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ABSTRACT

Precipitation estimation from passive microwave radiometry based on physically based profile retrieval al-
gorithms must be aided by a microphysical generator providing structure information on the lower portions of
the cloud, consistent with the upper-cloud structures that are sensed. One of the sources for this information is
mesoscale model simulations involving explicit or parameterized microphysics. Such microphysical information
can be then associated to brightness temperature signatures by using radiative transfer models, forming what
are referred to as cloud–radiation databases. In this study cloud–radiation databases from three different storm
simulations involving two different mesoscale models run at cloud scales are developed and analyzed. Each
database relates a set of microphysical profile realizations describing the space–time properties of a given
precipitating storm to multifrequency brightness temperatures associated to a measuring radiometer. In calculating
the multifrequency signatures associated with the individual microphysical profiles over model space–time, the
authors form what are called brightness temperature model manifolds. Their dimensionality is determined by
the number of frequencies carried by the measuring radiometer. By then forming an analogous measurement
manifold based on the actual radiometer observations, the radiative consistency between the model representation
of a rain cloud and the measured representation are compared. In the analysis, the authors explore how various
microphysical, macrophysical, and environmental factors affect the nature of the model manifolds, and how
these factors produce or mitigate mismatch between the measurement and model manifolds. Various methods
are examined that can be used to eliminate such mismatch. The various cloud–radiation databases are also used
with a simplified profile retrieval algorithm to examine the sensitivity of the retrieved hydrometeor profiles and
surface rainrates to the different microphysical, macrophysical, and environmental factors of the simulated storms.
The results emphasize the need for physical retrieval algorithms to account for a number of these factors, thus
preventing biased interpretation of the rain properties of precipitating storms, and minimizing rms uncertainties
in the retrieved quantities.

1. Introduction

Physically based algorithms for precipitation profile
retrieval from passive microwave satellite measure-
ments use precipitating cloud–radiation databases that
can be derived from cloud model simulations or from
radar measurements, or from a combination of them
(Mugnai et al. 1993; Smith et al. 1994a; Wilheit et al.
1994). Each database relates multifrequency brightness
temperatures (TBs) to microphysical profiles that de-
scribe the space–time properties of a precipitating sys-
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tem. Smith et al. (1994b), Smith et al. (1995), and Pa-
negrossi et al. (1996) have described in more detail a
series of cloud-model-derived databases. The micro-
physical profiles are made up of one or more categories
of precipitating and suspended liquid and frozen hy-
drometeors (e.g., a four-component system might con-
sist of cloud drops, rain drops, ice crystals, and graupel
particles). The basic methodology for incorporating the
profiles into the cloud–radiation database is to associate
vectors of multifrequency TBs to each of the profile sets
through a radiative transfer (RTE) model. These rela-
tionships, along with radiometer-measured TBs, are then
used in some type of inversion procedure to retrieve
actual liquid water content/ice water content profiles for
the various hydrometeor categories.

To perform the inversion, two schemes may be used:
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the first uses a transform operator to enrich the number
of possible profiles in the database and then an estimator
(Marzano et al. 1994; Mugnai et al. 1994; Evans et al.
1995; Pierdicca et al. 1996), while the second uses the
cloud–radiation database as a source of initial guess
information to seed an iterative solver that incorporates
a forward RTE model and an optimization technique to
perturb the initial guess profile toward a solution where
the modeled TBs match the measured TBs (Kummerow
and Giglio 1994a,b; Smith et al. 1994b).

From a purely physical perspective, there are three
shortcomings in physical inversion profile schemes. The
first is that they are vulnerable to the weaknesses and
approximations of the cloud model, to the extent that
the transform operator or iterative–optimization pro-
cedure cannot abstract the correct solution from a flawed
set of microphysical profiles. Clearly, all limited-area,
mesoscale, and cloud models contain a host of problems
in replicating the physics and dynamics of the real at-
mosphere, not to mention problems with the micro-
physical parameterizations which are of direct concern
to this study. Such weaknesses will not easily go away;
however, all models generally improve with time, which
will, in turn, lead to improved physical–inversion al-
gorithms.

The second shortcoming stems from the RTE mod-
eling. Generally one-dimensional (1D) RTE models are
used that do not account for the true three-dimensional
(3D) finite structure of clouds and precipitation. It has
been shown, for example, that plane-parallel TBs are
generally less (larger) than 3D TBs at the higher (lower)
frequencies (Haferman et al. 1994; Roberti et al. 1994),
and that 1D TB signatures, expecially at lower fre-
quencies, exhibit geometric displacements when com-
pared with those of 3D models (Roberti et al. 1994). In
this study we focus on the impact of cloud model mi-
crophysics on precipitation retrieval based on plane-
parallel RTE modeling. The analysis of 3D effects is
beyond the scope of this paper and would require a
separate study to fully understand their effects on re-
trieval. Moreover, all hydrometeor components are usu-
ally approximated as spherical scatterers because such
an approximation favors single scatter computational
efficiency and avoids some perplexing problems that
arise when trying to assimilate nonsphericity into the
multiple scattering model. By the same token, such sim-
plifications, as well as any further simplifications used
in either the single or multiple scatter calculations, gen-
erally misrepresent the true TB–rain rate relationships.

The third shortcoming is that physically based al-
gorithms using a forward RTE model are computation-
ally intensive if an iterative approach is used because
numerous radiative transfer calculations are required
(Smith et al. 1994a). As processor speeds on worksta-
tions increase, concerns with this issue are diminishing
and to some extent such a computational problem can
be mitigated with massive look-up table techniques.
This problem is less of an issue in the transform ap-

proach where the time-consuming task of solving the
radiative transfer equation is accomplished only once,
when generating the enriched cloud–radiation database.

This paper explores a facet of the first two problems,
involving partial mismatch of the cloud–radiation da-
tabases and the passive microwave measurements to
which the retrieval algorithm is applied. By mismatch
we mean that the N-dimensional TB domain (i.e., N
frequencies) of a cloud–radiation database does not
completely overlap the N-dimensional TB domain of
the measurements themselves. We refer to these domains
as the model manifold and the measurement manifold
of TB space, respectively. Obviously, if the model man-
ifold does not coincide with or is not a superset of the
measurement manifold, then there are potential prob-
lems in associating rain rates to measurements whose
TB vectors lie outside the model manifold, particularly
if they are far removed. In practice, this happens if the
model manifold’s boundaries (in a Euclidean sense) ful-
ly or partially underlap those of the measurement man-
ifold, and/or if the model manifold contains holes, gaps,
or uneven sampling that are not consistent with the dis-
tribution of the measurement manifold.

A number of factors in the modeling can prevent total
overlap of the measurement manifold by the model man-
ifold. As noted, the 3D geometry can be a source of
inconsistency. Imperfectly specified microphysical fac-
tors associated with hydrometeor size distributions,
shape, and dielectric properties are sources of mismatch.
Notwithstanding the potential influence of the latter two
factors on the model manifold, we focus here on the
size distribution factor, which is the more important of
the three. There are also macrophysical factors associ-
ated with the properties of the hydrometeors, such as
the relative mix of suspended and precipitating hydro-
meteors of either the liquid or frozen kind, and their
vertical distributions. In the modeling, we allow for five
or six constituent hydrometeor categories: 1) cloud
drops, 2) rain drops, 3) graupel and hail, 4) pristine ice
crystals, 5) snow flakes, and 6) aggregates of crystals
and snow flakes. With such combinations it becomes
essential to understand how mixing of the hydrometeors
and their vertical distributions influence the model man-
ifold. In a series of theoretical studies Mugnai and Smith
(1988), Smith and Mugnai (1988), Mugnai et al. (1990,
1993), and Smith et al. (1992) examined how micro-
physical properties of convective systems determine the
behavior of multispectral upwelling TBs. These studies
have been very helpful in understanding how the ver-
tical distribution and the mixing of liquid and frozen
hydrometeors produce distinct TB signatures directly
and indirectly associated with rainfall.

