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Abstract

The Tropical Rainfall Measuring Mission (TRMM) satellite was launched in 1997 and

the observations continued for more than 17 years. The features of TRMM observation

were as follows: (a) it followed a non-sun synchronized orbit that enabled diurnal

variation of precipitation to be investigated, (b) it carried a precipitation radar and

microwave and infrared radiometers, along with two instruments of opportunity in the

form of a lighting sensor and a radiation budget sensor, and (c) it worked as a standard

reference for precipitation measurements for other spaceborne microwave radiometers,

which enabled global rain maps to be developed. For science, TRMM provided precise

and accurate rain distributions over tropical and subtropical regions. The rainfall results

are primarily important for the study of the precipitation climatologies, while the three-

dimensional images of precipitation systems enabled the study of the global

characteristics of precipitation systems. Technologically, the spaceborne rain radar

onboard TRMM demonstrated the effectiveness of radars in space, while the

combination with other rain observation instruments showed its effectiveness as a

calibration source. Multi-satellite rain maps in which TRMM was the reference standard

have been developed, and they became prototypes of the multi-satellite Earth

observation systems. Based on the great success of TRMM, the Global Precipitation
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Measurement (GPM) was designed to expand TRMM'’s coverage to higher latitudes.

The core satellite of GPM is equipped with a dual frequency precipitation radar (DPR)

and a microwave radiometer. DPR consists of a Ku-band radar (KuPR) and a Ka-band

radar (KaPR) and has a capability to discriminate solid from liquid precipitation. The

period of the precipitation measurement with spaceborne radars extended to more than

23 years which may make it possible to detect the change of precipitation climatology

related to change in the global environment. While TRMM’s and GPM’s

accomplishments are very broad, this paper tries to highlight Japan’s contributions to

the science of these missions.

Keywords TRMM, GPM, Precipitation, Satellite, radar, radiometer, global rain map
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1. Introduction

The Earth system, ecosystems, and human society critically depend on precipitation.

Rain is traditionally measured using ground-based rain gauges; however, it is difficult to

make accurate measurements of precipitation because of its significant spatial and

temporal variations. Developed countries have established wide and dense rain gauge

networks and good radar networks. For example, Japan operates a few thousand rain

gauges and a few tens of rain radars, but many countries have poor precipitation

measurement networks. In addition, vast ocean areas, tropical rain forests, and high

mountain regions lack extensive networks (Kidd et al. 2017). Precipitation measurements

from space are thus a viable alternative for precipitation measurement.

The first spaceborne microwave radiometer for Earth observation was launched by

the Soviet Union in 1968 onboard COSMOS-243. In the 1970s, the US pioneered

precipitation measurement from space using microwave radiometers, such as the

Electrically Scanning Microwave Radiometer (ESMR) onboard NUMBUS-5 and the

Scanning Multichannel Microwave Radiometer (SMMR) onboard NUMBUS-7 (e.g., Wilheit

et al. 1976; Wilheit et al. 1977; Wilheit and Chang 1980). However, the accuracy obtained

was insufficient, and the microwave radiometer had difficulty in mapping rain distribution

over lands. The use of spaceborne rain radar was then considered to be a strong and

promising alternative. A workshop entitled “Precipitation Measurements from Space”

organized by the National Aeronautics and Space Administration (NASA) and the National
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Oceanic and Atmospheric Administration (NOAA) was held in the US in 1981 to encourage

NASA'’s headquarters to initiate a new precipitation measurement program. In this

workshop, visible/infrared (VIS/IR) and microwave passive techniques were discussed,

and the necessity of employing a spaceborne radar was recognized. The workshop

summary concisely and accurately described the status of precipitation measurements in

that era as follows (Atlas and Thiele 1981):

The measurement of precipitation from space on a global scale is a formidable

problem because as yet there are no guaranteed methods which can be relied upon to

perform under all circumstances around the world. Nevertheless, we already have some

VIS and IR techniques that provide climatologically useful data in the subtropical belt. Also,

over the oceans we are quite confident that these methods can be extended to

extratropical regions by means of improved microwave radiometers. The use of

combinations of measurement systems should be most valuable in filling the great gaps in

our knowledge of oceanic precipitation, and it would serve a broad spectrum of users both

in climate research and global weather prediction.

Furthermore, for the first time, we now have a set of conceptual methods including

spaceborne radar, either by itself or as part of a hybrid system, which show promise of

operating over both land and ocean. At the very least, these approaches deserve serious

feasibility studies and field trials. In short, the needs have been well articulated and the



103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

technology is within reach. Therefore, it is time to proceed with a strong and well-ordered

program of study and development as summarized here and as detailed in the report.

Sixteen years after the workshop, the concept discussed therein was realized at

least partly by the Tropical Rainfall Measuring Mission (TRMM) in 1997. As soon as the

TRMM project was authorized, discussions began with respect to the successor of TRMM.

The primary objective of its successor was to expand coverage from low-latitudes to

include mid- and high-latitudes, and it was suggested that the essential instruments should

be a dual-frequency precipitation radar and a microwave radiometer with additional high

frequency channels. Discussion for a TRMM successor then evolved into a constellation

system which has a core satellite that provides a standard reference for precipitation

measurements, and many other satellites that provide a high sampling frequency (Hou et

al. 2014). This concept was eventually realized as the Global Precipitation Measurement

(GPM) in 2014. As initially suggested, the GPM core observatory carries a dual frequency

precipitation radar (DPR) and a microwave radiometer (GMI).

This review paper briefly presents a history of TRMM as described by Okamoto

(2003) and some new findings related to global precipitation measurements. It also

describes how techniques used to conduct precipitation measurements from space were

developed, presents the GPM concept, and discusses the current situations. This review

focuses mainly on radars as these are new global precipitation observation instruments.

As the subject area is broad and many important results exist (Houze et al. 2015), the
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paper is limited largely to Japan’s activities related to TRMM and GPM, and the references

acknowledged are far from comprehensive.

2. TRMM

2.1 Objectives of TRMM and precipitation radar

TRMM was originally designed as a “flying rain gauge” (Simpson et al. 1988). It was

first conceptualized by NASA in the mid-1980s. Japan collaborated with the program from

the onset, and it eventually became a full collaboration between the US and Japan. The

planned instruments were a VIS/IR radiometer, a microwave radiometer and a rain radar.

At that time spaceborne rain radars had not been realized, although active microwave

instruments, such as the synthetic aperture radar (SAR), as well as an altimeter, and

scatterometer had been flown in space aboard SEASAT which was operated in 1978

(https://directory.eoportal.org/web/eoportal/satellite-missions/s/seasat).

The final agreement called for the US to provide the satellite bus, the VIS/IR

radiometer (VIRS) and the microwave radiometer (TMI), while Japan provided the

precipitation radar (PR) and the launch service (Kummerow et al. 1998). The US later

added two Earth Observing System (EOS) instruments: the Lightning Imaging Sensor

(LI1S), and the Clouds and Earth Radiant Energy System (CERES). Both countries were

responsible for all planning, data processing, and scientific activities.
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The primary scientific objective of TRMM was to obtain precise distribution of rain

over tropical and subtropical regions. At that time, the vigorous convections over the

tropical western Pacific had already been recognized as the driving engine of the

atmospheric general circulation. The Tropical Ocean-Global Atmosphere/Coupled Ocean-

Atmosphere Response Experiment (TOGA/COARE) was designed to investigate the

interaction between this convection and the tropical ocean (Webster and Lukas 1992).

TRMM was originally expected to be ready in time for use in TOGA/COARE which was

conducted from November 1992 to February 1993. Unfortunately, the TRMM program was

delayed. However, the scientific objective remained, and TRMM was finally launched from

the Tanegashima Space Center, Japan, in November 1997.

TRMM was inserted into a 350 km orbit, which was extraordinarily low compared to

the heights of other low orbit Earth observing satellites (Table 1). This was necessary

because the PR was an active sensor, and its sensitivity was significantly degraded over

longer ranges. A second fundamental issue faced by the PR was its narrow swath.

Although a wider swath was preferred, technological issues, such as range smearing,

broadening of the surface echo at off-nadir angles, and limited dwell time of the radar

beam on each pixel prevented wide scan angles. The swath was thus limited to

approximately 200 km, and although this was narrow, it enabled individual precipitation

systems to be covered.
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The designed sensitivity of TRMM PR was approximately 18 dBZ which corresponds
to a rain rate of about 0.5 mm h1. While this sensitivity is worse than ground-based
precipitation radars, its real power turned out to be the global observations of precipitation
systems regardless of over land or ocean. The disadvantages of rather narrow swath and
limited sensitivity to very light precipitation were later mitigated by combining the radar with
the microwave radiometers.

Low orbiting Earth observation satellites usually follow sun-synchronous orbits
because: (a) the consistent local time observation makes it easy to detect long-term
changes in the targets, (b) the small incidence angle change of solar radiation makes the
measured data easy to interpret, and (c) the limited sun angle from the satellite reduces
the complexity of its thermal design of the satellite. Although the sun synchronous orbit
has advantages, TRMM followed a non-sun synchronous orbit. This was mainly because
the fixed local time observation causes a bias in the precipitation climatology, particularly
in tropical regions where diurnal variations are strong. TRMM'’s low inclination orbit of 35
degrees enabled all local time observations to be obtained over one location in
approximately 45 days, which meant it could cover the entire diurnal cycle in less than one
season. Although an even smaller inclination is better for sampling deep tropical regions,
rain associated with the Asian monsoon, which is an important component of the tropical

hydrologic cycle, extends to around 35 degree north.



