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1. INTRODUCTION

Variability in the global distribution of precipita-
tion is recongnized as a key element in assessing the
impact climate change on the environment (IPCC,
2001). The response of precipitation to climate forc-
ings is, however, uncertain due to discrepancies in the
magnitude and sign of climatic trends in satellite-
based rainfall estimates. These discrepancies stem
from systematic errors in algorithm parameters that
are not explicitly measured by the observing system
such as drop size distribution (DSD) in radar-based
algorithms and the height of the freezing level in
radiometer-based techniques. Quantifying and ulti-
mately removing these biases is critical for study-
ing the response of the hydrologic cycle to climate
change. In addition, estimates of random errors ow-
ing to variability in algorithm assumptions on local
spatial and temporal scales are critical for establish-
ing how strongly their products should be weighted
in data assimilation or model validation applications
and for assigning a level confidence to climate trends
diagnosed from the data.

In this paper we explore the potential for using
the three-dimensional structure of radar reflectivity
observations to address the problem of constrain-
ing DSD in rainfall retrievals from single-frequency
radars. The method exploits the fact that distinct
microphysical pathways for rainfall production often
lead to differences in both the DSD of the resulting
raindrops and the vertical and horizontal structure
of associated radar reflectivity profiles. The primary
objective of this paper is to establish the degree of
consistency that can be attained in DSD parameters
when rainfall is classified according to the vertical
and horizontal structure of its reflectivity pattern.

2. RAIN-TYPE CLASSIFICATION

Conventional approaches to rain-type classifica-
tion generally define two classes: (1) convective pre-
cipitation having strong updrafts, large horizontal
variability, and no evidence of a bright-band (BB);
and (2) horizontally homogeneous stratiform precip-
itation with weaker updrafts and a well-defined BB
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at the melting level. While this approach is well-
suited for estimating vertical profiles of latent heat-
ing, it is not sufficient to constrain DSDs since they
can vary widely within the convective and stratiform
categories themselves. The goal of this study is to
use the vertical and horizontal structure of the ob-
served radar reflectivity field to extend rain-type clas-
sification beyond convective/stratiform separation to
define a larger set of rain-type classes that reduces
DSD variability within each rain category. Based
on preliminary analyses, the following 8 variables (il-
lustrated in Figure 1) are adopted for defining rain-
types: near-surface reflectivity, slopes between the
surface and 2 km, 2-4 km, 4-6km, and 6-8km, the
ratio of the maximum reflectivity in the profile to
that at the surface, the highest altitude with a radar
echo above 20 dBZ, and the mean horizontal gradient
in surface reflectivity between the pixel and its eight
nearest neighbors.
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Figure 1: Variables describing the three-dimensional
structure of an observed reflectivity field used for clas-
sifying rainfall.

The preferred resolution for these variables is that
which simultaneously maximizes the amount of rain-
fall falling into each class and minimizes the variabil-
ity of DSD within any given class. Based on ground-
based polarimetric radar observations, the resolutions
that define the “optimal” classification based on these
criteria are presented in Table 1. Note that these
dimensions result in more than 22 million possible
rain-type classes but many of these classes constitute
unphysical combinations of variables that are never



likely to be observed. A coarser resolution leads to
fewer classes but restricts our ability to constrain
DSD within each rain-type while tighter resolution
makes it less likely to find similar structures thereby
increasing the fraction of unclassifiable rainfall and
yielding poor statistics with for determining DSD pa-
rameters appropriate to each rain-type.

Variable Min. Max. A Bins
Zss. (dABZ) 4.0 56.0 4.0 13
So_o -8.0 80 1.0 16
So_4 -7.0 9.0 2.0 8
Si_g -15.,0 5.0 25 8
Se_g -15.,0 6.0 3.0 7
Zomaz/Zsge 1.0 1.5 01 5
20 dBZ Hgt. 2.0 14.0 1.5 8
Vxy 0.0 6.0 1.0 6

Table 1: The optimal classification grid. The resolu-
tion used to define rain-types is denoted A. Surface
reflectivity is in dBZ, the slopes, denoted Sx_y, and
the mean nearest-neighbor horizontal gradient, de-
noted Vxy, are in dBZ km™!, the ratio of maximum
to surface reflectivity is in dBZ/dBZ, and the 20 dBZ
height is in km.