As part of the macroscale issue, there are two addi-
tional issues of interest: The first pertains to the spatial
resolution over which the microphysics are allowed to
vary, while the second pertains to the degree of inhom-
ogeneity allowed for within the highest resolved scale.
How these issues are handled in the modeling impacts
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the model manifolds, as well as affects the interpretation
of the measurement manifolds.

Last, there are various environmental factors affecting
the radiative transfer calculations, such as the assumed
temperature and moisture profiles, and the temperature
and the emissivity properties of the underlying surface.
All these factors have their distinct influence on the
model manifold.

The objective of this study is to explain how these
microphysical, macrophysical, and environmental fac-
tors affect the model manifolds, and at the same time
to find means to overcome manifold mismatches arising
from the cloud–radiation database generation for a given
precipitation climatology and a given passive micro-
wave instrument. However, we will point out that elim-
inating the mismatch between a model and measurement
manifold does not imply necessarily that a cloud–ra-
diation database is appropriate for the retrieval of an
observed precipitation system. Different cloud-model
simulations can produce TB domains that overlap the
TB measurement domain, while the retrieved profile es-
timates and associated surface rain rates, which strongly
depend on the simulated cloud profile structures, can be
intrinsically biased. Thus, it is important that appropri-
ate cloud model simulations are matched to the different
types of precipitation systems.

Section 2 describes the main thermodynamic and mi-
crophysical features of the three cloud model simula-
tions used in this study to represent the model manifolds:
a severe summertime continental thunderstorm in a sub-
tropical environment, a severe summertime continental
thunderstorm in a midlatitude environment, and an over-
ocean depression–tropical storm–hurricane progression
in the Caribbean basin. In section 3 we describe the
methodology utilized to generate the cloud–radiation
databases from the simulated microphysical profiles, as
well as describing the Special Sensor Microwave/Ima-
ger (SSM/I) dataset used to build the measurement da-
tabase. We then discuss the approaches used to evaluate
the sensitivity of the model manifolds to the environ-
mental factors and to the hydrometeor size distributions,
and describe the retrieval algorithm used in the study.
In section 4 we examine the main features of the cloud–
radiation databases and the impact of the different ther-
modynamic and microphysical factors associated with
the three simulations on the upwelling TBs. Section 5
examines the results of the sensitivity studies. Example
comparisons between improved and original model
manifolds are given, as well as comparisons between
improved model manifolds and measurement manifolds.
In section 6 we focus on the retrieval results to under-
stand how the above-mentioned microphysical, macro-
physical, and environmental factors affect the SSM/I
retrieval of two individual storm systems selected for
the second phase of the NASA WetNet Precipitation
Intercomparison Project (PIP-2). This project has ex-
amined the performance of a large set of SSM/I pre-

cipitation retrieval algorithms (Smith et al. 1998). Final
discussion and conclusions are offered in section 7.

2. Cloud model simulations

In this study, we use model-generated cloud–radiation
databases obtained from the simulation results of two
different 3D, nonhydrostatic mesoscale cloud models
that incorporate explicit microphysical processes in-
volving liquid and frozen hydrometeors. Three simu-
lations have been considered that represent 1) an intense
Caribbean hurricane evolving from the depression stage
(HURRICANE), 2) a severe continental thunderstorm
in a subtropical summertime environment (COHMEX),
and 3) a severe continental hailstorm in a midlatitude
summertime environment (CCOPE). The first two sim-
ulations were produced by the University of Wisconsin
Nonhydrostatic Modeling System (UW-NMS) (Tripoli
1992a). The third was based on the Hail Parameteriza-
tion Model (HPM) version of the Wisconsin Dynamical/
Microphysical Model (WISCDYMM) (Straka 1989;
Johnson et al. 1993). The UW-NMS simulations are
improved reruns of a previous COHMEX simulation
used in Mugnai et al. (1990), Smith et al. (1992), and
Mugnai et al. (1993), and of a Caribbean basin hurricane
simulation [originally analyzed by Kanak (1990)], used
in the algorithm developed at the Florida State Univer-
sity for purposes of the WetNet PIP-1 and PIP-2 retrieval
calculations—see Smith et al. (1994b) and Wilheit et
al. (1994). The improvements consist of using a better
microphysical package, and for the HURRICANE sim-
ulation, of using a higher spatial resolution. The data-
base drawn from the CCOPE simulation represents the
first use of WISCDYMM microphysical output for pas-
sive microwave radiative transfer calculations.

Each simulation is used to generate a microphysical
profile dataset, where each profile consists of five or six
separate vertical profiles of the liquid and ice water
contents (LWC and IWC) of the various hydrometeor
types: cloud drops, rain drops, pristine crystals, ice crys-
tal complexes (i.e., snow flakes and/or aggregates), and
frozen graupel/hail particles. Then, a corresponding
cloud–radiation database is generated by calculating the
upwelling TBs from an RTE model for each individual
microphysical profile.

The differences between these three cloud–radiation
databases can be attributed not only to the different
dynamical and microphysical features of the simulated
storms, but also to the differences in the cloud models.
For this reason, in the next two sections we will point
out some of the main features of the cloud models,
especially the microphysical parameterizations used for
the various hydrometeors, and will describe the main
thermodynamic and microphysical aspects of the sim-
ulated storms, which can be useful in the interpretation
of the simulated TBs.
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a. Cloud model hydrometeor parameterizations

Both WISCDYMM and UW-NMS are nonhydro-
static, 3D, and time-dependent cloud models that use
bulk microphysical parameterizations and mass-weight-
ed mean terminal velocities (Johnson et al. 1994; Tripoli
1992a). Mixed-phase particles (e.g., melting graupel)
are not included, however, any combination of liquid
and frozen particles is allowed to occur at any grid point.
The dynamical equations and the microphysical pro-
cesses leading to hydrometeor formation and evolution,
as well as the parameterization of the hydrometeor cat-
egories, are treated differently in the two models.

The WISCDYMM (Johnson et al. 1993) uses five
different hydrometeor types: 1) cloud droplets, 2) ice
crystals, 3) snow crystals, 4) rain drops, and 5) graupel/
hail particles. Equations and parameters of the micro-
physics are based on formulations given in Lin et al.
(1983), and Cotton et al. (1982, 1986). There are a total
of 38 microphysical processes incorporated in the model
including nucleation, condensation, evaporation, freez-
ing, melting, sublimation, deposition, autoconversion,
and accretion (Straka 1989).

For rain, snow, and graupel/hail the HPM version of
WISCDYMM utilizes a Marshall–Palmer distribution:

n(D) 5 A exp(2BD), (1)

where B and A are derived by the model at each grid
point. The intercept (A) of rain size distribution is fixed
at 8 3 106 m24. The median volume diameter of each
hydrometeor is given by

Dc 5 3.67/B. (2)

For snow and hail/graupel, the densities are equal to
100 and 900 kg m23, respectively.

