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Summary

Globally distributed, continuous, and high-quality measurements of accumulation, intensity, and
temporal evolution of precipitation are valued for a wide range of basic- and applications-
oriented research -- of international interest and consequence. These include: (1) diagnostic
analyses of regional and global scale water budgets and the modeling of water cycling in the
atmosphere and within the surface, (2) climate reanalyses and climate simulations with
atmospheric, oceanic, and coupled global climate models (AGCM, OGCM, CGCM), (3)
numerical weather prediction (NWP) and rainfall data assimilation for global and mesoscale
NWP models, (4) hydrometeorological / agrometeorological modeling and prediction, (5)
modeling of fresh water flux impacts on oceanic and large lake circulations, (6) monitoring and
quantitative precipitation forecasting (QPF) of landfalling tropical cyclones and severe
continental storms, (7) specification of forcing for distributed water routing and flood-hazard
models, (8) fresh water resources assessment and prediction, (9) development of regional and
global rainfall climatologies, and (10) the very important physical-radiative methodologies for
retrieving and validating rainfall retrievals -- to name some of the more important topics
intrinsically requiring high quality rainfall information. However, unlike acquisition of more
homogenous meteorological fields such as pressure and temperature, obtaining high quality
precipitation measurements is particularly challenging due to precipitation’s stochastic and
rapidly evolving nature. In general, precipitation systems exhibit spatially heterogeneous
rainrates over local to regional domains, and highly fluctuating rainrate intensities over time --
up to large spatial scales. Thus, it is commonplace to observe a broad spectrum of rainrates
within a few hours time frame for a given locale or even a region. For this reason and the fact
that most of the world is not equipped with precision rain measuring sensors (i.e., reliable
raingauges and/or radars), the current rain measurement of choice for regional to global analysis
is obtained from satellite remote sensing.

The purpose of the International Global Precipitation Measurement (GPM) Program is to
develop a next generation / space-based measuring system which can fulfill the requirements for
frequent, global, and accurate precipitation measurements -- continuously acquired along with
well-defined and quantitative metrics of the measurements’ systematic and random errors. The
ultimate goal of the associated GPM Mission, which is being developed as an international
collaboration of space agencies, weather and hydrometeorological forecast services, research
institutions, and individual scientists, is to serve as the flagship satellite mission for a variety of
water-related research and applications programs. These include international research programs
involved with the global water and energy cycle (GWEC) such as the World Climate Research
Program (WCRP) / Global Energy and Water Cycle Experiment (GEWEX), and to support basic
research, applications-oriented research, and operational environmental forecasting throughout
individual nations and consortiums of nations. Because water cycling and the availability of
fresh water resources, including their predicted states, are of such immense concern to most
nations, and because precipitation is the fundamental driver of virtually all environmental water
issues -- developing a space-based, globally-inclusive precipitation measuring system has
become a pressing issue for a large body of nations.

In fact, over 30 nations came together in Washington, D.C. during July 2003 for the Earth
Observation Summit (EOS), to promote the development of an Earth observing capability among
governments and the international community, designed to understand and address global



environmental and economic challenges. As a result of the EOS, an ad hoc Group on Earth
Observations (GEO) was established to prepare a 10-year implementation plan for a coordinated,
comprehensive, and sustained Earth observation system. The National Aeronautics and Space
Administration (NASA), along with its U.S. inter-agency and international partners, is playing a
key role in GEO activities. Notably, the international nature of the GPM Mission positions it as
a viable prototype for the GEO effort.

The design and development of the GPM Mission is an outgrowth of valuable knowledge and
published findings enabled by the Tropical Rainfall Measurement Mission (TRMM) and
produced by various U.S., Japanese, and European Union (EU) research teams, and dedicated
individual scientists. From the TRMM experience, from consideration of basic physical
principles associated with direct sensing of precipitation from space, and from a realistic view of
contemporary economic constraints, it is now recognized that the GPM Mission must consist of a
constellation of satellites, some dedicated, and some conveniently available through other
experimental and operational missions supported by various of the world’s space agencies, i.e.,
in the vernacular of GPM -- “satellites of opportunity”.

