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Abstract

The rain/no-rain classification (RNC) for the Tropical Rainfall Measuring Mission (TRMM) Imager (TMI)
fails in detecting shallow rain observed by the TRMM Precipitation Radar (PR). In this study, the RNC method
is revised to use the 37-GHz emission more efficiently to identify shallow rain and is applied to the TMI
observation. The results are then evaluated against the RNC made by the PR observation, considered as the
“truth.” The revised RNC method (GSMaP2) is compared with the original RNC method (GSMaP1) and the

Goddard profiling algorithm (GPROF).

GSMaP2 performs well for shallow rain behind cold fronts in the extratropics, where GSMaP1 and GPROF
fail, using the 37-GHz emission signature. Through a whole year, a global comparison shows that GSMaP2
performs better than GSMaP1 and GPROF over mid-latitudes. However, GSMaP2 fails in detecting shallow
isolated rain over sub-tropical oceans owing to a globally constant value for the vertically integrated cloud
liquid water path (LWP) assumed in the forward calculation. Therefore, we parameterize the LWP as a
function of storm height from the PR observation over the region where shallow isolated rain is predominant.
GSMaP3, in which the parameterization of the LWP is applied to GSMaP2, improves detection of shallow

isolated rain over sub-tropical oceans.

1. Introduction

Satellite-borne microwave radiometers provide ob-
servations of global precipitation. Rain estimation is
important for the study of the global water cycle and
water resources. Brightness temperatures (TBs) meas-
ured by these radiometers depend on the absorption
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and scattering properties of the atmosphere and the
underlying surface, which vary with frequency and
polarization. There are generally two methods for
estimating precipitation: one uses an emission signa-
ture from raindrops over the spectrum of lower fre-
quencies (emission-based algorithm) and the other
uses a scattering signature from ice crystals over the
spectrum of higher frequencies (scattering-based al-
gorithm).

A number of different microwave precipitation re-
trieval algorithms have been developed over the years.
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The methods of estimating precipitation from satellite-
bone microwave radiometers are divided into two
types. First, the empirical relationship between the
TBs and the rainfall rate from ground radar datasets
or rain gauges is used to estimate the rainfall rate.
Although this method uses channels that have a high
correlation with the rainfall rate, physical relationships
between the rainfall rate and TBs are uncertain and
this method is difficult to apply to global regions
because the relationship may reflect the characteristics
of the local regions.

Second, the relationship between TBs and rainfall
rate established by the physical principles of radiative
transfer is used to quantify the rainfall rate. This
method clarifies the physical relationship between the
rainfall rate and TBs and can be applied to various
regions as long as the profiles of the various hy-
drometeors are appropriately represented. Generally,
this method comprises two parts: a forward calculation
and retrievals. In the forward calculation, lookup
tables (LUTs) or databases showing the relationship
between rainfall rates and TBs are produced using
radiative transfer models (RTMs). A retrieval consists
of a rain/no-rain classification (RNC) and an esti-
mation of the rain rates over the delineated rainy area.

This study focuses on the RNC. For the RNC over
land, only the scattering-based algorithm is used
because the contrast between surface and atmosphere
becoming smaller, owing to high emissivity over land,
makes it difficult to apply the emission-based
algorithm. In contrast, for the RNC over the ocean,
either the emission-based algorithm or the scattering-
based algorithm can be used because of the low emis-
sivity over the ocean. Therefore, the RNC over the
ocean has higher accuracy than the RNC over land.
However, the RNC over the ocean has uncertainty for
shallow rain. Petty (1997) indicated that Special
Sensor Microwave/Imager (SSM/I) rainfall algorithms
have difficulty detecting small rain areas. This
difficulty is due to the scale of the rain being smaller
than the 30 to 60 km resolution of the SSM/I channels
used in most emission-based algorithms. Petty (1997)
suggested that the only hope of directly sensing such
precipitation is to use the 85-GHz channel for an
emission-based algorithm, which is often used for a
scattering-based algorithm, because it has the highest
resolution (15 km) among the SSM/I channels.

The Tropical Rainfall Measuring Mission (TRMM)
carries two microwave sensors on the same platform
for quantitative rainfall measurement: the precipitation
radar (PR) and the TRMM microwave imager (TMI)
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(Kummerow et al. 1998). The PR is a nadir-looking
Precipitation Radar that measures back-scatter from
precipitation particles (Kozu et al. 2001; Okamoto
2003; Okamoto and Shige 2008). The PR observes the
three-dimensional structure of precipitation at a fine
resolution (~4 km) with a 215 km-wide swath. The
TMI is a nine-channel passive microwave radiometer
based on the SSM/I, with a 720 km-wide swath. One
key difference is the addition of a pair of 10-GHz
channels with horizontal and vertical polarizations,
denoted as 10H and 10V. Another key difference is
that the spatial resolution of TMI is improved over that
of SSM/I. Using simultaneous observations by the PR
and TMI allows us to improve the retrieval of rain
from measured TBs.