Ice crystals and cloud water drops are assumed to be
monodispersed, and the model provides their mass and
diameter at each grid point. The concentration of the
cloud water drops is fixed at 7 3 108 m23. For ice
crystals, the maximum number concentration is 1 3 109

m23 at temperatures below 230.95 K, decreasing ex-
ponentially to 0 at T . 273.16 K. Ice crystal density
is fixed at 570 kg m23.

The UW-NMS (Tripoli 1992a) is a further develop-
ment of the Regional Atmospheric Modeling System
maintained at Colorado State University (CSU-RAMS)
(see Tripoli and Cotton 1982, 1986, 1989; Cotton et al.
1982; 1986; Pielke et al. 1992). A two-way multiple-
nested grid system is employed, allowing any nest to
move along a specified trajectory or to move with the
surface pressure minimum. The UW-NMS microphys-
ical module is a modified form of the cloud micro-
physics module of CSU-RAMS (Flatau et al. 1989). It
predicts, at any grid point, the mixing ratios of 1) total
water, 2) rain drops, 3) graupel particles, 4) pristine
crystals, 5) snow crystals, and 6) aggregates. Depending
on the application, all or some of these categories may
be selected. Each category may grow independently

from vapor and self collection or may interact with the
other categories through collision and coalescence.
Temperature, potential temperature, pressure, water va-
por mixing ratio, and cloud water mixing ratio are all
diagnostically determined on the assumption of zero su-
persaturation with respect to water and the instantaneous
growth and evaporation of cloud drops in response to
changes in supersaturation. A detailed description of the
formation and interaction processes between the various
hydrometeor categories can be found in Tripoli (1992b).

For the present simulations, the constant-slope Mar-
shall–Palmer size distribution parameterization assumed
in the old version of the COHMEX simulation (Smith
et al. 1992) is maintained for rain, graupel, and aggre-
gates. However, treatment of the other categories has
been changed. The cloud category is treated with a con-
stant size distribution and the original pristine crystal
category is divided into a snow category and a pristine
crystal category.

For clouds, we found a characteristic radius of about
1 3 1022 mm from the simulations. The modified pris-
tine category is assumed to be composed of newly nu-
cleated hexagonal plate crystals of uniform mass that
melt instantaneously when the temperature of the air
exceeds freezing. The uniform mass is assumed to be
1.5 3 1029 kg, the density 220 kg m23, and the mean
radius, calculated according to Flatau et al. (1989), is
1.17 3 1021 mm. The new snow category follows a
Marshall–Palmer size distribution with slope and inter-
cept derived from an explicitly predicted number con-
centration per unit mass. Snow crystals, as well as ag-
gregates, have a size-dependent density rs/a given by

15
23r 5 [kg m ], (3)s /a 0.6(2r)

where r has to be specified (in centimeters).
Table 1 summarizes the particle density and size dis-

tribution parameterizations in the three simulations. The
values of the characteristic radii not specified in the
models have been obtained from a statistical analysis
of the simulation outputs. In the CCOPE simulation, the
characteristic radii of rain, graupel, and snow have been
obtained with Eq. (2) and from the values of the slope
of the Marshall–Palmer size distribution given at each
grid point. In the HURRICANE simulation, aggregated
crystals are assumed to be part of the snow category
and the characteristic snow radius is limited to 1.65 mm.
In the COHMEX simulation, the aggregate category is
treated separately from snow; the characteristic radius
is 1.65 mm for the aggregates and 5 3 1021 mm for
the snow. Except for the different treatment of snow
and aggregates, the COHMEX and HURRICANE sim-
ulations use the same microphysical parameterization.
In contrast, the large differences of the ice phase cat-
egories are evident in the CCOPE simulation with re-
spect to the COHMEX and HURRICANE simulations.
First, the CCOPE monodispersed ice particles have sizes
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TABLE 1. Size distribution parameters and particle densities: M–P indicates the Marshall–Palmer size distribution; (*) indicates the values
of characteristic radii not specified in the models that have been obtained from a statistical analysis of the simulation outputs; (**) indicates
the particle densities calculated according to Eq. (3). The reference values given are obtained for r 5 rc.

rc

(mm)
Size distribution

function
rc

(kg m23)

COHMEX
Cloud
Rain
Graupel
Pristine ice
Snow
Aggregates

1 3 1022(*)
2.7 3 1021

5 3 1021

1.17 3 1021

5 3 1021

1.65

monodispersed
M–P
M–P

monodispersed
M–P
M–P

1 3 103

1 3 103

6 3 102

2.2 3 102

6 3 101(**)
3 3 101(**)

HURRICANE
Cloud
Rain
Graupel
Pristine ice
Snow/aggregates

1 3 1022(*)
2.7 3 1021

5 3 1021

1.17 3 1021

1.65

monodispersed
M–P
M–P

monodispersed
M–P

1 3 103

1 3 103

6 3 102

2.2 3 102

3 3 101(**)

CCOPE
Cloud
Rain
Graupel/hail
Snow
Ice

(0.1–1) 3 1022(*)
5 3 1022 2 3(*)

0.2–5.5(*)
1.38 3 1021 2 4(*)

1 3 1022 2 5(*)

monodispersed
M–P
M–P
M–P

monodispersed

1 3 103

1 3 103

9 3 102

1 3 102

5.7 3 102

ranging over a wide interval with a density that is ;2.5
times that assumed for pristine crystals in the UW-NMS.
Second, the CCOPE hail/graupel particles have larger
sizes (as confirmed by the hail observations during the
storm) with much larger density. Finally, the constant
value assumed for the snow density in the CCOPE sim-
ulation is relatively large. According to Eq. (3), which
gives the density–diameter relationship for snow crys-
tals and aggregates in the UW-NMS, the snow density
assumed in the CCOPE simulation corresponds to par-
ticles of a diameter ; 4 3 1021 mm. Thus, the density
of snow crystals with diameters larger (smaller) than 4
3 1021 mm is overestimated (underestimated).

b. Highlights of storm simulations

The WISCDYMM has been used by Johnson et al.
(1994) to simulate and examine, in detail, the micro-
physical features of a highly glaciated and intense su-
percell storm that passed through the Cooperative Con-
vective Precipitation Experiment (CCOPE) observation
network in southeastern Montana on 2 August 1981.
The simulation was performed over a period of 2.5 h
using a horizontal grid spacing of 1 km over a 55 3
55 km2 domain, and a vertical resolution of 500 m over
a 19-km depth. This grid spacing was found to resolve
adequately the dynamics of the storm, as there are 8–
12 grid points across the main axis of the precipitation
cloud. The sounding used in the initialization was from
Knowlton, Montana, which was located in the storm
inflow 90 km east-southeast of the storm. The CCOPE
storm simulation exhibits dynamic and thermodynamic
features characteristic of the actual storm, including an
intense and persistent updraft in excess of 55 m s21.

Observations of the actual storm showed that copious
amounts of hail were produced in the cloud and at the
surface, with diameters as large as 88 mm. The simu-
lation shows that more than 80% of the storm hydro-
meteor mass is ice, with graupel/hail being the most
predominant type. The total mass of ice, snow, and grau-
pel/hail increases rapidly with storm intensity, while the
total liquid water mass consisting of cloud and rainwater
increases much more slowly. The low rain content and
the predominant presence of hail/graupel in the main
core are the main features of the storm.

