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ABSTRACT

The Tropical Rainfall Measuring Mission (TRMM) satellite was launched on 27 November 1997, and data from
all the instruments first became available approximately 30 days after the launch. Since then, much progress has
been made in the calibration of the sensors, the improvement of the rainfall algorithms, and applications of these
results to areas such as data assimilation and model initialization. The TRMM Microwave Imager (TMI) calibration
has been corrected and verified to account for a small source of radiation leaking into the TMI receiver. The
precipitation radar calibration has been adjusted upward slightly (by 0.6 dBZ) to match better the ground reference
targets; the visible and infrared sensor calibration remains largely unchanged. Two versions of the TRMM rainfall
algorithms are discussed. The at-launch (version 4) algorithms showed differences of 40% when averaged over
the global Tropics over 30-day periods. The improvements to the rainfall algorithms that were undertaken after
launch are presented, and intercomparisons of these products (version 5) show agreement improving to 24% for
global tropical monthly averages. The ground-based radar rainfall product generation is discussed. Quality-control
issues have delayed the routine production of these products until the summer of 2000, but comparisons of TRMM
products with early versions of the ground validation products as well as with rain gauge network data suggest
that uncertainties among the TRMM algorithms are of approximately the same magnitude as differences between
TRMM products and ground-based rainfall estimates. The TRMM field experiment program is discussed to describe
active areas of measurements and plans to use these data for further algorithm improvements. In addition to the
many papers in this special issue, results coming from the analysis of TRMM products to study the diurnal cycle,
the climatological description of the vertical profile of precipitation, storm types, and the distribution of shallow
convection, as well as advances in data assimilation of moisture and model forecast improvements using TRMM
data, are discussed in a companion TRMM specia issue in the Journal of Climate (1 December 2000, Vol. 13,
No. 23).
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1. Motivation and history of the
Tropical Rainfall Measuring Mission (TRMM)

Tropical rainfall isimportant in the hydrological cycle
and to the lives and welfare of humans. Three-fourths
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of the energy that drives the atmospheric wind circu-
lation comes from the latent heat released by tropical
precipitation. Precipitation, unfortunately, is one of the
most difficult atmospheric parameters to measure be-
cause of the large variations in space and time. Tropical
rainfall oscillates wildly between severe droughts and
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occasional deadly floods. Yet, it often lasts no longer
than a few hours at a time. Until the end of 1997, pre-
cipitation in the global Tropics was still very uncertain,
with large numbers of infrared and passive microwave
algorithms providing very diverse estimates. In regard
to ““global warming,”” the various large-scale models
differed among themselves in the predicted magnitude
of the warming, distribution, and amount of tropical
precipitation and in the expected regional effects of
these temperature and moisture changes. Accurate es-
timates of tropical precipitation were desperately needed
to validate and to gain confidence in these models.

The idea of measuring rainfall from space using a
combined instrument complement of passive and active
microwave (radar) instruments was generated in the ear-
ly 1980s. By September 1984, a proposal titled, ** Trop-
ical Rain Measuring Mission,” was submitted to Dr. J.
S. Theon at NASA Headquarters by ateam of Goddard
Space Flight Center investigators consisting of Drs. G.
North, T. T. Wilheit, and O. Thiele. Japan's Commu-
nications Laboratory, then headed by Dr. N. Fugono,
joined in the activities soon thereafter. Joint aircraft
flights with an experimental radar (Meneghini et al.
1992) suggested that instrument accuracy was promis-
ing. The low Earth orbit needed to realize such mea-
surements from a spaceborne platform, however, im-
mediately raised concerns regarding the sampling ade-
quacy of such a satellite.

The radar data from the four Global Atmospheric
Research Program Atlantic Tropical Experiment ships
stationed in the intertropical convergence zone (ITCZ)
off Africain 1974 were used for a series of sampling
studies. Several orbits and altitudes were considered.
An inclined orbit extending between 35°N and 35°S at
350-km altitude was found to be most suitable. The
inclined orbit precessed such that the satellite would
overfly a given location at a different time every day
with an approximate 42-day cycle. This orbit would
allow the documentation of the large diurnal variation
of tropical rainfall. The altitude of 350 km was satis-
factory from the radar antenna requirements. Shin and
North (1988) by the summer of 1986 had showed that
in the wet tropical areas the sampling errorsfor monthly
accumulationsin 5° X 5° grids would be less than 10%.
Shin and North aso showed that, with rain data from
another satellite such as the Special Sensor Microwave
Imager (SSM/1) passive microwave radiometers aboard
military satellites, the sampling errors could be cut in
half and useful data also could be obtained in drier
environments.

Insuring the credibility of space-based measurements
of rainfall was also a concern from the onset because
of the considerable difficulty of making accurate rain
measurements via conventional means. Thus, the need
for reliable surface-based observations for validating
TRMM satellite measurements was established. The
ground validation program that followed included con-
duction of studiesto improve rainfall measurement tech-
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TaBLE 1. Goals of TRMM established by the Science Steering
Group in 1986.

1) To advance the earth science system objective of understanding
the global energy and water cycles by providing distributions of
rainfall and latent heating over the global Tropics.

2) To understand the mechanisms through which changes in tropical
rainfall influence global circulation and to improve ability to mod-
el these processes in order to predict global circulations and rain-
fall variability at monthly and longer timescales.

3) To provide rain and latent heating distributions to improve the
initialization of models ranging from 24-h forecasts to short-range
climate variations.

4) To help to understand, to diagnose, and to predict the onset and
development of the El Nifio, Southern Oscillation, and the prop-
agation of the 30—60-day oscillations in the Tropics.

5) To help to understand the effect that rainfall has on the ocean
thermohaline circulations and the structure of the upper ocean.

6) To allow cross calibration between TRMM and other sensors with
life expectancies beyond that of TRMM itself.

7) To evaluate the diurnal variability of tropical rainfall globally.

8) To evaluate a space-based system for rainfall measurements.

nology; establishment of ground validation sites con-
sisting of radars, rain gauges, and disdrometers around
the Tropics; development and expansion of techniques
to measure rainfall in oceanic regions; improvement of
ground-based rainfall estimation techniques; and de-
velopment of radar processing and analysis software for
producing and analyzing ground validation (GV) prod-
ucts. To complement the surface-based measurements,
the planning for extensive field campaigns was initiated
early to provide the necessary microphysical and dy-
namical structure of convective systems in the Tropics
after launch.

In November of 1985, the first major workshop was
convened near Goddard to devel op the proposed TRMM
further. Many participants from this meeting soon or-
ganized into amore formal Science Steering Panel head-
ed by Dr. E. Rasmusson. This group released a report
establishing the science priorities for the mission in
1986. These goals are given in Table 1. Although trop-
ical precipitation is organized on the mesoscale, it is
noteworthy that the primary objectives of the mission
were to improve climate models and to aid them in
climate prediction. It was proposed to have a dual-fre-
guency radar, a multichannel dual-polarized, conically
scanning passive microwave instrument similar to
SSM/I, a single-frequency cross-track scanning radi-
ometer to sample along with the radars, and a visible/
infrared radiometer similar to the Advanced Very High
Resolution Radiometer. The purpose of the visible/in-
frared instrument was to enable TRMM to establish the
connection between TRMM and operational geostation-
ary platforms and thusto serve asa** flying rain gauge.”
The dual-frequency radar and radiometer combination
would be able to derive high-quality precipitation pro-
files. The small cloud drops that play an integral part
in the latent heat release process, however, would not
be observable with sufficient accuracy to construct ver-
tical profiles. It was therefore planned from the start to
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TaBLE 2. TRMM sensor summary—Rain package.*

Microwave radiometer (TMI)

Radar (PR)

Visible and infrared radiometer (VIRS)

10.7, 19.3, 21.3, 37.0, and 85.5 GHz (dual-polarized
except for 21.3: vertical only)
10 km X 7 km field of view at 37 GHz

13.8 GHz

4.3-km footprint and 250-m verti-

0.63, 1.61, 3.75, 10.8, and 12 um

2.2-km resolution

cal resolution

Conically scanning (53° inc.)
760-km swath

Cross-track scanning
215-km swath

Cross-track scanning
720-km swath

*Additional instruments belonging to the EOS: CERES and LIS.

use results of a cloud-resolving numerical model in re-
trieving the important latent heat profiles.

