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ABSTRACT

Japanese Geostationary Meteorological Satellite 5 (GMS-5) data were used to estimate rainfall in Bangladesh
over a period of 61 days from June 1, 1996. The 3-hourly digital data over 33 ground-truth stations throughout
Bangladesh obtained from GMS-5 were analyzed. Satellite rainfall was estimated by the Convective Stratiform
Technique (CST) algorithm. The amount of rainfall calculated by the CST was compared with that calculated
from the ground-truth data. That calculated by the CST was 1.1 times larger than that of the ground-truth rainfall.
The average daily rainfalls were 15 mm as calculated from satellite and 14.3 mm from the ground-truth data.
The correlation between the satellite and the ground-truth rainfall was significant at coastal stations but not at
inland ones. Satellite and ground-truth data were used to derive a linear regression eguation for estimating the
amount of surface rain from satellite data. Data from stations throughout the country that showed good correla
tions gave a slope term of 0.84 and intercept constant of — 0.1 in the regression equation.

1. INTRODUCTION

Remote sensing data are now widely used for different pur-
poses, and the use of satellite data for rainfall prediction has
increased markedly. Many attempts to estimate rainfall from satel-
lite data have been made (Arkin and Meissner, 1987; Adler and
Negri, 1988; Arkin, 1989; Carn et al., 1989; Goldenberg et a.,
1990; Kikuchi and Uyeda, 1996; Jobard et al., 1996; Islam et d.,
1998), but there is still no standard method for making such esti-
mates. The estimation of rainfall for large coverage is essential,
especially for a country like Bangladesh, which is affected by
flooding almost every year. Floods are one type of natural disaster
and can not be entirely avoided, but damage and losses may be
decreased if we can predict flooding. For the proper prediction of
floodwater in Bangladesh the estimated precipitation for large cov-
erage is required because of the huge expanse of the Ganges-
Brahmaputra-Meghna (GBM) basin in the north and northwest of
Bangladesh. Rainfall in the GBM basin is the main source of
floodwater in Bangladesh. Although very important, few detailed
studies of estimated rainfall in Bangladesh have been based on
satellite data. There has been an attempt to estimate the rainfall in
Bangladesh from satellite data in a joint research project carried
out by Japan International Corporation Agency (JICA) and
Bangladesh University of Engineering & Technology (BUET).
As aresult, a Geostationary Meteorological Satellite 5 (GMS-5)
receiving station was installed at the Institute of Water and Flood
Management (IWFM), BUET in 1996. Using GMS-5 data, Wahid
and Islam (1999) calculated the amount of rainfall by the Gross
Precipitation Index (GPI) technique. They calibrated the GPI

value with the raingauge rainfall recorded for Sylhet district of
Bangladesh and suggested further study. Because much of the pre-
cipitation in both the mid-latitudes and tropics emanates from
meso-scale convective systems (Houze and Betts, 1981), it is nec-
essary to distinguish between the convective and stratiform com-
ponents of these cloud systems as the physics and dynamics of air
motion and precipitation growth in the convective and stratiform
regions differ fundamentally (Goldenberg et al., 1990). The GPI
method can not differentiate the convective and stratiform regions
of clouds, therefore it gives the average instead of the componen-
tial actual rainfall.

The amount of the componentia rainfall from the convective
and stratiform cloud components also must be determined (Liu et al.,
1995; Isam et al., 1999). The Convective and Stratiform Technique
(CST) was used by Adler and Negri (1988) in the Florida Area
Cumulus Experiment (FACE); by Goldenberg et al. (1990) in
Winter Monsoon Experiment (WMONEX); as well as by Kikuchi
and Uyeda (1996) and Islam et al. (1998) in Tropical Ocean Global
Atmosphere (TOGA) — Coupled Ocean Atmosphere Response
Experiment (COARE) convections. To apply the CST algorithm to
Bangladesh, certain modifications are needed in calculating the
slope parameter, determining the stratiform threshold temperature,
and assigning convective and stratiform rain rates. The purpose of
our study was to apply the CST to Bangladesh in order to calculate
its rainfall from GMS-5 data. We aso have quantified the amount
of surface rain using both ground-truth and CST-caculated rainfall
data. Once the real-time rainfall for alarge coverage is calculated a
prediction model can be developed that estimates the lead-time rain-
fal. Thisisvery essential for aflood-affected country.
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2. DATA USED