We develop a microwave precipitation retrieval
algorithm (Global Satellite Mapping of Precipitation,
GSMaP) compatible with the PR algorithm (Aonashi
et al. 1996; Aonashi et al. 2009; Kubota et al. 2007),
based on the deterministic rain-retrieval algorithm of
Aonashi and Liu (1998). The GSMaP algorithm is
used by the Earth Observation Research Center, Japan
Aerospace Exploration Agency (JAXA/EORC) to
offer hourly global rainfall maps in near real time.,
The GSMaP algorithm is used by Shige et al. (2008)
for scientific study. The GSMaP products are available
on the Internet at http:/www.radar.aero.osakafu-u.
ac.jp/~gsmap/. The RNC method over land used in
GSMaP was developed using statistical information
for TMI TBs under no-rain conditions from PR
observations (Seto et al. 2005). In the RNC method
over the ocean, rainfall is classified mostly by the 10-
and 19-GHz emission signatures and the 85-GHz
scattering signature.

Over the ocean, the RNC for the TMI fails in de-
tecting shallow rain observed by PR because shallow
rain has a scale smaller than the resolution of the
channels used in the emission-based algorithm and has
little ice aloft. Here, we define shallow rain as having
a small scale (~20 km) and a precipitation top height
lower than the freezing level height (FLH). We define
deep rain as having a larger scale and a precipitation
top height higher than the FLH.

It is very difficult to use the 85-GHz emission-based
algorithm to detect shallow rain because clouds are
optically thick at 85-GHz. The resolution of the
microwave radiometer has advanced with improve-
ments in the technology and resolution of the 37-GHz
channel (~16 km) of the TMI, such that the resolution
is now comparable with that of the 85-GHz channel
(~15 km) of the SSM/I. Therefore, the shallow rain
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indicated by Petty (1997) is expected to be directly
detected using the 37-GHz channels of the TMI for the
emission-based algorithm in the RNC method.

This study aims at improving the RNC over the
ocean for GSMaP using the 37-GHz channel of the
TMI in an emission-based algorithm. The revised
RNC method is evaluated by comparing it with the
RNC from the PR. The datasets used in this study are
described in Section 2. We review the RNC method of
the Goddard profiling algorithm (GPROF) and the
original RNC method of GSMaP in Section 3. In
Section 4, we revise the RNC method of GSMaP to
use the 37-GHz emission signature more efficiently.
We also investigate the performance of the revised
RNC method using two case studies and global
comparisons. In Section 5, we improve the forward
model, which the RNC method depends on, over sub-
tropical oceans. Summaries are given in Section 6.

2. Data

In this study, we focus on GSMaP for the TMI
(GSMaP_TMI), because GSMaP_TMI results can be
compared with the PR observations. In the forward
model, LUTs are produced using the four-stream RTM
of Liu (1998). The RTM is inputted with atmospheric
variables (freezing height, temperature, relative
humidity, surface wind, and surface temperature)
provided by the Japan Meteorological Agency Global
Analysis (GANAL). In the cloud layer under the FLH,
constant values for the vertically integrated cloud
liquid water content (LWP) (0.5 kg m2) and relative
humidity (100%) are assumed (Aonashi and Liu 1998).
LUTs are calculated for each 5 x 5-degree latitude-
longitude box. The RTM is also inputted with a set of
hydrometeor profiles given by PR observation. The
PR-observed hydrometeor profiles are classified into
ten precipitation types. The precipitation types are
determined using the stratiform pixel ratio, stratiform
rain ratio, precipitation area, precipitation-top height,
rain intensity, and diurnal cycle from PR 2A25 along
with the TRMM Lightning Imaging Sensor flash rates
(Takayabu and Katayama 2004; Takayabu 2006).
There are six land precipitation types (severe thunder-
storm, afternoon shower, shallow rain, extratropical
frontal system, organized system, and high land rain)
and four ocean precipitation types (shallow rain,
extratropical frontal system, transition zone, and or-
ganized system).

For comparison with GSMaP_TMI we used the
current (version 6) level-2 standard products of the PR
and TMI published by the National Aeronautics and
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Space Administration and the Japan Aerospace Ex-
ploration Agency. The level-2 standard product 2A12
(GPROF) (Olson et al. 2006) was used for the rain
estimation of the TMI. The basis of GPROF is a
Bayesian framework in which retrieved precipitation is
constructed from cloud-resolving model-generated
profiles that are radiatively consistent with observation.
The level-2 standard product 2A25 (Iguchi 2007;
Iguchi et al. 2009) was used for the rain estimation of
the PR. We used 2A25 as the truth for the RNC in this
study because the resolution of the PR is higher than
that of the TMI. In order to more directly compare the
relatively high-resolution PR observations with the
estimation from the TMI, we matched the resolution
of the PR with that of the 85-GHz TMI data. A
weighted average of the PR observations in the
neighborhood of a given TMI footprint is performed.
The PR average rainfall rate is defined by

Zijj
_ J
ave zg/
J

R )

where R; is the near-surface rain from PR2A25, and

g, =exp[~In(2) [Gi) +(Gl] 1, @)

is a Gaussian weighting factor. Here, because the TMI
footprint takes the form of an ellipse, if the short axis
direction and the long axis direction are defined as the
x-direction and y-direction, then x and y are the
distances in kilometers between the PR footprint
(indexed by j) and the specified TMI footprint. The
long axis oy and the short axis oy, which are the half-
footprint dimensions of the TMI 85-GHz channels, are
2.3 km and 3.6 km. The average value of the PR
rainfall rate is used throughout the paper. The
comparison with these products is processed in the PR
swath, although both GSMaP and GPROF were
applied to the TMI swath.