180 The precipitation radar (PR) was developed by the National Space Development

181  Agency of Japan (NASDA) and the Communications Research Laboratory, Japan (CRL),
182  and it was the technologically advanced instrument. The major specifications of the PR are
183 shown in Table 2. It was a pulse radar with an electrical scanning capability that used a
184  slotted waveguide system to observe precipitation from a satellite moving at about 7 km st
185 (Nakamura et al. 1990; Kozu et al. 2001). The PR had a mass of 465 kg and it was the

186  heaviest instrument onboard the TRMM satellite. It used a frequency of 13.8 GHz which
187  was somewhat higher than conventional ground-based rain radars that use 3-10 GHz (S-
188  to X-bands). This frequency selection was a result of many trade-offs. For example, the
189  frequency of 13.8 GHz suffers from rain attenuation in heavy rain; but while a lower

190 frequency would have fewer attenuation problems, it results in a wider radar beam width
191  that degrades the spatial resolution. To provide sufficient spatial resolution, a larger radar
192  antenna was required, which then caused potential of launch vehicle issues. For a

193  downward-looking radar, the radiowave path in rain is typically as short as 5 km which is
194  much shorter than that of a near horizontally scanning ground-based radar, and this

195  mitigates the rain attenuation problem. Another reasons for the choice in frequency was
196 related to the international frequency allocations determined by the International

197  Telecommunication Union (ITU), which arranges frequency allocations to avoid

198 interferences between radiowave services.
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To deal with attenuation, a new rain retrieval algorithm, the so-called surface

reference technique (SRT) was proposed (Meneghini et al. 1983). This technique uses the

surface echo to estimate the total attenuation. Conventional rain retrievals use an

empirical relationship between the rain rate (R) and radar reflectivity (Z) called the Z-R

relationship (e.g., Battan 1973). The rain-attenuated signal of the PR, however, needed

correction before this relationship could be applied. The conventional method used to

correct rain attenuation is that of the Histchfeld-Bordan technique (Histchfeld and Bordan

1954). Given a unique relationship between the equivalent radar reflectivity (Ze) and the

specific rain attenuation (k), the rain attenuation can be estimated from the measured

radar reflectivity (Zm), and the measured radar reflectivity can be corrected to give Ze.

When the rain attenuation is weak, this correction by the Histchfeld-Bordan technique

works well, but when rain attenuation is strong, the correction becomes unstable. This is

because small errors or fluctuations in the measured radar reflectivity or deviation from the

assumed k-Ze relationship cause large errors in the attenuation estimate. To overcome the

instability, Meneghini (1978) proposed an iterative method to solve the basic equation that

relates measured radar reflectivity to the attenuation corrected one. The method allowed

only a few iteration, but the problem remained. Because the spaceborne radar looks at the

Earth from above, the radar image includes strong surface echoes that suffer from rain

attenuation with the amount of attenuation depending on the radiowave path length and

the rain intensity. Thus, the reduction of the surface echo from no-rain surface echo

10
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constrains the estimated rain intensity. The SRT uses the total attenuation to suppress the

instability in Histchfeld-Bordan technique, and this was proven to work well (e.g.,

Meneghini et al. 2000). The SRT was then successfully incorporated into the TRMM PR

rain retrieval algorithms (Iguchi et al. 2000, 2009).

The SRT was not only used for correcting rain attenuation but also for estimating the

raindrop size distribution (DSD). Rain retrieval algorithms using radar involves the

relationship between radar reflectivity and the rain rate, and this relationship depends on

the DSD. Many studies focused on the DSD beginning with the well-known paper of

Marshall and Palmer (1948). A known property of the DSD is its dependence on the rain

type; stratiform rain contains larger rain drops than convective rain (e.g., Tokay and Short

1996). This concept differs slightly from the intuitive belief that convective rain contains

bigger raindrops. This is because convective rain usually has a high rain rate, but the

comparison between the DSDs of stratiform and convective rain is made under the same

rain rate. Using an estimate of the total attenuation or path integrated attenuation (PIA) of

a measured radar reflectivity profile, a correction parameter known as epsilon was derived

by the PR and the DPR algorithm development teams. Epsilon is at least partly related to

the DSD, and it enables the estimation of DSD variation (Kozu et al. 2009a). Figure 1

shows the global distribution of a proportional coefficient in the power law Z-R relationship

derived from the correction parameter and the rain rate. This figure represents the first

global distribution of a parameter relating to DSD variation. However, it is of note that the

11
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correction parameter does not exactly show the DSD variation because epsilon is affected

by many other factors, such as the beam filling effect (Kirstetter et al. 2015), multiple-

scattering, attenuation in snow or melting layers, and attenuation due to non-precipitation

particles or gases.

The downward looking PR also detects an interesting phenomenon, mirror images of

precipitation over the ocean. The ocean surface is a good reflector of microwave

radiowaves and the precipitation echo has a mirrored echo that correlates with the direct

precipitation echoes. Differences between direct and mirrored echoes are mainly due to

sea surface reflectivity and rain attenuation (Meneghini and Atlas 1986; Li and Nakamura

2002). Although such differences have a potential to be used in PR rain retrievals, this has

not yet been realized.

The TRMM produced remarkable precipitation images following its successful

launch. The first impressive image from the PR was a three-dimensional (3D) image of

Cyclone Pam over the Pacific Ocean on 8 Dec. 1997, only 10 days after it had been

launched (Hiroshima et al. 1998) (Fig. 2). The image symbolically shows the unique

capability of the TRMM PR to observe the 3D structure of a precipitation system over the

vast ocean.

The combination of the PR, TMI and LIS demonstrated the full capability for

observing precipitation systems. The TMI’s advantages over the PR are its wide swath,

which is about three times wider than the PR’s. The lack of vertical information from the
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TMI was overcome using PR’s vertical structure of precipitation. This combinational use of

data is described in the next section. This has led to better products as well as better

sampling not only from TRMM, but also from many additional microwave radiometers

onboard other satellites, such as the SSM/l onboard DMSP satellites, and their combined

observations have enabled global rain mapping using multi-satellite data. LIS detects

lightning which is a good indicator of solid particle existence. LIS and PR data showed that

deep convective systems can produce lightning (e.g., Petersen and Rutledge 2001). A

global map of lightning yield per rain amount was generated (Takayabu, 2006), and the

lightning yield was found to be much higher over land compared to over ocean, which

indicates that mixed phase convection is more frequent over land.

In summary, the feature of TRMM is: (a) it followed a non-sun synchronous orbit that

enabled diurnal variation of precipitation to be investigated, (b) it had a precipitation radar

and microwave and infrared radiometers, which enabled the three dimensional structure of

precipitation systems to be investigated, and (c) it worked as a standard reference for

precipitation measurements for other spaceborne microwave radiometers, which enabled

global rain maps to be developed utilizing satellite data as the primary inputs.

2.2 Long-term observations

It cannot be emphasized enough that the benefits of TRMM were greatly expanded by

long-term observations (Houze et al. 2015). The original operation time of TRMM was

13
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expected to be only three years. The radar systems were only minimally redundant due to

the research nature of the TRMM. Nonetheless, TRMM sensors worked without any

serious problems for many years except for CERES, which malfunctioned in the early

TRMM operational stages. Ultimately, TRMM’s life span was limited by the fuel needed to

maintain its orbit. The long term data accumulated resulted not only in the ability to make

precise estimation of climatological rain distribution, which was the primary objective, but

also in the ability to identify and analyze the evolution of the precipitation systems through

the use of composite data from the same season, events, or local time.

Long term observations also provided the ability to observe interannual variability

and extreme events; for example, the differences between the precipitation characteristics

of El Nifio and La Nifia. El Nifio Southern Oscillation (ENSO) is a well-known

teleconnection phenomenon driven by the tropical ocean-atmosphere interaction (Bjerknes

1966, 1969). There, satellite cloud maps was used to show that ENSO is a global scale

phenomenon. Precipitation data from TRMM were used to show more clearly that ENSO is

a global scale phenomenon. Figure 3 shows the anomalies of precipitation and sea

surface temperature (SST) distribution between EIl Nifio and a normal year, which clearly

indicate the strong connection between precipitation activity and SST (JAXA 2018). During

El Nifio, the precipitation maximum moves to the central Pacific, where precipitation has

similar characteristics to the deep convection over the western Pacific that occur in normal

years (e.g., Berg et al. 2002). TRMM also identified lightning activity in relation to ENSO

14
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over Indonesia, and it was determined that activity was stronger (weaker) during El Nifio

(La Nifia) events (Hamid et al. 2001).

The long-term TRMM observations enabled the morphology of global precipitation

systems to be identified; not only the distribution of rain but also the structure and

evolution of precipitation systems as described later. The TRMM data have also been

used widely in investigations of the dynamical structure of the precipitation systems using

reanalysis data from ECMWF, NOAA, and JMA.

2.3 Global precipitation maps

The primary objective of TRMM was to obtain rain accumulations over tropical and

subtropical regions. Three major types of global rain maps from TRMM have been

generated: one from the PR only, one from the microwave radiometer (TMI) only, and one

compiled using combinations of PR, TMI, and geostationary satellite data. These have

enabled uncertainties in global total rain or zonally averaged rain totals to be considerably

reduced (e.g., Kummerow et al. 2000; Adler et al. 2009).

Figure 4 shows an example of annual global precipitation derived from TRMM PR

data for 1999-2013 with a 0.1 degree resolution in a Google map style (https://www.rain-

clim.com/rainmap.html). The wet regions, such as the intertropical convergence zone

(ITCZ), are well depicted. This figure can be compared with that of Dorman and Bourke

(1979) (Fig. 5), which was generated from ship data over a period spanning more than 20

15
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years. The progress made using TRMM data is obvious, particularly with respect to spatial

resolution. One of the main results of TRMM observations is the ability to identify contrasts

between the land and ocean. Although Fig. 4 does not show the coast-line, it is easily

identifiable. Prior to the advent of TRMM, it was well known that the maritime continent

experiences a significant amount of rainfall; however, the distribution had not been

documented. TRMM showed the distribution clearly, and it is evident that large islands

receive considerable amounts of rainfall compared to the straits between large islands.