TGround-truth and satellite data for a 61 days period starting
June 1, 1996 were used. The 3-hourly rainfall data collected from
the 33 raingauges of the Bangladesh Meteorological Department
were as the ground-truth data used. These manual type raingauges
are located in different parts of the country (Fig. 1). Six types of
images are sent by the GMS-5. Eight-bit data of the GMS-IR were
collected at IWFM, BUET, Bangladesh. These infrared images
have 800 pixelsin the horizontal direction and 800 lines in the ver-
tical one. A partial image, extending from 88°to 93°E and from
20° to 27°N and covering Bangladesh was constructed from the
GMS image. As the satellite is located at 140° E on the equator,
the images received by it are deformed because they differ from
the actual location. A geometrical correction was used to eliminate
this problem (Chowdhury et al., 1997).

3. ANALYSISMETHODS

Raingauge rainfall is compared with that calculated from
satellite data.  Satellite rainfall was calculated for a 50 km mesh
grid box centered on the position of araingauge. Calculation pro-
cedure of rainfall from satellite datais discussed below.

3.1. Convective stratiform technique (CST)

The technique proposed by Adler and Negri (1988) uses satel-
lite IR data to distinguish between convective and stratiform com-
ponents of a meso-scale convective cloud system. They tested the
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Fig.1 Raingauge stations in Bangladesh.
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algorithm called the Convective Stratiform Technique (CST) on
data from the Geosynchronious Operational Environmental
Satellite (GOES) IR channel obtained over four days during the
second Florida Area Cumulus Experiment (FACE). The CST
algorithm was modified by Goldenberg et al. (1990) in order to
analyze the horizontal precipitation structure of a cloud cluster
observed off the northern coast of Borneo during the Winter
Monsoon Experiment (WMONEX). They used the IR Tg of the
GMS-1 to analyze the entire lifetime of the cluster. These two suc-
cessful analyses made with the CST encouraged its use in the
TOGA-COARE domain. It aso should be noted that Kikuchi and
Uyeda (1996) analyzed three cases by the modified CST
(Goldenberg et al., 1990) during the TOGA-COARE Intensive
Observation Period (IOP). They tested the CST agorithm on data
from the GMS-4 and compared the results with those of Doppler
radar data collected on Manus Island. There was a discrepancy
between the rainfall amounts as determined by the CST and radar,
but the convective and stratiform rainfall percentages determined
by the CST for case 2 of Kikuchi and Uyeda (1996) were good
enough to compare with other research results. Islam et al. (1998)
applied the CST to the TOGA-COARE domain and analyzed the
horizontal precipitation structure (area and rainfall amounts) of
cloud clusters based on GMS-4 IR data for the Intensive Flux
Array (IFA) region over the western Pacific warm pool. They
strongly recommended adapting the CST for a particular region.
Islam et a. (1999) modified the CST algorithm for the TOGA-
COARE domain and used GMS-4 data to estimate the convective
and stratiform rainfall from satellite data.  The steps of the CST
agorithm are as follows:

a) Identification of convective cores and their locations on
GMSIR imagery

To identify the locations of convective cores in each satellite
image, the IR Tg; field is examined for relative minima (T,,). It
may be a single pixel minima or the centroid of a multi-pixel mini-
ma in a square 50 kmXX50 km box. After identifying the pixel
location of T, its strength is measured by calculating the slope
parameter (S). In this way, al points colder than their respective
environments are regions of enhanced convection. The strength of
the slope parameter determines whether the candidate T, pixel is
convective. The slope parameter adapted for the TOGA-COARE
region (Isamet al., 1999) is

Sk(T, +T

i-1,j i+1,j

+ TM_1 + Tiw -4 . ) Q)

Where Sis the slope parameter, and i and j refer to the position of
the pixel for which Sis being calculated. Factor k depends on data
resolution. Here k = 0.25 for the four surrounding pixels of GMS-
4 (11.1 km x 11.1 km) data resolution.