The UW-NMS has been used to simulate two events:
1) a meso-b-scale convective system near the Eldridge
observation network, Alabama, on 11 July 1986 that
occurred during the Cooperative Huntsville Meteoro-
logical Experiment (COHMEX); and 2) a tropical cy-
clone with an explicit representation of cumulus on a
meso-b-scale grid and, for the last 6 h, on a meso-g-
scale grid.

The COHMEX simulation was carried out for 4 hours
on a square domain of 50 3 50 km2 with 1-km grid
spacing in the horizontal, and 42 levels in the vertical
with spacing increasing from ;400 m below 2 km and
expanding progressively to ;800–900 m above. Hori-
zontally homogeneous initial conditions were compos-
ited from the upper-air sounding taken from Rainsville,
Alabama, and from Double Springs, Alabama, on the
time and location of this storm system. Examination of
the storm evolution shows unusually long-lived cu-
mulonimbus cells, although not supercells. An incipient
first storm cell develops within the first half hour, later
followed by the formation of a well-organized gust from
east of the initial cell, along which new cells form and
merge. By the second hour, the storm transforms to a



1 MAY 1998 1649P A N E G R O S S I E T A L .

multicell storm system that continues to support a major
central storm core and a large outflow boundary prop-
agating toward the south. During this intermediate stage,
a cirrus anvil develops and begins spreading to the
northwest of the storm, with overhanging older cells left
behind as the storm propagated to the east. Until 3 h
45 min of simulation time the initial cells, which slowly
drifted to the west away from the main core region,
change from strong convective towers to a wider-spread
midlevel rain-producing system. The main core of the
storm exhibits supercell characteristics. By the end of
the fourth hour, the system reaches numerical steady
state.

The tropical cyclone simulation was carried out for
56 h. It was initiated by a horizontally homogeneous
basic thermodynamic structure taken from the temper-
ature and humidity profiles observed at Kingston, Ja-
maica, 36 h before the passage of Hurricane Gilbert (9–
16 September 1988). Initial mean winds were assumed
to be zero. Four nested grids were used for the simu-
lation. The grid locations, spacing, and lengths are de-
scribed in Tripoli (1992b), together with time steps, im-
plementation period, and the initial perturbation details.
The outer grid was centered along the expected path of
the modeled storm, the medium grid was centered over
the location of the initial perturbation, the third grid was
implemented after 8 h of integration when the cyclone
stage begins, and the fourth grid with a 3.3-km hori-
zontal resolution over a 205 3 205 km2 domain, was
implemented for the last 6-h period at the mature stage.
The vertical grid spacing is the same of that used for
the COHMEX simulation. In this study, we use the re-
sults from the inner grid. At this stage of the evolution,
convection is limited to the eyewall and inner bands.
The eyewall diameter is 120 km and the eye is about
30 km wide. The eyewall is constructed of several asym-
metric bands of vertical motion. The cloud field seems
to almost totally lack cumulus structure and gives the
appearance of spiral shaped stratiform-like cloud. The
eyewall and the rain bands are very well resolved.

Figure 1 shows the variability of the vertical profiles
of temperature, water vapor mixing ratio, and vertical
wind velocity for the CCOPE, COHMEX, and HUR-
RICANE storm simulations. For each parameter, the
percent distribution of the values at each vertical level
is given in a grayscale. The mean temperature, water
vapor, and vertical wind profiles of the three simulations
reveal different thermodynamic and kinematics condi-
tions for the storms. In particular, the water vapor mix-
ing ratio profiles show that the CCOPE storm is much
drier (;12 g kg21 at the surface) than the UW-NMS
simulations (;18 g kg21 for the COHMEX and ;22 g
kg21 for the HURRICANE). Furthermore, the CCOPE
simulation shows a lower tropopause (;12 km) and a
very different temperature profile than the COHMEX
and HURRICANE simulation. As a consequence, the
freezing level is ;5 km in the CCOPE case and ;9
and ;8 km, respectively, in the COHMEX and HUR-

RICANE cases. Finally, the very high values of the
vertical wind velocity in the CCOPE storm simulation
reveal its classic supercell features.

3. Methodology

a. Generation of cloud-radiation databases

Model variables acquired, at each horizontal grid
point, are the vertical profiles of atmospheric temper-
ature (T), atmospheric pressure (P), water vapor mixing
ratio (q), vertical wind speed (w), and equivalent water
contents (EWCs) of the various hydrometeors. The
WISCDYMM also provides size distribution parameters
of the hydrometeors. Before generating the cloud–ra-
diation database, a thorough analysis of the storms at
different stages of their evolution has been carried out
in order to select representative storm features and time
steps. In this process, we consider not only the micro-
physical structure of the storms, but also their top-down
microwave appearance at the SSM/I frequencies, sim-
ulated by using the vertical profiles at each time step
as input to the RTE model.

For example, the output of the COHMEX storm has
been sampled every 15 minutes (for a total of 16 time
steps) throughout the simulation, providing 2500 data
points each minute (50 3 50 pixels at 1-km resolution).
For the CCOPE simulation, we have selected 16 time
steps (every 10 min), each with 3025 data points (55
3 55 pixels at 1-km resolution). During the mature stage
of the HURRICANE simulation, six representative time
steps from the 49 available have been selected, each
with 3844 data points in the 205 3 205 km inner nest
region of the storm (62 3 62 pixels at 3.3-km resolu-
tion).

In order to generate cloud–radiation databases con-
sistent with the horizontal resolution of the measuring
radiometer, we have considered horizontally homoge-
neous cloud boxes having a horizontal dimension of
;10 3 10 km2, comparable to the ground footprint
dimensions of the highest SSM/I frequency, that is, 85
GHz. For each selected time step of each simulation,
we calculate the horizontally averaged profiles of the
various hydrometeors and environmental parameters for
all cloud boxes, obtained by moving the box volume
within the horizontal storm target stepwise across all
grid points. We refer to each set of vertical profiles as
a database realization, or a data point. In the COHMEX
and CCOPE simulations, the averaging is performed on
boxes having a horizontal dimension of 10 3 10 km2

(10 3 10 data points), whereas, for the HURRICANE,
the averaging is performed on boxes of 13.2 3 13.2
km2 (4 3 4 data points). By taking running averages,
we simulate the smoothing effect of the SSM/I mea-
surements.

From an analysis of these data points, we determined
that cloud structures with low hydrometeor mass con-
tents cover most of the target domain and define a highly



1650 VOLUME 55J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S

FIG. 1. High-resolution variability of the vertical profiles of temperature, water vapor mixing ratio, and
vertical wind velocity for the CCOPE, COHMEX, and HURRICANE storm simulations. For each parameter,
the percent distribution of the values at each vertical level is given by the grayscale.

dense portion of each database. Thus, it is possible to
create a smaller and more manageable database by ap-
plying a selection procedure that eliminates the redun-
dant weak cloud structures, while preserving the less
dense portion of the database, which is characterized by
more intense cloud structures generally associated with
precipitation. As a result, totals of 14 702, 9273, and
17 701 low-resolution realizations have been obtained
for the CCOPE, COHMEX, and HURRICANE data-
bases, respectively.

