996), for the TOGA-COARE convection. 

2. Data used to analyze 

Data used in this study was mainly Keifu Maru radar data. The research 
vessel "Keifu Maru" which was anchored in the TOGA-COARE Intensive Flux 
Array (IF A), carried a C-band (wavelength: 5 em) conventional weather radar 
covering 250 km in radius (Fig. 1). The outline of the Keifu Maru radar system 
is described in Mori (1992). The ship track of the Keifu Maru on the TOGA
COARE cruise is described in Mori (1995). Reflectivity data digitized over a 2.5 
km mesh was obtained over a 500 km x 500 km area covering a large part of the 
IF A. The 7.5 minute interval PPI data with an elevation angle of 0.00 from 

November 11 to November 12, 1992 was utilized in the present study. 
In the analysis of Keifu Maru data, a pattern matching technique was used. 

In order to calculate rainfall amount from radar data, reflectivity was converted 
into rain rate by using the Z-R relationship. This analysis adopted the standard 
Z-R relationship given by 

(1) 

where Z is the radar reflectivity factor in mm6 m3
, and R is rain rate in mm h-l, 

and Band (3 are positive numbers determined empirically. The most popular 
values of 200 and 1.6 for Band (3 respectively, determined by Marshall and 
Palmer (1948), were adopted in this analysis. 

The rain rate obtained from the average value of > 40dBZ in a PPI sClm was 
used as the convective rain rate of this study. The stratiform rain rate was 
calculated from the average rain rate ~40dBZ in a PPI scan. The determina

tion of 40dBZ as a threshold reflectivity for Keifu Maru radar to divide 
convective and stratiform components is described in Islam (1996). 

The details of the X-band Doppler radar (wavelength: 3.2 em) observation 
on Manus Island (2 S, 147 E; Fig.lb) for two and a half months from Nov. 12, 
1992 is described in Uyeda et al. (1995). The Doppler radar of the Hokkaido 

University Meteorological Laboratory (HUML) was installed at Nabu (right 
panel). The Doppler radar of the Institute of Low Temperature Science (IL TS) 
was installed at Momote. The distance between the two radar sites was ~ 18 
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Fig.1. a) Location of the radar observation in the TOGA-COARE domain. The 
outer sounding array (OSA) and the intensive flux array (IF A) are outlined. 
Keifu Maru is located (+ mark) at the northern part of IF A covering 250 km in 
radius (shaded). b) Two Japanese Doppler radars were installed in Manus 
Island. The HUML radar is installed at N abu and the IL TS radar is installed at 
Momote. The distance between N abu and Momote is about 18 km. 
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km. The observation range of every radar was 60 km in radius. Doppler 
radars provided the data of reflectivity and Doppler velocity. The operation 
modes were selected in PPI and RHI (Range Height Indicator) scans. Volume 
scans of PPls were obtained at 15 minute intervals. Within a 15 minute interval, 
several RHI scans were performed intermittently. In the present study, PPI 
scan data was used to estimate rainfall amount. The RHI scan data was used 
to analyze the vertical structure of the significant echoes. 

Doppler radar data was mainly used to analyze the vertical structure of the 
echo and wind field by using RHI scans assuming that the clouds to have two-
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dimensional structures. The cloud top height was calculated by assuming that 
the height estimated from the Doppler velocity pattern of HUML radar was 
close to the cloud top height. The cell top height was calculated at different 

threshold reflectivities starting from :;::: 19dBZ. In the analysis of PPI data, the 
estimation of echo area started at :;::: 19dBZ and the rain rate was calculated by 
using the same Z-R relation as used for Keifu Maru radar. 

Satellite data of GMS-4 IR on CD-ROM, 0.1' mesh of hourly TBB was 
utilized. The hourly GMS IR data was processed specially for the TOGA
COARE lOP and was provided by Dr. N akazawa, JMA (J apan Meteorological 
Agency). Suitable analysis was performed on the GMS IR equivalent black 

body temperature (T BB) data to distinguish convective and stratiform cloud 
components and quantify the rainfall amounts contributed by each component. 

The analysis procedure of satellite data was similar to that described by 
GHC90 which is modified for WMONEX. They followed the technique 
proposed by AN88. In order to distinguish between convective and stratiform 
components of MCSs, the technique used was the Convective Stratiform Tech
nique (CST), derived by AN88 for the second Florida Area Cumulus Experiment 
(FACE). Two successful analyses using the CST encouraged its use in the 
TOGA-COARE domain. It should be noted that Kikuchi and Uyeda (1996) 
analyzed three cases by using GHC90's CST during the TOGA-COARE IOP. 
They tested the CST algorithm on data from the GMS-4 and compared the 

results with that of Doppler radar data collected in Manus Island. They 
reported the disagreement between the rainfall amounts determined by the CST 

and radar. However, the percentage of the convective and stratiform rainfall 
amounts determined by the CST for Case 2 of Kikuchi and Uyeda (1996) was 
satisfactory when compared with the other works. The question thus arises 
whether the GHC90's CST is applicable or not for the TOGA-COARE convec

tion. The current work clearly demonstrates the need of the modification of 
GHC90's CST for the TOGA-COARE convection. The adaption procedure of 

the CST is described in a subsequent paper (Islam, 1996). 
Environmental conditions during the observations were derived from sound

ing data. Sounding data were available for Kapingamarangi, Kavieng and on 
board the Keifu Maru to know the environmental condition of IF A region during 

the observation period. 
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3. Results 