The encouraging results from the sampling and air-
craft studies led the National Aeronautics and Space
Administration (NASA) Headquarters to select TRMM
from anumber of competing proposals from atmospher-
ic scientists proposing low-cost atmosphere missions.
In 1986, the Japanese Space Commission accepted an
invitation to study jointly the feasibility of TRMM. In
1987 NASA designated TRMM as an Earth Probe but
decided in the spring of 1988, that the phase-A budget
estimate for TRMM exceeded Earth Probe specifica-
tions. The Science Steering Group therefore decided to
descope the radar to a single frequency at 14 GHz. The
cross-track scanning radiometer was also eliminated. In
addition, the resolution of the infrared sensor was re-
duced from 1 to 2 km, and the number of data products
planned for the data system was reduced to the minimum
needed for rainfall purposes. Agreements between the
United States and Japan were formalized in 1988, |ead-
ing to a new start for ajoint U.S.—Japan mission at that
time. The Japanese agreed to provide the precipitation
radar and a launch by their new HIIl rocket. NASA
would provide the spacecraft and the other rain-sensing
instruments. The U.S. Congress passed support for
TRMM for a new start in 1991, and the project got
under way formally.

At thistime, two important decisions were made. The
first was to enhance slightly the now single passive mi-
crowave radiometer to include a channel at 10 GHz.
This addition was important to avoid saturation from
the heavy tropical rainfall. The second was to accom-
modate two Earth Observing System (EOS) instruments,
namely, a Lightning Imaging Sensor (L1S) and a Clouds
and the Earth’'s Radiant Energy System (CERES) to
measure the total upwelling radiant energy.

Inearly 1991, thefirst TRMM U.S. 3-yr Science Team
was selected from about 100 proposals (23 members
from the United States and 8 foreign members). Many
meetings and workshops on algorithms and validation
took place in both the United States and Japan, with
results to be discussed in the next section. In 1993, the
TRMM observatory passed itscritical design review and
moved into phase C/D of actual observatory construc-
tion. In 1994, the United States and Japan simulta-
neously selected new science teams that would be in
place until the launch of TRMM in 1997. Although it

was decided that the two teams should operate inde-
pendently, a Joint TRMM Science Team made up of
team leaders from both countries was established to co-
ordinate the efforts of both teams. This joint team has
worked effectively since then through the successful
launch of TRMM from Tanegashima Island on 27 No-
vember 1997 to the present time. Current expectations
are for TRMM to remain in orbit until approximately
March 2004, at which time the fuel needed to maintain
the low Earth orbit is expected to be depleted.

2. TRMM instruments and instrument data
a. The final instrument complement

The final TRMM instrument complement is shown in
Table 2. Although neither the second radar frequency
nor the cross-track scanning radiometer was included,
the extra 10-GHz channel was included on the multi-
frequency radiometer, greatly strengthening the passive
microwave products.

TRMM'’s precipitation radar (PR) is the first radar
designed specifically for rainfall monitoring to operate
from space. Although its swath is relatively narrow and
it suffers from the same uncertainties for rainfall esti-
mation as do ground-based radars, the TRMM PR has
delivered an incredible wealth of detailed rain structure
information. Examples include the studies of propagat-
ing rainfall structures across land and ocean by Tak-
ayabu et al. (1999), the direct observational evidence
for the suppression of rainfall by smoke-contaminated
clouds done by Rosenfeld (2000), the improvement of
passive microwave rainfall retrievals, and methods for
potentially using PR as a reference standard to cross
calibrate ground-based radars. The passive TRMM Mi-
crowave Imager (TMI) instrument, aside from providing
the highest-resolution data available to date, aso has
been used to derive sea surface temperature by anumber
of investigators (e.g., Wentz et al. 2000). The combi-
nation of passive and active sensors has, in turn, alowed
researchers to look into further constraining parameters
such as the drop size distribution (DSD) (Haddad et al.
1997; Viltard et al. 2000). The visible and infrared scan-
ner (VIRS) instrument, in turn, has been useful to relate
the detailed TRMM observations to the more available
geostationary satellite data. It also has played akey role
in interpreting early results from the CERESinstrument.
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The instrument characteristics themselves are not
treated here, because they are described in detail in the
available literature. The core TRMM instrument, PR,
TMI, and VIRS are described in Kummerow et al.
(1998). The LIS instrument is described in Christian et
al. (1992), and the CERES instrument is described by
Lee et a. (1998).

Calibrated and earth-located data from the TRMM
instruments are referred to as level-1 data. Coding of
the level-1 algorithms was performed by the TRMM
Science and Data Information System (TSDIS) for the
TMI and VIRS and by the National Space Development
Agency of Japan (NASDA) for the PR. The only ad-
ditional product at level 1 is the PR reflectivity. In this
algorithm, the radar returned power is converted into
reflectivity, the parameter most often used in science
applications. In addition to the conversion, a decision
is made about the existence of rain in the radar field of
view. If no rainisdetected, the entire reflectivity column
is set to amissing value. This step was done to help to
reduce data volumes in compressed file formats. All
TRMM products have version numbers that are incre-
mented each time the data are reprocessed to reflect an
advancement of the TRMM products. After beginning
with version 3 at launch (versions 1 and 2 were pre-
launch test codes), the data have been reprocessed to
version 4 beginning on 1 September 1998 and to version
5 beginning on 1 October 1999. Two additional repro-
cessings are planned before the end of the mission.

b. Instrument calibration
1) TMI CALIBRATION

Almost immediately after launch, a calibration prob-
lem was detected with the TMI instrument. To obtain a
consistent time series of geophysical parameters from
SSM/I and TMI, the TMI was intercompared with the
SSM/Is. The SSM/Is on F-11, F-13, and F-14 are used
for the intercalibration. TMI level-1B data and SSM/I
daily 1.0° maps from 10 December 1997 to 24 Apiril
1998 were spatialy collocated to within 0.7° and tem-
porally collocated to within 30 min. To compare best
the TMI and SSM/I antenna temperatures (T,), two cor-
rections for instrumental differences were applied. The
TMI incidence angle is slightly different (52.75° vs
53.4° for SSM/I) and the TMI water vapor channel is
at 21.3 GHz rather than at 22.235 GHz. Thus, the SSM/I
T,smust be adjusted to correspond to the TMI incidence
angle and frequencies before comparisons can be made.
Over the ocean, the magnitude of the incidence angle
adjustment is about 1 K; the frequency adjustment can
be as large as 10 K. These adjustments are not constant,
but depend on the atmospheric transmittance. No ad-
justment is made to land observations, because 1) the
incidence angle and frequency dependence of T, issmall
and 2) there are no reliable models for the incidence
angle and frequency variation of land observations.
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Using collocated T,, the joint probability density
function of Tyryy — Tasewn @nd T, sgus Was formed for
each channel. Results are shown in Fig. 1 that represent
the weighted least squares fit to the data. The fit can be
expressed in terms of the following equation:

TA,SSMI = alTA,TMI + a,.