In order to study the impact of horizontal resolution
and inhomogeneity on the model manifolds, we generate
corresponding high-resolution databases by considering
the hydrometeor and environmental profiles at the orig-

inal resolutions of the cloud models. After applying the
aforementioned cloud-structure selection procedure, to-
tals of 9471, 4276, and 20 081 high-resolution realiza-
tions have been obtained for the CCOPE, COHMEX,
and HURRICANE databases, respectively.

The vertical profiles of the selected data points have
been used as input to the RTE model. Calculations are
made at the four SSM/I frequencies of 19.35, 22.235,
37.0, and 85.5 GHz, as well as 10.7 GHz, which is used
on the airborne Advanced Microwave Precipitation Ra-
diometer (AMPR) (Spencer et al. 1994) and will be used
on the future Tropical Rainfall Measurement Mission
(TRMM) Microwave Imager (TMI) (Simpson et al.
1996). For this study, we mostly focus on the SSM/I
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TABLE 2. Surface emissivity assumed for land conditions at the
four SSM/I frequencies.

Frequency (GHz)
Emissivity

19.35
0.81

22.235
0.82

37.0
0.84

85.5
0.85

TABLE 3. Radius truncation limits assumed for Mie calculations.

R min (mm) R max (mm)

COHMEX
Rain
Graupel
Snow
Aggregates

1 3 1021

1 3 1021

4 3 1022

1.17 3 1021

3
5
1.65

12.5

HURRICANE
Rain
Graupel
Snow/aggregates

1 3 1021

1 3 1021

4 3 1022

3
5

12.5

CCOPE
Rain
Graupel/hail
Snow/aggregates

5 3 1022

2 3 1021

1.38 3 1021

3
11
8

window frequencies of 19, 37, and 85 GHz, considering
unpolarized upwelling TBs obtained at an incident angle
of 53.18, consistent with the SSM/I instrument’s conical
scan viewing.

The RTE model is a polarized Sobolev two-stream
solution of the azimuthally independent form of the ra-
diative transfer equation (Smith et al. 1994b). It was
developed from an azimuthally dependent model de-
signed for solar spectrum applications described by
Xiang et al. (1994). It is designed to simulate brightness
temperature measurements from any combination of po-
larized or unpolarized passive microwave channels. The
required inputs to the model are the temperature and
moisture profiles, the temperature and emissivity of the
surface, and the EWCs of the various hydrometeors.
Absorption by gases at the microwave frequencies is
modeled using a combined water vapor–oxygen volume
absorption coefficient obtained from the clear-air re-
fractivity model described by Liebe and Gimmestad
(1978) and Liebe (1985). Mathematical details and re-
sults of a calibration study of the RTE model, helpful
in understanding its contribution to algorithm uncer-
tainty, are found in Smith et al. (1994b).

Surface emittance is a key parameter in microwave
radiometry because the radiation emitted and reflected
by the underlying surface may significantly contribute
to the emerging radiances above a precipitating cloud,
depending on the cloud’s optical depth and the actual
microwave frequency. In this study, both ocean and land
have been assumed to be rough unpolarized Lambertian
surfaces characterized by an average emittance (e) in-
dependent of direction. In the ocean case, we have used
the algorithm of Petty and Katsaros (1994) that gen-
erates wind-roughened horizontal and vertical emissiv-
ities of an ocean surface at SSM/I frequencies. Since

the Frenel assumption is more often used to model the
microwave radiative effects of the ocean surface, we
have calculated the typical brightness temperature dif-
ferences between Lambertian and Frenel assumptions
for the ocean surface, and have verified that differences
are not significant at the three SSM/I frequencies. Both
at 19 and 37 GHz, the TBs calculated with the Lam-
bertian assumption are generally slightly larger than
those calculated with the Frenel assumption, while at
85 GHz the TBs are roughly the same. The largest dif-
ference at zero surface rain rate is DT ø3.5 K and DT
ø2.5 K at 19 and 37 GHz respectively. The differences
decrease as rain rate increases and are less than 0.5 K
at rain rate larger than 20 mm h21, both at 19 and 37
GHz. The emittance of a land surface is highly variable
and not well documented. In general, the magnitude of
e decreases as soil moisture increases. However, for this
study we have used invariant values as given in Table
2. For all calculations, temperature of the surface has
been assumed equivalent to the atmospheric temperature
immediately above the surface.

Since all particles are assumed to be spherical, scat-
tering and absorption parameters can be calculated using
Mie theory. The complex index of refraction of liquid
and solid particles, as well as their relevant Mie scat-
tering coefficients (absorption and scattering cross sec-
tions and asymmetry factors), have been calculated in
the same manner described by Smith et al. (1992). Fro-
zen particles are taken as a mixture of air and solid ice,
so that their particle density is allowed to vary according
to the type of hydrometeor being considered.

To reduce the computational requirements for the Mie
calculations needed at all grid points in the cloud model
space–time lattice, Mie coefficient look-up tables are
generated, taking into account the different microphys-
ical parameterizations of the hydrometeor categories in
each simulation. For each hydrometeor category, the
Mie coefficients are stored for the five microwave fre-
quencies of interest, at 13 temperatures covering the
range of atmospheric temperature variation, at prese-
lected radii extending over the size range of the poly-
dispersed hydrometeor categories. The size range limits
of each hydrometeor category are summarized in Table
3. For the monodispersed cloud drops and pristine crys-
tals of the COHMEX and HURRICANE simulations,
Mie coefficients are stored for the mean radius of each
category. The monodispersed ice crystals of the CCOPE
simulation have mean radii that vary between 1 3 1023

and 10 mm. For this reason we store Mie coefficients
for some 200 radius categories so that at each model
grid point appropriate coefficients can be selected ac-
cording to the ice crystal diameter given by the model.
The particle densities used in the Mie calculations are
those given in Table 1.

Volume absorption and scattering coefficients and the
asymmetry factor at a grid point are calculated by in-
tegrating the tabulated Mie coefficients over the appro-
priate size distribution. For the UW-NMS simulations,
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the slope and intercept of the Marshall–Palmer size dis-
tribution of rain, graupel, snow, and aggregates have
been derived according to Smith et al. (1992), while for
the CCOPE simulation, we have assumed the values
given by the model at each vertical level for each se-
lected cloud structure.

b. Generation of measurement databases

The measurement manifold consists of SSM/I mea-
surements taken from various cases selected for the sec-
ond WetNet Precipitation Intercomparison Project (PIP-
2); see Smith et al. (1998). The PIP-2 dataset is a set
of 27 cases of various types of storm systems drawn
from different years (1987–93), from different seasons
during the year, over latitudes from 608N to 108S, and
at a variety of different longitudes. Each case consists
of one or more storm overpasses for a total sample of
118 targets, each of variable size ranging from 7 3 7
full-resolution pixels (90 3 90 km2) to 64 3 128 pixels
(830 3 1660 km2). Here, full resolution is defined in
terms of SSM/I A-scan pixels. The targets represent a
mixture of land-only, ocean-only, and mixed land–ocean
rainfall situations.