3.1 Case 1 : Life cycle of a quasicircular isolated radar echo (November 11-12 

in IFA region) 

The organization and life history of a quasicircular short-lived (~5 hours) 
isolated radar echo was analyzed in the Keifu Maru radar coverage. This echo 
consists of seven individual small echo cells and four fragments. The first echo 
cell was identified at 95 km south and 245 km west from the radar center (0.53 

S, 155.32 E) at 2122 GMT on November 11. The other cells were born in their 
respective times and merged with the first cell to form the quasi circular echo at 
about 0004 GMT on November 12, as shown in Fig. 2. The analyzed echo is 
denoted by the solid line and the movement direction is represented by the solid 

arrow. 
The details of the echo patterns and evolution of quasi circular isolated echo 

are shown in Fig. 3. Radar location of the respective time is shown by an inner
dot double circle at 30 minute intervals. PPI reflectivity contours are drawn for 
20 dEl (outer), 35 dEl and 45 dEl (inner). Two echo cells a1 and a2 were 
identified at 2134 GMT on November 11. Their next locations were traced 

after 30 minutes at 2204 GMT and so on. We see that a1 moved SE and a2 

IJ... 
o 
:c 
tx: 
o z 
UJ 
() 
Z g 
CS 

KEIFU MARU. JMA 0.50S 155.42E 
NOV.120004GMT 

-200 -100 0 100 200 

DISTANCE EAST OF RADAR (km) 

Fig. 2. Keifu Maru PPI image at 0004 GMT on Nov. 12, 1992. An isolated quasicir· 
cular short lived echo is identified by solid line. The arrow represents its 
movement direction. Black and gray represent echo area above and below 40 
dEZ respectively. 
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Fig. 3. Echo patterns and evolution of quasicircular isolated echo. Contours of 
radar echoes are drawn for 20dBZ (outer most), 35dBZ, and 45dBZ (inner) respec
tively. The solid line with arrows indicates the propagation speed and direction. 
The symbol a's and b's are used to label the echo elements. The fragments are 
represented by f's. The inner-dot double circles represent the center of radar 
location is consecutive 30 minute interval PPI images. 

moved ENE, and they combined at 2204 GMT. This combined form of the cells 
(al and a2) is called a main echo. Four cells bl, b2, a3, and a4 were identified 
at this time and all of them merged with the pre-combined echo (main echo) at 
the same time. Another new cell a5 was born at 2304 GMT on November 11 
and merged at 0004 GMT on November 12. It is obvious that this new cell was 
born in the NINE and S/SW flanks of the main echo. In the dissipating stage, 
the echo showed maximum area and few fragments (labeled f's) were separated 
from the main echo. At the time of disappearance it had only two fragments. 
The echo disappeared at around 0220 GMT on November 12. This quasicir
cular short-lived isolated echo traversed a distance about 155 km in its lifetime. 

The upper panel of Fig. 4 shows the life cycle, merging and fragmentation 
processes of the isolated echo corresponding to Fig. 3. All of the new cells (a's 
and b's) merged with the main echo, and the fragments (f's) separated from the 
main echo. The total echo showed its maximum area 6.5 X 104 km 2 and lasted 
about 5 hours. Most of the new cells were born and merged in the early 
developing stage which lasted about one-third of the total lifetime. This one
third time duration of the developing stage is related to the warm precipitation. 
Moreover, the same duration of the developing stage was found by Young et al. 
(1995) by using the data collected by research vessel Moana Wave during the 
TOGA-COARE lOP. 

To understand the activeness of the echo at different stages, the growth rate 
of the echo was examined by measuring the area increase rate with steps (in 
time). An area increase rate corresponding to the upper panel of Fig. 4 is 
represented in the lower panel of this figure. During the total lifetime of the 
echo, a 15 minute interval PPl scan data (:?:20 dBZ) was used to calculate the 
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steps of the area increase rate. At the first step it was 17 km2/min and in
creased rapidly with time in step 2. At step 3 it was at its maximum (53 km2

/ 

min) and started to decrease at step 4. The maximum decrease rate was 66 
km2/min at step 5 and after that it disappeared. The rapid increase and fast 
decrease of area increase rates clearly reveal the reasons of the short-life of the 
isolated echo. The total life history of each echo cell and total echo is shown 
in Table 1 (section 4.1). 

3.2 Case 2: Squall line-like non isolated radar echo (November 11-12 in IF A 
region) 

The organization and life history of a squall line-like (SLL) long-lived (~13 
hours) radar echo was analyzed on November 11-12, 1992. This long lasting 
and intensive (in dBZ) SLL echo consists of six individual small echo cells. The 

first echo cell was identified at 150 km west and 185 km south from the radar 
center (0.58 S, 155.33 E) at 1904 GMT on November 11, 1992. The other cells 
were born in their respective times and merged with the first cell to form the 
SLL echo at 0204 GMT on November 12, as shown in Fig. 5. 