The accuracy of rain maps using microwave radiometer data was greatly improved

by using the PR’s 3D structure of precipitation systems. Microwave rain retrievals over the

ocean are in the so-called emission mode, where strong microwave emissions from rain

are clearly detected over weak ocean surface emissions. However, land emissions are

comparable to those from rain. Therefore, retrievals of rain over land are made using a

scattering mode that uses ice scattering in the upper part of the precipitation system. The

amount of ice, or the depth of the solid particle layer, acts as an index that characterizes

the precipitation system. However, this retrieval method has an inferior accuracy

compared to the emission mode. Microwave radiometers usually have multi-frequency and

polarization channels, and rain retrievals use multi-channel data. A well-known retrieval

algorithms is GPROF (e.g., Kummerow et al. 2001), which uses typical profiles derived

from the PR profiles and computed microwave radiances. The measured data from

microwave channels are then used to estimate rain rate via a Bayesian method. The
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vertical profiles of precipitation systems from PR are essential for this method. The

difference between the microwave radiometer derived rain rate and PR estimates was

investigated using vertical profiles of precipitation measured by the PR in the early phase

of TRMM observations (e.g., Fu and Liu 2001; Berg et al. 2002; Battaglia et al. 2003;

Masunaga et al. 2002; Shige et al. 2006, 2008). For example, the discrepancy between

PR and TMI rain estimates depends on the depth of the rain layer derived from the height

of the bright band observed by the PR (lkai and Nakamura 2003; Furuzawa and Nakamura

2005).

Compared to the PR, microwave radiometer rain retrieval algorithms developed in

the US occasionally produce much lower rain rate over East Asia in summer. Summer rain

in East Asia is associated with the Asian Monsoon and is called Baiu in Japan, Meiyu in

China or Changma in Korea; the frontal system which produce the summer rain is known

as a water vapor front rather than a temperature front (e.g., Ninomiya 1984). The

convective instability is not very strong, and both satellite data and ground observations

have enabled precipitation to be characterized as driven by warm rain processes. This

observation has led to a concept of “wet Asia” where troposphere is humid and the storm

top is rather low (Sohn et al. 2010, 2013; Song and Sohn 2015). This fact were

strengthened by the results of the precipitation structure during summer monsoon in Asia

(Shige and Kummerow 2016; Shige et al. 2017).
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There are many other microwave radiometers currently in orbit, and global rain

maps, such as TRMM Multisatellite Precipitation Analysis (TMPA) (Huffman et al. 2007,

Huffman et al. 2010), GSMaP (e.g., Kubota et al. 2007), and CMORPH (Joyce et al. 2004,

2010), are generated by combining data from a number of microwave radiometers. These

maps became successful prototypes for the Committee on Earth Observation Satellites

(CEOS) virtual constellation concept (http://ceos.org/ourwork/virtual-constellations/). The

virtual constellations are a voluntary based multi-satellite global observation system

organized in CEOS, and their themes encompass precipitation, land surface imaging, sea

surface temperature, atmospheric composition, ocean color radiometry, and ocean surface

topography.

Rain maps initiated using TRMM data are being continuously developed. Large

differences are frequently observed between the daily precipitation amount estimated from

satellite data and that measured from ground-based instruments. Such discrepancies are

due to (a) uncertainty in the rain retrieval algorithm and to (b) poor sampling. Precipitation,

particularly torrential rain, has a considerable temporal and spatial variability. To overcome

the error source of poor sampling, the idea of the constellation system was proposed in the

US in the 1990s. However, even when multi-radiometer data are used, the sampling

interval is typically three hours, and short-time torrential rain can be missed. Interpolation

techniques are thus applied in global rain mapping, and one example is the motion vector

technique. In this respect, geostationary meteorological satellites observe clouds at a high
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frequency, and the motion vectors of clouds can be derived. The precipitation distribution

sampled over a few hours can thus be interpolated using the motion vectors to distribute

the precipitation (Joyce et al. 2004; Ushio et al. 2009).

The Japan Aerospace Exploration Agency (JAXA) developed the Global Satellite

Mapping of Precipitation (GSMaP) which consists of several rain map versions for various

applications. In terms of data latency, near real time data are required for the short-term

predictions of weather and flash flood warning. However, climate studies use more

accurate data comprised of full auxiliary data, but this requires a longer data latency. The

GSMaP currently has several products: a near real time version with four hours latency

called GSMaP_NRT, one with a latency of three days (GSMaP_MVK), a gauge-adjusted

near real-time version (GSMaP_Gauge NRT), a non-real time gauge-adjusted version

(GSMaP_Gauge), and a real time version (GSMaP_NOW) (Kubota et al. 2020). NASA

currently provides a map called Integrated Multi-satellitE Retrievals for GPM (IMERG),

which was developed from the TRMM Multi-satellite Precipitation Analysis (TMPA)

(Huffman et al. 2020). IMERG has a spatial resolution of 0.1 degree and several temporal

resolution versions from 0.5 h to one month (https://gpm.nasa.gov/data-

access/downloads/gpm).

The requirements for accuracy of global maps have reached a phase where local

precipitation characteristics are incorporated in the rain estimate algorithms (e.g., Aonashi

et al. 2009). For example, orographic rain usually has low cloud tops resulting in
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underestimated rain rate in microwave radiometer retrievals (Kubota et al. 2009). A

dynamic selection of lookup tables on the basis of orographic/nonorographic rainfall

classification is incorporated in specified mountainous regions (Shige et al. 2013;

Taniguchi et al. 2013; Yamamoto et al. 2015, 2017).

Three types of algorithms can be employed to compile rain maps: rain gauge

adjustment methods, data assimilation methods, and the use of satellite-based retrieval

algorithms. The rain gauge adjustment method (e.g., Mega et al. 2019) is similar to the

technique widely used to adjust ground-based rain radar patterns with rain gauge data,

such as the radar-AMeDAS composite map provided by JMA (Makihara 1996). This

technique is very practical, but the underlying reason for the adjustment is sometimes

difficult to comprehend, particularly, in gauge sparce regions. A data assimilation method

with atmospheric models is another way. Current atmospheric models are very

sophisticated, and most data can be ingested if their accuracy and the error covariance

matrices are known. Four dimensional variational (4D-Var) data assimilation or the

ensemble Kalman filter method (Kotsuki et al. 2017, 2019; Boukabara et al. 2020; Miyoshi

et al. 2020) is a common method used today. Rain maps can be generated as one of the

outputs of the models. Here, the rain distribution is dynamically consistent with other

atmospheric parameters, such as, temperature and winds. Rain maps can also be

produced using satellite data only. In this case, the accuracy of the product depends solely

on the capability of the satellite sensors and the rain retrieval algorithms employed. This

20



418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

type of rain maps is independent of the forecast model’s assumptions and provide
excellent data for use in model evaluations. It should be noted that unlike the gauge
adjusted map, the discrepancy between satellite estimates and truth reflects local
precipitation characteristics, and such information can be used when conducting studies
on local precipitation system characteristics.

The spatiotemporal resolution of global rain maps has been continuously improved,
and hourly 0.1-degree resolutions can now be attained. If a climatological map is required
instead of an instantaneous map, a satellite rain map can be generated at very high spatial
resolution from PR data. As the PR has a pencil beam a horizontal resolution of
approximately 4 km at nadir, a very fine rain map can be generated using the long-term
accumulation of rain data within finely spaced grid boxes (Hirose and Okada 2018).
Precipitation is strongly affected by surface topography which can exhibit large variations.
Therefore, climatological precipitation contains fine scale patterns over land relative to the
ocean (Hirose et al. 2017; Shige et al. 2017). For example, there are fine scale variations
in spatial precipitation over Southeast Asia where large mountain ranges exist, and rain is
distributed on the windward side of the mountain slopes (Fig. 6). Remote islands in the
ocean may also experience enhanced rain. For example, Yakushima Island covers an
area of approximately 400 km? and has a mountain with a height of about 2000 m; it
experiences 4000 mm of rain annually, and the satellite map clearly shows concentrated

precipitation on the southeast side of the island (Fig. 7).
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Precipitation measurements from space have an essential role in gaining an

understanding of both the global water cycle and the energy cycle. The global energy

cycle has attracted considerable scientific attentions with respect to global warming, and

the energy transfer between the atmosphere and Earth’s surface has been studied in

depth. However, there are inherent difficulties in measuring each of the components. The

energy input and output to and from the top of the atmosphere are measured by satellites

with sufficient accuracy. However, measuring the energy partition in the atmosphere is

uncertain. Latent heating is one of the major components of the energy cycle, and energy

budget investigations suggested that the observed energy transferred by the release of

latent heat is slightly more than that obtained from model estimates (Stephens et al. 2012).

As latent heating is closely related to precipitation, it is essential to obtain accurate

precipitation measurements to gain a better understanding of the energy cycle. Despite all

the advances in radar, radiometer, and composite products, there is still disagreement of

perhaps 10% among products.