Three PIP-2 land cases have been selected that exhibit
similar environmental conditions to the COHMEX and
CCOPE simulations: 1) the Valtellina Flood (23 August
1987), an intense mountain storm that produced dam-
aging flash flooding in an alpine area in the Lombardia
region of northern Italy (46.18N, 9.48E), entailing the
largest storm of a major cloud system enveloping a com-
plex of convective storm cells along a cold front over
southern France and the northwestern alpine region of
Italy; 2) a midlatitude cyclone occurring between 12
and 27 August 1992 that deepened over the North At-
lantic and progressed over the British Isles and western
Europe (538–568N, 38–158W); and 3) a summertime East
Coast thunderstorm outbreak that occurred on 1 July
1992 producing a squall line over the western Mary-
land–eastern Pennsylvania region (40.28N, 768W). For
the ocean measurement manifold we have selected five
cases with tropical environmental conditions: (1 and 2)
two deep convective cluster situations in the tropical
western Pacific near Kwajalein Island (98N, 1688E) that
occurred on 5 August and 31 August 1992; 3) a western
Pacific typhoon (178–248N, 1268–1318E) occurring be-
tween 10 and 14 July 1992 and reaching supertyphoon
strength, eventually striking Japan and Korea and caus-
ing widespread damage and loss of life; 4) Pacific ty-
phoon Oliver (15.68N, 1538E) occurring on 7 February
1993 within the inner flux array of the Tropical Ocean
Global Atmosphere Coupled Ocean–Atmosphere Re-
sponse Experiment (TOGA COARE); and 5) a deep
convection case within the TOGA COARE inner flux
array (38S, 1578E) that occurred on 13 December 1992.

From all overpasses available for the selected cases
(three for land; five for ocean), we have generated two
separate measurement manifolds. In so doing, the raw

SSM/I TBs at 19 and 37 GHz have been spatially en-
hanced to the 13-km ground resolution of the 85-GHz
channels using the Backus–Gilbert deconvolution tech-
nique developed by Farrar and Smith (1992) and Farrar
et al. (1994). The unpolarized TBs at each frequency
used for the measurement manifold have been calculated
by taking the average of the vertical and horizontal
brightness temperature components. The PIP-2 ‘‘com-
mon screen’’ procedure described by Ferraro et al.
(1998) was used as a front-end rain detector to avoid
spurious retrievals over nonraining areas.

c. Sensitivity studies

Sensitivity studies were carried out to analyze and
separate the contributions of the various microphysical,
macrophysical, and environmental factors on the mod-
eled upwelling TBs so as to better understand their im-
pact on the consistency of the model–measurement man-
ifolds. As a first step, we have considered the situation
in which the COHMEX, HURRICANE, and CCOPE
low-resolution databases have the same underlying sur-
face conditions described in section 3a (i.e., land and
ocean surface emissivity). As a second step, we imposed
the same meteorological profiles to all database reali-
zations for each of the three simulations. These are used
as input in the RTE modeling, to separate the effects of
different environmental conditions of the simulated
storms on the TBs from those factors related to their
different microphysical and macrophysical features. We
have selected meteorological profiles for two of the
PIP-2 cases to generate the measurement manifolds. For
the land case, we used the Valtellina Flood event ob-
taining profiles from the European Centre for Medium-
Range Weather Forecasting. For the ocean case, we used
the Typhoon Oliver event, obtaining profiles by aver-
aging 50 soundings acquired during the TOGA COARE
field phase (1 November 1992–28 February 1993).

Finally, as a third step, we used a common size dis-
tribution parameterization for the three simulations, al-
lowing the rain, graupel, snow, and aggregate compo-
nents to exhibit variable Marshall–Palmer slope and in-
tercept properties at each vertical level. We note that
the constant slope assumption used in the UW-NMS has
strong impact on the Mie calculations and thus on the
upwelling TBs. For each hydrometeor category, it does
not account for the variation of the relative concentra-
tion of the particles of different sizes and with different
optical properties, for a given total mass of ice or liquid
at each grid point.

The details of the procedure used to modify the size
distributions is described in the appendix. Basically, for
each ice phase hydrometeor category, we consider the
dependence of the intercept on the atmospheric tem-
perature (Straka 1989). For graupel particles below the
freezing level, this relationship has been combined with
the equation that relates the intercept to the precipitation
rate at each level (Pruppacher and Klett 1988; Ludlam
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1994). The same equation has been considered for rain
drops. By assuming a power-law relationship between
the particle fall speed and diameter (Straka 1989), we
obtain a precipitation rate directly related to the particle
slope. Then, by considering the relationship between
EWC at each level with the size distribution parameters,
we can derive both slope and intercept.

d. Retrieval algorithm

To understand the fidelity of the databases generated
from the three simulations for carrying out precipitation
retrieval using SSM/I measurements, and the impor-
tance of using different simulations for the various ty-
pologies of precipitation events (characterized by dif-
ferent environmental conditions and different micro/ma-
crophysical factors), we use a straightforward retrieval
algorithm based on the Euclidean distance between the
measured and modeled three-frequency TBs (19, 37, and
85 GHz). Before applying the algorithm, the raw SSM/I
TBs of the selected precipitation event, are ‘‘common
screened’’ and deconvolved with the procedures de-
scribed in section 3b. For each pixel, all cloud-model
structures whose simulated three-frequency TBs have a
Euclidean distance from a measurement less than a giv-
en threshold are taken as possible solutions for the re-
trieval. For each of these, the surface rain rate is derived
from a rain fallout formula that takes into account the
rainwater EWC at the lowest level, and the raindrop
mass-weighted mean terminal velocity parameterization
assumed in the cloud models (see the appendix). The
retrieval consists of calculating the mean hydrometeor
profiles of the cloud structures that satisfy the TB thresh-
old, along with the mean surface rain rate and associated
variances. The variances provide the uncertainty limits
of the estimates. In general, the TB threshold should be
assigned so as to take into account the inherent instru-
ment noise and modeling errors. In this study, a small
value has been used (Ï3K), because we wish to ex-
amine the variances in the retrieved quantities when
cloud structures from different simulations produce
nearly the same microwave signature.

4. Key features of original cloud–radiation
databases

In this section we analyze the original low-resolution
cloud–radiation databases, that is, the databases gen-
erated using the original meteorological profiles and size
distribution parameterizations described in section 2.
We investigate the intercorrelations between the liquid
and ice hydrometeors, in particular the correlations be-
tween hydrometeors that can be directly sensed at mi-
crowave frequencies with the surface rain rates. We then
analyze the relationships between the upwelling TBs
and the various hydrometeors.

In previous studies, Mugnai et al. (1990) and Smith
et al. (1992) provided fundamental insight into the mi-

crowave emission and scattering properties of cloud
structures containing a mixture of liquid and frozen hy-
drometeors. In these studies, they analyzed the under-
lying relationships between liquid and ice microphysics
and the microwave characteristics of an earlier simu-
lation of the COHMEX storm. They showed that graupel
is the hydrometeor category best correlated to the TBs
and that the correlation of the TBs with the surface rain
rate is driven by its internal physical correlation with
the graupel particles because cold rain microphysics is
dominating the precipitation process in the storm sim-
ulation. In this section, we will show that the intercor-
relation properties between the various cloud constitu-
ents and upwelling TBs are highly linked to the nature
of the simulated storm (cold or warm rain microphys-
ics), to the macrophysical and environmental features
(mixing and vertical distributions of the hydrometeors,
inhomogeneity, and meteorological profiles), to the
cloud-model resolution, and to the microphysical par-
ameterizations (hydrometeor size distributions).