@

For all channels, the difference between SSM/I and
TMI isnear zero near T, = 295 K and increaseslinearly
with decreasing T,. For cold ocean observations, the
bias reaches values as high as 5 K. The TRMM rollover
maneuver also indicates that T, 1, has awarm bias. For
comparison, the intercalibration biases for the series of
SSM/I platforms were typically only about 0.5 K. Thus
the series of SSM/I's showed much better agreement than
does TMI.

After some analysis, it was decided to use the fol-
lowing error model:

Tarm = (1 — )Ty + Ty, (2

where T, is the true temperature of the incoming ra-
diation, T, gy, is the measurement, T, is the physical
temperature of some unknown emitter in the field of
view (possibly the antennaitself), and ¢ istheemissivity
of that emitter. If one takes the SSM/I observations as
truth (with all the appropriate caveats), then (1) and (2)
can be combined to obtain the following relationships:
a — 1

e=— ©)

_aO
T, = . 4
a1 @

Thus one can use the SSM/I-versus-TMI comparison to
estimate the temperature and emissivity of the error
source. Table 3 gives the results. As can be seen, except
at 85 GHz, in which we have the least confidence, the
emitter temperature is similar to 295 K and the emis-
sivity is about 3%—4%. Because there are no SSM/I-
versus-TMI comparisons at 11 GHz, we use the 19-GHz
value to specify € and T, at 11 GHz.

Given e and T,, (2) can then be used to predict T,y
for the TRMM rollover maneuver for which T, is equal
to 2.7. The predicted difference between T, 1, minus
2.7 is given in Table 3 under the column AT, ., and
the T, difference that was actually observed is givenin
the last column. There is generally good agreement be-
tween the cold space bias predicted from the SSM/I-
versus-TMI comparison and that actually observed,
thereby giving us confidence in the error model.

Two corrections are therefore possible to account for
the emitting source that appears to be radiating into the
TMI feedhorns. Thefirst correction issimply theinverse
of (2), where ¢ and T, come from Table 4:

T, = Tara — STO.

1- & ®)
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Fic. 1. Regression lines of TMI minus SSM/I T, difference (AT,) and SSM/I T, for common
SSM/I and TMI channels.

Depending on the application, this correction has the
additional advantage that it matches the TMI observa-
tions to the SSM/I observations so that one can produce
a continuous time series.

The second correction isbased on the TRMM rollover
maneuver observations and the assumptions that the er-
ror model given by (2) is correct and the typical value
for T, is 295 K. With these assumptions, one has (note
292.3 = 295 — 2.7)

| 2923T, 7 — 295AT, .
2923 — AT, e

Ta (6)

Beginning with version 5, the TMI radiance data use
the rollover calibration procedure [(6)]. This procedure
was done to retain as much physics as possible and to
avoid potential errors that can be introduced by simply
cross calibrating sensors. Prior data (versions 3 and 4)
contain the warm bias error described above.

2) PR CALIBRATION

Accurate calibration of the PR is important to estab-
lish the clear interface condition between level-1 and
higher-level algorithms, thereby assuring accurate and

TaBLE 3. Calibration parameters used for TMI brightness temperature corrections.

Frequency (GHz)
and polarization

(vertical/horizontal) € T, (K) AT, pea AT 5 ops
11v 0.0370 302.34 11.08 111
11H 0.0284 290.41 8.16 9.9
19v 0.0370 302.34 11.08 124
19H 0.0284 290.41 8.16 12.3
21V 0.0377 294.64 11.01 135
37V 0.0375 296.15 11.02 13.2
37H 0.0274 294.68 8.01 12.2
85V 0.0396 279.61 10.96 13.7
85H 0.0277 239.65 6.57 13.0
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TABLE 4. TRMM satellite products.

Refer-
ence

Name No.

Level-2 data
Surface cross section

Purpose

2A21 Radar surface scattering
cross section/total
path attenuation.

Type of rain (convec-
tive/stratiform) and
height of bright band.

Surface rainfall and 3D
structure of hydrome-
teors and heating
over TMI swath.

Surface rainfall and 3D
structure of hydrome-
teors over PR swath.

Surface rainfall and 3D
structure of hydrome-
teors derived from
TMI and PR simulta-
neously.

PR rain type 2A23

TMI profiles 2A12

PR profiles 2A25

PR-TMI combined 2B31

Level-3 data

TMI monthly rain 3A11  Monthly 5° rainfall
maps—ocean only.
Monthly 5° rainfall and
structure statistics

from PR.

PR monthly rain accu-
mul ations—statistical
method.

Monthly accumulation
of 2B31 products and
ratio of this product
with accumulation of
2A12 in overlap re-
gion.

Geostationary precipita-
tion data calibrated
by TRMM, daily, 1°
resolution.

TRMM, calibrated IR,
and gauge products—
data merged into sin-
gle rain product,
monthly, 1° resolu-
tion.

PR monthly average 3A25

PR statistical 3A26
PR-TMI monthly average 3B31

TRMM and other satellites  3B42

TRMM and other data 3B43

stable rain products. To develop the PR calibration al-
gorithm, variation and drift of the PR system parameters
are modeled to have ‘“‘intermediate-term’” and *‘long-
term” components. The former is caused by the tem-
perature change inside the radar and has a period of one
orbit (91 rain). The correction for this term can be per-
formed by monitoring the temperature of theinstrument.
The long-term variations may occur because of gradual
degradation of system performance (gain, loss, etc.) and/
or failure of some active array elements. To monitor this
term, an internal loop-back calibration function, includ-
ing transmitter power and receiver gain monitors, has
been implemented. To conduct an absolute calibration
and to detect changes in antenna characteristics and te-
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lemetry sensors, a calibration scheme using an external
reference target has also been developed.

Theinternal calibration algorithm has been devel oped
using a detailed PR system model that describes the
temperature dependence of all system parametersrelated
to the conversion process from count value to the radar
received power or to the radar reflectivity factor. The
internal calibration handles the relative intermediate-
term variation and some part of the long-term variation
through the measurement of the input—output charac-
teristics of the receiver. External calibration of the PR,
which handles the absolute calibration and monitoring
of long-term variations, is performed using an active
radar calibrator (ARC) placed at a ground calibration
site in Japan. An error budget analysis of the ARC cal-
ibration, including the error in the internal calibration,
has indicated that an absolute calibration accuracy of
better than 1 dB could be achieved.

Intheinitial checkout of the PR, which was conducted
for 2 months after the TRMM launch, the PR system
gain was determined through ARC calibrations. As a
result, it was confirmed that the calculated PR receiver
gain, based on the data obtained on the ground before
launch and using the temperature telemetry, is about 0.6
dB higher than the ARC calibration result, and the PR
transmit power isabout 0.6 dB lower. Those resultswere
implemented as correction factors to calculate the PR
received power and radar reflectivities. They are first
implemented in version 5 of the PR level-1 products.
Since the completion of the initial checkout, the PR
system characteristics have shown excellent stability ex-
cept for cases where unusual temperature change oc-
curred from power shutdown for satellite maintenance.
Both the transmit and receive path gains calibrated by
the ARC have shown variations within =0.2 dB around
the gain initially corrected. Sea surface return levels
measured at the incidence angles between 6° and 10°
are quite consistent with previous measurements by Ku-
band airborne radars developed by the Jet Propulsion
Laboratory and Communications Research Laboratory,
and have also been stable within about 0.2 dB. More-
over, comparisons of PR-measured radar reflectivities
of rainfall with those measured at NASA's Florida
ground validation site and by the middle and upper at-
mospheric radar of Kyoto University show good agree-
ments (differences within about 1 dB, on average).
Those calibration and validation results indicate that the
PR system characteristics have been and will be suffi-
ciently stable and accurate to assure quantitative radar
reflectivity and surface radar cross-section measure-
ments.