Figure 6 represents the detailed structure and evolution of the long lasting 
SLL echo. Four echo cells aI, a2, a3, and bl were identified at 2104 GMT on 
November 11 at different locations. Their locations were traced after 30 
minutes at 2134 GMT and so on. All of the echo cells moved to the ENE. Two 
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Fig. 5. Same as Fig. 2 except for a squall line-like (SLL) nonisolated echo at 0204 
GMT on Nov. 12, 1992. 
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Same as Fig. 3 except for a squall line-like nonisolated echo. 

cells, named al and a2, combined at 2204 GMT. This combined echo of a1 and 

a2 is called the main echo. A new cell b2 was born at 2234 GMT in the NE flank 
of the pre-combined (main) echo. The combination of bl and b2 joined with the 
main echo at 0004 GMT on November 12 and started to form the line echo. 
Another new echo a4 was identified in the SW flank of the main echo already at 
2304 GMT on November 11, and thus the chain continued. The maximum 
horizontal dimension of the SLL echo was about 340 km in length at 0204 GMT 
on November 12. During its traversed path (~350 km), a few of the fragments 
(f's) separated from the main echo at their respective times. A large fragment 
fl (~60 km in length) and the main echo were out of radar range after 0245 
GMT and 0345 GMT respectively. However, it was possible to analyze the 
total life history of this SLL echo by using satellite data which will be described 
in section 3.4. 

The upper panel of Fig. 7 shows the life cycle, merging and fragmentation 
processes of the SLL echo corresponding to Fig. 6. A group of the identified 
echo cells merged and left the main echo at their respective times. The vertical 
line at 0245 GMT on November 12 represents the time after which a large 
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Fig. 7. Same as Fig. 4 except for a squall line-like (SLL) nonisolated echo. Thin 
vertical line (upper panel) represents that the echo is partly out of radar range 
after this time. 
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fragment fl was out of radar range. The echo area suddenly decreased at 0254 
GMT. The actual phenomena were examined in the GMS imagery using the 
CST analysis. 

The area increase rate corresponding to the upper panel of Fig. 7 is shown 
in the lower panel of this figure. At the first step this rate was 17 km 2/min (:::0:20 
dBZ) and increased gradually with time. At step 3 the rate suddenly rose to 33 

km 2 /min. This sudden increase indicates that the SLL echo changed its status 
from a convective component to a stratiform one. At step 4 the area increase 
rate was almost static, this indicates that the SLL echo had reached its 
maximum dimension in coverage of area. Therefore, we have to believe that 
the SLL echo was either in a dissipating stage or moving toward a dissipating 
stage. The increase mode for > 35 dBZ and > 45 dBZ lines indicates the inten
sity and long life of the SLL echo. However, through examination of hourly 
GMS-IR data, this SLL echo was found to last approximately 13 hours and 

traverse a distance nearly 350 km in its lifetime. It should be noted that this 
type of range limitations when an echo is out of radar range can be overcome 
by using GMS (CST analysis) data for high spatial and temporal resolutions. In 
contrast, the area increase rate of the nonisolated SLL echo (Case 2) was slower 
than that of isolated echo (Case 1). Therefore, we may conclude that the long
lived nonisolated echo developed more slowly than the short-lived isolated echo. 
This is one reason the former lasted longer. 

It is quite difficult to reveal the formation mechanism of the analyzed cases 
using only PPI scan data as collected by Keifu Maru radar. In the next section, 
a few cases will be analyzed using Doppler radar data collected on Manus 
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Fig. 8. Vertical profiles of potential temperature (B), equivalent potential tempera
ture (Be) and saturation equivalent potential temperature (Be *) deduced from 
soundings at three points: Keifu Maru (KM), Kapingamarangi (KAP), and 
Kavieng (KA V). 
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Island. Sounding data was used to see the environmental condition during the 

above cases. The potential temperature (B), equivalent potential temperature 
(Be) and saturated equivalent potential temperature (Be") for all of Keifu Maru 
(KM), Kapingamarangi (KAP) and Kavieng (KA V) sounding points are shown in 

Fig. 8. Before the formation of the above cases (Case 1 and Case 2); at 1200 
GMT on November 11, unstable condition was observed in the mid-level on 
board the Keifu Maru (no data for other points). During the mature stage of 

the analyzed cases, all of the points show a stable condition. After that when 
the echoes disappeared, a dry condition was observed except on Kapingamaran
gi. Actually a large cloud cluster was in the dissipating stage at this point and 
the assumption made is that the outflow from that dissipating large cluster 
triggered the echo to form. The moisture field of the GANAL (Global Analysis) 
analysis supported this assumption (not shown). 

3.3 Case 3: Case study on December 19, 1992 in Manus Island 

a) Characteristics of the echo cells 
During the study period (December 19), three echoes named Case A, Case B, 

and Case C appeared in HUML radar coverage and moved NE with a speed of 
about 5 m/s. The upper panel of Fig. 9 shows the echo area and the lower panel 
shows the rainfall amount. The threshold of 25 dBl was used to divide 
convective and stratiform components for both area and rainfall. The use of 25 
dBl (HUML radar) is different from 40 dBl (for Keifu Maru radar) depending 
on the strength of the radar reflectivity. Both area and rainfall amount show 
three peaks corresponding to three cases. Durations of Case A, Case B, and 
Case C were 0100-0530 GMT, 0530-1145 GMT, and 1145-1415 GMT (out of radar 
range) respectively. Each echo consisted of a number of echo cells such as AI, 
A2, A3 for Case A and Bl, B2, B3 for Case B as shown in Fig. 10. This figure 
represents the target cells A3 of Case A (upper panel) and Bl of Case B (lower 