The heart of the GPM constellation is the Core satellite, under joint development by NASA and
the Japan Aerospace Exploration Agency (JAXA). As with TRMM, the basic workshare
arrangement between NASA and JAXA is that JAXA will provide the radar and the launch,
while NASA will provide the radiometer, the satellite bus, and the ground segment. The Core
satellite is the central rain measuring observatory which will fly both a dual frequency (Ku/Ka-
band) precipitation radar called DPR, and a high resolution, multichannel passive microwave
(PMW) rain radiometer called GMI. The Core is required to serve as the calibration reference
system and the fundamental microphysics probe to enable an integrated measuring system made
up of, typically, eight additional constellation-support satellites. Each support satellite is
required to carry one or more precipitation sensing instruments, but at a minimum, some type of
PMW radiometer measuring at several rain frequencies.

Fortunately, the GPM constellation has had the welcome attention of the European Space
Agency (ESA) and a consortium of European and Canadian scientists, who are planning for the
contribution of a European GPM (EGPM) satellite whose instrument capabilities would
strengthen the core measurement scheme. This observatory will be specially outfitted with an
advanced rain radiometer using a mix of window and molecular O, sounding frequencies, and a
Ka-band, high-sensitivity (5 dBZ) radar -- a combination of instruments suitable for
measurements of light and warm rainfall, moderate to heavy drizzle, and light to moderate
snowfall. All these types of precipitation, which are largely outside the dynamic range of the
Core satellite’s instruments, are very important contributors to the Earth’s water cycle at mid- to
high-latitudes, while warm rain and drizzle are significant contributors in the tropics, particularly
in the extended marine stratocumulus regions. It is anticipated, based on mission-life
specifications and expected launch dates, that the time-frame for the Core and EGPM satellites to
be in place to support the constellation architecture is approximately 2009-14 -- recognizing that
this period could be extended were mission lifetimes to exceed specifications.

The GPM Mission consists of four main components. The first is the space hardware making up
the constellation measuring system as described. The second is the data information system,
referred to as the GPM Precipitation Processing System (PPS), a system whose functions will be
distributed amongst NASA, JAXA, and ESA, with the main node at the NASA/Goddard Space



Flight Center (GSFC). The main responsibilities of the PPS are: (1) to acquire level 0 and 1
sensor data, (2) to produce and maintain consistent level 1 calibrated / earth located radiometer
brightness temperatures (Tgs) and radar reflectivities (Zs), (3) to process level 1 data into
consistent level 2 and 3 standard precipitation products, (4) to disseminate precipitation products
through both “push” and “pull” data transfer mechanisms, and (5) to assure archival of all data
products acquired or produced by the PPS -- either within the PPS or through suitable
arrangements with other data archive services.

The third mission component is the internationally-organized GPM ground validation (GV)
program, which will consist of a worldwide network of GV measuring sites and their associated
scientific and technical support organizations. A subset of these sites are referred to as “GV
Supersites”, designating that they will operate in a semi-continuous, near-realtime mode under a
well-defined GV data reporting protocol supported by the GSFC PPS. The main function of the
GPM GV program will be: (1) to acquire ground-based sensor data relevant to the validation of
and/or comparison with satellite sensor measurements and standard precipitation product
retrievals, (2) to produce, archive, and publicly make available on the Internet, standard GV
products, (3) if a Supersite, to provide near-realtime error characteristics concerning
instantaneous rainrate retrievals from the core-level satellites (i.e., Core and EGPM satellites),
consisting of bias, bias uncertainty, and spatial error covariance information, and (4) if a
Supersite, to support ongoing standard algorithm improvement by reporting significant errors in
instantaneous retrievals from the core-level satellites to scientific groups authoring and
maintaining the standard rainrate algorithms, including with the reports, essential core (and core-
type) satellite and GV data needed to interpret effectively algorithm breakdowns. Error
characteristics of ~7.5% accuracy and ~20% precision for instantaneous retrievals -- which will
produce 3-hourly GPM precipitation products -- represent projected estimates of the underlying
retrieval uncertainties. These anticipated error factors are based on results from recent TRMM
validation analyses being used to help design the GPM Mission’s International GV Program.