2.4  Precipitation system climatology

Accumulated rainfall distributions are the most important data used to clarify the

global water cycle, and the second most important data are the precipitation system

characteristics. For example, even with the same rain total, the type of rain can differ and

can, for example, comprise short heavy rain or light persistent rain. In terms of the
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458  atmospheric circulation, tall precipitation systems have different effects in the atmosphere

459  than those of widespread light precipitation systems. With respect to societal impacts,

460 torrential rain causes high river discharges, flash floods, and sometimes landslides, while

461  persistent light rain is probably more beneficial. The 3D structure of the precipitation

462  system obtained from the PR opened the era of global precipitation system climatology

463  studies. In this respect, “precipitation system climatology” refers to the precipitation

464  climatology including the storm structures.

465 Storm top height is one of the indices used to characterize precipitation systems

466 (e.g., Takayabu 2002). The storm height obtained from the TRMM PR is defined as the top

467  of contiguous rain echo bins. For example, Masunaga et al. (2005) used the PR echo-top

468 height and the VIRS brightness temperature to categorize storms. The storm top height

469 also shows large scale characteristics of the precipitation systems. Figure 8 shows the

470  storm top distribution at a latitude of 35 degree north in summer 1998 (JAXA 2018). Very

471  high precipitation systems occur frequently from the Tibetan Plateau to the East China

472  Sea, whereas shallow systems dominate over the eastern Pacific Ocean with cloud tops

473  becoming lower towards the east. Before TRMM observations, the distribution of shallow

474  precipitation over the eastern Pacific was observed by limited ship observations. The

475 TRMM PR showed the distribution of shallow convection for the first time as shown in Fig.

476 9 (Short and Nakamura 2000). The relationship between deep/shallow convections and
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the environment conditions was investigated, and it was found that large scale subsidence

and SST both control the storm structure over tropical oceans. (e.g., Takayabu 2010).

TRMM data, particularly, PR data can be used to identify areas with deep convection

(Zipser et al. 2006; Liu et al. 2007). For example, those within the Congo basin in Africa,

the eastern side of the Rocky mountain range in North America, and the deepest

precipitations region in Argentina are clearly discernable. While severe rain is generally

associated with deep convection, a detailed study showed that deepest convection does

not always correspond to the most intense rain for regional extreme rainfall events

(Hamada et al. 2015). The relationship between rain rate and the precipitation system

structure varies widely, and PR’s data on the 3D structure of precipitation system, such as

shallow/deep convections and orographic rain, helped better understanding the

relationship.

Squall lines in the tropical regions have distinct features; narrow and deep

convective lines are followed by widespread persistent (stratiform) rain (Houze 1977). The

dynamical structures of convective and stratiform systems differ: convective regions have

strong updrafts, while stratiform regions have weak updrafts. Deep convective (stratiform)

precipitation indicates a highly (weakly) unstable atmosphere. The DSD characteristics are

also different, and these are incorporated into the rain retrieval algorithms (Iguchi et al.

2000; Kozu et al. 2009b). In PR and DPR rain retrieval algorithms, the vertical profile,

horizontal extent, and rain rate are used for the precipitation type classification (Awaka et
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al. 2009; Awaka et al. 2016). In the vertical profile of radar echoes, the melting layer

frequently appears as a strong echo layer which is known as a bright band in radar

meteorology. The existence of the bright band in measured radar reflectivity is primarily

used to identify stratiform rain. The distribution of convective/stratiform rain, the total rain

area, the ratio of convective/stratiform types, and rain top heights, are used to identify the

precipitation regimes in each season as severe thunderstorms, afternoon showers,

shallow systems, extratropical frontal systems, organized systems, and others, as shown

in Fig. 10 (Takayabu 2008). The regime characterization of precipitation systems over

tropical ocean has also been obtained using a clustering technique and parameters such

as the convective surface rain rate, and the ratio of convective rain to total rain (Elsaesser

et al. 2010).

It was known that the precipitation systems have different characteristics depending

on over land and over oceans. TRMM data updated this view as the characteristics

depend on over land, ocean, and coastlines, and suggested a role of the precipitation over

coastlines as the dehydrator between the ocean and land (Ogino et al., 2016, 2017).

The monsoon is a tropical phenomenon characterized by significant variations in

precipitation, and typically appears in the South Asia and Amazon regions. Precipitation

characteristics have been widely studied in the Indian subcontinent region using TRMM

data and reanalysis data, and a few results are presented here. In the monsoon season,

the Meghalaya region is known for large amounts of total rainfall. TRMM with reanalysis
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data showed that the peaks of Meghalaya mountain do not extend beyond roughly 2000

m; however, a large amount of humid air is available from the Bay of Bengal, and even a

low mountain range triggers large amounts of rain (Fujinami et al. 2017).

It was known from early satellite observations that offshore regions of the Western

Ghats in India experience large amount of rain in monsoon season (Krishnamurti et al.

1983; Grossman and Garcia 1990). TRMM observations revealed more detailed

distribution of rain around the Western Ghats (Huffman et al. 2001; Adler et al. 2003;

Shige et al. 2017). PR identified rainfall maxima on the upslope of the Western Ghats,

which neither the GPCP (Adler et al. 2003; Huffman et al. 2001) nor the TMPA (Huffman et

al. 2007) did (Shige et al. 2017).

The Himalayan mountain range, the Tibetan Plateau and the northern region of the

Deccan Plateau experience large rainfall totals in the monsoon season from June to

August with rain that is weak but persistent. In contrast, the total amount of rain in the pre-

monsoon season, such as during May, is not particularly high but can have much more

intense rain events (e.g., Bhatt and Nakamura 2005, 2006). East-west variations are also

evident; precipitation on the west side is more convective than on the east side.

Reanalysis data show that the lower atmosphere is very humid over the western region

due to wind from the Bay of Bengal, and the upper atmosphere is warm and rather dry in

relation to the north wind from the Tibetan Plateau. The atmosphere thus has high

convective inhibition (CIN), and rain likely becomes intense once precipitation starts. In
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contrast, all the troposphere is humid and CIN is low on the east side., which results in

persistent but rather weak rain (Houze et al. 2007; Romatshke et al. 2010, Medina et al.

2010).

The seasonal variation in precipitation systems associated with the monsoon has led

to the concept of a “green ocean”. Precipitation is generally more convective over land

than over the ocean because of strong surface heating and frequent dry air occurring in

the middle atmosphere, which leads to strong atmospheric instability. Although it is true

that heavy precipitation over land generally occurs during the wet seasons, detailed

studies conducted over the Deccan Plateau and Amazon have shown variations in and

around the wet season. At the beginning of the wet season, precipitation is associated with

strong and high convective systems. In contrast, during the mature wet season,

precipitation becomes more stratiform and is associated with slightly lower storm height

systems (Petersen and Rutledge 2001; Petersen 2002; Williams et al. 2002). Similar

characteristics occur in Bangladesh (e.g., Islam and Uyeda 2008). Lightning activity is

strong (weak) in pre- (mature-) monsoon season, which also suggests rather strong

(weak) convections in pre- (mature-) monsoon season (Kodama et al. 2005). In other

words, the precipitation characteristics over the wet Amazon or Deccan Plateau resemble

those over the oceans. The vertical profiles of precipitation over the Deccan Plateau in

pre- and mature-monsoon seasons have also been investigated (Hirose and Nakamura

2002, 2004). The precipitation systems are higher for pre-monsoon seasons, and there is
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a slight reduction in rain content for lower parts of the profiles, which suggests that rain

drops evaporate. However, the profile is vertical during the mature monsoon season,

which suggests that the entire layer is sufficiently humid.

As previously mentioned, TRMM is in a hon-sun synchronous orbit. Since

precipitation is strongly affected by solar radiation, it has a distinct diurnal cycle. Over land,

this variation is strong, but it is relatively weak over the vast ocean, as there is less thermal

forcing from the surface. For example, the land surface temperature easily changes in a

range of more than 10 degrees, but the temperature of the ocean surface changes usually

in less than 1 degree. The diurnal variation over the ocean occurs in relation to other

factors, such as nighttime cloud top radiation cooling or the influence from land such as

the land and sea breeze. Long term observations of the TRMM showed that the non-sun

synchronous orbit not only avoids the diurnal variation bias in rain totals, but it also helps

to investigate the precipitation characteristics with respect to diurnal variations (e.qg.,

Nesbitt and Zipser 2003). Figure 11 shows a map of local time when the rain is at its

maximum (Hirose et al. 2008), and it is evident that precipitation over land has an evening

or night peak but that over oceans has a morning peak, particularly near the coasts. Figure

12 shows the distribution of isolated precipitation systems at 09:00 and 15:00 local time

derived from TRMM PR data, where the different occurrence of the systems at different

time of day was evident. Interestingly, the peak local time was found to propagate inland in

the eastern part of Brazil or the maritime continent (Fig. 11), and this fact helped to
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improve the cumulus parameterization of a global atmospheric model (Takayabu and

Kimoto 2008). Propagation of the peak local time is also clear over Sumatra and Borneo

Islands and the associated dynamical characteristics have been investigated using

reanalysis data (e.g., Mori et al. 2004; Ichikawa et al. 2006; Ogino et al. 2016). Such

studies have shown that the propagation is characterized by the land and sea breeze

embedded in the prevailing monsoon wind. Similar diurnal variations appear over the

Tibetan Plateau which contains many lakes, and it has been found that early morning rain

likely occurs over large lakes, which suggests that large lakes act like the ocean (Singh

and Nakamura, 2009). Over the Western Ghats and Myanmar coast, large rainfall

amounts with small amplitude of diurnal variations are observed under strong

environmental flow implying that rainfall is associated with mechanically driven convection

(Shige et al. 2017).