panel) respectively. These two cells were analyzed in detail. 
As shown in Fig. 11, the RHI scan shows the target cell A3 which is 

identified at the azimuth of 550 and at 14 km from the radar site at 0157 GMT 
(upper panel). At this time, it was 4 km in height and 11 km in width (at 
surface) having a strong reflectivity core at its center. After 43 minutes a new 
cell was formed at the 3 km level (lower panel) when the cell A3 was going to 

die down. A strong updraft and convergence zone was positioned at the loca
tion of the new cell (not shown). However the main focus of this case is not the 
formation mechanism of the new cell, but as previously mentioned, to under

stand the vertical structure of the cloud and the estimation of precipitation in 
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Fig. 9. Time sequences of the echo area (upper panel) and rainfall amount (lower 
panel) on Dec. 19. 1992 at Nabu in Manus Island. The threshold reflectivity 25 
dEZ is used to divide high and low intensity regions and corresponding rainfall 
amounts. Three echoes named Case A, Case E and Case C are successively 
appeared in the radar coverage. 

comparison with the result of CST analysis. 
b) Parameters of cell A3 

There are five successive RHI scans to calculate the echo top height, height 
calculated from Doppler velocity pattern as cloud top height, intensity, and 
precipitation of the cell A3. The time series of the RHI scans are labeled by the 
numbers 1,2,3,4 and 5 as shown in Fig. 12. The upper panel shows that the 
echo top height decreased slowly with the increase of reflectivity at the early 
stage (1,2 and 3). It decreased rapidly with the increase of reflectivity at the 
later stage (4 and 5). On the other hand, the strength of reflectivity decreased 
slowly with the increase of height below freezing level (~4.5 km). It decreased 
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Fig. 10. The PPI images of HUML radar for Case A (upper panel) and Case B (lower 
panel). The target cells are A3 of Case A and B1 of Case B. Bold solid line 
represents along which the RHI scan was pointed and the arrow indicates the 
echo movement direction. 

rapidly with the increases of height above the freezing level. These results 
suggest that below freezing level, high reflectivity results from the existence of 
convective cumulus towers. And above the freezing level, low reflectivity results 
from the existence of a deep layer of anvil clouds. These results show consis
tence with the results of Zipser and Lutz (1994). The lower panel shows that the 
precipitation rate (PR) increased with the increase of threshold reflectivity at the 
early stage (1,2 and 3) and the rate decreases with the increase of threshold 
reflectivity at the later stage (4 and 5). One can find that the echo top height 
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Fig.l1. The RHI images of cell A3 at 0157 GMT (upper panel) and 0240 GMT (lower 
panel), 

started to decrease after stage 4 (upper panel) and PR started to decrease after 
stage 3 (lower panel). These imply that tropical clouds are tall and intense in 
the early stage; after that they become weak before the descending in height. 
In the dissipating stage of cell A3 (4 and 5), the increase rate of PR was higher 
above threshold reflectivity 28 dBZ in relation to the formation of a new cell 
(lower panel of Fig. 11). 

As represented in the upper panel of Fig. 13, the separation of height 
calculated from Doppler velocity and echo top height increased with time. This 

indicates that the cloud expanded its area in the upper-level with time. In the 
lower panel, the precipitable water (PW) shows that the convective component 
were dominant at the early stage and stratiform components were dominant at 
the later stage. These common features of tropical clouds exist here in a single 
cell. In this case, the PW was calculated from the vertical integration of the 

PR for a core. The threshold of 25 dBZ and 28 dBZ was used to divide 
convective (C) and stratiform (S) components, 

c) Parameters of cell Bl 
In cell B1 of Case B, the formation of a new cell (not shown) above the 2 km 

level was analyzed when cell B1 was in the dissipating stage. The parameters 
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Fig. 12. Comparison of the height (upper panel) and precipitation rate (lower panel) 

versus threshold reflectivity of cell A3 of Case A. The numbers 1, 2, 3, 4 and 5 are 
the time series of the RHI scans. 

of cell Bl were almost the same as cell A3, as is shown in Fig. 14. Here we see 
that there were two peaks of the echo top height. The first peak (0641 GMT) 

appeared when cell Bl was in the mature stage, and the second peak (0712 GMT) 

belonged to the formation of new cell. 

3.4 Comparative study by radar and CST analyses 

a) C -band conventional radar and the CST 
To better understand the properties of the cloud in a cloud cluster, compara

tive studies on the SLL echo were performed by using radar and satellite data. 
Since the analyzed SLL echo is one of the parts of a large system (Fig. 5), 

hereafter it is called the sub-system (SS; (Mori, 1992)). 
For simplicity, only the SS area identified by radar is superimposed with the 

CST identified total area as shown in Fig. 15. In the radar analysis, solid (>40 
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dEZ) and dashed (:00:;40 dEZ) lines represent convective and stratiform compo
nents respectively. In CST analysis, dark and light shades represent convective 
and stratiform components respectively. It is seen that in the early developing 

stage, the CST cannot identify the SS well because the satellite cannot detect 
the low~level individual shallow convective cloud. In the mature stage, the 
CST can identify the similar regions of the SS as well as radar can, even though 
there is a shift between the two positions. It is possible that this shift comes 
from a systematic error in the GMS data processing or from the difference 
between vertical structure in the lower and upper troposphere (Houze, 1977; 
Zipser, 1988). However, the CST can identify the cloud structure when it is well 

developed. In the dissipating stage, the SS interacted with the other SSs and 
formed the complex structure as shown in Fig. 15 at 0400 GMT on November 12. 
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Fig. 14. Same as Fig. 13 except for cell B1 of Case B. 