Figure 2 shows the correlation diagrams of columnar
graupel and rain EWCs with surface rain rates for the
CCOPE (top), COHMEX (middle), and HURRICANE
(bottom) low-resolution databases. It is evident that the
CCOPE hailstorm is characterized by small mass con-
tents of rain and light rain rates and large mass contents
of graupel. The very intense nature of the tropical cy-
clone simulation is reflected in the large values of grau-
pel and rain mass contents, and heavy surface rain rates.
The correlations between columnar rain and surface rain
rate are considerably larger than between columnar
graupel and surface rain rate. The large correlations of
graupel with surface rain rates in the CCOPE and COH-
MEX simulations are due to the cold rain microphysics
in the main convective cells of the storms. In the HUR-
RICANE database, the correlation diagram between
graupel and rain rate is weaker because a large part of
the domain is characterized by stratiform structures and
warm rain, and the strong convection producing cold
rain is limited to the cumulus structures in the rain bands
and in the eyewall. In addition, the HURRICANE sim-
ulation is characterized by strong horizontal motion,
while the updraft in many parts of the storm is smaller
than in the two thunderstorm simulations. The combi-
nation of these two factors produces strong vertical
shear between the ice and rain layers. The smaller up-
draft in many parts of the cyclone domain also explains
the lower correlation between columnar rain and surface
rain rate with respect to the two continental storms.

An important factor contributing to the different de-
grees of correlation between the cloud profile constit-
uents among the three databases, as well as the large
mass contents found in the HURRICANE, are the dif-
ferent timescales of horizontal transports and micro-
physical processes associated with the spatial resolution
of the simulations. We have seen that these interrelated
processes produce different degrees of inhomogeneities
in the cloud structures of the low-resolution databases.
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FIG. 2. Correlation diagrams between both columnar graupel and rain EWCs with surface rainrates for the CCOPE (top panels), COH-
MEX (middle panels), and HURRICANE (bottom panels) low-resolution databases.
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FIG. 3. Same as Fig. 2 except for the high-resolution databases.
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FIG. 4a. Correlation diagrams between TBs at 19, 37, and 85 GHz and columnar graupel EWC for CCOPE (left panels), COHMEX
(middle panels), and HURRICANE (right panels) low-resolution databases.

Figure 3 shows examples of the correlation diagrams
between columnar graupel and rain with the surface rain
rate for the three databases generated at high resolution.
Although all high-resolution diagrams exhibit larger
values of columnar rain and graupel as well as surface
rain rate, all the correlations are smaller. However, the
changes are only significant for the CCOPE and COH-
MEX cases. The lower correlations arise because at high
resolution, the effects of vertical shear on decoupling
the ice and rain layers is enhanced. This demonstrates
that horizontal averaging the cloud structures to the 10
3 10 km2 gridscale filters out the effect of shear de-

coupling and improves the correlation between the icy
upper layers and surface rain rates. This correlation shift
is not nearly as evident with the HURRICANE case,
partly because the highest resolvable features are ap-
proximately 10 times larger than in the CCOPE and
COHMEX cases but also because the vertical coupling
is not as strong. In such a large-scale system, it is likely
that the upper-level anticyclonic outflow region decou-
ples many of the generally smaller ice particles from
the lower-level convective elements, thus diminishing
ice–surface rain correlations.

The low-resolution databases contain less information
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FIG. 4b. Same as (a) except for TB correlations with surface rain rate.

on the true nature of the simulated storms. For example,
the correlation diagrams between graupel and surface
rain rate in Fig. 3 reveal more clearly the different na-
tures of the CCOPE and COHMEX thunderstorms, than
do the corresponding diagrams in Fig. 2. In the CCOPE
case, the correlation with graupel is larger than in COH-
MEX because the large vertical motions in the supercell
produce entirely cold rain. In COHMEX, the cold rain
is limited to the main convective cells, while the re-
mainder of the domain is characterized by warm rain
processes.

Figures 4a–b show the correlation diagrams of the
TBs at 19, 37, and 85 GHz with both the graupel co-

lumnar EWCs and the surface rain rates for the three
low-resolution databases. All but the HURRICANE case
exhibit basic correlation between the TBs and surface
rain rates, but the highest correlations occur between
the TBs and graupel, even for the HURRICANE case.
Earlier, Smith et al. (1992) made a detailed analysis of
these same correlations, relating them to the emission
and scattering properties of the hydrometeors and to
their interactions within a precipitating cloud. Here we
want to focus on the differences of these intercorrela-
tions amongst various databases.

Part of the differences in the correlation relationships
for the different storm cases arise from the different
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FIG. 4c. Correlation diagrams between TBs at 19 and 85 GHz and columnar graupel EWC
for CCOPE (left panels), and COHMEX (right panels) low-resolution databases obtained with
the modified size distributions.

surface emissivities used in the RTE calculations. This
is most evident in the TB–graupel panels (Fig. 4a) when
comparing the HURRICANE TB–ice relationships to
the two sets of over-land relationships. The smaller sur-
face emissivities for water lead to a distinct fold in the
19-GHz result and a smearing of the scatter diagram for
small total graupel path lengths at 37 GHz. These same
HURRICANE features are seen in the 19 and 37 GHz
TB–surface rain rate diagrams, although the larger scat-
ter in these relationships tends to obscure the fold pat-
tern. The fold itself is simply a result of the contrast
between the cold emitting surface and the warm emitting
rain layers, which is more evident when the ice mass
contents are small.

It is important to recognize that there are other major
differences in the nature of the correlation relationships
that stem from factors besides emissivity. For example,
the more dominating role of cold rain microphysics pro-
duces the tighter TB–surface rain rate correlations for
the CCOPE and COHMEX cases, relative to the HUR-
RICANE case, whose warm rain features lead to large
scatter.

Differences in the UW-NMS and WISCDYMM par-
ameterizations for hydrometeor size distribution and ice
density, particularly graupel, lead to the marked differ-

ences between the CCOPE and COHMEX TB–graupel
relationships, as well as the TB–surface rain rate rela-
tionships. These same differences are apparent between
the CCOPE and HURRICANE cases; however, the
aforementioned emissivity and warm rain effects ob-
scure these differences. Both the COHMEX and HUR-
RICANE cases exhibit large TB correlations with the
graupel that are mostly determined by the constant-slope
Marshall–Palmer size distribution parameterization as-
sumed in the UW-NMS. With this formulation, scat-
tering increases only with mass content, not with the
relative concentrations of large and small particles. For
the CCOPE case, there is lower correlation between 19
GHz and graupel, related to the fact that the WISC-
DYMM allows for variable slope and intercept factors
at each level of the cloud structures. To better understand
the impact of the different size distributions of the mod-
els on the TB–graupel relationships, Fig. 4c shows the
correlation of TBs at 19 and 85 GHz with graupel for
the CCOPE and COHMEX databases obtained with the
modified size distributions. With respect to the panels
shown in Fig. 4a, a large increase of 19-GHz TBs is
evident both for CCOPE and COHMEX, basically due
to the smaller concentration of large particles in the
modified parameterization. On the other hand, at 85 GHz
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FIG. 5. Correlation diagrams between TB at 19 GHz and both columnar graupel EWC and surface rain rate for
COHMEX high-resolution database.

the diagrams show a significant decrease of TBs only
for CCOPE. The latter behavior can be explained by
considering that the modified size distribution gives a
higher concentration of small particles (due to the
change of the intercept in the size distribution) with
respect to the concentrations in the original CCOPE
simulation. In the COHMEX simulation, the concentra-
tion changes are less significant and the resulting impact
on the TBs negligible. It is worth noting that the TB–
graupel correlation diagrams of both the CCOPE and
COHMEX simulations at each frequency shown in Fig.
4c are much more similar to each other than those shown
in Fig. 4a.