The calculated pairs of T, and S are compared by use of an
empirical discrimination line that separates T.., values associated
with convective cores. This condition, used to distinguish convec-
tive cores from those identified with thin cirrus by Goldenberg et
a. (1990), isgiven by

S=exp [ 0.0826 ( T,:—207) ] )]

In our analysis, equation (2) was used on the GMS-5 IR data.
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According to Adler and Negri (1988), the convective precipi-
tation area (A.) is directly proportional to cell top height, as indi-
cated by the cloud top temperature. We used the Adler and Negri
relationship (1988) given by

In(A)=aT,+b ®)

where a and b are constant, and index i refers to the i-th core. The
T.n Of Adler and Negri (1988) is replaced by the variable T..
Because the a and b values calculated by Adler and Negri (1988)
for FACE and the those of Goldenberg et al. (1990) for WMONEX
are nearly the same, the values of a = -0.0492 and b = 15.27 were
used in our analysis.

b) Estimation of stratiform regions

After assignment of areas to selected convective cells, strati-
form precipitation areas are identified. The stratiform thresholds
temperature, T, isgiven by

T(K=T ,+X (4

where T isthe modal cloud-top temperature, and y isavariable.
According to Goldenberg et al. (1990)

T, = %Zl T, ©)

where n is the number of pixels in the modal grid, and T, is the
IR temperature of the j-th pixel in that grid. The variable X was
introduced by Goldenberg et al. (1990), in their case X=7 K. The
necessity of introducing this variable depends on whether radar
reflectivity is compared with the CST analysis results. Adler and
Negri (1988) excluded all echoes < 25 dBZ on Miami radar,
whereas Goldenberg et al. (1990) included all echoes 1dBZ on the
MIT land-based radar. The need for the addition of X=7 K was
found by Goldenberg et al. (1990) for their case as opposed to
using the X=0 K of Adler and Negri (1988). Islam et al. (1999)
excluded all echoes < 20 dBZ on Keifu Maru radar (weather radar
of the Japan Meteorological Agency). In their study X=4 K was a
good fit for short-term (<1 day) analysis and X=7 K a good fit for
long-term (10 days) analysis. In this study of Bangladesh, we have
no radar data and the X value is assigned based on raingauge data
as described in subsection 4.2.

¢) Assignment of convective and stratiform rain rates

Adler and Negri (1988) used an arbitrary startiform rain rate
in their CST analysis. They calculated the convective rain rate
using the CST itself and a one-dimensional model (Adler and
Mack, 1984). Goldenberg et al. (1990) followed Adler and Negri
(1988) in calculating the convective rain rate and assumed the
stratiform rain rate from radar data. Islam et a. (1997), however,
showed there is a difference between the rain rates determined by
radar and by the CST and clearly indicated the need to assign the
convective rain rate rather than taking it from the CST algorithm.
They used a convective rain rate of 25 mmh* and a stratiform rain
rate of 3.5 mmh* for the tropical region. In our study both the con-
vective and stratiform rain rates are assigned from the ground-truth
rainfall and satellite data analysis, as discussed in subsection 4.3.

4. MODIFICATIONS

Some simple and essential modifications were made to the
CST agorithm in order to apply it to Bangladesh and to be able to
use GMS-5 data to estimate rainfall for alarge coverage.

4.1. Slope parameter

In our study six surrounding pixels rather than four (Adler and
Negri, 1988; Islam et al., 1999) were involved in calculating the
slope parameter. The variation in pixel number depends on resolu-
tion of the satellite data used. Here the slope parameter is given by

S=k( Ti-2,j+ T\-1,j+ Ti+2.j +-r\+1,j+Ti,j-1+-r\,j+1_6Ti,J) (6)

and k=0.17 for the six surrounding pixels in the GMS-5 (8.5 kmX
16.5 km) data resol ution.