3. RNC method

In this section, the RNC methods for GPROF and
the original GSMaP are reviewed briefly. The original
RNC method of GSMaP is referred to as GSMaP1I.
Because the RNC of GPROF is determined after each
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pixel is processed using screening and the full Baye-
sian code, we consider the RNC method of GPROF to
consist of these processes.

3.1 RNC method of GPROF over the ocean

In GPROF, screening is performed in order to
identify regions that are non-raining. All pixels that
pass this screening are identified as “possibly rain”
and are then processed using the full Bayesian algo-
rithm to quantify the rain rate, which could be zero or
non-zero.

The screening of GPROF over the ocean consists of
two processes: checking the LWP and screening out
clear ocean pixels and ice surface pixels (Fig. 1).

In the first process, the LWP (kg m?) is estimated
using the observed 22V and 37V TBs (denoted as
TB22V and TB37V), based on the work by Karstens
et al. (1994):

LWP =0.399635 log(285 — TB22V')
~1.4069210g(285—TB37V)+4.299.  (3)

The maximum LWP (LWP_max) (kg m?2) based on

The screening method
check the LWP Yes

______________________ No rain
(Clear ocean)
Yes
> (o)

Yes

No rain
(ice surface)

Yes

No rain
(Clear ocean)

check for a ice @ No
surface and clear

TB85H > 262.0
TB22V < 269.1

No

Q

No

Q

TB85H — TB37V > 0.5
TB37V = 186.7

1 :
i i
1 1
e a
i TB22V < 192.0 |
1 1
i i
1 1
i i
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i i

Possible rain

The Bayesian
algorithm

Bayesian
code

T

Fig. 1. Flowchart for the RNC method of
GPROF over the ocean.

< b R0
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the FLH (m) is defined as

FLH
4000’

LWP _max =0.25x )

where FLH is derived from the work by Wilheit et al.
(1991), the constant values of 0.25 and 4000 represent
the liquid water content (kg m3) and a typical freezing
level height (m). If the LWP is less than LWP_max for
a target pixel, then that pixel is identified as a no-rain
pixel.

The second process is based on the Goddard
Scattering (GSCAT) algorithm (Adler et al. 1994).
This process consists of three checks. The first check
is given by

TB85H >262.0, and TB22V <269.1. ®)

If this condition is fulfilled for a target pixel, that pixel
is identified as possibly rain. This check was originally
intended to detect ambiguity between the signals from
an ice surface and possible rain, but it is used to detect
rain in GPROF version 6.

The second check is to distinguish ice surfaces from
rain and is given by

TB22V <192.0. 6)

If this condition is fulfilled for a target pixel, that pixel
is identified as an ice surface.

The third check is to identify clear ocean and is
given by

TB85SH —TB37H >0.5,and TB37H <186.7. (7)

If this condition is fulfilled for a target pixel, that pixel
is identified as clear ocean.

If the target pixel is not identified as an ice surface
or clear ocean by these checks, then it is identified as
possible rain.

After the screening, possible rain pixels are pro-
cessed using the full Bayesian algorithm to quantify
the rain rate, which could be zero or non-zero.

3.2 Original RNC method of GSMaP over the ocean
(GSMaP1I)
GSMaP1 over the ocean consists of two stages (Fig.
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2a). In the first stage, we divide the pixels into deep-
rain pixels and shallow-rain pixels. The deep-rain
pixels are determined by the 85-GHz scattering sig-
nature and the shallow-rain pixels are determined by
the 37-GHz emission signature.

To detect a deep-rain pixel, a first guess of the
precipitation (rain85) for all pixels within the 10-GHz
effective field of view (EFOV) (a large ellipse, as seen
in Fig. 2b) with a central target pixel (the black ellipse
in Fig. 2b) is computed from the observed polarization-
corrected temperature (PCT) (Spencer et al. 1989) at
85-GHz (PCT85), using the LUTs. If rain85 is greater
than 1 mm h! for any pixels within the 10-GHz EFOV
of the central target pixel, the target pixel is identified
as a deep-rain pixel. (Hereafter, this identification
procedure is referred to as FOV10on.) The aim of
using FOV10on is to search for stratiform rain
occurring near convective rain.

If the target pixel is not a deep-rain pixel, the
37-GHz emission signature is checked to determine
whether the pixel is a shallow-rain or no-rain pixel. To
detect a shallow-rain pixel, we use the normalized
polarization difference (Petty 1994) at 37-GHz (P37)
given by

(a) GSMaP1

First stage

rain85>1
within the range of
10-GHz EFOV

from a target pixel

Second stage

TB10Vo<TB10V

TB10Vo<TB10V and/or
and/or TB19Vo<TB19V

TB19Vo<TB19V and/or
TB37Vo<TB37V

Fig. 2.
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pyy_ [B3TV ~TB37H

= ) ®)
TB37Vo—-TB37Ho

where TB37Vo and TB37Ho are TB37V and TB37H
in a rain-free region. In computing P37, the TB37V
and TB37H at 0 mm h! in the LUTs, simulated using
GANAL and cloud water, are used as TB37Vo and
TB37Ho. The condition for the determination of a
shallow-rain pixel is

P37<1, ©)

because P37 decreases from 1 as the rainfall rate
increases.

