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Abstract

This paper describes statistical characteristics of an infrared (IR) rainfall estimation using
the Japanese geosynchronous satellite, Geostationary Meteorological Satellite-5 (GMS-5).
For this study, geographically matched data sets of the GMS-5 IR data and composite digital
weather radar data were prepared. Three parameters derived from the GMS-5 IR data (IR
11 ym brightness temperature (TB,;); IR TB difference between 11 gm and 12 gm (TBi,_1,) ;
and IR TB difference between 11 gm and 6.7 gm (TB,;_¢,)) were compared with the radar
observations pixel by pixel. In the case study, the following characteristics of the “GMS-5
IR—rainfall” relationship are extracted.
+ TB,,_1; is a useful parameter for removing thin cirrus with no rainfall
* TBii 6+ 1s a useful parameter for extracting deep convective cloud with heavy rainfall

By using those data sets, the GMS-5 IR data were “trained” to recognize raining pixel and
its intensity based on radar observations as a ground truth, so that 3-dimensional (TB.,,
TBii-12 and TB;,_;) matrices were constructed to relate GMS-5 IR data to probability of
rain (PoR) and mean rain rate (mRR). Those matrices were used to develop an empirical
technique to estimate the rain rate (RR ; RR = PoR * mRR). The potential of this technique,
denoted as 3-D looking-up table (LUT), as a now casting tool for severe weather was tested
in the case of typhoon “RYAN (T9514)”. The error and scatter of the 3-D LUT estimations
were relatively large, but they captured peak rainfalls and accumulative rainfall in good

agreement.

1. Introduction

Many attempts have been made for the esti-

mation of rainfall from geosynchronous satellite
IR data, in spite of its disadvantages that rain-
fall is indirectly inferred from cloud observa-
tions and that the techniques are not readily

transferable from the location where it is cali-

brated to other locations (e.g. Griffith, W.L.
Woodley, P.G. Grube, D.W. Martin, J. Stout and

D.N. Sikdar., 1978, Arkin and Meisner, 1987 and
Adler and Negri, 1988). The reason for this is
the short duration and high temporal variability
of rainfall events and, therefore, only the
geosynchronous satellite is able to provide IR
image data with high frequency, generally less
than one hour.

In Japan, the need for high temporal resolu-
tion in the rainfall observation is also strong by
weather forecasters for not only forecasting but
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also now casting, especially in the case of severe
storm watch like a typhoon. This paper
describes a new method of rainfall estimation,
which identifying both of thin cirrus cloud with
no rainfall and deep convective cloud with
heavy rainfall, from the GMS-5 IR channels
data.

2 . Characteristics of the GMS-5 IR Observa-

tion

The GMS-5 has been the operational satellite
at 140° E since June 21, 1995. It has produced
high temporal resolution of one hour in the IR
observations with spatial resolution of 5 km at
the sub-satellite point. It is equipped with the
Visible and Infrared Spin Scan Radiometer
(VISSR), with three new IR sensors, namely a
water vapour channel (6.7 ym) and split window
channels (11 gm and 12 gm). A noise equivalent
delta temperature (NEAT) of the split window
channels is within 0.35K at 300K and 1.0K at
220K respectively. The NEAT of the water
vapour channel is within 0.22K at 300K and 1.5K
at 220K.

3. Case Study

Characteristics of the GMS-5 IR data for
rainfall estimation were first investigated for
Okinawa Islands and surrounding oceanic
regions (120-125° E, 20-35" N) with grid resolu-
tion of 0.05° for the case of typhoon “RYAN
(T9514) at 00 UTC, 23 September 1995. Figure 1
shows the region of the case study. Figure 2.1, 2.
2 and 2.3 show IR “false-color” images of TB,,
TB,,_1, and TB,,_¢, respectively at 00 UTC on
23 September 1995. In this case study, the GMS
-5 IR data sets were compared pixel by pixel
with a geographically matched composite radar
data set in the same grid resolution. The radar
data was obtained through Japan Meteorologi-
cal Agency (JMA) weather radar network on

operational basis. As a total, 29,939 pixels, in-
cluding 1,373 “raining” pixels, were obtained in
this case study. Figure 3 shows a false-color
image of digitized echo intensity for 16 levels. It
should be noted that there was time lag of 20
minutes between the satellite and radar observa-
tions.
(1) IR split window channels

