








Difference in viewing aspects between Earth and
space observations, propagation paths, frequencies,
resolution volume size, and time synchronization
mismatch between space and ground-based obser-
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vations can contribute to discrepancies in point-by-
point intercomparison (Bolen and Chandrasekar
2003). TRMM PR has been remarkably stable with
respect to calibration of the system as evidenced
by the active radar calibrator (Akihiro et al. 2004).
The Active Radar Calibrator (ARC)-based calibra-
tion system established the TRMM PR calibration
to an accuracy of within 1 dB. With the TRMM PR
being very stable and with advanced cross-validation
procedures, which account for frequency difference,
view angle, distortion, etc., the cross validation can be
really used for algorithm performance evaluation.
The normalized gamma DSD model was used by
Chandrasekar et al. (2003) to conduct microphysical
comparisons on a pixel basis from TRMM PR and
ground polarimetric radar. The D, retrieval algo-
rithm was presented in their paper. This concept
was extended to a global scale where global maps of
DSD estimates were constructed in Chandrasekar
etal. (2005). This global map is a further scale-up of
the DSD reported from different climatic region by
Bringi et al. (2003). Wilheit et al. (2007) have shown

Fic. 12. Example of ground-based observations and
RSD estimates from data using TRMM LBA. (a)
Vertical profile of GR reflectivity with location of PR
beam indicated by solid vertical lines drawn to scale.
(b) GR polarimetric observations along PR ray cor-
responding to the ray as indicated in (a). From left
to right, the dashed line is LDR, solid line with x’s is
K,, (scaled by a factor of 10), solid line with circles
is Z, (scaled by 10), black squares are PR measured
(attenuated) reflectivity, white squares are PR attenu-
ation corrected reflectivity, stars are GR measured
reflectivity, and the dotted line is the cross-correlation
coefficient between GR return signal horizontal and
vertical polarization states, p_ (scaled by 100). In this
plot, PR attenuation is observed to be about 7 dB with
reference to GR measurements. In all panels, solid
horizontal lines indicate the 0°C isocline altitude and
the PR clutter level (certain), as derived from the
TRMM data products, respectively. These types of pro-
files were used to evaluate the accuracy of attenuation
correction by the TRMM operational algorithm, while
the accompanying dual-polarization measurements
provide auxiliary information about the prevailing
microphysics for interpretation of the cross valida-
tion. (c) The (horizontally averaged) vertical profile
of measured and corrected reflectivity from PR along
with Z, Z , and de from the C-Pol GR. These data
are for the Darwin ocean event of 3 Feb 2000. The Z
match is quite good; it can be noted that average Z_ in
the lower rain layer is around 0.8 dB, with de reaching
1.5° km-', indicating, on average, a maritime DSD with
larger concentration of relatively smaller size. The
scope of the comparison is similar to Fig. 12b.



the utility of such global maps for development of
passive microwave remote sensing algorithms from
satellite observations.

In summary, the limited use of dual-polarization
radars during the TRMM era have yielded substantial
benefits in numerous areas, including a) validation of
TRMM PR attenuation correction algorithms, b) pre-
cipitation regime classification, and ¢) fundamental
advances in the understanding of rain microphysics
in terms of differences between continental and
oceanic events as well as convective and stratiform
storms.

POTENTIAL APPLICATION OF DUAL-
POLARIZATION RADAR FOR GPM. The
application of dual-polarization radars to GPM
era precipitation measurements is discussed in the
following. Specifically, the combined DPR and GMI
precipitation measurements made from the GPM core
satellite form the nexus of a spaceborne precipitation
“validation” tool to be used for calibrating the entire
GPM constellation. Hence to a large extent, valida-
tion of the GPM core satellite precipitation retrievals
ensures overall measurement fidelity and accuracy of
the entire GPM constellation. When the validation
process is conducted at the ground in widely varying
precipitation environment types, the methodology
can leverage several of the intrinsic capabilities
associated with dual-polarization radar, including
1) self-consistent calibration; 2) improved detection
of hydrometeor phase, shape, and type; 3) retrieval
of particle size distribution information; and 4) via
capabilities 1-3, improved accuracy in retrieved pre-
cipitation rate (on both instantaneous and integrated
time scales). Collectively, these capabilities support
GPM ground validation approaches ranging from
large-scale national network statistical validation
of GPM precipitation estimates, to detailed physical
validation of GPM satellite algorithms at precipitation
and microphysical process scales.