The signature of this type of interaction is helpful in understanding the forma
tion of large-scale cloud clusters which are often observed in the western 

equatorial Pacific ocean. 
The upper panel of Fig. 16 represents the SS areas calculated by radar (R) 

and the CST (G). The CST could not detect any cloud components until! 2143 
GMT on November 11. After that time, the convective area (Rc) identified by 
radar was comparable with the convective area (Gc) identified by the CST. As 
expected, after 0043 GMT on November 12, the stratiform area (Gs) identified by 

the CST was higher than the stratiform area (Rs) identified by radar, because 
the anvil cloud was formed. On the other hand, the time-integrated convective 
rainfall (lower panel) amount (Gc) identified by the CST was much lower than 
the time-integrated convective rainfall amount (Rc) identified by radar. This 
lower estimation of Gc underestimates the total CST rainfall amount (lower 
panel) even though the area (upper panel) was comparable. 



Characteristics of Clouds and Cloud Clusters 209 

Fig. 15. Time change of the sub-system of radar echo is superimposed with CST 
determined total regions from 1800 GMT on Nov. 11 to 0400 GMT on Nov. 12, 
1992. Radar echo contours are for 20dBZ (dashed) and 40dBZ (solid line). The 
light and dark shades are for CST determined stratiform and convective compo
nents respectively. 

The upper panel of Fig. 17 shows the total area calculated by radar (R) and 
the CST (G). The convective area determined by radar was comparable with 
the convective area determined by the CST. Both stratiform areas determined 
by radar and the CST were also comparable. Hourly rainfall amount of total 
echo (lower panel) again shows an underestimation of the convective rainfall 

amount (Gc) determined by the CST. The lower estimation of the total rainfall 
amount (G) determined by the CST was due to the underestimation of the Gc. 
The area of both radar and the CST analyses are comparable but the rainfall 
estimated by radar disagrees with the rainfall estimated by the CST. A similar 
disagreement between the rainfall amounts calculated by radar and the CST is 
reported in Kikuchi and Uyeda (1996). Therefore, it is essential to find the 
source of the disagreement between the rainfall amounts determined by radar 
and the CST. Prior to checking the CST algorithm, we decided to calculate 
rainfall amounts using Doppler radar data and then compared the rainfall 
amounts with that of the CST. 
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Fig. 16. Time sequence of the comparison between the areas determined by radar (R) 
and CST (G) analyses for sub-system (upper panel). The subscripts sand c 
represent stratiform and convective respectively. The lower panel represents the 
time-integrated rainfall amounts. 

b) X-band Doppler radar and the CST 

As discussed above, the CST identified area was reasonably comparable to 
that of the Keifu Maru radar. However, in estimating convective rainfall, 
either the CST underestimated or the radar overestimated. At present there is 
no confirmation for which result is the appropriate one. To justify the results 

of radar and the CST, and to understand the vertical structure of the cloud, 
analysis was performed on the HUML Doppler radar data in this subsection. It 
should be noted that there was no Doppler radar data in early November, 1992 ; 
a Doppler radar case on December 19, 1992 was chosen. 
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In the Doppler radar analysis. rainfall amounts determined by the HUML 
radar and the CST are shown in Fig. 18. Qualitatively. patterns were almost 
the same while the quantity of the CST value calculated was roughly one order 
higher than that of radar. Here the difference was approximately one order 
even though the A TI was similar. This gross difference may come from the 

difference in the rain rate of both radar and the CST analyses. Here again we 
see the contradiction between the results of radar and the CST in the calculation 
of rainfall amounts. This demonstrates the necessity of identifying the source 
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of this difference in order to get the value reasonably expected for this region 
i.e., application of the CST for the TOGA-COARE convection is questionable, 
without appropriate modification. 

4. Discussion 

The present work attempted to analyze the Keifu Maru radar data, Doppler 
radar data and GMS-IR data with the objective of clarifying the characteristics 
of the tropical clouds and cloud clusters in and around the IF A region during the 
TOGA-COARE lOP. As was already pointed out, it is very important to reveal 
the many aspects of cloud properties in the western Pacific oceanic warm pool. 
It is also necessary to study the interaction between the clouds and cloud 
clusters in order to determine the organization and maintenance of the MCSs. 
Furthermore, the quantity of convective and stratiform precipitation is impor
tant in itself as well as in showing intimate relationship with water budget, 
estimation of imported moisture and the determination of sea surface tempera
ture. On the basis of the present analytical results, all of the above properties 
are thoroughly discussed here. 



Table 1. Characteristics of the echoes analyzed on November 11-12, 1992. Echo elements are labeled in the same way as 
described in the text. Time, horizontal scales, speeds and traversed distances of the echoes and elements were decided 
subjectively. 