The fourth mission component is the most valuable of the entire mission -- that being the people
involved, i.e., the collection of individual scientists, engineers, and program officials making up
the various science teams from participating nations, as well as the oversight committee /
working group infrastructure that will manage and coordinate the international aspects of the
mission. Because the GPM Mission is expected to be flexible and fluid in design, enabling space
hardware assets to come and go as the situation evolves (referred to as the “rolling wave”
constellation approach), allowing for new and changing PPS and GV site facilities and
capabilities, and accepting that the underlying scientific effort is a shared responsibility -- the
people involved will practice international diplomacy as well as adhere to their fundamental
responsibilities and commitments within their own organizations and sovereign nations.

With these four components, the GPM Mission will have the capability to provide physically-
based retrievals on a global basis, with ~3-hour sampling assured at any given Earth coordinate
~90% of the time -- such frequent diurnal sampling made possible by a mixed non-
sunsynchronous / sunsynchronous satellite orbit architecture. Ultimately, however, it will be the
people involved that will demonstrate how an internationally-sanctioned collective effort can be
used to acquire a long-sought measuring capability of one of the Earth’s most fundamental
variables and one of life’s most precious commodities.



To address this problem, the EGPM satellite will carry: (1) a new, innovative 17-channel
microwave radiometer (EMMR) employing 6 standard H/V window channels between 18.3 - 89
GHz (at 18, 37, & 89 GHz), one 23.8 GHz (H-Pol) water vapor absorption channel, a 150 GHz
(2 mm) H/V channel pair, and two 4-channel sets of single polarization sounding channels within
the 50-54 and 118 GHz molecular oxygen absorption wing regions; and (2) a Ka-band, 3-beam
Nadir-pointing Precipitation Radar (NPR) with a sensitivity of ~5dBZ. The EMMR’s two sets of
oxygen absorption channels (producing differential frequency scattering because the associated
cross-band frequencies are selected so their clear-sky weighting functions are matched), in
combination with the high-frequency 89 and 150 GHz channels, permit exceedingly high-quality
retrieval performance for light rain, warm rain, drizzle, and snowfall. In addition, the NPR’s
high sensitivity permits vertical profiling of most liquid rainfall and snowfall situations, and
when the reflectivity profile information is combined with EMMR’s concomitant brightness
temperature information, the retrieval of low optical depth precipitation can be performed at
accuracies commensurate with accuracies for moderate to heavy rainfall and heavy snowfall
from the GPM Core satellite’s DPR and GMI measurements.

In essence, the EGPM instrument requirements have been established to enable its measurements
to serve as the calibration standard for: (1) the light / warm / drizzle rainfall portions of the liquid
precipitation spectrum (from ~1.5 - 0.05 mm hr) over which the DPR has lost its differential
reflectivity acuity, (2) the domains poleward of the 65 degree parallels beyond which the Core
satellite does not measure (noting the Core satellite’s orbit inclination will be 65 degrees), and
(3) light to moderate snowfall which will not be detectable by the DPR because its Ka-band
sensitivity cutoff is ~12 dBZ when operated in its low vertical-resolution mode (i.e., 0.5 km).
[Note, the DPR’s Ka-band radar sensitivity for its high vertical-resolution mode (0.25 km) is
more like 17 dB, equivalent to the DPR Ku-band radar sensitivity.] The anticipated orbit profile
for the EGPM satellite is sunsynchronous with a 1430 DN equator crossing, at an approximately
500 km altitude -- with an anticipated launch in the 2009-10 time frame. 2

The combined radar and radiometer instrument suites on the GPM Core and EGPM core-like
satellites will be able to reduce errors in precipitation retrievals introduced by non-precipitating
clouds, diverse macro- and micro-scale cloud physics, and high resolution heterogeneous
precipitation features (which can produce beam filling errors in radiometer estimates without
coincident knowledge of the wvertical radar reflectivity structures).  This means that
measurements from these two satellites, used together, will serve to eliminate systematic
differences from precipitation estimates generated by the other seven members of the
constellation. Thus, the GPM Core and EGPM satellite instruments used together with the
additional seven PMW radiometers on the constellation fleet, will provide a sensor network in
space providing frequently sampled, bias-free precipitation estimates with full-Earth coverage.