In the use of IR split window channels for
cloud classification, Inoue (1987a) showed the
feasibility of cirrus (Ci) detection using split-
window channel data from the Advanced Very
High Resolution Radiometer (AVHRR) on
board the NOAA polar orbiting satellites. This
method is based on a threshold technique in the
two-dimensional (2-D) histogram whose axes
are the TB,, and TB,,_,,, and Ci is identified as
TB,,_; in the range more than 2.5°. Inoue
(1987b) also showed convective rain area deline-
ation using the split window. This finding was
applied to the GMS-5 IR data in this case study.
As is shown in Figure 2.1 and 2.2, the areas
whose TB,,_,, are more than or equal to 3.0°
(red areas) correspond to thin fibrous Ci streaks
flowing away from the typhoon. Those areas
are also corresponding to no echo region in Fig.
3. Figure 4.1 is a scatter diagram of the TBy,
and TB,,.;, for raining pixels from radar obser-
vation. Though there are 87 (6%) raining pixels
in the area whose TB,,_;, are more than or
equal to 3.0°, 1,286 (94%) pixels are belonging to
the smaller TB;,_,, differences less than 3.0°.
One of the reasons for the disagreement of 87
pixels is due to the time lag of the observations
between satellite and radar.
(2) IR water vapour channel

From the inspection of Figure 2.1 and 2.3, the
areas whose TB,,_¢, are less than or equal to 0.
0° (blue color) correspond to deep convective
clouds in the cold mass of thick upper cloud of
the central region of the typhoon (a), intense
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convective region of cloud clusters (b) and taper-
ing cloud (c) in Figure 2.3. Figure 4.2 is a
scatter diagram of the TB,; and TB,, ¢, for
“heavy (over 20.0 mm/hr)” rain pixels from radar
observation. Though there is no definite distri-
bution differences at TB;;_s, of 0.0°, 235 (90%)
pixels are belonging to the smaller TBi, ¢
differences less than 10.0°. Ackerman (1996)
studied negative brightness temperature differ-
ences between 11 gm and 6.7 gm. He theoretically
showed that thick clouds produce negative dif-
ferences that are typically greater than -5K for
the Tropics and midlatitudes. My findings are
consistent with his study. One of the reasons for
the disagreement of 11 pixels whose TB,, ¢, are
more than 20.0° and TB,; more than 260.0K is
also due to the time lag of the observations.
(3) Finding Results

From the case study, the characteristics of the
GMS-5 IR channels data and radar rainfall are
summarized as follows:
*« TBi:-;» is a useful parameter for removing
thin cirrus with no rainfall
* TB,._¢- is a useful parameter for extracting

deep convective cloud with heavy rainfall

4 . Statistical Characteristics of the GMS-5
IR Data

Based on the above findings in the case study
of the GMS-5, statistical characteristics of the
GMS-5 IR channels data for estimating rainfall
were extracted from a training of the GMS-5 IR
TBs with radar data using the data sets de-
scribed in the following section.

(1) The Data Sets

Geographically matched 6-hourly (00, 06, 12
and 18 UTC) observation data sets of the GMS
-5 IR TBs (6.7 gm, 11 gm and 12 gm) and a compos-
ite digital radar data set over Okinawa Islands
and surrounding oceanic regions (120-135°E, 20-

35°N) with 0.05° grid resolution (same as the case
study) during the summer season (21 July—20
September 1995) were prepared. The radar data
was obtained by JMA weather radar network
on an operational basis and converted to rain
rates (mm/hr) from digitized echo intensity for 16
levels. As a total of 248 cases were prepared for
this statistics. There was no compensation of
the time lag between the satellite and radar
observations.

(2) 3-D Matrices

For all the data sets, the GMS-5 IR data of
TB.;, TBii_:» and TB,,.¢., were compared
pixel by pixel with the radar data in the same
way as the case study. At first, “rain” and
“no-rain” frequencies (Nr and Nnr) and total
rain rate (tRR) were calculated as a function of
the three variables for each pixel of the GMS-5
IR imagery using radar data. For the construc-
tion of the histograms of Nr, Nnr and tRR,
denoted as 3-D histograms, TB;; was divided
into 26 classes from 20.0°C to —105.0°C in every
2.5°C, TB;i_1» was divided into 21 classes
—10.0°C to 9.0°C in every 1.0°C, and
TB,:.s, was divided into 21 classes from —10.
0°C to 28.0°C in every 2.0°C. Two matrices of
probability of rain (PoR) and mean rain rate

from

(mRR), denoted as 3-D matrices, were calcu-
lated from the 3-D histograms, where the input
variables consisted of the same TB,,, TB;i-1
and TB;;_s; as the 3-D histograms.

The following definitions were adopted :

PoR(TB,;, TBii_12, TBii-67)
=Nr(TBi:, TBii-12, TBii-61)
/(Nnr(TBy:, TBii—12, TBiizer)
+Nr(TBi;, TBii_12, TBii-67))

mRR(TB,;, TBii-12, TBii_67)
:tRR(TBn, TB11712, TB11—6.7)
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/NT(TBU, TBii-12, TBii-6r)

The results are shown in the form of 2-D
matrices, where the input variables are consist-
ed of (TB,;, TBy;_1») and (TBy;, TBi167), In
tables 1 and 2.