DETECT DIMENSION MERGE SEPERATE DISAPPEAR LIFE SPEED MAXIMUM TRAVERSED 
NAME TIME IN LENGTH TIME TIME TIME TIME DIMENSION DISTANCE 

(GMT) (km) (GMT) (GMT) (GMT) h:m (m/s) (km) (km) 

a1 21: 12 ~23 ... ... 02: 19 5: 07 5~12 

a2 21: 12 ~13 22: 19 ... ... 0: 52 5~12 

a3 21: 48 ~25 22: 27 ... . .. 0: 39 6~11 

a4 21: 48 ~16 22: 42 ... . .. 0: 54 3~12 LENGTH 
b1 22: 04 ~23 22: 34 ... ... 0: 30 ~6 ~110 

CASE-1 b2 22: 04 ~23 22: 27 ... . .. 0: 23 ~6 ~155 

a5 23: 08 ~13 00: 04 ... . .. 1: 00 6~11 AREA 
fl ... ~28 . .. 23: 42 00: 19 0: 37 . .. 6.5 x 103 

f2 ... ~13 . .. 00: 27 00: 48 0: 21 9~12 km 2 

f3 ... ~37 ... 01: 34 02: 04 0: 30 . .. 
f4 ... ~46 . .. 01 : 34 02: 19 0: 45 10~23 

a1 19: 04 ~8 ... . .. out of range 8: 30+ 5~12 

a2 20: 12 ~20 07: 12 ... ... 2: 00 5~12 

b1 20: 05 ~15 09: 04 ... . .. 3: 44 5~12 LENGTH 
a3 20: 48 ~10 01: 28 ... . .. 4: 40 5~12 ~340 

CASE-2 b2 22: 12 ~10 23: 19 ... . .. l: 07 6~11 ~350 

a4 23: 34 ~53 01: 43 ... . .. 2: 09 5~11 AREA 
f1 ... ~55 . .. 00: 19 out of range 2: 23+ 5~16 7.2 x 103 

f2 ... ~68 . .. 02: 42 06: 00 3: 18 5~14 km2 
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4.1 Properties of echo cells and echoes 

The details of the echo properties of Case 1 and Case 2 are shown in Table 
l. This table can be used to summarize both isolated and nonisolated (i. e., 
SLL) echoes and their elements. The dimension (in length) was used at 
identification (new cell) or separation (fragment) time. The life time was 

calculated from the identification and merging time for the new cell and from 
the separation and disappearing time for the fragment. In general, the life time 

of elements in Case 1 was shorter (21 minutes-1 hour) than those of Case 2 (l.07-
4.40 hours). The speed of the individual element was calculated during its 
lifetime. The traversed distance of the long-lived echo was more than two 
times longer than that of the isolated short-lived echo. The difference between 
the traversed distance of the two cases was caused by the difference in lifetimes 
of the elements in their individual cases. The life time of the individual echo 

element and traversed distance by the echo represent the basic difference 
between the two types of echo even though the areas and moving speed are 
almost the same. 

The merging criterion is schematically illustrated in Fig. 19. Here two 
echo cells have to move either in a parallel or an inclined way. They have to 
change their direction or speed (slow) just before merging. The consecutive 

distance between the two echoes will be ::2: 5-7 km. A new cell has to be born 
in the NE or SW flank of the main echo. The formation of new cell in the NE 
flank which merges with the main echo is found as an exceptional and new 
characteristic of the tropical cloud. Usually in the mid-latitudes of northern 
hemisphere, new echoes are born in the south flank and merge with the main 
echo. However, the formation of a new cell in both the SW and NE flanks were 
analyzed. A suitable location for the formation of a new echo depends on the 

Inclined NE 
N 

Parallel sw Line echo t 
Fig. 19. Schematic illustration of the merging criterion. The symbols NE and SW 

represent for northeast flank and southwest flank respectively. The arrows 
indicate the echo movement direction and strong reflectivity regions are shown by 
dark shade. 
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flow field of the low-level ambient air. The analysis domain covers both sides 
of the equator (Fig. 1) where the Coriolis force is negligibly small and the low

level wind field is symmetric to the line perpendicular to the line echo. This 
equal condition of wind field in both sides of the line echo makes the locations 
of 5W and NE flanks suitable for the formation of new cell. During the 
formation period (Nov. 11-12) of these two analyzed cases, there was a large 
cloud in the dissipating stage which partially covered the Keifu Maru region. 
Inspection of sounding and GANAL (Global Analysis) data supposed that 
outflow from the dissipating large cloud triggered the formation of the new cells 
which were organized to develop Case 1 and Case 2. 

A detailed analysis of the nonisolated 5LL echo and isolated quasicircular 

echo revealed the time duration of the developing stage. We found that the time 
duration of the developing stage was about one-third (1/3) of the total lifetime 
of the echo. This result is well consistent with that of Young et al. (1995) who 
used ship observation data. This information may be useful in the parameter· 
ization of cloud modeling. 

To understand the cloud properties in the lower and upper troposphere, 
radar and satellite data were examined comparatively. Using the super· 
imposed images of radar and C5T identified areas, it was possible to analyze the 
interaction between the 55s in the dissipating stage and the growth of new cells 
in the lower troposphere at the early stage. Interaction occurred between the 
clouds, resulting in the formation of a cloud cluster. 