The diurnal characteristics of precipitation provide evidence of the difference

between the pre- and mature-monsoon or the active/break monsoon similar to the green

ocean concept. The diurnal variation of precipitation is stronger during the pre-monsoon

season than the mature monsoon season, which indicates an existence of an unstable

atmosphere (Bhatt and Nakamura 2005). Similarly, the diurnal variation is strong (weak)

over the Deccan Plateau in the break (active) spells of the monsoon (Singh and Nakamura

2010). Furthermore, the amplitude of the diurnal cycle over the upslope of the Western

Ghats is smallest in the intraseasonal oscillation rainfall anomaly phase during the largest
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597 boreal summer, and it is largest during the large scale active phase (Shige et al. 2017).

598  Another example comes from mountainous regions; distinct morning rain occurs over the

599  southern slope of the Himalayas, and the near surface wind shows significant diurnal

600 variation and becomes mountain (valley) wind in early morning (evening). In accordance

601  with the wind variation, precipitation also shows diurnal variations with notable morning

602 rain peaks associated with the convergence between prevailing monsoon wind and the

603  morning downwind over the slope (Fig. 13) (Bhatt and Nakamura 2006).

604 A typhoon is a typical large scale atmospheric phenomenon generated over regions

605 of warm water, such as the tropical western Pacific. Their accurate and timely forecasts

606 are crucial for disaster prevention. TRMM observations of typhoon over vast ocean areas

607 increased the understanding of the structure of typhoons (e.g., Cecil and Zipser 1999;

608 Hoshino and Nakazawa 2007; Yokoyama and Takayabu 2008).

609

610 2.5 Evolution of precipitation systems

611 TRMM observation data represent accumulated snapshots. The time evolution of

612  precipitation systems is not directly observed, but long-term observations can be used to

613  collect statistics of the evolution of precipitation systems. One example is the diurnal

614  variations in scales of the precipitation system; many small systems firstly appear and

615 these systems aggregate and evolve to large and vigorous systems (Hirose and

616  Nakamura 2005). Long-term TRMM observation data can also be combined with data from
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geostationary meteorological satellites, which observe cloud distribution continuously

using the VIS/IR technique. Combining various local time observations with the continuous

geostationary satellite data can at least partly overcome the difficulties involved in studying

the evolution of precipitation systems. Geostationary satellite data show the extent of

clouds and their top heights, and the PR and TMI observe the structure of the precipitation

system. Using the TMI, PR and geostationary satellite data, the evolution of a precipitation

system over the tropical Pacific Ocean was investigated, and the results showed that the

systems were initially small and low prior to evolving into a deep strong system with

intense rain, finally became wide systems containing a large amount of stratiform rain and

expanded high clouds (Kondo et al. 2006; Imaoka and Nakamura 2012). This evolution

process is also reflected in the peak local time differences of brightness temperatures

observed with VIRS and TMI, and of the surface rain rate observed with PR (Yamamoto et

al. 2008). This type of evolution has been observed in a limited number of field

experiments, and the long-term observation data of TRMM validate these characteristics

statistically.

Composite analyses have been widely conducted using TRMM precipitation data

along with other satellite data, such as OLR or reanalysis data. A popular method used to

obtain the characteristics of the system of interest is to conduct an analysis with composite

maps, the center of which (e.g. an area of intense precipitation) moves with the system.

Equatorial regions have distinct intraseasonal variation, such as the Madden-Julian
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Oscillation (MJO) (Madden and Julian 1971, 1972), and the characteristics of the MJO

have been investigated with respect to the equatorial Rossby wave and Kelvin wave

(Masunaga et al. 2006). A relationship between EI Nifio and MJO was also shown by

Takayabu et al. (1999). Composite analyses using TRMM and A-train satellites revealed

interactions between large scale disturbances and the precipitation systems including

convective mass flux (Masunaga 2012, 2013; Masunaga and Luo 2016). A moisture

budget has also been analyzed to show the structure of equatorial inertia-gravity waves

(Sumi and Masunaga 2016). Another example is the relationship between precipitation

characteristics in the Baiu front and the subtropical jet using TRMM PR, and reanalysis

data (Yokoyama et al. 2014, 2017). These examples indicate that TRMM data have

become a standard and essential dataset used to study the relationship between large

scale atmospheric conditions and precipitation characteristics.

2.6 Latent heating

Latent heating is not only an important component in the global energy balance but

also one of the major drivers of the general circulation. The column total latent heating is

equivalent to the surface rain when a sufficiently large area is considered, and the total

column latent heating can be determined when an accurate distribution of the rain is

obtained. However, the vertical profile of latent heating is essential to understand the

driving mechanism behind the general circulation. In ground observations, the vertical
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profile of latent heating is generally obtained from heat and moisture budgets along with

wind data. Wind data are generally not obtained from satellites, with the exception of wind

vectors derived from cloud images of geostationary satellites or the sea surface wind

derived from scatterometers. However, as the wind vectors derived from geostationary

satellites had coarse vertical resolution, the global 3D structure of latent heat release was

not available. TRMM observations discriminate precipitation systems into convective and

stratiform systems. Field experiments, such as the GARP Atlantic Experiment (GATE) in

1974 (Kuettner 1974) or TOGA/COARE have shown that heating profiles differ depending

on the convective/stratiform rain types (Mapes and Houze 1995; Houze 1997). It has been

determined that convective precipitation causes heating in all levels, whereas stratiform

precipitation causes heating in the upper levels and cooling in the lower levels due to

evaporation (Fig. 14). Heating profiles of convective and stratiform precipitation systems

were derived based on the results of field experiments in addition to fine scale non-

hydrostatic model results. Global latent heating profiles were then obtained using TRMM'’s

convective/stratiform rain classifications (see a reviews by Tao et al. 2006, 2016). A few

major algorithms for latent heating are currently available. One of them was developed at

the Goddard Space Flight Center, NASA, and it originally used TMI and PR data that

provided information about convective/stratiform classifications and the surface rain rate,

and latent heating is obtained in the wide swath of microwave radiometers (Takayabu and

Tao 2020). Another algorithm is developed in Japan, and it uses PR precipitation profiles
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(Shige et al. 2004, 2007, 2008, 2009). The rain types, rain rate at the surface, rain rate at

the height of the melting layer, and the storm top height are used as the input parameters

for model latent heating profiles, but retrieval is limited to the PR swath. The algorithm

produces a reasonable 3D latent heating structure (e.g., Fig. 15). Both algorithms use

lookup tables generated from cloud resolving models, and they provide not only the latent

heating (apparent heat source) but also the apparent moisture sink.

2.7 Validation

Remote sensing is used to observe the Earth environment from satellites. However,

it is rare that the required physical quantity, such as surface rain rate in the case of TRMM,

can be measured directly by the instruments onboard satellites, and retrieval algorithms

are thus used. Many assumptions are made in this respect, which cause discrepancies

between estimates and the truth. Validation of estimates and the development of retrieval

algorithms are being continually conducted.

Many countries, such as Japan, the US, and Korea have dense rain gauge networks,

and the most conventional method used to make precipitation measurements reliable is to

compare satellite surface rain estimates with ground-based rain measurements. Both

instantaneous and accumulation comparisons were made. Instantaneous comparisons

were made between ground-based radar images and satellite images, and to mitigate the

spatial and temporal differences between the observations, spatiotemporal interpolation
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was usually applied. The resulting similarity between the rain distributions obtained was

remarkable, and the results confirmed the validity of mapping rain distribution from

spaceborne instruments. With respect to the PR, comparisons between PR reflectivity and

that from the ground-based radar were conducted, which was a more direct comparison

than using rain rates. The correlation between radar reflectivities was usually good, but

biases have been found between the results. Discrepancy have mainly been attributed to

ground-based radar calibration errors rather than those of the PR. The original idea behind

making comparisons was to validate satellite-measured radar reflectivity, but what was

quickly found is that ground-based radar can be calibrated by TRMM PR (Anagnostou et

al. 2001; Warren et al. 2018).

With respect to comparisons of accumulated rain, many investigations have been

conducted in various countries using rain gauge data. Such investigations are essential for

enabling the real application of satellite rain maps in, for example, the water resources

management and flood forecasts in these countries. Satellite rain maps generally provide

good data when using seasonal accumulation, whereas rain totals over short time scales,

such as, daily rain totals do not always show good results. The precipitation maps using

primarily satellite data are internationally validated using ground observations as the

activity of the International Precipitation Working Group (IPWG) established as a

permanent Working Group of the Coordination Group for Meteorological Satellites (CGMS)

(Kidd et al. 2020b).
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Rain retrieval algorithms invariably use assumptions. To validate these assumptions

and evaluate the estimates, several specific field experiments have been conducted. For

example, an aircraft experiment was conducted by NASA to validate SRT (Durden et al.

2003). In this experiment, variation in ocean surface radar signatures were measured, and

the result provided uncertainty estimates for SRT. In addition to specific experiments,

NASA also conducted several comprehensive field experiments using both ground-based

and aircraft observations. The aircraft observations were conducted to provide in-situ data

of cloud and precipitation particles as well as to simulate satellite observations. One

example was the TRMM-Large Scale Biosphere-Atmosphere Experiment in Amazonia

(TRMM-LBA), which was conducted over the Amazonian regions from 1 November 1998

to 28 February 1999 (https://cloudl.arc.nasa.gov/trmmlba/overview.html), in which the

precipitation characteristics associated with the South American monsoon were

investigated (e.g., Petersen et al. 2002). NASA also conducted a field experiment around

Kwajalein Atoll (KWAJEX) in the tropical Pacific in 1999 (e.g., Houze et al. 2004), and

many results relating to convection over the tropical ocean were accumulated. Many of

these studies included direct comparison of PR data with ground-based radar data (e.g.,

Schumacher and Houze 2000). NASA has continued to conduct large field experiments

such as the Mid-latitude Continental Convective Clouds Experiment (MC3E) in 2011, and

the Olympic Mountain Experiment (OLYMPEX) in 2015-2016. OLYMPEX was conducted

to observe snow in mountainous regions in relation to GPM. In Japan, a small field
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experiment, the Ishigaki/Miyako Campaign Experiment for TRMM (IMCET), which included

observations by ground-based and airborne radars, was conducted to validate TRMM PR

rain observations (Hanado et al. 1998).