According to the results of the first stage of the
RNC method, emission signatures from raindrops are
checked in the second stage. For deep-rain pixels,
TBI0V and TB19V are used with the conditions given
by

TB10V > TB10Vo ,or TB19V > TB19Vo. (10)

(b) FOV100n

85-GHz EFOV

JO[D(M

TICRO000000000472 km
\
1006100000000

a target pixel

Check rain85 at any
pixels within the range
of 10 GHz EFOV

10-GHz EFOV

(a) Flowchart for GSMaP1 and (b) schematic diagram of FOV10on. The small ellipse (solid curve)

indicates the 85-G Hz EFOV. The large ellipse (dashed curve) indicates the 10 GHz EFOV. The black pixel

is the target pixel.
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For shallow-rain pixels, TB37V is additionally used
because the scattering from ice particles is not pre-
dominant in shallow rain. The condition is given by

TB10V >TB10Vo, or TB19V > TB19Vo,

or TB3TV >TB37Vo. (11

4. Improvement of the RNC method

In this section, we revise the RNC method of
GSMaP for retrievals (Fig. 3a). We use the 37-GHz
emission signatures more efficiently in the revised
RNC method, referred to as GSMaP2. We also in-
vestigate the performance of GSMaP2 using two case
studies and a global comparison.

4.1 Revised RNC method of GSMaP (GSMaP2)

This study modifies two conditions (FOV10on and
P37<1) in the first stage of GSMaPl in order to use
37-GHz emission signatures more efficiently. When
there are pixels whose rain85 is greater than Imm hr!
within the 10-GHz EFOV, the central target pixel is
classified as a deep-rain pixel in FOV10on of GSMaP1
even if it is actually a shallow-rain pixel (Fig. 4).

(a) GSMaP2

First stage

______________________________________________

rain85>1
in only a target pixel

TB37Vo < T37v

Second stage

TB10Vo<TB10V
TB10Vo<TB10V and/or
and/or TB19Vo<TB19V
TB19Vo<TB19V and/or
TB37Vo<TB37V
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When a shallow-rain pixel is misclassified as a deep-
rain pixel, the emission signatures of the shallow-rain
pixel are checked using TB10V and TBI9V, which
have weaker signatures due to the lower resolution of
these channels compared with the scale of the shallow
rain. As a result, most shallow-rain pixels are
misclassified as no-rain pixels. Therefore, rain85 is
checked only for the target pixel (Fig. 3b). Rain85 is
not checked for other pixels in the 10-GHz EFOV.
(Hereafter, this procedure is referred to as FOV10off.)

TB37V is used instead of P37 to detect shallow-rain
pixels. TB37H is more sensitive to wind speed than
TB37V (Fig. 5). In a windy region, the difference
between TB37V and TB37H (denoted as dTB37) is
less, because TB37H, which is in P37, increases more
than TB37V does as the wind speed increases. In the
forward calculation, the difference between TB37Vo
and TB37Ho (denoted as dTB370) is computed using
the averaged wind speed in the 5 x 5-degree latitude-
longitude boxes from GANAL. If there is an
extraordinary event (e.g., a typhoon), dTB37 will be
less than dTB370 in a windy region with non-
precipitation because the local wind speed is larger
than the averaged wind speed from GANAL. As a
result, P37 is less than 1, leading to a misclassification
of the shallow rain in the windy region. Therefore,

(b) FOV100ff

Check rain85 at
only a target pixel

Fig. 3. (a) Flowchart for GSMaP2 and (b) schematic diagram of FOV10off.
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shallow rain pixel
deep rain pixel

VAANN
1

—

10GHz EFOV

/

This target pixel is
misclassified as a
deep rain pixel.

Fig. 4. Typical example of a shallow-rain
pixel being misclassified as a deep-rain
pixel. Gray ellipse indicates a deep-rain
pixel; white ellipse indicates a shallow-
rain pixel.
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Fig. 5. TB37H (solid line, scale on the right
vertical axis) and TB37V (dashed line,
scale on the left vertical axis) as functions
of wind speed.

only TB37V, which is less sensitive to variability of
wind speed, is used for detecting shallow rain. The
condition is given by

TB37V >TB37Vo. (12)

S. KIDA et al. 171

4.2 Performance of GSMaP2

The performance of GSMaP2 is compared with that
of GSMaP1 and GPROF. To evaluate the performance
of the RNC, we introduce the equitable threat score
(ETS) (Schaefer 1990; Wilks 2006) because we are
focusing not on the estimation of rain but on the RNC.
ETS is defined by

N, =N ref

ETS: b
N =N, +N,+N,

_ (N, +N,)(N, +N;)
" N,+N,+N,+N,’

(13)

where N is the number of pixels where rain observed
by PR exists and the RNC method classifies rain, N,
is the number of pixels where rain exists and the RNC
method classifies no-rain, N3 is the number of pixels
where rain does not exist and the RNC method
classifies rain, and Ny is the number of pixels where
rain does not exist and the RNC method classifies
no-rain. The ETS ranges from —1/3 to 1 with the best
possible ETS being 1.