At national network scales, several countries/
regions around the world have recognized the
increased capability of dual-polarimetric radar (i.e.,
the four capabilities described above) for QPE and are
already pursuing dual-polarization upgrades. Specific
examples include the WSR-88D program in the
United States, the European Weather Radar Network,
and the ground radar network of the Meteorological
Service of Canada. For these operationally driven
radar networks data quality and calibration moni-
toring leading to improved QPE are two of the most
important attributes associated with polarimetric
upgrades. Relative to GPM, the improved quality of
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the precipitation measurement provided by the new
dual-polarimetric radar networks should result in
more widespread, accurate precipitation measure-
ments with lower standard error over many locations
of the globe, thereby significantly increasing confi-
dence in the ground component (i.e., ground “truth”)
of the satellite-ground QPE comparison.

From a physical validation perspective, the com-
bination of DSD parameter retrievals and hydrome-
teor classification facilitated by dual-polarization
radars provides an important means to cross-
validate microphysical properties parameterized in
evolving GPM DPR and GMI retrieval algorithms.
As stated above, the suite of polarimetric variables
provides the means to internally calibrate/correct/
assure a given reflectivity estimate, and this can be
done for multiple dual-polarimetric radars in a given
network, such that a “uniform” calibration stan-
dard for the network is attained. In turn, the radar
network reflectivity estimates form a collectively
calibrated dataset that can be compared directly
to DPR reflectivities (assuming consistent com-
parison geometries). When continuously collected
and archived, these comparison points, especially
those comparison points deemed to be most reliable,
compose the core of a dataset that can be statisti-
cally analyzed to provide a robust validation of the
DPR calibration and attenuation correction. In the
process of this direct statistical validation of DPR
reflectivities it should be possible to discern specific
regions and/or meteorological situations where there
is a significant mismatch between the ground and
spaceborne measurements. In this instance, specific
research-grade multifrequency polarimetric radars
can be deployed for use in an intensive observation
mode (i.e., free to scan any 3D volume of space at
variable frequency as needed) to examine the reflec-
tivity, precipitation rates, and characteristics in the
“discrepancy” regimes or regions. This particular
part of the physical validation process need not rely
heavily on DPR overpasses to accomplish the DSD
validation relative to meteorological regime, radar
reflectivity, and precipitation rate.

From a quantitative perspective the retrieval of
parameters related to DSD properties (e.g., D, N,
etc.) and precipitation rate using advanced dual-
polarimetric radar techniques is of great interest to
programs such as GPM. However, it is also true that
the accurate retrieval of these properties using dual-
polarization radar can be problematic and subject
to error if the measurements and/or analyses are
not done carefully. Importantly, even if one ques-
tions the validity of quantitative DSD retrievals for
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a given radar, there remain qualitative aspects of the
dual-polarimetric measurements that lend them-
selves readily to precipitation retrieval algorithm
validation. For example, at the most basic qualitative
level the fundamental ability of dual-polarization
radar to distinguish between liquid, ice, and mixed
water phases in the vertical structure of precipita-
tion is likely to play a crucial role in the develop-
ment of both dual-frequency radar algorithms as
well as combined radar-radiometer algorithms. The
delineation between the water phases is currently an
outstanding problem in the retrieval of precipita-
tion rates from passive microwave sensors. To this
end, cloud-resolving models capable of generating
realistic synthetic hydrometeor profiles, including
the mixed phase, are important to the process of
algorithm development and testing. As part of this
process dual-polarization radar-diagnosed profiles of
hydrometeors and hydrometeor phases can be linked
to radar-derived precipitation rates and then used to
verify the general characteristics of simulated cloud
model microphysics used in the algorithm develop-
ment process.

In summary, the ability of the dual-polarization
radar to supply both basic qualitative information
related to hydrometeor phase/type information (in
three dimensions) coupled with the potential for more
advanced quantitative retrieval of DSD properties is
of great interest to GPM. It is also important to note
that because the aforementioned data are typically
collected by polarimetric radars possessing scan-
ning agility, variable area coverage, and temporal
continuity of operation (especially true of research
radars), the data represent more than just “snapshot”
retrievals of the precipitation. Samples of the pre-
cipitation characteristics and rates can be retrieved
over the entire life cycle of given precipitation events
and over large areas, making dual-polarimetric
radar a valuable analytic instrument for future GPM
applications.
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