Such agreement in the observed radar reflectivity has,
in turn, forced a much more comprehensive validation
strategy to assess the validity of rainfall products. It has
also led to unforeseen benefits such as the possibility
of using a spaceborne radar as a calibration constant to
monitor the multitude of ground-based radars that are
calibrated independently and rarely to the 1-dBZ stan-
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FiG. 2. Hurricane Floyd as captured by the TRMM PR superimposed over a Geostationary Operational Environmental Satellite image.
The PR cross sections AB and CD are shown in insets.

dards of the TRMM PR. An example of PR data col-
lected over Hurricane Floyd is shown in Fig. 2.

3) VIRS CALIBRATION

The VIRS radiometric calibration algorithm converts
the digital data downlinked from the instrument into
spectral radiances. VIRS has five bands, one in the vis-
ible, one in the shortwave infrared, (SWIR), and three
in the thermal infrared. The calibration algorithm treats
each band in the same manner, except that the visible
and SWIR bands do not respond to the thermal radiation
emitted by the instrument, and these bands do not have
the nonlinear responses with input radiance found in the
thermal bands. The calibration coefficients for the vis-

ible and SWIR bands were determined in the laboratory
before launch. VIRS carries a reference blackbody that
isused to update the calibration coefficients for the ther-
mal bands for each scan of the instrument on orbit. In
addition, VIRS uses an onboard diffuser to view the sun
approximately once per month. The VIRS radiometric
algorithm uses measurements of these reference sources
to provide calibrated spectral radiances for each Earth
pixel that it views.

The uncertainties of the VIRS radiances from the vis-
ible and SWIR bands are calculated to be 6%. The pri-
mary component of these uncertainties, about 5%,
comes from the laboratory calibration of the bands. A
second component comes from uncertainties in the
change of the instrument from its laboratory calibration
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to the start of on-orbit operations. The uncertainty con-
tribution from the mirror reflectance (system response
vs scan angle) is believed to be small, because the re-
flectance corrections for these bands are 1% or less.
Other instrumental uncertainties are also believed to be
small.

The uncertainties for the thermal band radiances
are approximately 3%, half those for the visible and
SWIR bands. In terms of temperature, the uncertain-
ties are about 2 K at 300 K. The uncertainty in the
radiance from the onboard blackbody, combined with
the uncertainty in the linearity of the response of the
detectors, accounts for two-thirds of the total. On-
orbit characterization of response versus scan angle
(scan mirror reflectance) has shown differences of up
to 2% from the prelaunch values in the thermal in-
frared bandslocated at 10.75 and 11.94 um. However,
the use of the on-orbit values does not remove the
mirror asaprimary source of uncertainty for the VIRS
thermal radiance. More detailed information on the
VIRS calibration activities may be found in Barnes
et al. (2000).

3. TRMM rainfall algorithms

Rainfall products, their error budgets, and the vertical
structure of latent heating form the cornerstone of
TRMM science. In designing the data systems to gen-
erate these products under the very tight budget con-
straints, it was necessary to minimize the set of products
that would satisfy the mission requirements. This sec-
tion presents an overview of the algorithms deemed to
be critical to the mission success. A summary of these
productsis presented in Table 4 for reference. Thelevels
(2 or 3) follow the standard NASA nomenclature. Level
2 consists of the retrieved geophysical parameters at the
satellite footprint level; level-3 products represent either
space- or time-averaged geophysical parameters. Like
thelevel-1 products, rainfall productsfollow the version
numbers with version 3 released at launch, version 4
introduced on 1 September 1998, and version 5 intro-
duced on 1 October 1999. Roughly 5 days of data can
be reprocessed in 24 h. Reprocessed products are there-
fore not available immediately, but with some delay
depending upon the date the data were collected.

A comprehensive discussion of all the rainfall prod-
uctsiswell beyond the scope of this paper. Instead, only
the main progress in the rainfall algorithms sincelaunch
and the intercomparison between algorithms are pre-
sented here. An intercomparison of zonal mean rainfall
accumulations for the five maor rainfall algorithms
(version 4) is presented in Fig. 3. These algorithms rep-
resent the at-launch (version 3) algorithms after the ini-
tial software errors were corrected (version 4). As can
be seen from Fig. 3, the zonal averages for all of 1998
have a wide range between the TMI profiling algorithm
and that of the PR. The tropical mean estimates (ocean
only) vary from 92 mm month-* for the TMI 2A12 to
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Fic. 3. Zonally averaged mean monthly rainfall for 1998 derived
from five independent TRMM rainfall algorithms using the initially
corrected at-launch algorithm version (version 4).

61 mm month-* for the PR 2A25 estimate, a range of
31 mm month-*, or 40%. The following short sections
describe the initial improvements to the algorithms that
have been undertaken during the first two years along
with a comparison of the improved algorithms (version
5) that became available on 1 October 1999. The zonal
averages for the new versions of the algorithms (version
5) for 1998 are shown in Fig. 4. The version-5 results
indicate a narrowing of the differences among the al-
gorithms, with the range over the ocean decreasing to
18 mm month-* (24%). Comparisons of TMI and PR
products with surface-based rainfall estimates are dis-
cussed in section 4.



DecemBER 2000

Ocean
250
. :i‘—mT_
£ i !— 2631 - pRATHI
S 200 [ \ZIoNie | ]
£
& I
E 150 - ]
= i
T I
[and L
§ 100 ¢ ]
5 !
2 “
3 50 - ]
3 I
o
—40 -20 0 20 40
Latitude (degrees)
Land
250 — S B
W
< HZZ S ham
S 200 L — - 2A25 - PR —
g I
S [
E 450 | ]
p ]
© I
ey L
§ 100 | 1
IS
2 i
S 50 - ]
8 I
o i
_40 —20 0 20 40

Latitude (degrees)

FiG. 4. Zonally averaged mean monthly rainfall for 1998 derived
from five independent TRMM rainfall algorithms after the first sub-
stantial improvement cycle was implemented on 1 Oct 1999 (version
5).

The annual maps for 1998 resulting from application
of the algorithms (version 5) are shown in Fig. 5 at a
horizontal spacing of 2.5° latitude- ongitude, except for
the TMI statistical product, which is only available at
5° gpacing over the ocean. The patterns are very similar,
with the differences in magnitude following that shown
in Fig. 4. Portions of the ITCZ are evident in both hemi-
spheres over the Atlantic and Pacific Oceans, along with
land maxima in Africa, South America, and over the
“Maritime Continent.”” Midlatitude maximaare evident
across and to the east of Japan and the United States.
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A rapid transition from El Nifio to La Nifa rainfall
patterns occurred during 1998, producing an annual map
somewhat different from the climatological pattern. Ad-
ler et al. (2000) describe the evolution of the rainfall
pattern during 1998 using TRMM data.

a. TMI profiling algorithm (TSDIS ref. 2A12)

The profiling algorithm being used by TMI makes
use of the Bayesian methodology to relate the observed
multichannel brightness temperatures to the hydrome-
teors provided in a preexisting database. This initial
database is supplied by nonhydrostatic cumulus-scale
cloud models using explicit cloud microphysics. More
details can be found in Kummerow et al. (1996). This
algorithm was originally developed for the SSM/I and
was simply reconfigured for the TMI to take the some-
what different channels and higher spatial resolutions
of the TMI into account. The main problem detected
with the version-4 TMI agorithm was the algorithm’s
inability correctly to identify stratiform rainfall far away
from any convection. This problem was made worse by
the fact that the cloud numerical simulations al have
substantial regions of transition clouds between con-
vective and stratiform clouds. These regions are defined
as stratiform in the cloud model by virtue of their small
vertical wind velocity, but are very inhomogeneous and
thus appear more convective to the passive microwave
retrieval algorithm. This problem was corrected by re-
quiring that the spatial inhomogeneity of the TMI also
resemble the spatial inhomogeneity of the cloud model
profiles found in the database. This modification re-
duced therainfall ratesin clearly stratiform regimesand
was the primary reason for arainfall reduction between
versions 4 and 5. In going from version 4 to version 5,
theretrieved latent heating has been temporarily del eted.
It was found with version 4 that there were some in-
stabilities in the retrieved heating profiles, especially
outside the Tropics. It was felt that, until the extratrop-
ical latent heating profiles could be generated with con-
fidence, this product should be set to missing. It is
planned to reintroduce the latent heating with version
6 of the algorithm.