We investigated the performance of the RNC meth-
ods in two cases. In the first case, rain is scattered
over the sea east of Japan (30°N-36°N, 145°E-160°E)
(hereafter case 1). The other case is typhoon Olga over
the western Pacific (17°N-29°N, 125°E—-137°E) (here-
after case 2).

In case 1, the PR observed scattered rain behind
cold fronts in the extratropics (Fig. 6a). Figure 7
presents a vertical cross-section along the A—A’ line in
Fig. 6a. The cloud tops observed by Visible Infrared
Scanner (VIRS) aboard TRMM reach about 4 km in
altitude, but the scattered rain top is very shallow (~3
km). The ETS values of GPROF, GSMaPl, and
GSMaP2 are 0.116, 0.132, and 0.284 respectively.
Although the results of the three RNC methods co-
incide with the PR results in the broad rain region
around 34°N, 150°E, detection of the scattered rain is
different among the three RNC methods. In GSMaPlI,
the rain pixels are not scattered but broad (Fig. 6¢)
because the pixels around the deep-rain pixel are
misclassified as rain pixels by FOV10on. In contrast,
scattered shallow rain is detected well by FOV10off in
GSMaP2 (Fig. 6d) because FOVI10off has a greater
chance of detecting shallow rain using the emission
signal at 37-GHz than FOV10on does. Some scattered
rain is detected by GPROF, but there are fewer such
rain pixels than in the PR results (Fig. 6b). Berg et al.
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Fig. 6. Case 1 of scattered rain associated with a post-frontal convective system for 10 January 1999 (TRMM
orbit number 6436) over the sea east of Japan (30°N-36°N, 145°E—160°E).
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Fig. 7. Vertical cross-section along the A-A’
line in Fig. 6a. Black bars indicate the
rain height of the PR observation; gray
bars indicate cloud heights estimated by
the Visible Infrared Scanner (VIRS).

(2005) suggested that GPROF consistently misses
rainfall events behind cold fronts in the extratropics
because these systems are spatially too small to be
properly captured by the relatively large TMI foot-
print. However, the 37-GHz emission signature nearly
corresponds to the rain pixels detected by PR, as seen
in Fig. 8. In GPROF, the constant threshold of TB37H
used in condition (7) is less than the observed TB37H
for shallow rain, leading to the misclassification of the
shallow rain. GPROF may be tuned for the tropics and

36.0N Brightness Temperature 37v
T2 SRR B

34.0N

32.0N

30.0N
145.0E

210 213 216 219 222 225 228 231 234 237

s
0.0E

240 (K)

Fig. 8. Brightness temperature at 37 GHz,
from the TMI observation for the case in
Fig. 6.

may not be applicable to systems over mid-latitude. In
contrast, the regional threshold of TB37V of the RNC
using GANAL is used in GSMaP2, and thus shallow
rain can be detected by GSMaP2.

In case 2, the PR observed rain bands associated
with typhoon Olga (Fig. 9a). The ETS of GPROF is
0.434 (Fig. 9b), the ETS of GSMaP1I is 0.303 (Fig. 9¢),
and the ETS of GSMaP2 is 0.505 (Fig. 9d). GSMaP2
and GPROF produce better results than GSMaPl1.
GSMaP1 tends to overestimate extended rainy regions
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290N (&) PR matchup

250N

17.0N
125.0E

29.0N

129.0E 133.0E
(c) GSMaP1 [ETS=0.303]

17.0N (v

125.0E 129.0E 133.0E

Fig. 9.
(17°N-29°N, 125°E-137°E).

where GSMaP2 and GPROF classify no-rain. The
overestimates of GSMaP1 are caused by P37. In a
windy region such as one where there is a typhoon,
dTB37 decreases because TB37H increases with wind
speed more than TB37V does (Fig. 5). On the other
hand, dTB370 is computed from GANAL using the
average wind speed in the 5 x 5-degree latitude-
longitude box. The averaged wind speed should be
weaker than the local wind speed. Therefore, dTB37 is
less than dTB370 in a windy region. As a result, P37 is

29.0N

137.0E
29.0N

137.0E
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(b) GPROF [ETS=0.434]

17.0N &~

125.0E 129.0E 133.0E 137.0E

(d) GSMaP2 [ETS=0.505]

170N °
125.0E

129.0E 133.0E 137.0E

Case 2 of typhoon Olga for 31 July 1999 (TRMM orbit number 9629) over the western Pacific

less than 1 and the windy region is misclassified as a
rainy region. The ETS of GSMaP2 is higher than that
of GPROF because GPROF produces a larger rainy
region than the PR. The screening in GPROF tends to
classify regions that are larger than the PR region as
“possibly raining.” Although the region identified as
“possibly raining” consists of both raining and non-
raining regions, in the Bayesian algorithm, these re-
gions are identified as raining regions because the
database that is used in the Bayesian algorithm rep-
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GSMaP2 and GSMaP1.
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Fig. 11. ETS difference between GSMaP and GPROF, normalized by the ETS of GPROF in 1999. The ETS
difference is between GPROF and (a) GSMaP1 and (b) GSMaP2. Hovmdéller diagram of the monthly zonal
average of the ETS difference between GSMaP and GPROF, normalized by the ETS of GPROF in 1999.
The ETS difference is between GPROF and (c) GSMaP1 and (d) GSMaP2.
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resents only a small fraction of the systems that might
be observed by the TMI.