According to the results of statistical comparisons of ground-based observations

and estimated rain totals, discrepancies between estimates and truth were investigated.

For example, missing rain due to the limited sensitivity of PR causes underestimates

(Shimizu et al. 2009). Another example is the extrapolation of vertical profiles of

precipitation echo to the surface. The PR cannot always detect rain near the surface. This

phenomenon particularly occurs near the edge of the radar scan, where surface echo

contamination expands, and surface rain is estimated from the rain in contamination free

layers. This extrapolated estimate is called “e_SurfRain” in the PR products. However,

when the rain profile deviates from being uniform, extrapolation will have errors (Hirose et

al. 2012).

3 GPM

3.1 Objectives of GPM

After the remarkable success of TRMM, scientists aimed to expand the coverage

over the limited tropical and subtropical observations of TRMM. To accomplish this, the

GPM was designed. Solid precipitation frequently falls in high latitude regions; therefore,

accurate water-equivalent snow fall estimates are necessary to provide the precipitation

37



757 total in high latitude regions. To obtain these, the use of a dual-frequency radar was

758  proposed, and ultimately realized as the DPR (Okamoto 2003). It is of note that the original

759  design of the TRMM PR was a dual-wavelength radar, but it was descoped to a single

760  frequency radar due to budget limitation. The DPR employs 13.6 and 35.5 GHz

761  radiowaves which are very similar to the originally proposed PR frequencies of 13.8 and

762 35 GHz (Table2). The radar type is also the same as the planar slotted waveguide active

763  array system with two-frequency agility. The development of the DPR, however, was

764  simpler than the original PR with respect to some component such as the phase shifter,

765 owing to the development of microwave technology. Following the successful launch, it

766  was found that the sidelobe clutters in 13.6 GHz radar (KuPR) data were stronger than

767  expected, but the clutter was sufficiently suppressed after tuning the phase shifters

768  (Kubota et al. 2016).

769 The core observatory of GPM is equipped with the DPR and a GPM microwave

770  radiometer (GMI) and its inclination angle is 65 degrees which is much higher than that of

771 TRMM (Table 1). The GMI is more advanced than the TMI, and it adopts additional new

772 high frequency (166 GHz and 183 GHz) channels, which are the water vapor channels

773  required to detect snowfall. The GMI has a much larger antenna of 1.2 m than the TMI,

774  which results in a better spatial resolution (Hou et al. 2014; Skofronick-Jackson et al.

775 2017).

776
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777 3.2 DPR performance

778 The DPR was included in the GPM to observe 3D structure of precipitation systems

779  over regions where TRMM PR did not cover. For example, vertical structures were

780 compared between tropics and extratropics (Kobayashi et al. 2018), and downward

781  increasing profiles of rain due to warm rain process were identified. The characteristics of

782  precipitation over Alaska were investigated by Aoki and Shige (2021). Coastline and

783  mountain effects appear clearly in their analysis (Fig. 16).

784 The DPR also enabled the following: (a) observations of weaker precipitation

785  systems, (b) better liquid/solid precipitation discrimination, and (c) more accurate rain rate

786  retrievals. The sensitivity of the DPR’s Ku-radar (KuPR) is a few dB higher than the

787  originally designed value, thanks to the increase in transmitted power and improvements

788 made to the receivers. The sensitivity of the DPR’s Ka-radar (KaPR) was the same as its

789  design (Kojima et al. 2012; Masaki et al. 2020). The sensitivity was also investigated using

790 statistics of KUPR and KaPR reflectivities (e.g., Toyoshima et al. 2015; Hamada and

791  Takayabu 2016). Thus, the objective (a) was attained by both KuPR improvement and the

792  inclusion of KaPR. The second objective (b) has been attained as, for example, a new

793 heavy ice flag was added to the DPR dataset (Iguchi et al. 2018). Large ice particles can

794  resultin a strong Mie effect, which deviates scattering from simple Rayleigh one. Using the

795 heavy ice flag, a heavy ice precipitation band was detected in an extratropical cyclone

796  (Akiyama et al. 2019). Furthermore, in the bright band or the melting layer, precipitating
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particles are large, and a significant Mie effect occurs, which results in a difference

between KuPR and KaPR radar echoes: therefore, another application was designed to

improve bright band detection (Le and Chandrasekar 2013a, 2013b). The

convective/stratiform rain type classification was improved by using the improved bright

band detection algorithm (Awaka et al. 2016). The third objective (c) to provide accurate

rain rate retrievals, is challenging, but progress has been made (Seto and Iguchi 2011,

2015; Seto et al. 2013, 2021). Conceptually, additional information in the difference

between two profiles of Ka- and Ku-band radiowaves can contribute to improvements in

rain retrieval. As the two beams of the radars are designed to match each other, the

difference occurs in relation to the frequency dependence of the scattering cross sections

of the precipitation particles and attenuation within the radio path. This frequency

difference appears as the Mie effect in the Ka-band, and the difference depends on the

DSD. Attenuation is mainly due to rain particles at the Ka-band. If the Mie effect is ignored,

the rain rate can be estimated from the attenuation. The idea of obtaining rain rate

estimates from rain attenuation began in the 1970s for a ground-based radio path (Atlas

and Ulbrich 1977). A modified method for a spaceborne radar using both Ka and Ku-band

rain profiles was proposed by Kozu and Nakamura (1991). However, several obstacles

remain: as the two profiles are similar, the resulting rain rate is sensitive to small

differences of the two reflectivity profiles which occur due to the beam filling effect, the

multi-scattering effect, attenuation from non-precipitating materials, or deviation of the
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DSD from assumed one. When precipitation is not uniformly distributed in radar pixels, the

simple dual-frequency technique contains biases (Nakamura 1991). Multiple-scattering is

another problem. This is evident in data obtained from the spaceborne W-band (94 GHz)

cloud profiling radar (CPR) onboard CLOUDSAT (Battaglia and Simmer 2008), and is

significant even in Ka-band radar images of heavy rain (Battaglia et al. 2015). SRT has

been improved using DPR surface signatures, as surface signatures in the Ku-band and

Ka-band have good correlations, and PIA estimations have been improved (Meneghini et

al. 2012, 2015, 2021). The global distribution of DSD became more precise using DPR

data as shown in Fig. 17. The coverage of the distribution of DSD was also extended to

midlatitude regions. The mass-weighted mean diameter and the precipitation rate show

different distributions, and it has been shown that estimated DSD variations related to the

structure of precipitation system (Yamaji et al. 2020). The DSD variations at least partly

explain the difference between PR-estimated rain rate and TMI estimated rain rate. In

addition, the DSD variations have been incorporated in the DPR rain retrieval algorithm

(Seto et al. 2021).

The KaPR has two scan modes: one is the matched scan and the other is high

sensitivity scan. The pixels of the matched KaPR scan were matched with those of the

KuPR, and in the original scans of the DPR, high sensitivity pixels were interlaced in the

matched scan. After evaluating the sensitivity of radars, the high sensitivity mode scan

was moved to the outer band of the normal scan of KuPR in May 2018, which resulted in
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extension of the KaPR swath. Therefore, the swath in which dual frequency data are

available has been expanded (Iguchi 2020).

The DPR uses the first ever spaceborne Ka-band (35 GHz) precipitation radar.

However, the radiowave scattering characteristics of precipitation particles are complex

compared to those of other lower frequency radiowaves. This difficulty is exacerbated for

snow observations, particularly, when observing melting snow, as shapes, densities, and

water mixing ratios vary widely (e.g., Liao et al. 2021). Although many model calculations

have been conducted to provide radiowave scattering characteristics of snow patrticles or

melting snow patrticles, uncertainty remains. Ground observations is another method to

investigate the scattering characteristics, and JAXA developed a dual Ka-band radar

system consisting of identically designed Ka-band radars to assist in this approach. By

positioning the radars to face each other, the precipitation system between the two radars

can be observed simultaneously by both radars. As rain attenuation is significant in the Ka-

band, and radar signature weakens over longer ranges, equivalent radar reflectivity and

specific attenuation can be directly measured. Different scattering characteristics of

dry/wet snow and rain were obtained (Nishikawa et al. 2015; Nakamura et al. 2018).

3.3 Transition from PR to DPR

TRMM'’s PR was the first spaceborne radar, and its operational period was extended

from the original three years to 17 years. Thanks to this long observational period,
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climatological studies have been significantly advanced. The GPM DPR is a new version

of this spaceborne radar, and the studies of precipitation trends in the climate change era

are continuing. However, to avoid the misidentification of climatological trends, well

calibrated data are required. Many spaceborne Earth observation instruments, such as

microwave radiometers, have technological experiences to continue data without gaps or

jumps over multiple spaceborne radiometers, whereas, for spaceborne precipitation

radars, the only transition has been from the PR to DPR. The PR itself had experienced

problems with data continuity. In 2001, TRMM’s orbit was boosted from a height of 350 km

to 400 km in order to extend its lifetime. The PR’s sensitivity and spatial resolution were

altered because of the change of the satellite altitude, and a small mismatch between the

transmitting pulse and the received radar echo also occurred. Nevertheless, almost all of

the deviations were recognized and understood in the statistics of rain totals and storm

height (Shimizu et al. 2009; Hirose et al. 2012; Kanemaru et al. 2019). Another incident

occurred in 2008 when a part of the PR malfunctioned, and the part was switched to

redundant one. Slight variations in the system parameters, such as noise levels, occurred.