2.3 GPM Constellation Design

The most distinctive aspect of the GPM mission is that it represents an across-the-board effort by
an international collection of space agencies and partner agencies / organizations to develop a
“virtual” constellation of Earth science satellites, each member of which is underwritten with its
own unique experimental or operational purpose and agenda, but from which the collective set of

2 The mission status of EGPM is as a potential mission under ESA’s Earth Watch operational satellite
program.
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platforms produces an integrated, first order environmental measurement -- i.e., global rainfall.
Notably, the foremost meteorological variables currently achievable from space are temperature,
cloud-drift winds, cloud cover, and rainfall. The first three variables can be measured from
geostationary earth-orbiting (GEO) satellites and thus for a given region, do not necessarily
require a constellation of satellites. On the other hand, rainfall cannot yet be measured directly
from GEO orbit. This is because the required antenna sizes for making an order 10 km
resolution microwave measurement from a notional GEO altitude of ~35,000 km are order 25 m.
Dimensions of this magnitude are currently out of reach in terms of technological readiness --
and could remain so for at least a decade or more. Therefore, low earth-orbiting (LEO) satellites
are required for direct detection of rainfall, and consequently, in order to obtain frequent
sampling with LEOs (order 3-hour), an 8- to 10-member constellation is required. [If cloud-drift
winds now produced by GEO satellites are eventually superceded by more accurate coherent
lidar-based winds, it is conceivable that a LEO satellite constellation would be used for the
needed sampling -- an advance that could also benefit research on the global water cycle.]

A meaningful routine measurement of rainfall must be able to resolve precipitation's daily cycle.
The maximum allowable measuring interval to resolve the principal daily harmonics (i.e.,
diurnal, semi-diurnal, and asymmetric semi-diurnal) is 3 hours -- which requires 8-10 LEOs in a
“constellation of opportunity” when considering total global coverage. In the GPM
constellation, the Core satellite’s orbit is purposefully non-sunsynchronous in order to provide
high quality, diurnal-sampled calibration reference estimates, and assures coincident orbit
intersections with all other sunsynchronous and non-sunsynchronous constellation members.
Orbit intersections between the Core satellite and each of the constellation’s remaining members
are essential for producing closely coincident data in time needed to determine the systematic
biases for the entire set of constellation members (Figure 15 provides an example involving the
GMI with respect to one notional SSMIS). Moreover, for the expected constellation members,
their orbit planes and orbit plane positions produce sufficiently distributed and robust diurnal
sampling to guarantee 3-hourly return times some 90% of the time. Thus, the Core satellite’s
intrinsic diurnal sampling property and capability of eliminating biases from other constellation
datasets, enables global, bias-free precipitation estimates across the daily cycle.

No individual space agency can afford the immense expenditure required to develop an
"orthodox constellation system", which would consist of one non-sunsynchronous satellite flown
at a relatively high inclination angle, equipped with the essential radar-radiometer payload
enabling it to be used as a calibration reference system for a complement of 8 additional
constellation satellites distributed 2-each, 180 degrees apart in four evenly spaced orbit planes.
Therefore, international cooperation is required to develop the "constellation of opportunity”
design. Moreover, for international cooperation to be effective -- all main space agencies must
be involved to develop the major space hardware and attract the participation of smaller agencies
-- meaning effectively, that ESA, JAXA, and NASA must be involved. [This same principle was
employed in developing the International Space Station (ISS) to support manned space activity.]

It is the authors’ opinion, with no prejudice intended, that by the time the GPM Mission is
operational, some ten agencies from seven countries plus the European Union (EU) could be
participating in the space constellation. The countries and agencies potentially involved are
Canada (CSA), China (NSMC), the EU (ESA), France (CNES), India (ISRO), Italy (ASI), Japan
(JAXA/NICT), and the US (NASA, NOAA, IPO). Moreover, the space agencies of Brazil,

16



Germany, Israel, Korea, Taiwan, and the UK have all expressed varying degrees of interest in
participating. This is an explicit case of cooperation and shared responsibility amongst nations
that is central to the activity of the Group on Earth Observations (GEO) that was an outgrowth of
the 1st Earth Observation Summit, held July 31, 2003 in Washington D.C. (EOS, 2003).