4.2. Best x valuefit

As there was no radar data available for assigning the X value
in our study, we used raingauge data. The X value proposed is for
raingauges located in a different part of Bangladesh (Fig. 1). To
assign the x value, the number of stratiform cloud pixels for each
value of X from 0 to 15 K was calculated. The correlation coeffi-
cient for the raingauge rainfall and the number of stratiform cloud
pixels for each X value then was calculated at each station. Fig. 2
shows the X value at stations Feni and Comilla. To set the X value
for a particular raingauge the following criterion was used:
“Choose the X value corresponding to the maximum point on the
curve nearest X=7 K found by the modified CST agorithm (Islam
et al., 1999)". Application of the above criterion gives an X value
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of 6 K for both Feni and Comilla (Fig. 2). The X value ranged
from 5to 7 K for al the raingauge stations (Table 1). The average
Xvaluewas 6 K for the entire country.

4.3. Assignment of therain rate

The stratiform rain rate can not be evaluated by the CST ago-
rithm. Adler and Negri (1988) made an arbitrary assignment of 2
mmh* based on the rate being one-tenth of the mean convective
rain rate (20 mmh). Goldenberg et al. (1990) also used 2 mmh*
as the average, the lower value being 1 mmh* and the upper one 3
mmht. Islam et a. (1999) used 3.5 mmh* as the stratiform rain
rate for the tropical region, which value is consistent with
Rappaport’s (1982) 3.3 mmh* and comparable to Gamache and
Houze's (1983) 2.6 mmh.

To assign the convective rain rate, 10 to 30 mmh* was
assumed in our study, and for each case the average percent devia-
tion of the CST rainfall was calculated from the raingauge rainfall.

Tablel. xValuesat the raingauge stations throughout Bangladesh.

Station Longitude(E) Latitude(N x Station Longitude(E) Latitude(N x
} )
Barisal 90.40 2287 6 Madaripur  90.22 2318 [}
Bhola 9067 2233 6 Maijdi 91.13 2283 6
Bogra 89.42 24.83 6 Mongla 89.67 22.417 [
Chandpur 90.67 23.20 5 Mymensing 90.42 24.77 7
Chittagong ~ 91.87 2232 [ Patuakhali  90.37 2233 [
Chuadanga 88.87 23.67 6 Rajshahi 88.58 2433 6
Comilla 91.20 23.45 6 Rangamati  92.22 2258 5
Cox's Bazar 92.03 21.42 7 Rangpur 89.30 25.70 6
Dhaka 90.40 2368 5 Sandwip 91.42 2242 5
Dinajpur 88.62 25.58 5 Satkhira 89.17 22.68 7
Faridpur 89.87 23.58 6 Sitakunda  91.58 22.53 5
Feni 91.40 23.00 6 Srimangal  ¢1.67 24.30 6
Ishardi 89.17 2417 6 Syedpur 88.83 25.77 6
Jessore 80.23 2317 6 Sylhet 91.83 24.90 []
Khepupara  90.23 2183 ] Tangail 89.83 2417 6
Khulna 89.58 2283 7 Teknaf 8233 20.83 7
Kutubdia 91.83 21.83 5
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A minimum deviation of 4.5% was found for the convective rain
rate of 20 mmh-1 (Fig. 3). In our study, the stratiform rain rate
was checked from 2 to 5 mmh* and 3.5 mmh* assigned to for all
raingauges.

5. CALCULATION OF COMPONENTIAL RAINFALL

5.1. Convectiverainfall

For the regional grid data the daily average convective rainfall
isgiven by

Convectiverainfall (mm)=C (A /A) TR 7
where C = number of convective cells within a grid; A = convec-
tive rain area from equation (3); A = average area covered by each
pixel in knm? (8.5 km X 16.5 km); T = length of the average period,
in hours; and R = convective rain rate in mmh* (20 mmh).

5.2. Stratiform rainfall

For aregiona grid data the daily average stratiform rainfal is
given by

Sratiformrainfall (mm) = S(A/A) TR, (8)
where S= number of stratiform cells within agrid; A = stratiform
rain areain that grid; A = area covered by the grid; T = length of
the average period in hours, and R = stratiform rain rate in mmh*
(3.5 mmh?).