A global comparison of GPROF, GSMaPl, and
GSMaP2 is performed using the ETS for 1999. Figure
10a illustrates the difference in the ETS values for
GSMaP2 and GSMaP1, normalized by the ETS of
GSMaP1. Over mid-latitudes, GSMaP2 performs
better than GSMaP1 because GSMaP2 has improved
the RNC for scattered shallow rain. Over the tropics,
GSMaP2 also performs better than GSMaP1 because
the overestimates of rainy regions in GSMaPl1 are
reduced in GSMaP2. In contrast, the ETS values of
GSMaP2 decrease over sub-tropical oceans because of
the failure to detect shallow rain. Figure 10b is a
Hovmoller diagram of zonal average ETS values in
1999. The ETS values of GSMaP2 are higher than
those of GSMaP1 over both mid-latitudes and tropics
through the whole year. The highest ETS of GSMaP2
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is found over mid-latitudes in winter. In contrast, the
lowest ETS of GSMaP2 is found over sub-tropical
oceans in winter. Figures 11a and 11b illustrate the
difference in the ETS values for GSMaP and GPROF,
normalized by the ETS of GPROF. While the ETS
values of GSMaP1 are lower than those of GPROF in
almost every region, the ETS values of GSMaP2 are
higher than those of GPROF over mid-latitudes. Over
mid-latitudes, there is a horizontal non-uniformity of
environments because the winter mid-latitudes are
affected by strong baroclinic waves and fronts. A
regionally varying threshold value for the RNC using
GANAL is computed in GSMaP2, while GPROF sets
the constant threshold value globally. Therefore,
GSMaP2 performs well for mid-latitudes. Figures 11c
and 11d are Hovmoller diagrams of zonal average ETS
values for GSMaP1 and GSMaP2. The ETS values of
GSMaP1 are lower than those of GPROF through the

(b) Brightness Temperature 37v

.0S
115.0W 110.0W 105.0W

|
216 219 222 225 228 230 233 236 239 242 245(K
(d) GSMaP2 [ETS=0.142]

w
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Fig. 12. Shallow rain over sub-tropical ocean (19°S-9°S, 100°W-115°W) for 30 January 1999 (TRMM orbit
number 6760). (a) Rain from the PR observation. (b) TB37V from the TMI observation. (¢) GPROF. (d)

GSMaP2.
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whole year. However, the ETS values of GSMaP2 are
higher than those of GPROF over the mid-latitudes.
Over the tropics, GSMaP2 performs as well as GPROF
does. Over sub-tropical oceans, the ETS values of
GSMaP2 are lower than those of GPROF. This is
caused by the failure to detect shallow rain over sub-
tropical oceans and will be addressed in the following
section.

5. Improvement of the LWP in the forward model

5.1 Parameterization of the LWP over sub-tropical
ocean (GSMaP3)

Figure 12 illustrates the case of shallow rain over
sub-tropical ocean. It is found that the emission signa-
tures at 37V (Fig. 12b) almost corresponds to the rain
pixels determined by the PR (Fig. 12a). The shallow
rain is detected in GPROF (Fig. 12¢). However, in
GSMaP2, most of the shallow-rain areas are
misclassified as no-rain areas (Fig. 12d). Figure 13 is
a scatter plot between the rainfall rate as estimated by
PR and TB37V as observed by TMI. The relationship
between TB37V and the surface rainfall in the LUT at
the grid point 107.5°W, 22.5°S used in this region is

Rain vs TB37V

270 rrer P ASAaasaes 5

Brightness Temperature [K]

Rain rate [mm/h]

Fig. 13. Scatter plot of the PR surface
precipitation rate and TB37V for the case
depicted in Fig. 12. The dashed line is the
relation between the rainfall rate and
TB37V in the original LUT. The solid
line is the relation between the rainfall
rate and TB37V in the modified LUT.
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also given in the figure. TB37Vo, which is TB37V at 0
mm h'! in the LUTs (the dashed horizontal line in Fig.
13), is higher than the observed TB37V for most of the
PR rain pixels, leading to a failure to detect the
shallow rain using condition (10).