Percentage Global Coverage of
Intersection Regions

Core Satellite / GMI - DMSP / SSMIS Intersections
July - August [touch resolution is 5x5 deg]

‘I 1-min O5-min O lO—min‘

Global Cover (%)

0 10-min 92 (21 14 (33) 19 (49
0 5-min 11 (18) 13 (19) 19 (30)

Month

Figure 15: Compilation of percentage global coverage of intersections involving GPM Core
satellite radiometer and DMSP - SSMIS radiometer (resolved for 5 x 5 deg grid mesh), for
three canonical months (Jul, Aug, Sep), and divided into three time proximity categories
(under 1, 5, and 10 minutes).

One might ask -- what would be the effect if one of the three major space agencies did not
participate in the GPM constellation development. The answer is that the mission’s scientific
robustness and sampling capability would be degraded -- which would then lead to other
agencies withdrawing their support or never engaging in the first place. This would not derail
the mission, but it would very likely diminish it. One might also ask -- how does a given agency
participate in a unique fashion? The answer is by providing a constellation member that
produces a unique measuring capability -- and if that is not possible -- by producing a uniquely-
focused scientific thrust and uniquely talented science team. The GPM Core and EGPM
satellites provide unique measuring capabilities. The combination of enhanced radiometer
resolution and differential radar reflectivity on the CORE satellite, enable unprecedented
retrieval accuracies and new knowledge concerning microphysical variability. The EGPM
satellite, with its coordinated 50 / 118 GHz sounding channel radiometer measurements coupled
with its high-sensitivity 35 GHz radar measurements, provide an entirely new means to measure
light / warm rainfall, drizzle, and snowfall. Notably, as summarized in Table 1, each additional
GPM constellation satellite also provides a unique resource for the full mission. This bodes well
for other Earth science measuring problems for which the constellation approach is applicable.
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The ESA science community’s motivation to contribute to GPM research stems from their focus
on scientific precipitation problems somewhat unique to Europe and Canada, just as the factors
motivating American and Japanese science communities to engage in GPM research stem from
each of their country’s specific research and applications interests under the auspices of R&D
programs sanctioned by NASA and JAXA, and various sister agencies sponsoring precipitation-
related research. Besides the common interests by this body of scientists in monitoring and
predicting the Earth’s water cycle, what also binds them together is their common scientific
experience resulting from participating in focused TRMM research. Precipitation-centric
TRMM research has expanded knowledge and understanding in a number of traditional Earth
science topic areas. In the case of American and Japanese scientists, a large body of research
related to: (1) rainfall climatologies, (2) ground validation performance, (3) NWP-based rainfall
data assimilation, (4) climate reanalyses, (5) hydrometeorological modeling, (6) effects of
freshwater fluxes on ocean processes, (7) cloud-resolving model (CRM) verification, and (8)
precipitation microphysics has been published within an international spectrum of journals as
highlighted in the four special TRMM volumes referred to earlier.

In the case of European and Canadian scientists, for which the Euro-TRMM research project was
enabled by ESA-ESTEC some two years after launch of the satellite (Dr. J.P.V. Poiares Baptista,
personal communication, 2004), and for which an associated stream of publications is just now
beginning to appear, their interests tend to converge on topics related to: (1) NWP-based
radiance data assimilation, (2) retrieval error characterization, (3) new strategies for ground
validation, (4) cloud-radiation modeling, (5) flash-flood prediction applications, (6) over-land
precipitation retrieval, (7) Mediterranean-basin water budget analyses, (8) theoretical analysis of
K-band radar scattering and attenuation processes, and (9) theoretical basis for snowfall retrieval.

What about the other expected members of the GPM constellation? What motivates their science
interest groups and what unique capabilities do they have to offer in the way of precipitation
measuring and scientific focus. As noted, these issues are summarized in Table 1, which
identifies the “dedicated” and “satellite of opportunity” type constellation members, plus a group
of potential backup satellites. This table provides information on: (1) sponsoring agency(ies), (2)
relevant instruments (and features), (3) mission potential (and lifetime), (4) probable launch
window (and likely orbit), (5) unique measuring capabilities, and (6) and main scientific
capabilities. [It is emphasized that some of the data in this table represents educated guesswork
on the part of the authors, and thus the contents should not be taken as official information.]