In order to know the details of the cloud's vertical structure, Doppler radar 
data was also utilized. Analyzing the Doppler radar data, some common 
features of the single echo cell of tropical clouds were also confirmed. The 
features are as follows: 

• Precipitable water dominated by convective components is seen in the early 
stage and stratiform components are dominant in the later stage. 

• Both cell top height and cell intensity are maximum in the early stage. 
• Cloud top height is maximum at the beginning of the mature stage and the 

maximum height is about 17 km (see Fig. 23). 

4.2 Intrinsic properties of tropical clouds 

The area of the sub-system (55) was separated (as accurately as possible) 

by using 7.5 minute interval Keifu Maru PPI (elevation = 0.0°) scan data. It was 
found that the 55 covers a small portion of the total echo area and the fractional 
coverage was 6.5% (0.2%-13.7%) of the total echo area. To clarify the 
significant behavior of the 55, its area and rain rate are shown in Fig. 20. As 
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Fig. 20. Time sequences of the echo area and rain rate of sub-system. The solid 
arrow at 0230 GMT indicates the sub-system is out of radar range. 

we see, there are two peaks in the rain rate curve: the first peak appeared at the 
early developing stage and the second peak appeared when the area reached 
maximum. The rain rate rose rapidly in the early stage of warm rain as 
reported by Takahashi and Uyeda (1995). The second peak in the mature stage 
was during the cold rain when the large anvil cloud developed. During the 
transition period, the rain rate was inversely proportional to the area due to the 
merging effect which was related to the formation of the SS. The time dura

tion of the strong rain rate in the developing stage (up to 2325 GMT) was nearly 
one-third of the total lifetime of the SS. As previously mentioned, the same 
length (1/3) of the time duration was also found by Young et al. (1995) using ship 

observation data. Therefore, it may be concluded that the time duration of the 
developing stage having a strong rain rate will be one-third of the total lifetime 

of the echo. 
To reveal the internal structure of the SS, the convective and stratiform 

rain rates of both the SS and the total echo are shown in Fig. 21. The capital 

letters Sand R represent the SS and the total radar echo respectively. The 
small letters c, s, and a, represent convective, stratiform, and average respec
tively. As we see, the stratiform rain rates for both the SS and the total echo 
are very close to each other and nearly static. And the convective rain rate (Sc) 
for the SS was much higher than the convective rain rate (Rc) of the total echo. 
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Fig.21. Time sequences of the rain rate of sub-system (S) and total echo (R). The 
subscripts are same as Fig. 16. The convective and stratiform component are 
separated by using 40 dBZ of the threshold reflectivity. 

This Sc affected a rise in the average rate (Sa=13 mm h- I
) of the SS higher than 

the average rate (Ra=6.5 mm- I
) of the total echo. Obviously, there is a large 

difference between Sa and Ra which discloses the necessity of analyzing the 
characteristics of the individual echo. The increase-decrease-increase nature 
of Sc implies an important internal structure of the SS: some echo elements are 
active at a time duration, after that these become weak and the other elements 
are active. In this way, all of the echo elements play an important role in the 
maintenance and formation of the cloud. Without extracting the convective 
component from the average rain rate, it is not possible to reveal this intrinsic 
property of the cloud structure. This is one of the key advantages of separating 
convective and stratiform cloud components. It also shows that the production 
of the stratiform components is from the convective components i.e., the close 
relationship between the two components: convective and stratiform. 

4.3 Cause 0/ the disagreement between the results 0/ radar and the CST 

As discussed in section 3.4, the rainfall amounts calculated by the CST 
disagree with that of radar. As a quick check, the rain rate calculated by Keifu 
Maru radar (R) and the CST (G) is shown in Fig. 22. It is seen that the 
convective rain rate (Gc) determined by the CST was much lower than the 
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Fig. 22. Same as Fig. 17 except for rain rate. The subscript a represents average. 

convective rain rate (Rc) determined by radar. Surprisingly, Gc was also lower 
than the radar determined average rain rate (Ra). This fact clearly indicates 

that there is some trouble in the calculation of rain rate either by radar or by 
the CST. Radar is usually used as ground truth data and Keifu Maru radar has 
been used to analyze tropical clouds (Mori, 1992; 1995). To convert the radar 
reflectivity into rain rate, one of the standard Z-R relationships derived by 
Marshall and Palmer (1948) was chosen. Because of this, the calculation of the 

rain rate in the CST algorithm needed to be checked as was modified for 
WMONEX, not for the TOGA-COARE domain. Prior to checking the CST 

algorithm, to ascertain the trouble in the calculation of convective rain rate by 
CST, the results of the CST were checked with those of Doppler radar. 