b. TMI monthly rain mapping algorithm
(TSDIS ref. 3A11)

This algorithm produces monthly oceanic rainfall ac-
cumulations on a 5° X 5° grid. It also originated as an
SSM/I agorithm and has been running successfully with
that sensor for over 10 yr. In this algorithm, the bright-
ness temperatures are considered to be a function of
only two variables, the rain rate and the height of the
0°C isotherm (freezing level). The freezing level is as-
sociated with the total integrated water vapor content
(TIWV) through modeling assumptions—namely, that
the column water vapor changes from 80% at the surface
to saturation at cloud base, which is assumed to be 500
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m below the freezing level. These assumptions, although
weak in the general case, are reasonably robust when
restricted to raining conditions. Because TIWV affects
the 19- and 21-GHz channels very differently, whereas
the rain affects them similarly, the two channels can be
used to solvefor TIWV and, by implication, thefreezing
level. The rain rate can then be derived using several
channel combinations. Because the improved spatial
resolution of the TMI can be introduced in a straight-
forward manner through the beam-filling correction,
only minor changes have been made between versions
4 and 5 of this algorithm. A more detailed description
of this algorithm and, in particular, comparisons be-
tween TMI and SSM/I can be found in Chang et al.
(1999).

c. PR profile (TSDIS ref. 2A25)

The rainfall algorithm has undergone a number of
changes between version 4 and version 5. Aside from
the slight increase in rainfall stemming from the cali-
bration adjustment discussed in section 2b(2), the rain-
fall agorithm has been modified in three additional
ways. The first is an improvement of the algorithm for
the estimation of the attenuation at the surface. In the
new version, uncertainties in both the radar signals and
the surface reference are taken into account.

The second is the replacement of the DSD measured
over Darwin, Australia, by a more globally justifiable
DSD derived from measured DSDs and radar reflectiv-
ity—rainfall rate (Z-R) relations from various places near
the ocean all over theworld. Thethird istheintroduction
of adjustments in the Z-R conversion coefficients that
are consistent with the form of the DSD model assumed
and the total path attenuation estimate. More details of
these procedures can be found in Iguchi et al. (1998).
Aside from these algorithm modifications, output data
items were dlightly changed. Among them, the most
important change to the user was the removal of the
ambiguities between ‘‘rain-possible’” and ‘‘rain-cer-
tain” classifications flowing down from the level-1
product. In version 4, the algorithm computed rainfall
regardless of the rain likelihood, forcing the user to
make the determination regarding the likelihood of rain-
fall. The version-5 algorithm now makes that determi-
nation and sets the rainfall to zero if it determines that
rainfall is not probable in a rain-possible scenario. The
net effect of all these changes has been to increase the
rainfall derived by the PR by about 15% on the global
scale, with roughly a 10% increase in the convective
rainfall and roughly a 20% increase in the stratiform
rainfall.

d. Combined PR-TMI profiling algorithm
(TSDIS ref. 2B31)

The guiding principle in the design of the ** day-one”
combined algorithms (version 4) was to merge infor-
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mation from the two sensors into a single retrieval that
embodied the strengths of each sensor using avery con-
servative approach in the beginning. The version-4 al-
gorithm designed to run at launch used only the 10-GHz
channel of the TMI to obtain an independent estimate
of the total path attenuation at 13.8 GHz, the frequency
of the TRMM PR. Details of this procedure can be found
in Haddad et al. (1997). This conservative approach has
now been refined into a scheme that uses al the TMI
channelsto construct asolution that best fits all the radar
and radiometer data. The version-5 algorithm uses the
85-GHz TMI channels to estimate the amount of ice
overlying the rain, then uses the appropriate parame-
terized rain—radiances relations (derived from the TMI
profiling algorithm’s preexisting database) to find the
radar-derived rain profile that best matches the observed
radiances. The ‘“best-match’ criterion is as in Haddad
et al. (1997). Details of the rain—radiances relations can
be found in Coppens et al. (2000). In addition, the com-
bined PR-TMI algorithm has also resolved the ambi-
guity caused by the rain-certain and rain-possible con-
ditions introduced by the PR level-1 algorithm.

e. TRMM and other satellite combination
(TSDIS ref. 3B42)

The TSDIS algorithm and code for product 3B42 is
based on the Adjusted Geostationary Operational En-
vironmental Satellite Precipitation Index technique de-
scribed by Adler et al. (1994). The technique uses the
surface rainfall output from 2A12 with scaling by the
ratios in 3B31 (both referenced above) to adjust objec-
tively the rain rates inferred from geo-IR satellite ob-
servations and to produce monthly total rain maps for
the region of 40°N—-40°S. Specifically, the spatially var-
iable ratio is computed between monthly rain-rate av-
erages from coincident 2A12 (with scaling by 3B31
ratios) and VIRS infrared data (1B01), and these month-
ly ratios are applied to the full 3-hourly geo-IR dataset.
In version 4, the algorithm produces a pentad (5 day)
product on a 1° latitude-ongitude grid. The physics of
the algorithm has not changed between version 4 and
version 5, but there are some changes in the output
product because of changesin the 2B31 algorithm noted
above. In addition, the version-5 code generates daily
1° X 1° output files to make it easier for potential users
to aggregate data for their individual requirements. Be-
cause no additional data were introduced in going from
5- and 30-day products to the daily product, the uncer-
tainty in each daily product has grown proportionally.
Figure 5 shows comparisons between the 3B42 product
with atoll rain gauge data produced by Morrissey et al.
(1995) and the TRMM validation data described in sec-
tion 4.

f. TRMM and other data combination
(TSDIS ref. 3B43)

The TSDIS algorithm and code for product 3B43 are
based on the technique described by Huffman et al.
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TaBLE 5. Description of the primary GV sites. All radars are Dopplerized. Also listed are the number of tipping bucket gauges that
measure 1-min rain rates, which have been used in rain map production at Goddard Space Flight Center.

Site Radar characteristics No. of gauges

Kwajalein Atoll, Republic of Marshall Islands WSR-93D, 10 cm, polarized 9
(8.72°N, 167.73°E)

Darwin, Australia BMRC/NCAR C-POL, 5 cm, polarized 20
(12.25°S, 131.04°E)

Melbourne, Florida WSR-88D, 10 cm 80
(28.11°N, 80.65°W)

Houston, Texas WSR-88D, 10 cm 80

(29.47°N, 95.08°W)

(1997). Version 4 combines the TRMM and other sat-
ellite product (3B42) with the radar—radiometer product
(3B31) and amonthly SSM/I product based on the 2A12
algorithm into an intermediate multisatellite product.
The scheme is a weighted linear combination done by
estimating random errors for each of the input products
and then using them to provide weighting by inverse
error variance. Version 5 omits the TRMM combined
TMI-PR (2B31 above) and SSM/I products because of
concerns about diurnal biases. The final combination
with the gauge analysisis the same in both versions and
again uses a linear combination with inverse error var-
iance weighting.

g. New products developed by TSDIS

TSDIS generates the TRMM standard products and
is responsible for distributing data to the TRMM al-
gorithm development team. The Goddard Distributed
Active Archive Center (DAAC) performs the broader
distribution of data. The interface to both data systems
is web based and at the time of writing both can be
accessed from the TRMM Web site http://
trmm.gsfc.nasa.gov. In Japan, TRMM scientists and as-
sociated researchers currently can access these same
products through the NASDA data system accessible
via http://www.eorc.nasda.go.jp/ TRMM.