(3) Finding Results

The resulting statistical characteristics der-
ived from the 3-D matrices are as follows: As
shown in Tables la and 1b, PoR generally
increases with TB,,_,, decreases and with TB,,
decreases. Relatively high values (larger than or
equal to 4095) of PoRs appear in the region of
TB;,_:; less than 3.0° and TB,;, colder than or
equal to —55.0°C. It should be noted that high
PoRs (more than or equal to 55%) and high
mRRs (more than 10 mm/h) appear in TB;,_1, less
than or equal to —1.0° even in the warmer TB,,
up to 10.0°C. As shown in Tables 2a and 2b, PoR
generally increases with TB,, ¢, decrease. Rela-
tively high PoR values (more than 5593) appear
in the region of TB,; ¢, less than or equal to 0.
0° and TB,, colder than —30.0°C. There is no
clear relationship for mRR in the 2-D matrix of
TB,;, and TB,,_s;. However, the higher mRR
(greater than 10.0 mm/hr) corresponds to the col-
der TB;; (less than —60.0°C) and the smaller
TB,,_s, (less than 10.0°) with some exceptions.

5. The GMS-5 IR Technique for Estimating
Rainfall

(1)3-D Look-up Table

An empirical rainfall estimation algorithm
(denoted as 3-D LUT) which is based on the 3-
D matrices of mRR and PoR was developed.
The following equation was used for estimating

rainfall.

RR:mRR(TBu, TB11—12, TBu—e.?)
* POR(TBH, TB11712, TBUfSJ)

(2) Validation of the technique

The 3-D LUT algorithm were applied and
tested on hourly scales for the case of typhoon
“RYAN (T9514)” from 22 through 23 September
1995. Two 1°Xx1° latitude/longitude area center-
ed at (26.5°N, 127.5°E) and (25.5°N, 128.5°E) in
Figure 1 on the route of the typhoon were
selected for this validation. Comparisons of
rainfall estimation and radar observation as a
ground truth, over the two 1°X1° area of “A”
and “B” from 12 UTC on September 22 through
12 UTC on September 23 are shown in Figures 5
and 6 respectively. Hourly (a) and accumulative
(b) rainfalls are shown in the figure. Rain esti-
mations from two other techniques, CST tech-
nique described by Adler and Negri (1988),
denoted as CST, and GPI technique described by
Arkin and Meisner (1987), denoted as GPI, are
also shown for comparison. In general, the error
and scatter of all the IR hourly estimates are
relatively large. It should be noted that this 3-D
LUT technique is based on the 3-D matrices
derived from a large statistical sample of radar-
satellite matched data sets and developed for
producing large-scale and long-term rainfall
estimation for climate applications. Therefore it
is inevitable to produce artificial rain area with
a weak rain rate as much as 1.0 mm/hr when this
technique is applied to estimate an instantane-
ous rainfall. This problem is correctable by
adopting a suitable cutoff rain rate value such
as 1.0 mm/hr.
with the 3-D LUT technique, however, it captur-

Given the limitations associated

ed peak rainfalls and accumulative rainfall with
better agreement than other techniques in both
cases of heavy rain (Figure 2) and moderate rain
(Figure 3). It is proved that this technique
appears promising for monitoring severe

weather.
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6 . Concluding Remarks

Using the three IR channels of the GMS-5, the
feasibility of rainfall estimation was studied
using collocated radar data as a ground truth. In
this study, three variables of TB;;,, TBii_12,
TBi1_ 67 were selected and used to compute
probability of rain and mean rain rate. A new
rainfall algorithm, 3-D LUT, was proposed and
compared with CST and GPI for the case of
severe weather of typhoon. The error and scat-
ter of the 3-D LUT estimations were relatively
large, but 3-D LUT shows better results than
other techniques.
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Fig. 2.1. The GMS-5 “false-color” image of infrared (IR) 11 gm brightness temperature (TB;,)
at 00 UTC on 23 September 1995 in the case of typhoon “RYAN (T9514)".
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Fig. 2.2. The GMS-5 “false-color” image of IR TB difference between 11 gm and 12 gm (TB,,_,.)
at 00 UTC on 23 September 1995 in the case of typhoon “RYAN (T95114)”.
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Fig. 2.3. The GMS-5 “false-color” image of IR TB difference between 11 gm and 6.7 um (TB,,_s-)
at 00 UTC on 23 September 1995 in the case of typhoon “RYAN (T95114)".
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