6. RESULTSAND DISCUSSION

The rainfall value obtained in the above analysis was com-
pared with the ground-truth rainfall. Fig. 4 shows the comparison
between the daily average rainfall obtained by the CST and that for
raingauge data. CST values are shown for both the convective and
stratiform components. At all 33 stations the respective convective
and stratiform rainfall amounts were 432.31 and 62.63 mm for 61
days starting June 1, 1996. The convective component was 87%
and the stratiform one 13%. These percentages differ from those
of Islam et al. (1998) whose calculated values were convective
64% and stratiform 36%. For all the stations the CST calculation
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was 494.95 mm and the raingauge value 470.57 mm for the 61
days. The average difference in daily rainfall between the CST
and raingauge amounts was 0.7 mm; i. e., as expected the CST
value was 0.7 mm/day larger than the ground-truth value. Ground-
truth values were larger than CST valuesin al the coastal regions
except Sylhet, Feni, and Rangpur. Otherwise, the CST values
were larger than the ground-truth ones. On the average, the calcu-
lated CST was 1.051 times the ground-truth value, indicative of
good agreement between the two values.

Fig.5 shows the correlation between the ground-truth rainfall
and that calculated by the CST at the different stations. The corre-
lation coefficients (r) are between 0.068 (Rajshahi) and 0.756
(Khepupara). They are significantly high for the stations Barisdl,
Bhola, Cox’s Bazar, Rangamati, Comilla, Chittagong, Khepupara,
Kutubdia, Mongla, Patuakhali, Syedpur and Teknaf, but insignifi-
cantly for the rest stations. The average it is 0.32, indicative that
even the average correlation is low and that the amount of rainfall
calculated by the CST is very close to that found from ground-truth
data (Fig. 4). This also shows that the CST is reliable for estimat-
ing regional rainfall from GMS-5 data.

Fig.6 shows the relationship between the CST (CST) and

87

ground-truth (RAIN) rainfalls. For all 33 stations the linear regres-
sion equation takes the form

RAIN = (0.422) CST + 8.016 9
Whereas omitting the very poorly correlated stations, equation (9)
becomes

RAIN = (0.840) CST + 0.104 (10
If the coefficient of CST is given by m and the constant term by c,
equation (10) becomes

Surfacerainfall = m (Satelliterainfall) + ¢ 11

This means that the surface rain value was 0.84 times larger
than the satellite rain value plus the constant value of 0.1 used in
our study. With equation (11) the surface rain can be estimated
from satellite data. Linear regression equations were obtained for

individual stations, and the m and ¢ values are shown in Fig. 7.
Note that the amount obtained with equation (11) may not be the
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actual rainfall amount for all the seasons, but this procedure is
applicable to long time data and provides a reliable technique for
estimating rainfall from satellite data. It therefore should be useful
for estimating floodwater amounts in the large GBM basin, which
isessential for flood prediction in Bangladesh.

7. CONCLUSIONS

Analysis of 61 days of 3-hourly GMS-5 data of over 33 rain-
gauge stations in Bangladesh provided the following conclusions:

@ The CST method can be used when radar datais not avail-
able.

@ Rain rates can be assigned from ground-truth data

@ Correlation between the satellite and ground-truth rainfall
valuesis  significant for coastal but not inland stations.

@ The convective component is 87% and the stratiform com-

ponent  13%.

@ Surface rainfall is 1.1 times larger than the ground-truth

rainfall.

@ Surface rain can be estimated from satellite data.

@ The CST algorithm can be successfully used to estimate

rainfall in Bangladesh from GMS-5 data.

These encouraging results indicate that calculation of the sur-
face rain for a large coverage from satellite data is possible.
Knowing the rainfall over a large coverage is essential for flood
forecasting and for determining the surface water budget. To use
this procedure in determining surface rain from satellite data fur-
ther study of long time datasets is required. Thisis now in
progress.
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