For the convenience of the algorithm development
team, TSDIS also routinely produces subsets of the data
products that provide data only over the 10 designated
ground validation sites and some additional sitesdesired
by the science team. These subsets have the same format
as the regular products but are much smaller. The God-
dard DAAC is also making these subsets available to
its general users. TSDIS also has a limited capability
of producing special subsets for the algorithm devel-
opment team that can cover regions of the globe other
than the TRMM ground validation sites. Such subsets
are produced upon request for a specified area and time
period.

Because of the early success for the data system,
TSDIS has been able to provide expanded product ca-
pabilities. In July 1998, TSDIS began generating near—
real time data products. The products are the same as
the official products described above, but the output data
have been reduced drastically to only those parameters

that might be of use to the real-time users. Thisincludes
surface rainfall and 20 (instead of 80) layers of the PR
vertical structure. Unlike the normal data stream that is
generated on an orbit-by-orbit basis, the real-time data
vary in size depending upon TRMM contact with the
data relay satellite. Near—real time data are generally
available within 3 h of collection of the oldest bit in
the data stream.

In addition to the near—real time dataproducts, TSDIS
has al so begun distributing gridded surface rainfall data.
Global data at 0.5° resolution, as well as land data over
South America and Africa, are available at 0.1° reso-
[ution. Both datasets contain the rainfall and convective
fraction of rain from the TMI, PR, and combined TMI—
PR algorithms. The files are produced daily and are
written in plain text format for ease of use. The data
arewritten into the grid box that had a TRMM overpass,
recording the time of the overpass of the first pixel in
that grid box, the rainfall parameters, and the necessary
statistics of observations within the grid box to allow
for later reconstruction of rainfall accumulations. Fur-
ther reference on obtaining any of these products cur-
rently is available from the TSDIS Web site.

4. Validation efforts during the first two flight
years

The validation efforts of TRMM are separated into
two categories. The first is the routine comparisons of
TRMM satellite rainfall products to operational gauge
networks and ground-based radar estimates from anum-
ber of cooperative radar sites. The second consists of a
series of now completed field experiments around the
globe designed to validate physically and, when nec-
essary, to improve the assumptions in both the space-
borne, and the ground-based instrument algorithms. Be-
cause cloud dynamical models are used to convert the
TRMM observables into latent heating estimates, the
field experiments had the additional objective of ob-
taining datasets that could be used to initialize and to
verify these cloud-scale models in diverse meteorolog-
ical regimes.

a. Climatological validation

Table 5 describes basic characteristics for the four
primary validation radar sites. The primary sites cur-
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rently are described in detail on the TRMM Web site
under ““validation.” Radar and rain gauge data are pro-
vided on a continuous, routine basis to Goddard Space
Flight Center. The exception is Darwin, Australia, in
which dataare received only during the 5-6-month-long
wet season. Products from five additional special cli-
matic data sites (Guam, Taiwan, Brazil, Israel, and Thai-
land) during select, 3-6-month periods of interest to
TRMM are currently being generated by investigators
at their home institutions.

Generating rainfall products that are of sufficient
quality to validate climatological rainfall products from
TRMM has been one of the key challenges for the Sci-
ence Team. Although high-quality radar datasets exist
for short periods, it has proven to be very difficult to
extend those methodol ogies to routine operations based
upon operational concepts. Data quality has proven to
be the most difficult obstacle to overcome, with radar
calibration being perhaps the most severe problem. A
1- or 2-dBZ calibration error can translate into error of
up to 20% in the rainfall obtained from the application
of standard Z-R relations. Although progress has been
made to use the TRMM radar itself as a calibration
standard, the operational ground-based radar algorithms
still use a bulk adjustment procedure to calibrate the
monthly radar rainfall productsto underlying rain gauge
networks. Raw radar data are also contaminated by phe-
nomena such as ground clutter and anomalous propa-
gation, aswell as amyriad of nonmeteorological targets
such as bugs, birds, chaff, and wildfires. The current
quality-control algorithm requires an analyst to inspect
manually all radar scans and to vary adjustable param-
eters to remove these echoes. Rain gauge data also re-
quire quality-control procedures and are edited by com-
paring temporal and spatial correlations with radar-de-
rived rainfall estimates over the locations of the gauges.
A procedure has been developed recently to automate
this quality-control step (Amitai 1999; Marks et al.
1999), and the algorithm performs well when compared
with manual inspection of the merged gauge-radar data.
Hereinafter those gauges that pass this quality-control
step will be referred to as ““good’” gauges. Numerical
experiments have shown improvements of up to 50%
when quality-control measures are applied to both the
radar and gauge datasets (Kulie et al. 1999; Robinson
et a. 1999; Marks et a. 1999).

Rain maps are generated from each of the primary
sites by interpolating the raw polar radar data onto Car-
tesian coordinates with a horizontal spacing of 2 km.
Rainfall is classified into convective and stratiformrain
according to the horizontal radar reflectivity structure
developed by Steiner et al. (1995). For each type of
rainfall, the monthly accumulation of the radar pixels
(derived using a default relationship of Z = 300R*#,
Fulton et al. 1998) directly above each gauge location
is compared to the 7-min rain gauge accumulation for
the corresponding gauge. A final, gauge-adjusted rela-
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tionship between Z and rainfall rate R is derived for
each site and for each month using

Z, = 300(R/G,) R4, (7)

where R is the total rainfall accumulated by the radar
over the locations of the good gauges, G is the rainfall
accumulated from tipping-bucket rain gauge data, and
the subscript i refers to either convective or stratiform
rainfall. Rain rates from gauge and radar data were both
accumulated over 7-min intervals, but tests showed that
results do not change much for different time intervals.
This bulk adjustment is applied to a month of datafrom
each site, with separate Z-R relationships derived for
convective and stratiform rainfall. If the total rainfall
accumulated over all of the gauges for a month is less
than 250 mm, then the bulk adjustment procedure is
applied to consecutive months of data.

One last difficulty encountered is the failure of sur-
face radars to operate continuously. Unlike the satellite,
for which data gaps can generally be considered to be
random, ground-based radar outages can be caused by
factors such as severe weather at the radar site. Most
often, however, they are caused by routine maintenance
activities performed during nonraining periods. Neither
of these conditions is random, and therefore they need
to be accounted for. Work is underway in using the
gauge data to provide area-averaged rain estimates dur-
ing periods when the radars are not operating. Prelim-
inary results indicate that rainfall underestimation of
10% is possible even when the radar is operational for
more than 95% of the period. Implementing this last
procedure has taken some time. The first set of products
generated routinely by the above procedures for all four
primary validation sites were released on 1 June 2000
and are designated as version 3 of the ground validation
product. A more rigorous approach would be to compare
satellite- and surface-based rainfall estimates only dur-
ing periods when the radars are operational. This, re-
striction, however, significantly reduces the sampling to
a few rain events per month.

Over oceans, initial comparisons of monthly rain es-
timates from TMI (2A12) and PR (2A25) have been
carried out using estimates from western Pacific Ocean
atoll rain gauge data (Morrissey et a. 1995) as shown
in Fig. 6. Although the scatter of pointsis large because
of both the sampling errors of TRMM and those of the
sparse gauge coverage, the results indicate that the
monthly estimates based on the TMI 2A12 algorithm
have an overall small negative bias (—10%, Fig. 6a).
The monthly estimates based on the PR 2A25 algorithm
(Fig. 6b) show a much larger bias (—45%). The some-
what larger scatter of the PR estimates, especially at
high rain amounts, may be due to the poorer sampling
obtained from the PR’s narrower swath.