3. RESULTS FROM TRMM-LBA

To test the hypothesis that rain-type classification
helps to constrain DSD, S-band polarimetric radar
observations from the Tropical Rainfall Measurement
Mission (TRMM)-Large-scale Biosphere Atmosphere
(LBA) field experiment have been used to deter-
mine DSDs for the rain-types defined in Table 1.
TRMM-LBA took place in Rondonia, Brazil during
the Amazon wet season between January and Febru-
ary, 1999. The analyses of Rickenbach et al. (2002)
(hereafter R02), Carey et al. (2001) (hereafter C01),
and Petersen et al. (2002), suggest that the con-
vection over the region falls into two distinct mete-
orological regimes based on the direction of the pre-
vailing low-level winds. When easterly winds pre-
vail, the region is characterized by significantly larger
CAPE, drier lower and middle tropospheric humid-
ity, a stronger and deeper wind sheer layer, and a
factor of two higher concentration of cloud condensa-
tion nuclei (CCN) than during westerly wind periods
(Williams et al., 2002). CO1 have also shown that
raindrops in the westerly wind regime are generally
smaller than those found in the easterly wind regime.
Our assertion is that the properties of the DSD should
be invariant within any rain-type class regardless of
when it occurs. The observed differences between the
easterly and westerly wind regimes should, then, be
a consequence of differences in the frequency of occu-

rance of each rain-type between the regimes.

Figure 2 presents the “evolution” of rain-type
classification from early atmospheric radar applica-
tions in the 1940’s to the methodology adopted here.
Panel (a) represents the first meteorological radar ap-
plications in which no rain-type classification is used
allowing the full range of DSD variability indicated
by the broad probability density function (PDF) of
Zgr. Shortly thereafter, a reflectivity-based classifi-
cation into convective and stratiform categories was
adopted due to the fundamental differences in their
microphysical, thermodynamic, and kinematic prop-
erties. Through this separation (illustrated in panel
(b)), some immediate improvements in rainrate es-
timates were realized, primarily resulting from the
reduction of biases introduced by the fact that con-
vective raindrops are, on average, smaller than those
found in stratiform rainfall. The variability of DSDs
within the convective and stratiform rain-types is,
however, almost as large as with no classification at
all leading to potentially large uncertainties in re-
trieved rainfall rates.

Figure 2: The evolution of rain-type classification
from the 1940’s to the present. The panels present
distributions of differential reflectivity, Zg,, for vari-
ous subsets of all TRMM-LBA radar reflectivity pro-
files with near-surface reflectivities of 36 + 2 dBZ.

Perhaps more importantly, this wide range of
DSDs opens the door to systematic errors due to cli-
mate regime biases as can be seen in panel (c) where
all convective rainfall is separated into the easterly
and westerly wind regimes observed in TRMM-LBA.
As reported by CO1 mean drop sizes in the easterly
regime are larger than those found in the westerly
regime. If Z-R relationships fail to account for this,
easterly rainfall will be overestimated and westerly
rainfall underestimated. PDF's of Zg4,. for two rain-
type classes found in both the easterly and westerly



wind regimes are compared in panel (d). System-
atic differences in mean Zg,.’s observed in each class
differ widely from one another but these differences
are captured in both synoptic regimes. Furthermore,
random errors due to variability within the classes are
~T75 % lower than those in any of the three preceding
classification systems.

Overall, more than 94 % of all rain-type classes
that are found in both the easterly and westerly
regimes exhibit reduced variability in Zy. and sys-
tematic differences in mean Z;, between the easterly
and westerly wind regimes are reduced more than 87
% of the time. The observed differences in synoptic
conditions between the easterly and westerly wind
periods in TRMM-LBA and the resulting changes in
mean DSDs should, therefore, manifest themselves
in the mean vertical and horizontal structure of the
observed reflectivity profiles in each regime. Figure
3 compares mean easterly and westerly reflectivity
profiles for all pixels with near-surface reflectivity be-
tween 34 and 38 dBZ to those corresponding to the
two classes highlighted in panel (d) of Figure 2.

Figure 3: Mean reflectivity profiles for (a) all classes
with near-surface reflectivity of 36 (£2) dBZ in the
easterly (light) and westerly (dark) regimes of LBA,
and (b) the two classes highlighted in Figure 2d, are
displayed on the right. In each case, mean horizontal
gradients between nearest-neighbors are provided in
parentheses in the legend.

Rainfall in the easterly regime exhibits a more
pronounced peak in reflectivity at 4 km, a higher
melting layer, and less horizontal variability than that
in the westerly regime. This is consistent with R02,
C01, and Cifelli et al. (2002) who find that the east-
erly wind regime is characterized by a drier lower tro-
posphere, more numerous CCN, and more abundant
lightening indicative of more vigorous mixed-phase
microphysics and evaporation near the surface. The
reduction in the Z4, bias in the two rain-types in Fig-
ure 3b can be traced to the connection between the
microphysical processes governing the formation of
precipitation in each case and the reflectivity profiles
they produce. Class 2 exhibits a higher and more
pronounced melting level, a thicker liquid water col-

umn, larger reflectivities aloft, less horizontal vari-
ability at the 1 km nearest-neighbor level, and an in-
crease in reflectivity with height between the surface
and 3 km. These characteristics suggest more vigor-
ous mixed-phase microphysics and more evaporation
at lower levels both of which result in large mean
drop size and, hence, larger Zg,., than Class 1. These
results support the contention that differences in the
mechanisms rainfall formation simultaneously mani-
fest themselves in DSD and in the three-dimensional
structure of observed reflectivity profiles providing a
means for reducing differences in DSD between the
easterly and westerly regimes.