2.3.1 Dedicated Constellation Members

Besides the GPM Core and EGPM satellites, which are the first two dedicated GPM
constellation members, there are two other possible dedicated constellation members. Number 3
is Megha Tropiques, which is likely to be launched in the 2009-2010 time frame as a partnership
mission between the Centre Spatial Nazionale (CNES) headquartered in Paris (i.e., the French
National Space Agency) and the Indian Space Research Organisation (ISRO) headquartered in
Ahmedabad. Of relevance to GPM, insofar as Megha Tropique’s instrument suite, is its PMW
rain radiometer called Madras and a radiation budget instrument called ScaRab, the pair of which
makes Megha Tropiques an ideal satellite for conducting GWEC-type studies. In fact, a central
scientific objective of the Megha Tropiques mission is to conduct GWEC studies over the Asian
monsoon domain. Perhaps of greatest importance to the GPM Mission is the orbit profile, i.e.,
an 800-km high satellite within a 20 degree inclined orbit plane -- yielding a non-
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sunsynchronous orbit which produces frequent, diurnally sampled, wide-swath measurements
over the tropics out to 30-deg latitudes. The sampling capability alone makes Megha Tropiques
unique within the GPM constellation and, in fact, enables the 3-hour sampling metric to be
preserved within tropical latitudes (see Lin et al. 2004). [The CNES-ISRO partnership calls for
CNES to develop the Madras instrument front-end (i.e., primarily the antenna, feed-horns,
receivers, and other electronics), the Scarab instrument (as well as a 3rd instrument for water
vapor profiling -- SAPHIR), while ISRO is to provide the Madras mechanical assembly, a
satellite bus, and launch.]

The fourth dedicated constellation member, referred to as the NASA-Partner satellite, is
tentative.  This intended partnership mission between NASA and a yet-to-be-identified
international partner would have NASA provide a copy of the GMI, the Partner providing a
satellite bus and their choice of an additional instrument(s) -- with launch terms to be negotiated.

2.3.2 Satellites of Opportunity

Four types of satellites carrying PMW rain radiometers have been identified as strong
possibilities for “satellites of opportunity” during the GPM Mission era. The most important of
these are the last two satellites of the operational Defense Meteorological Satellite Program
(DMSP), referred to as F19 and F20, each of which will carry copies of the Special Sensor
Microwave Imager-Sounder (SSMIS) (a PMW radiometer suitable for precipitation retrieval, as
well as temperature, and moisture sounding), and the first three satellites of the operational
NPOESS, the next generation LEO weather satellite program. These latter satellites will carry
the CMIS, a large aperture PMW radiometer with many channels, an instrument designed for
virtually all standard environmental retrieval problems requiring PMW measurements --
including precipitation.

A third type of operational satellite anticipated to be carrying a multichannel PMW radiometer,
including rain frequencies, will be China’s next generation operational LEO satellite -- FY-3.
[The National Satellite Meteorological Center (NSMC) of the Chinese Meteorological
Administration (CMA) is currently engaged in an industry search for four copies of the required
radiometer, and are expected to participate in the GPM constellation though some type of
partnership arrangement.] Finally, JAXA is considering the launch of a follow-up to the
Advanced Earth Observing Satellite-11 mission (ADEOS-I1 or MIDORI I1), the Earth Observing
System (EQS) satellite which was launched in mid-December’02 carrying the 2nd copy of
JAXA’s AMSR PMW radiometer but which stopped communicating to ground in late-
October’03. The follow-up mission, now referred to as GCOM-B1, would include a 3rd
radiometer copy called AMSR-Follow On (AMSR-F/O), however, this mission is not confirmed.

2.3.2 Potential Backup Satellites

There are five potential backup satellites for use during the GPM mission, although the three
which carry the preferred type of PMW rain radiometer, have varying degrees of probability for
service during the notional 2009-20014 GPM era. The most doubtful of these, as a backup, is
TRMM satellite, which will likely be de-commissioned in the near future because of NASA'’s
required safe re-entry policies. Since this satellite is currently 7.5 years old, the likelihood of it
lasting into the 2010 time frame is extremely slim under any circumstances.
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