System calibration was conducted using internal house-keeping data and a ground-based

external active calibrator that transmitted or received radiowaves to and from the PR

(Kanemaru et al. 2017; Masaki et al. 2020). The accuracy of data continuity was

subsequently evaluated and confirmed using the statistics of rain totals, storm top height,

and long-term rain total trends.
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Engineering calibration of the PR or DPR is performed to ensure that it fluctuates by

less than 1 dB in operation periods (Takahashi et al. 2003; Shimizu et al. 2009). This long-

term calibration stability is remarkable and illustrates a considerable engineering success.

However, the accuracy is not yet sufficient for use in detecting climate change.

Fluctuations of 1 dB in radar reflectivity correspond to a rain rate of approximately 15 %.

Therefore, another calibration is necessary. TRMM and GPM use radar signatures of the

sea surface with no rain to obtain precise radar beam widths and pulse widths (Kanemaru

et al. 2020).

Special operations of the PR were performed from October 2014 to January 2015

near the end of TRMM’s life-time, which was determined by the amount of fuel remaining

(Takahashi et al. 2016; Takahashi 2017). During normal observations, the PR beam

scanned cross-track directions, and the scan angles were limited. Near the end of the

mission, the altitude of the satellite decreased, and the normal operational data were not

available. In this period, wide scan operations, dense observations, and a 90 degree yaw

maneuver were performed. The wide scan operation was conducted to investigate surface

clutter interference. When the radar beam had a large incidence angle, surface clutter

contamination is significant, and this is one of the factors preventing observations at large

incidence angles. The result showed that although surface clutter was broadened and

contaminated the precipitation echo at incidence angles far from nadir, the intensity of the

surface echo was reduced. The result suggested that the use of a wide-angle scan may be

44



897 possible when moderate to heavy rain is being measured (Yamamoto et al. 2020). During

898 dense observations, the beam scanned only near nadir angles, and one location on the

899 Earth’s surface was observed with fine spacing over-sampled data. In the normal scan of

900 the PR, the pixels were separated with the radar beam width, but a better spatial resolution

901 could be obtained from oversampled data. The 90 degree yaw maneuver operation

902 showed a better relationship between surface signatures and incidence angles. In the

903 normal cross track scan, different surfaces were observed with different incidence angles,

904 but in the 90 degree yaw maneuver, the scan became along-track, and fixed point

905 signatures with different incidence angles were obtained in about 30 seconds. This

906 provided data for studying SRT uncertainty.

907

908 3.4 Applications

909 Many applications using precipitation data from satellites, which were in the test and

910 validation phase during the TRMM era, have become operational in the GPM era. Water

911  vapor or precipitable water obtained from microwave radiometers, particularly, over

912 oceans is important for weather forecasts, and these data had been assimilated in

913 numerical models. While water vapor data from microwave radiometers predated TRMM

914 was used, data from TRMM TMI and later GPM GMI have been added to the assimilation

915 suite. However, it is difficult to assimilate precipitation, because the distribution of

916  precipitation has fine spatial variation and spatial mismatches with the model likely cause
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errors. Therefore, a spatial matching method has been developed (Aonashi et al. 2011),

and the technique is currently operationally applied. Studies have also attempted to

assimilate the vertical profile of precipitation from DPR (Aonashi et al. 2014; Okamoto et

al. 2016, lkuta 2016; lkuta et al. 2020).

The development of atmospheric models has been remarkable partly thanks to the

enormous expansion in computer power, such as the Earth Simulator of the Japan Agency

for Marine-Earth Science and Technology (JAMSTEC). At the start of the TRMM era, the

spatial resolution of global atmospheric models was typically 100 km, but the spatial

resolution of satellite observations was typically a few tens of km. Today, the global model

resolution is superior to that of satellite observations (e.g., Satoh et al. 2014). The model is

non-hydrostatic and does not use cumulus parameterization, therefore, the model results

can be directly compared with satellite observations, which greatly assists in the validation

or evaluation of model results (e.g., Kotsuki et al. 2014).

The improvements made in compiling global precipitation maps enable the maps to be

used in flood forecast, and in this respect, the Integrated Flood Analysis System (IFAS)

was developed in the International Centre for Water Hazard and Risk Management, Japan

(ICHARM) (http://www.icharm.pwri.go.jp/research/ifas/) (Tsuda et al. 2014; Kidd et al.

2020a). This system uses global precipitation from GSMaP as the primary input data and

forecasts river discharge using hydrological models. The alert maps and information are

available on the websites of the Global Flood Alert System (GFAS) or the International
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Flood Network (IFNET). A parallel system, the Global Flood Monitoring System (GFMS)

developed in the US, uses IMERG data as the input data (Wu et al. 2014). Global

precipitation maps are also used to detect extremes and droughts based on long-term

observation data (e.g., Kuleshov et al. 2020; Tashima et al. 2020).

With improvements in the reliability of the satellite rain maps, associated applications

have greatly expanded. One example is an application for dengue fever outbreaks.

Mosquitoes are vectors of dengue fever, and their populations depend on water.

Precipitation data can thus be used to investigate the relationship between precipitation

and dengue fever outbreaks (e.g., Igarashi et al, 2014; Pham et al. 2018). The relationship

between cholera outbreak and precipitation was also studied (JAXA 2019).

The global rain distribution is also used to monitor global crop harvest. Although the

growth of the crops is mainly monitored by infrared radiometers, crop yields depend on

rain, and precipitation is thus one of the important data to enable accurate crop yield

prediction to be made (Oyoshi et al. 2016; Kidd et al. 2020a). In addition, hydropower is an

important energy source in mountainous countries, and when the regions are poorly

precipitation-gauged, global precipitation maps can be used to make assessments of

suitable hydropower locations (Mori et al. 2020). Furthermore, the global precipitation

maps can be used for the weather derivative in insurance applications (JAXA 2019). As

such, global precipitation maps are now part of the international infrastructure.

47



957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

4. Beyond GPM

As the TRMM successor discussions were initiated once TRMM'’s success was

apparent, discussions about new precipitation measurements after GPM have already

begun (Battaglia 2020). Long-term climate records are essential for conducting climate

studies, and the importance of data continuity is strongly emphasized during all Earth

observation satellite discussions. Technological developments are continually made, and

new instruments have improved capabilities that provide new data and enable new

findings. Thus, a new Earth observation satellite must provide (a) continuity of the physical

data from instruments that include the capability of the previous instruments, and (b) data

from new instruments. The emphasis ultimately depends on the funding agencies. JIMA

or NOAA, being operational agencies, they may emphasize (a), while NASA and JAXA are

research and development agencies and they may emphasize (b).

Although global precipitation observations are being continuously improved, there is

still a long way to go. Some targets for future developments are described as follows.

(a) To provide precise rain totals needed for detecting changes in the global rain

accumulations occurring within the context of global climate change

The global rain total over land has increased by nearly 1 % in the last 100 years.

According to the Clausius-Clapeyron (C-C) law, an increase of 1 K corresponds to a few

percent increase in saturated water vapor pressure. In this respect, precipitable water has
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shown an increasing trend consistent with surface temperature increases, particularly over

the ocean (IPCC 2013). Therefore, if the cycling speed or resident time of water vapor in

the atmosphere does not change, the amount of total precipitation would increase by a few

percent. However, despite surface temperature increase, GPCP data from post-1979 show

only a weak increasing trend in global total rain. It has increased in tropical regions, but the

increase has been offset by decrease in extratropical regions. (Gu et al. 2007; Adler et al.

2008). For better understandings of the trend of the global rain totals, precise rain total

data are required (e.g., De Meyer and Roca 2021).

(b) To provide higher temporal and spatial resolution precipitation maps

In the era of rapid atmospheric model improvements, spatiotemporal resolutions of

the observations from space must be at least compatible with those of models to enable

the model result to be evaluated or validated. Higher resolution is also required to provide

precise rain total estimates for local precipitation characteristics. For real applications,

such as short-range flood forecasts, current spatial and temporal resolutions are too poor.

An example is river discharge prediction. Precipitation over land is strongly affected by

topography, and precipitation over one side of a mountain ridge has big impacts on river

discharge relative to when precipitation occurs over the other side of the ridge.

(c) To attain precise measurements of water equivalent solid precipitation
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High latitude regions experience solid precipitation. To close the water budget of the
global water cycle, water equivalent solid precipitation measurements are required, even
though there are low total amounts of precipitation at high latitudes. For the snow
measurements from space, the microwave signature of snow is weak, and backscattering
cross sections are small. In addition, snow patrticles, particularly, melting snow patrticles
have a wide range in size, and their permittivity differs due to the mixing ratios of ice, water
and air. Therefore, snowfall measurements remain a challenge. Even on the ground,
snowfall measurements have large uncertainty related to variation in the gauge catchment
ratio due to wind or the mixing of ground snow blown by wind. This fact gives another

problem for validation of the snowfall measurements from space.