4. GLOBAL RAIN-TYPES

To assess the degree to which the rain-types ob-
served in TRMM-LBA are representative of rainfall
elsewhere in the tropics, TRMM PR data from the
months of December 1999, January 2000, and Febru-
ary 2000 have been classified according to Table 1
to determine the fraction of rainfall that actually
falls into classes observed in the TRMM-LBA field
campaign. Figure 4 presents the fraction of rainfall
that can be attributed to rain-type classes defined
in TRMM-LBA for all 5x5 degree grid box in the
tropics. On average 22 % of the rainfall observed
by TRMM falls into reflectivity-based rain-type cat-
egories observed in LBA. Some regions are, however,
much better represented by LBA than others. Con-
ventional wisdom would suggest that one should look
to a land-based site to study continental precipitation
and an ocean-based site to examine oceanic precip-
itation. Figure 4, on the other hand, suggests that
the rainfall observed in LBA is more representative
of that occurring the west pacific where almost 40 %
of the local rainfall falls into classes observed in LBA
than that occurring over South Africa.

To accurately assign a DSD and an associated un-
certainty to a rain-type category it must, of course,
be observed often enough that sufficient statistics can
be accumulated to define its properties. The lowest
panel of Figure 4 restricts the comparison to classes
that are observed a minimum of 20 times in LBA.
These rain-types characterize 3.6 % of all rainfall
observed by TRMM. Noting that the LBA S-POL
radar data cover only 50 days over a region that
represents less than one ten-thousandth (0.0098%)
of the TRMM sampling area (~3.1x10* km? out of
~3.2x108 km?), these results are promising. Further-
more, the fact that six times as much rainfall falls
into classes with fewer than 20 samples suggests that
a longer field campaign in the same region could pro-
vide sufficient statistics to define the properties of a
much greater fraction of tropical rainfall.



oS
0000

4
b
|

Figure 4: Mean rainfall from the PR-based 2A25
product for the months of December 1999 through
February 2000 (upper panel), the fraction of this rain-
fall that falls into classes observed in the TRMM-
LBA experiment (middle panel), and the fraction
that falls into LBA-defined classes with at least 20
samples (lower panel).

5. DISCUSSION

The preceding analyses, while preliminary in na-
ture, suggest that classifying rainfall by the three-
dimensional structure of its reflectivity field offers the
potential to reduce both random and systematic er-
rors in DSDs assumed in rainfall retrievals. Rain-
type classification also provides a means for exporting
DSD deduced from polarimetric radars to those with-
out polarization capability, such as the TRMM PR,
by assigning each pixel the properties of the appropri-
ate rain-type. In this way, biases in rainfall products
arising from climate regime dependences can be par-
tially mitigated. The fact that differences between
easterly and westerly regime rainfall remain even af-
ter classification, however, implies that other factors
influence DSD beyond those considered here. Fur-
ther study will be required to assess the role played
by aerosol type and concentration, wind shear, buoy-
ancy, etc. in determining DSD, but, at a minimum,
the technique presented here provides a template for
future rain-type classification schemes.

In light of these results a new philosophy for al-
gorithm validation emerges. Provided all algorithm
assumptions are treated as soft constraints, they can
be weighted according to how well they can be pre-
scribed by auxiliary external validation. In this
framework, the retrieval process can be thought of
as an error-propagator which uses estimates of the
uncertainties in both the measurements and assumed

parameters in conjunction with a physical model to
infer a set of desired retrieval products with associ-
ated uncertainties. This approach places equal im-
portance on assessing uncertainties in assumed pa-
rameters as it does making the observations them-
selves. Thus it is equally valuable to assess the mean
and standard deviation of DSD assigned to a rain-
type class as it is to verify the retrieved rainfall rate.
If such an approach is to be adopted (eg. for fu-
ture precipitation missions such as the Global Pre-
cipitation Measurement (GPM)), it will be necessary
for the validation program to focus on improving the
confidence in the DSDs assigned to each rain-type
and representing a larger fraction of global rainfall.
Through maps such as those produced in the Section
4, the method itself provides a means for assessing
where validation sites need to be placed. Sites located
in regions where a significant fraction of precipitation
falls in rain-types not characterized by existing vali-
dation data may offer the greatest potential for filling
in the properties of missing rain-types.
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