Over land, the 1998 monthly estimates from TRMM
were compared with a gauge-based analysis (Rudolf et
a. 1996) in locations (2.5° latitude—longitude boxes)
where there are at least two gauges each month (Fig.
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Fic. 6. Comparison of monthly TRMM rainfall estimates with
monthly atoll rain gauge data: (a) passive microwave product (2A12),
(b) PR product (2A25).

7). Although there is a large scatter of points because
of the limited sampling in both the satellite and gauge
analyses, the results indicate that both the TMI and PR
algorithms have fairly small biases (+16% and +9%,
respectively) over the range of the comparison datasets.
Both algorithms may show a tendency toward overes-
timation in areas of high rain amounts, but that feature
of the scatter could also be due to the unrepresenta-
tiveness in the gauge analysis at high values. The sim-
ilarity between the TMI and PR results over land in Fig.
7 seems to disagree with the difference indicated in the
zonal mean profiles of the various TRMM estimates in
Fig. 4. This difference is due to the validation in Fig.
7 being restricted to areas for which gauge information
is available, thereby eliminating many of the high—rain
amount areas in South America, Africa, and elsewhere.
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The differences between the TMI and PR results are
smaller outside of the heavy rain areas (see Fig. 4).
Because these are the areas where the gauge analysisis
useful for comparison, the results are biased toward ligh-
ter raining areas outside the deep Tropics. Therefore,
more detailed validation over land is required to un-
derstand fully the algorithm results in different clima-
tological regimes.

In summary, the version-5 TRMM products have con-
verged substantially from the earlier, at-launch products,
although there are still substantial differences over
ocean and land. Preliminary comparison of TRMM re-
sults with existing gauge analyses over land and water
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TaBLE 6. Summary of TRMM field campaigns. The presence of profilers (P), radiosondes (soundings, S), rain gauges (R), disdrometers
(D), tethersonde and surface flux tower (T), and lightning detectors (L) in each experiment are listed in the last column.

No. of No. of
Field experiment Location radars aircraft Other platforms

TEFLUN-A

(Texas—Florida Underflight Experiment) Texas 3 2 D,RS R L
TEFLUN-B

(Texas—Florida Underflight Experiment) Florida 2 2 PS RD,L
SCSMEX

(South China Sea Monsoon Experiment) South China Sea 2 0 S R, D
TRMM-LBA

(TRMM-Large-Scale Biosphere—

Atmosphere Experiment in Amazonia) Rondonia, Brazil 2 2 RS RD,TL
KWAJEX

(Kwajalein Experiment) Kwajalein, Republic of Marshall Islands 2 3 RS RD,T

indicates that, over water, the more mature TMI-based
product compares well with atoll-based rain gauges, and
the more experimental PR algorithm produces estimates
that are significantly lower than those of the atoll gauges
in the western Pacific Ocean. Over land, comparison of
both TMI and PR products with gauge analyses pro-
duces favorable results with relatively small biases, but
guestions remain for important areas with high rain
amounts that are not represented well in the gauge da-
tasets.

A comparison of some TRMM products with early
GV rain maps is shown by Adler et al. (2000). The
monthly rain estimates agree to within approximately
20%—40%, which is also the uncertainty among the
TRMM algorithms. Because of difficulties discussed
earlier, surface radar products also use version numbers
to track the continuously improving algorithms and
methods. They are, however, not tied to the satellite
versions, to avoid the need to validate with products
that are changing at the same timeintervals. At thetime
of thiswriting, version 2 was in effect for the validation
products. Version 3 represents a significant improve-
ment in the quality-control procedures, aswell asin the
interpolation across radar data gaps, which until now
were considered to be nonraining. Version 3 was re-
leased 1 June 2000 and should reduce biases between
satellite- and ground-based radars significantly.

b. Physical validation

Although comparisons among spaceborne algorithms
and ground-based products are useful to gain confidence
in the various estimates, they cannot be used to reduce
uncertainties below the uncertainty in the validation
products. Quality-control issues with the GV radar and
gauge datasets indicate this uncertainty isapproximately
10%—-15%. Five field experiments were conducted dur-
ing the first two years of TRMM to address remaining
issues. Although this schedule does not allow much
analysis to occur during the experimental phase, it does
provide the highest chance of success while the satellite
is still operating nominally. Table 6 lists the five dif-

ferent field experiments that were conducted during the
first two years of the TRMM mission. These experi-
ments were designed to evaluate the assumptions made
by rainfall retrieval algorithms and latent heating esti-
mates made by both the TRMM sensors and the ground-
based radars used for the routine validation. Because
latent heating is not directly observable, the field ex-
periments collected the necessary atmospheric profile
information to initialize and to validate the cloud-re-
solving models being developed as an independent
means of verifying latent heating estimates. In addition
to this basic set of objectives, thefield experimentswere
designed as a group to insure that the specific obser-
vations could also be compared between experiments
S0 as to gain some insight into the regional dependence
of any findings. A number of measurements are there-
fore common to all experiments.

Based upon the successful completion of the field
experiments, three overarching research topics can now
be addressed. The first topic is the verification of the
satellite’s classification of rainfall into convective and
stratiform types and the use of appropriate Z—Rrelations
for each type of rainfall. The need to adopt a third, or
transition, category is also being investigated. These
investigations are being called physical validation. The
primary datasets consist of the Doppler dual-polariza-
tion radars as well as dual-frequency profilers deployed
during each campaign. Backup, or secondary, sensors
include ground-based disdrometers and ahost of particle
probes flying on the microphysics aircraft capable of
fully observing the entire DSD spectrum. The second
topic is the improvement of the physical modeling of
the melting and mixed-phase layers of the clouds. These
observations are needed to improve the passive micro-
wave interpretation of the integrated signal reaching the
satellite as well as the cloud dynamical model treatment
of these regions. The primary data for these studies are
the microphysics aircraft underflying the DC-8 or ER-2
aircraft that carried both radars and radiometersto sim-
ulate TRMM observations. Enough coincident mea-
surements between the high-altitude aircraft and TRMM
were obtained to verify directly the operations of the
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instruments designed to simulate the spacecraft. The
final topic is the improvement of the cloud dynamical
models that ultimately must be used to verify latent
heating estimates from both ground-based and satellite
sensors. Cloud models primarily need good initial mois-
ture fields. The primary data for this objective are the
radiosonde networks that were operated during all cam-
paigns. In addition to the radiosondes, the Large-Scale
Biosphere—Atmosphere experiment (LBA) and the
Kwajalein Experiment (KWAJEX) aso made tower and
tethered balloon measurementsto observe better the sur-
face fluxes and boundary layer dynamics.

The dataneeded by the physical validation effort have
all been collected and are being analyzed. The dual-
polarization radar data were successfully collected dur-
ing all campaigns except KWAJEX, for which the data
have been examined and were found to be unreliable.
The profiler dataare available for all experiments except
the South China Sea Monsoon Experiment (SCSMEX)
and are of high quality. Both instruments are being an-
alyzed so that three-dimensional median DSDs can be
compared with each other. It is known that these vary
from storm to storm and even within a storm (Atlas et
al. 1999), but mean statistics over extended time periods
are critical for the TRMM algorithms. Results regarding
the agreement or disagreement between these two sen-
sorsare not yet available. Secondary datafrom anumber
of disdrometers, rain gauges, and direct aircraft obser-
vations will be used to verify the radar and profiler
results. Because of the poor quality of the Kwajalein
polarimetric data during the experiment, the profilers
and disdrometers have been left on the atoll to make
future comparison possible. Thereisstill alarge amount
of work to be done, but once the mean DSDs have been
obtained, these data will then be used directly to test
and to improve the satellite assumptions. To validate the
satellite products, the DSD information must first be
partitioned according to the satellite classification of
rainfall (currently into convective and stratiform rain
types). Once this partitioning is accomplished, however,
direct comparisons between the field experiment results
and the satellite products are possible. A number of
postexperiment meetings have already been conducted
to ensure that the data analysis from individual instru-
ments through to the final comparison with the satellite
products occurs in a timely fashion.