Currently there are two major pathways for defining the objectives of a potential DPR
successor. The first one is to understand the interactions between aerosols, clouds, and
precipitation. Aerosols act as the nuclei of water vapor condensation and produce cloud
particles, and the capability of aerosols to produce cloud particles depends on their size,
chemical properties, and the water vapor saturation ratio and temperature. For example,
generally, high number densities of aerosols result in a large number of small cloud
particles that suppress precipitation (Rosenfeld 1999). This mission pathway includes an
aim to understand the conversion mechanism from clouds to rain. It also addresses the

effect of cloud properties on the radiation budget to enable accurate climate change
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modelling. The original mission concept was proposed in the US decadal survey for Earth

Science and Applications from Space (National Academies of Sciences, Engineering, and

Medicine 2019) and it evolved to the more comprehensive Aerosol, Cloud, Convection and

Precipitation Study (ACCP). The other major pathway aims to gain a better understanding

of the global water cycle. Precipitation is a crucial component, and accurate and precise

measurements of precipitation are required. Although data from TRMM and GPM and

combinations of other data have dramatically improved the ability to obtain global

precipitation amounts, uncertainty still remains. To improve the accuracy, global coverage

that includes high latitude regions, and accurate water equivalent snow measurements are

required. Currently one of the biggest obstacles for improving the accuracy of rain totals is

the sampling frequency of satellite observations. To overcome this obstacle, a core

observatory with constellation satellites as with GPM, is necessary. This core observatory

should be equipped with an advanced precipitation radar in the Ku-band that has better

sensitivity and a wider swath than the DPR. Current advanced precipitation radar studies

have suggested that better sensitivity can be attained using final stage high power

amplifiers, and a larger antenna than current PR or DPR (Kummerow et al. 2020). The

larger antenna enables Doppler measurements to be conducted. The Doppler function is a

promising new capability to measure vertical velocity of precipitation particles at nadir.

Obtaining the vertical velocity would assist in precipitation particle discrimination and in the

characterization of dynamical structures of precipitation systems. It would also contribute
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to improving the latent heating estimation, as heating is correlated with the vertical air

motion.

The importance of spaceborne precipitation radars is well recognized, but other

technologies perhaps need to be developed, rather than continually upgrading current

technology. This could be achieved using small satellites. The development of big

satellites is extremely expensive and time consuming for development, and observations

using a large number of small satellites could mitigate the low sampling frequency problem

(e.g., Yamaji et al. 2019). One example is that of the US RainCube (Peral et al. 2019),

which is a Ka-band fixed beam radar system onboard a small satellite that was released

from the International Space Station (ISS) in 2018. RainCube is a 35 GHz radar with a 0.5

m antenna. It demonstrated the technological feasibility of using a small low cost satellite.

However, the performance of the instrument onboard the small satellite is limited, and a

reference standard such as the GPM core observatory may still be needed. Another

challenging idea is to use a large radar in a geostationary orbit (Im et al. 2004). This

concept was initiated in 1980s (Gogineni and Moore 1989). Precipitation could be

observed almost continuously from the geostationary orbit in a similar manner to the

geostationary meteorological satellites, thus solving the sampling problem. To obtain

sufficient spatial resolution, a Ku-band active array radar system using an antenna

measuring 30 m by 30m is currently studied in JAXA (Okazaki et al. 2019).
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5. Conclusions

TRMM was launched in 1997 and provided the global distribution of rain with

significantly improved accuracy. TRMM paved the way for two types of studies: global

precipitation system climatology, and precipitation measurement technology from space.

Prior to the advent of TRMM, precipitation science had focused on the occurrence and

distribution of precipitation using ground observations that includes the use of 3D

structures from radars. The ground observations enabled the identification of many types

of precipitation systems, such as tall convection, wide extended stratiform, shallow

orographic, and large precipitation associated with frontal activities. Previous studies had

also focused on the internal structure of 3D precipitating particle distribution, and the

corresponding air motions in different precipitation types. However, almost all observations

were limited to local scales, and global precipitation observations were mainly limited to

the distribution of rain on the ground. Global 3D structure observations of TRMM

overcame these limitations at least partly, even though coverage was limited in tropical

and subtropical regions.

GPM is the formal successor of TRMM. GPM has expanded coverage to +/- 65

degrees in latitude and includes measurements of solid precipitation. The GPM core

observatory has been providing data for more than six years since its launch in 2014, and

is currently healthy. Along with the 17-year data of TRMM, precipitation data obtained from

space are essential for studying climate change. Studies of precipitation system
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climatology can now be extended to high latitudes. Over tropical regions, the Coriolis

parameter is small and the divergence/convergence of the flow are of primary importance

in the atmospheric dynamics. In contrast, from mid to high latitude regions, the Coriolis

parameter is large, and vorticities are of primary importance. This fact characterizes the

dynamical structure of tropical and extratropical atmosphere (e.g., Satoh et al. 2008;

Matsuno 2017). It is said that tropical regions are the Velocity Potential (VP) World, while

the extratropical regions are Potential Vorticity (PV) World. In the VP world, latent heat

release associated with precipitation is the major driving force of atmospheric

disturbances, whereas in the PV world, baroclinicity is the major cause of disturbances,

and precipitation is generally a consequence of disturbances. In tropical regions, typical

precipitation systems are squall lines, vigorous tall convections, super clusters, and

tropical depressions. In extratropical regions, precipitation associated with extratropical

depressions and frontal systems is much more important, while that associated with polar

lows and shallow convections induced by cold air outbreaks also frequently occur. Thus,

types of precipitation systems can be more widely identified and refined using GPM data.

Based on the remarkable progress of atmospheric models, satellite data can be

merged or assimilated in global numerical models, and comprehensive datasets can be

generated. Datasets naturally include precipitation information, and data are consistent

under model assumptions; therefore, reasonably good datasets are currently provided

about Earth’s atmospheric environment. There is still a demand for datasets that are
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independent of model outputs, and observations with higher accuracy and better

spatiotemporal resolutions are still required.

Rapid progress in the increase of computer power has opened new avenues with

respect to the use of artificial intelligent technology (Al), such as deep learning, neural

networks, and random forest. Al has been widely tested for use with retrieval algorithms of

Earth observations from space, particularly in land cover identifications, and has also been

applied in global precipitation mapping (e.g., Sorooshian et al. 2000; Nguyen et al. 2018;

Hirose et al. 2019). Athough Al has a potential, however, it has limitations in that the

results are sometimes difficult to interpret.

Several books on precipitation measurements from space have been published to

date. For example, “Tropical Rainfall Measurements” (Theon and Fugono 1988) was

published in 1988, prior to the launch of TRMM, “Measuring Precipitation from Space”

(Levizzani et al. 2007) was published in 2007 while TRMM was in orbit, and recently,

“Precipitation Measurement from Space” (Levizzani et al. 2020a, 2020b) has been

published. These books represent the remarkable progress of the precipitation

measurements from space.
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2165  Fig. 8. Storm top distribution around 35 deg. N in summer 1998 (JAXA 2018).
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Fig. 9. Storm top distribution in DJF 1998 (Short and Nakamura 2000). (© American
Meteorological Society. Used with permission)
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2183  Fig. 10. Dominant precipitations derived from TRMM PR data (Takayabu 2008)
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Fig. 11. Global map of peak local time of precipitation for 1998-2005 derived from TRMM
microwave radiometer (TMI) (Hirose et al. 2008). (© American Meteorological Society.
Used with permission)
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Fig. 12. Distribution of precipitation systems of 1000 — 10000 km? at local time of 09:00
(top) and 15:00 (bottom) in Southeast Asia in JJA for 1998 — 2003 derived from TRMM PR
data (courtesy of M. Hirose, for more details, see Hirose and Nakamura 2005).
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2207  Fig. 13. Diurnal variation of precipitation over the southern slope of the Himalayas (Bhatt
2208 and Nakamura 2006).
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Fig. 14. Left (A): convergence and vertical air flow derived from TOGA/COARE (Mapes
and Houze 1995), and right (B): latent heating profiles suggested from the field experiment
like TOGA/COARE (Houze 1995). (a) and (b) are heating rate and divergence for
convective, and (c) and (d) are for stratiform. (© American Meteorological Society. Used
with permission)
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2221  Fig. 15. Vertical cross section of rain rate (upper) and latent heat release (lower) for a

2222  typhoon (JAXA 2018).
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2229 Fig. 16. Top: five-year-mean KuPR precipitation frequency in western side of North
2230  America from April 2014 to March 2019 (Aoki and Shige 2021).
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Fig. 17. Mass-weighted mean raindrop diameter (a) and mean precipitation rate rate (b)
from GPM DPR 4-year data (Yamaji et al. 2020).
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2251  (https://'www.eorc.jaxa.jp/TRMM/about/outline/outline_e.htm, https://www.wmo-
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2253
TRMM GPM core observatory 2254
Orbit altitude (km) 350, 404 (after Aug. 2001) | 407 2299
Orbit inclination (deg) | 35 65 2223
Dry mass (ton) 2.6 3.9 2258
Electric power (W) 850 (average) 1,950 (average) 2259
Instruments PR, TMI, PR, VIRS, LIS, DPR, GMI 2260
CERES 2261
Launch date Nov. 1997 Feb. 2014 2262
Launcher H-I H-IIA 2203
2264
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Table 2 Specifications of TRMM PR, KuPR and KaPR onboard the GPM core
observatory (Hou et al. 2014, Kojima et al. 2012).
TRMM PR GPM KuPR GPM KaPR
Radar type Pulse Pulse Pulse

Antenna type

Active phased array

Active phased array

Active phased array

Size (m) 2.2x22 24x24 1.44 x 1.07

Frequency (GHz) 13.8 13.6 35.5

(two frequency agility)

Swath (km) 215 245 125
245 (after Aug. 2001)

Horizontal resolution 4.3 5 5

at nadir (km) 5 (after Aug. 2001)

Range resolution (m) 250 250 250/500

Transmitting peak > 500 >1013 >146

power (W)

Observation range 15 19 19

from surface (km)

Detectable rain (mm h) | 0.7 0.5 0.2

Mass (kg) <465 <365 <300

Power consumption (W) | <250 <383 <297
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