Before it was possible to declare that the rain rate was uniquely responsible 
for the large difference in rainfall amounts calculated by radar and the CST, it 
was decided that the cloud top height in the study region be checked. Figure 23 
represents the comparison of cloud top height in the study region (MANUS) and 
that used in the original CST algorithm (FLORIDA and OKLAHOMA). The 

curves for Florida and Oklahoma are drawn by using the data of Table 1 
respectively, as utilized by Adler and Mack (1984). They calculated these 
values from model output by using sounding data. AN88 derived the original 

CST algorithm by using the result of the Florida values. GHC90 modified the 
CST algorithm for WMONEX and adjusted a few parameters for their study 
case. In the present study region (MANUS), cloud top heights were calculated 

by using the height calculated from Doppler velocity. Figure 23 shows that 
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Fig. 23. Comparison of the cloud top height and radius of updraft region in the study 
region (radar) and the cloud top height used in CST algorithm (CST). 

cloud top height in this study region lies below and above cloud top height used 
in the CST: less and greater updraft radius 5 km. Maximum cloud top height 
(17 km) of this analysis calculated by radar was the same as the convective cell 
top height calculated by Leary (1984) for GATE cloud clusters while the 
maximum cloud top height was 14 km for Florida convection. Therefore, we 
must assume that this may be one of the causes which has an impact on the 
calculation of the CST rainfall amount. 

It should be noted that the CST convective rain rate related parameters 
were calculated using a one-dimensional model having some limitations (Stom
mel, 1947; Simpson, 1969; Adler and Mack, 1984) and the stratiform rain rate 
was suggested for use in assigning the radar value. On this point of view, the 
present study highly recommended the assignment of both convective and 
stratiform rain rates for the CST analysis from radar data. 

Before making the final decision in assigning radar rain rate for CST 
analysis, it was decided that the present result be checked by using another 
Doppler radar (IL TS) data which is described here. 

The IL TS Doppler radar data collected at Momote on Manus Island was 
useful in analyzing the same cases (A, B and C) of section 3.3, because Momote 
is located ~18 km east of Nabu (Fig. 1). For ILTS radar there were some data 
missing in Case A and Case C. All of the cases, however, should be used to 
estimate rainfall amount after adjusting the time. 
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Fig. 24. Hourly rainfall amounts determined by both radar (left column) and CST 
(right column) at Nabu (left panel) and at Momote (right panel). The legends in 
this figure show the stratiform and convective components after divided by the 
threshold 25dBZ. 

To analyze the quantitative comparison of rainfall amounts determined by 
radar and the CST, the rainfall amount was determined using three cases on 
December 19 as shown in Fig. 24. Convective and stratiform components of 
both radar and the CST analyses are shown in the legends. For rainfall 
amounts, the left column is for radar and the right column is for CST while the 
numbers are their ratios. Here again the large (around 1 order) difference 
between the rainfall amounts determined by radar and the CST for both N abu 

and Momote were analyzed. 
The area determined by both radar and CST analyses for Nabu is described 

in Islam (1996). It was shown that the CST identified regions were twice or 
three times of the radar echo area. This reconfirms that the rain rate was 
almost completely responsible in creating the large difference between the 
rainfall amounts determined by radar and the CST. Therefore, the assignment 
of the rain rate is essential for a thorough analysis of the radar and satellite data 

of the TOGA-COARE domain. The assignment procedure is described in a 
subsequent paper. 

5. Conclusions 

To understand the properties of the clouds over the western Pacific warm 
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pool, two cases were studied on November 11-12, 1992 in the IF A region: a 
quasicircular isolated echo and a squall line-like (SLL) nonisolated echo. Some 
basic characteristics of the isolated (Case 1) and nonisolated (Case 2) echoes 
were revealed, such as size, shape, propagation, lifetime, and traversed path. 
The isolated echo was found to last ~5 hours and its elements lasted from 20 
minutes to 1 hour. In contrast, the nonisolated echo lasted ~ 13 hours while its 
elements lasted from ~ 1 hour to ~5 hours. Inspection revealed that the 
developing stage of the echo lasted almost one-third of the total lifetime. 
These time durations are important to the model parameterization. It should 
be noted that the CST was deduced for mature and dissipating stages of the 
cloud. Therefore, information about the developing stage is absolutely essential 
in revealing the complete life history of the tropical clouds. 

Through the above analysis, knowledge of the properties of cloud clusters 
has been expanded. Merging of clouds which lasted several hours, were orga
nized to form the MCS. Interaction occurred between the clouds themselves to 
form the cloud clusters, i.e., cloud clusters are composed of several MCSs. 
Merging was analyzed in the developing stage and interaction between the sub
systems was analyzed in the dissipating stage. The formation of new echo cells 
were found in both NE and SW flanks and were then found to merge with the 
main echo. 

Since the MCSs were composed of both convective and stratiform compo
nents, it was necessary to separate them in radar and satellite images. A 
threshold reflectivity of 40 dEZ was used for Keifu Maru radar to separate 
convective and stratiform cloud components. This threshold skillfully separat· 
ed the areas of the cloud components to conform well with the result of satellite 
analysis. 

However, the total rainfall amount determined by the CST was an under
estimate due to the lower estimation of the convective rainfall amount deter
mined by the CST. This points to the necessity of adapting the CST for the 
TOGA-COARE convection. In order to solve this problem, improvement of the 
CST algorithm is essential for the TOGA-COARE convection. To adapt the 
CST for TOGA-COARE domain, modifications are strongly suggested in the: 
(1) calculation of the slope parameter; (2) determination of the stratiform 
threshold temperature; and (3) assignment of both convective and stratiform 
rain rates from radar analysis. Future work will include the modification of the 
CST algorithm for TOGA-COARE convection, which will be described in a 
subsequent paper, to obtain better agreement between the rainfall amounts 
determined by the CST and radar. 
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