The PR rain-type classification algorithm (2A23;
Awaka et al. 2007; Awaka et al. 2009) detects shallow
rain with storm heights much lower than the freezing
level. Shallow rain consists of shallow isolated rain
and shallow non-isolated rain. When a region of shal-
low rain is isolated from other non-shallow rain areas,
this shallow rain is referred to as shallow isolated rain.
Shallow non-isolated rain is defined as shallow rain
that is not shallow isolated. The pixel counts for
shallow non-isolated rain and shallow-isolated rain are
given in Figs. 14a and 14b. Over the mid-latitudes,
most of the shallow rain is shallow non-isolated, indi-
cating that it is accompanied by extratropical frontal
systems as in case 1 (Fig. 6). Over the sub-tropical
ocean, the shallow rain is shallow isolated because the
mean descending branch of the meridional Hadley cell
suppresses the convection of clouds. Shallow isolated
rain over the sub-tropical oceans and shallow non-
isolated rain at mid-latitudes should have different
microphysical properties of cloud and precipitation. In
the forward calculation, hydrometer profiles classified
into ten precipitation types are used (Takayabu and
Katayama 2004; Takayabu 2006; Takayabu 2008).
Precipitation over the mid-latitudes and sub-tropical

37.5N
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25.08
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Fig. 14. (a) Shallow non-isolated rain pixel
count and (b) shallow isolated rain pixel
count in 1999 from the PR 3A25, a 5°
spatial-resolution gridded monthly
composite of PR 2A25 data.



March 2009 S. KIDA et al. 177
A Cross Section (PR and VIRS) A 19.0S
g ' .
6 3
=4 2
£ 22.35
s E
£ 2:
0
0 20 40 60 80 100 120 25.75
number of scan
Fig. 15. The same as in Fig. 7 but along line
A-A’ in Fig. 12a. 29.0S
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oceans is respectively classified as extratropical front- Fig. 16. GSMaP3 for the case depicted in

al systems and shallow rain. However, for all pre-
cipitation types, it is arbitrarily assumed that there
exists a cloud layer with an LWP of 0.5 kg m below
the freezing-level height, because the distinction be-
tween precipitation and cloud and its relationship to
the LWP is not entirely understood (see review by
Stephens and Kummerow 2007). This assumption may
be unrealistic for shallow isolated rain, leading to
overestimation of TB37Vo.

The LWP depends on the cloud liquid water content
(kg m?) and the cloud depth. Figure 15 depicts a
vertical cross-section along the A—A’ line in Fig. 12a.
The cloud height is well below the freezing height (4.2
km) and close to the rain-top height. Therefore, we
simply parameterize the LWP as a function of the
storm height derived from the PR observation. The
LWP (kg m?) is

LWP =0.1xSH, (14)

where SH (km) is the storm height derived from PR
standard product 3A25, a monthly composite of PR
2A25 data with gridded 5-degree spatial resolution.
We also parameterize the relative humidity, which was
assumed to be 100% below the freezing level. The
relative humidity is 100% below the SH and takes on
the values from GANAL above the SH. We employ
parameterization of the LWP only for the shallow-rain
precipitation type. The modified assumptions of the
LWP and relative humidity are applied to GSMaP2 in
a version we refer to as GSMaP3.

5.2 Performance of GSMaP3
Figure 16 is the result for GSMaP3 over sub-tropical
oceans for the same case as in Fig. 11. The ETS value

Fig. 12.

of GPROF (GSMaP2) is 0.253 (0.142) (Figs. 12c and
12d). The ETS of GSMaP3 is 0.251 (Fig. 16). The
shallow-rain area is detected by GSMaP3 because
TB37Vo in the LUT based on the parameterized LWP
is lower than the observed TB37V for most of the PR
rain pixels (solid line in Fig. 13).

A global comparison of GSMaP3 and GSMaP1 is
performed using the ETS for 1999. Figure 17 illustrates
the difference in ETS values between GSMaP3 and
GSMaP1, normalized by the ETS of GSMaP1. Over
sub-tropical oceans, GSMaP3 performs better than
GSMaP1 because the assumptions of LWP and relative
humidity are better parameterized over sub-tropical
oceans, where shallow isolated rain is predominant. A
Hovmobller diagram of the zonal average of the ETS
values in 1999 shows that the ETS of GSMaP3 is
higher than that of GSMaP1 through the whole year.
Figure 18 presents a global comparison between
GPROF and GSMaP3 in 1999. Figure 18 demonstrates
that the ETS of GSMaP3 improves over sub-tropical
oceans where the ETS of GSMaP2 is very much lower
than that of GPROF. This is because regions of shal-
low isolated rain, where detection failed in GSMaP2,
can be detected by GSMaP3. A Hovméoller diagram of
the zonal average ETS values of GSMaP3 and GPROF
indicates that GSMaP3 performs as well as GPROF
over the sub-tropical ocean.

6. Conclusion

We revised the RNC method of GSMaP (GSMaP1).
First, we use 37-GHz emission signatures more
efficiently over the ocean to detect shallow rain in
retrievals by the GSMaP algorithm. This revised RNC
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(a) Global map of the ETS difference between GSMaP3 and GSMaP1, normalized by the ETS of

GSMaP1 in 1999. (b) Hovmoller diagram of the monthly zonal average of the ETS difference between
GSMaP3 and GSMaP1, normalized by the ETS of GSMaP1 in 1999.
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Fig. 18.
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(a) ETS difference between GSMaP3 and GPROF, normalized by the ETS of GPROF in 1999. (b)

Hovmoller diagram of the monthly zonal average of the ETS difference between GSMaP3 and GPROF,

normalized by the ETS of GPROF in 1999.

method is called GSMaP2. Second, we parameterize
an LWP as a function of storm height (SH) derived
from PR observations to detect shallow isolated rain in
the forward model. The parameterization of the LWP
is introduced into GSMaP2. This further revised RNC
method is called GSMaP3. The performance of
GSMaP2 and GSMaP3 is investigated using case

studies and global comparisons.