The melting-level and mixed-layer microphysics is
another area of concentrated attention. The vertical dis-
tribution of hydrometeors above the freezing level is a
particularly difficult parameter to observe. Cloud-re-
solving models are a good source of information, but
they still give widely disparate pictures of the liquid
content in the mixed-phase region just above the freez-
ing level. This disparity, in turn, leads to widely dif-
ferent interpretations of scattering in this region. Air-
craft penetrations with simultaneous radar and radi-
ometer observations are the best way to settle the ques-
tions. To that end, each experiment (except SCSMEX)
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has a large number of coordinated flights with coinci-
dent radiometric and in situ observations. Because dif-
ferent aircraft probes measure different regions of the
drop size spectrum, early efforts by the aircraft micro-
physics community have centered upon the generation
of a uniform dataset that spans the range of drop sizes
from 1 um to 10 mm. Once drop habits and size spectra
are quantified, they will be input into radiative transfer
models and compared directly with the radiometric ob-
servations and cloud dynamical models.

The brightband region is of special interest. In the
brightband region, the region just below the freezing
level in which the snow melts to form raindrops, the
radiometer and radar communities model the attenuation
differently. The radiometer community, on the basis of
limited evidence, treats the attenuation as being the same
as in the rain area below, whereas the radar community
treats the bright band as having twice the attenuation of
the rain below. During KWAJEX, at |east two successful
flights were completed with the University of Washing-
ton Convair 580 aircraft to study this phenomenon in
detail. The Convair aircraft, equipped with an upward-
looking radiometer in addition to the standard micro-
physics probes, flew upward spirals through an exten-
sive brightband region for these experiments. By ana-
lyzing the changes in the brightness temperatures and
correlating these with the microphysical observationsin
the bright band, the effect of the bright band on micro-
wave attenuation can be quantified. This work is under
way.

The final area of cross-disciplinary interest is in the
cloud dynamical modeling. Radiosonde networks were
established for each of the field experiments, with
soundings taken up to eight times per day at each of up
to four sites. In addition to the radiosonde networks,
LBA and KWAJEX obtained additional measurements
of surface fluxes from tower observations and the
boundary layer fluxes from a tethered balloon system.
These observations were made with the cloud dynamical
models in mind, and various intercomparisons among
different sounding systems and soundings with the teth-
ered balloon are under way. The data are being analyzed
with attention to quality control and intersensor cali-
bration. The modeling effort is just beginning. One of
the key objectives of this modeling effort, however, is
to be able to capture differences in climatic regimes so
that microphysics and latent heating simulations can
eventually be fed back into the algorithms.

The LBA experiment serves as a clear example. Sta-
tistically (based on PR analyses), Amazonian convec-
tion is less intense on average than the convection over
the Congo and north Australia. Analysis from LBA,
however, has revealed two well-defined regimesthat can
be identified in the synoptic and satellite data. Both
easterly and westerly regimes exist, as defined by the
low-level flow. The westerly regime has many similar-
ities with maritime convection; during easterly phases,
Amazonian convection takes on more intense charac-
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teristics, similar to the Congo and north Australia. Once
the cloud models can capture the observed differences
between these regimes (e.g., larger drop sizes and echo
tops in the easterly regime), the satellite algorithms can
undertake the next level of validation and refinement by
treating regimes independently and making use of the
latent heating supplied by the improved cloud model
simulations to derive better global products.

5. Summary and next steps

Overall, the TRMM mission continues to perform
very well. All instruments are operating as expected and
have been calibrated to a level necessary for rainfall
applications. No further calibration changes except
those resulting from normal operations are expected at
this time. All rainfall products have been reprocessed
through version 5 on the satellite; the ground validation
products through version 4 was released 1 June 2000.
There are no problems with the satellite itself or the
data system. Fuel, which isthe limiting resource needed
to maintain TRMM'’s low orbit, is expected to last until
approximately March of 2004.

In this paper, we have summarized the latest progress
in calibrating TRMM and achieving consistency among
TRMM rainfall estimates with each other and ground-
based measurements. The initial (version 4) intercom-
parisons between the TRMM radar and radiometer
showed differences of 40% over the global monthly
Tropics. Subsequent improvements (version 5) have re-
duced these differences to 24%, which is also on the
order of the uncertainty in the initial version (version
3) of the ground validation products. Current studies of
the sensitivity of the radiometers to the melting layer
indicate that the radiometer may be slightly overesti-
mating stratiform rainfall, and the PR may be under-
estimating oceanic rainfall somewhat as compared with
the ground-based radar at Kwajalein. The likely cause
is an incorrect climatological DSD or an error in the
way that point measurements of DSD (made by dis-
drometers) are being applied to the relative large 4-km
footprints of TMI (Nakamura et al. 1998). The field
experiment data are being used to address these issues.
The Science Teams expect to resolve some of these
issues in the near future and have tentatively scheduled
the next reprocessing of rainfall products to begin
around May of 2001. With insight from the improved
validation products and field experiments, algorithms
are expected to converge to the 10%-15% level by that
time. The Science Team feelsthat thislevel isan achiev-
able short-term goal and represents our best knowledge
to date. Further agreement between the spaceborne and
ground-based sensor will require improved understand-
ing of precipitation physics. It is being actively pursued
through the analysis of the field experiment data. These
improvements are being targeted for implementation in
afinal rainfall product reprocessing that isto occur near
the end of the mission. Much work remains to be done,
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but the data, infrastructure, and Science Teams are in
place to continue to improve the products and appli-
cations in the coming years.

In closing, it is perhaps appropriate to mention that
the last NASA planning meeting conducted at Easton,
Maryland, in 1999 has endorsed a new concept for glob-
al precipitation measurements. The concept isto address
climatic rainfall variability and has been formulated
with two components. A single primary satellite, similar
to TRMM but in a 70° inclination, that can quantify the
three-dimensional spatial distribution of precipitation
and the associated latent heat release is the first com-
ponent. This ‘“core’” platform would carry a dual-fre-
quency rain radar plus a multichannel, polarized passive
microwave radiometer akin to TMI. By use of two radar
frequencies, it will be possible to determine the first
moment of the DSD (i.e., the mode), and thusthe quality
of rainfall rates may well exceed the quality of standard
ground-based weather radars. The radiometer, as is the
case for TRMM, would provide further insights into
cloud properties and cloud processes beyond that given
by radar reflectivities alone and would further serve to
transfer knowledge gained by the core satellite to the
swaths of complementary satellites that form the second
component of the measurement concept. The second
component consists of a number of small radiometer
satellites (or microsats) flown in a constellation config-
uration to provide the necessary diurnal sampling need-
ed to force both hydrologic and meteorological models.
With a total of eight constellation radiometers, which
could consist of a mixture of microsats and various op-
erational satellites carrying passive microwave radi-
ometers (such as SSM/I on Defense Meteorol ogical Sat-
ellite Program platforms and the Advanced Microwave
Scanning Radiometer on Advanced Earth Observing
Satellite-11 or Aqua), a sampling frequency of 3 h would
be achieved. This sampling rate reduces sampling un-
certainties to below 10% for daily rainfall accumula-
tions. As demonstrated with ongoing research related to
TRMM, such measurements will have significant pos-
itive impacts on prognostic model data assimilation and
weather forecasting skills, as well as on hydrological
applications that require near-continuous sampling.
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