In the case of scattered shallow rain behind cold
fronts, GSMaP2 performs better than both GSMaP1
and GPROF because the scattered shallow rain, which
is undetectable in GSMaPl and GPROF, can be
detected in GSMaP2. The threshold value of TB37V
over rain-free regions, which distinguishes precip-
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itation from cloud, is better computed using GANAL
in GSMaP2. Therefore, shallow rain is detected using
the 37V emission signature in GSMaP2. In the case of
typhoon Olga, an improvement from GSMaPl to
GSMaP2 was the elimination of the spurious identi-
fication of deep rain. Windy areas are misidentified as
rainy regions in GSMaP1 owing to the high sensitivity
of TB37H to wind speed. In GSMaP2, a windy region
with non-precipitation is correctly identified because
TB37V is used instead of P37 for the RNC. The ETS
of GSMaP2 is higher than that of GPROF because
GPROF produces a larger rainy region than the PR.
Most of the regions classified as “possibly rain” by
GPROF are raining regions, because the database that
is used in the full Bayesian algorithm represents only
a small fraction of the systems that might be observed
by the TML.

A global comparison between GSMaPl and
GSMaP2 reveals that GSMaP2 performs better than
GSMaP1 over the mid-latitudes and tropics because
GSMaP2 has improved the RNC for scattered shallow
rain and windy areas. Through the whole year,
GSMaP2 improves over the mid-latitudes, but is worse
than GSMaP1 over sub-tropical oceans because the
detection of shallow isolated rain fails over the sub-
tropical oceans. The highest ETS of GSMaP2 occurs
during winter in the mid-latitudes. In contrast, the
lowest ETS of GSMaP2 occurs during winter over
sub-tropical oceans. A global comparison between
GSMaP2 and GPROF indicates that GSMaP2 pro-
duces a higher ETS than GPROF over mid-latitudes. A
threshold value for the RNC using GANAL is
computed for each region in GSMaP2, while GPROF
globally sets a constant threshold value. Over the mid-
latitudes, there is a horizontal non-uniformity of envi-
ronments because the mid-latitudes are affected by
strong baroclinic waves and fronts during the winter.
Therefore, GSMaP2 performs better than GPROF. In
the future, there will be more opportunities to make
observations of higher latitudes from satellites (e.g.,
the Global Precipitation Measurement project) (Smith
et al. 2007), so achieving higher accuracy in the
detection of rain at higher latitudes is important.

Although GSMaP2 performs well over the mid-
latitudes, its performance becomes worse than that of
GSMaP1 over sub-tropical oceans. Over the mid-
latitudes, most shallow rain is non-isolated because the
shallow rain is accompanied by extratropical frontal
systems. In contrast, over sub-tropical oceans, shallow
rain is shallow isolated because the mean descending
branch of the meridional Hadley cell suppresses the
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convection of clouds. In GSMaP, it is arbitrarily
assumed that there exists a cloud layer with an LWP of
0.5 kg m™ below the freezing level. This assumption
may be unrealistic for shallow isolated rain, and may
lead to overestimation of TB37Vo in the forward
calculation. Therefore, we parameterize the LWP as a
function of SH derived from the PR standard product
3A25 over the region. The detection of the shallow
rain in GSMaP3 agrees with the RNC of the PR
observation over the sub-tropical ocean because the
shallow isolated rain, which is not detected with
GSMaP2, can be detected using TB37V.

A global comparison of GSMaP3 and GSMaP1
shows that the ETS of GSMaP3 improves over the
sub-tropical oceans because the LWP is better
parameterized there and the shallow isolated rain can
be detected. Through the whole year, the ETS of
GSMaP3 is higher than that of GSMaP1 over almost
every region. A global comparison between GSMaP3
and GPROF shows that the ETS of GSMaP3 improves
over sub-tropical oceans, where the ETS of GSMaP2
is very much lower than that of GPROF, because
regions of shallow isolated rain that GSMaP?2 failed to
detect can be detected by GSMaP3. Through the
whole year, GSMaP3 performs as well as GPROF over
sub-tropical oceans, although there are a few regions
with lower ETS values for GSMaP3 than for GPROF
in winter owing to simple parameterization of the
LWP.

In this study, we parameterize the LWP as a
function of SH from PR 3A25 only for shallow rain.
We consider that the parameterization of the LWP in
the forward model is imperfect because observations
of the LWP are still inadequate. Therefore, further
investigation of the distinction between precipitation
and cloud and its relationship to the LWP is needed.
For the investigation, it is planned to use the cloud
profiling radar (CPR) on Cloudsat (Stephens et al.
2002).
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