Further differences in the correlation relationships in
Figs. 4a–b stem from differences in the environmental
temperature–moisture profiles. The lower TB values for
CCOPE, with respect to those of COHMEX and most
evident for the smaller rain rates and graupel mass con-
tents, are directly related to the lower temperatures be-
low the freezing level and the lower boundary layer
humidities. This effect is most evident at 19 GHz whose
weighting function peak is closer to the surface.

Finally, the inherent horizontal resolution of the hy-
drometeor profiles strongly impacts the intercorrelation
between the TBs and the rain–ice quantities. As an ex-
ample, lower correlations are found for the high-reso-
lution CCOPE and COHMEX databases. Figure 5 illus-
trates such correlations between 19-GHz TB and both
columnar graupel and surface rain rate for the COHMEX
high-resolution database. As discussed, the correlation
falloff stems from the greater influence of vertical shear
on the rain–ice decoupling at higher resolution.

The preceding analysis has demonstrated that the cor-
relations between the TBs and the precipitation quan-
tities, as well as the correlations between ice and rain,
depend strongly on the intrinsic space and time scales
of the simulated storm systems, microphysical details,

and vertical environmental structures. This suggests
that, in order to generate cloud–radiation databases ap-
propriate for precipitation retrieval, close attention must
not only be paid to the resolving power of the radiometer
but also to the degree of inhomogeneity inherent to the
storm simulation.

5. Comparison of measurement and model
manifolds

In this section we analyze the results of the sensitivity
studies described in section 3c, in order to differentiate
the impacts of microphysical, macrophysical, and en-
vironmental factors on the model manifolds, and to
overcome the mismatch between the measurement and
model manifolds. Figures 6a,b show the measurement
and model manifolds using color contour diagrams rep-
resenting the projection of the boundaries of the three-
dimensional brightness temperature vectors, in three
two-dimensional TB planes, that is, 37–85 GHz (left
panels), 19–85 GHz (middle panels), and 19–37 GHz
(right panels). All axes range from 50 to 350 K. Each
database is represented with a different color (red con-
tours for COHMEX, green contours for HURRICANE,
and blue contours for CCOPE). The black contours in-
dicate the measurement manifolds. Over-land manifolds
are shown in Fig. 6a, whereas over-ocean manifolds are
shown in Fig. 6b. The first row of panels in each figure
considers the model manifolds obtained with the orig-
inal microphysical parameterizations and environmental
profiles taken from the simulations. The second row of
panels shows the results obtained by imposing the ob-
servational T–q profiles obtained from the Valtellina
Flood and Typhoon Oliver events. The third row of
panels shows databases generated using the observed
environmental profiles and the modified size distribution
parameterization.
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FIG. 6a. Color contour diagrams of over-land model and measurement manifolds. Each contour is the projection of the boundaries of the
manifolds in the various two-dimensional TB planes: 37–85 GHz (left panels), 19–85 GHz (middle panels), and 19–37 GHz (right panels).
Note the left ordinate labels (85 GHz) apply to both the left and middle panels, while the right ordinate labels (37 GHz) apply only to the
right panels. The COHMEX boundaries are shown in red, the HURRICANE in green, and the CCOPE in blue. The measurement manifold
boundaries are shown in black. The range limits of all axes are 50–350K.

a. Analysis of discrepancies with original model
manifolds

From a qualitative analysis of the panels in the first
row of both figures, it is evident that there are large
differences in the contour shapes and the TB ranges
occurring between the CCOPE and UW-NMS mani-
folds. Furthermore, there are significant mismatches be-
tween the measurement manifolds and all model man-
ifolds for both land and ocean. By comparing each panel
in the first row in Fig. 6a with the corresponding panel

in Fig. 6b, it is possible to assess the effect of surface
emissivity differences. All frequencies are influenced by
surface emissivity, particularly when the cloud optical
depths are small and contribute weakly to the upwelling
radiation. However, as discussed in Mugnai et al. (1990),
the influence of surface emission becomes negligible at
high frequencies, even for light rain rates. All model
manifolds contain lower temperatures than found with
the measurement manifolds except for the over-land
85-GHz TBs of CCOPE. The bottom left portions of
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FIG. 6b. Same as (a) except for the over-ocean databases.

the contours over land, bounded by ;180 K at 85 GHz
and ;200 K at 19 and 37 GHz in the COHMEX and
HURRICANE databases, and by ;140 K at 85 GHz
and ;200 K at 19 and 37 GHz in the CCOPE database,
are similar in shape to the corresponding model tails
over ocean. This is because these are the portions of
the manifolds representing the most intense cloud struc-
tures where TBs are not affected by surface emissivity.

All over-land databases show strong correlation be-
tween the TBs at the three frequencies. This behavior
is not matched by the measurements since the 19 and
37 GHz TBs never fall below 250 and 200 K, respec-
tively, even when the scattering-depressed 85-GHz TBs

fall to values around 130 K. An important factor that
could contribute to this discrepancy is the difference in
spatial resolutions between the measurements at 19 and
37 GHz and the modeled TBs calculated at 10-km res-
olution. The radiometer is not able to resolve the smaller
intense ice core features of the storms that would de-
crease the TBs, not only at 85 GHz, but also at 19 and
37 GHz. The scattering effect that tends to shift the low
TB part of the measurement manifold is smoothed at
lower frequencies in which deconvolution does not com-
pletely eliminate the effect. For the ocean case, the mod-
el manifolds cover a generally wider volume in TB
space than the measurement manifold. The contour
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shapes of COHMEX and HURRICANE databases are
similar and overlap with the measurements is close in
the 19–85 GHz plane over ocean.

In the over-land CCOPE model manifold, the TBs at
19 and 37 GHz are shifted downward by 20–30 K, even
in the upper right portions of the contours representing
the less intense cloud structures where TBs are mostly
affected by surface emissivity and environmental pro-
files. Over ocean, even greater shifts of 30–50 K are
found with the 19 and 37 GHz TBs. This behavior at
the lower frequencies is partly explained by differences
in the environmental profiles, in particular the smaller
water vapor mixing ratios and to the smaller tempera-
tures below the freezing level of the CCOPE simulation.
In addition, the CCOPE storm is characterized by low
mass contents of rain in the lower layers (confined below
the 5-km freezing level), leading to relatively weaker
emission from the rain layers. The impact of these two
factors on decreasing the TBs at the lower frequencies
is greater over ocean because the TBs are more affected
by the contrast between the radiometrically cold sea
surface and the radiometrically warm rain layers.

It was noted in section 2a that the ice and graupel
particle densities of the CCOPE storm are higher than
those assumed in the COHMEX storm, while the mass
contents of all ice phase particles are similar to COH-
MEX. For this reason we find smaller TBs at 19 and
37 GHz in the CCOPE model manifold (also smaller
than either set of measurements). The higher correlation
at the three frequencies in the COHMEX and HUR-
RICANE manifolds with respect to the CCOPE mani-
fold is attributed to the different size distribution pa-
rameterizations of the UW-NMS and WISCDYMM.
The tilted elongated model manifolds of the COHMEX
and HURRICANE simulations (more evident over
ocean), representing strong correlation among all three
frequencies, stems from the fact that the scattering due
to ice particles is basically related to their mass contents.
In the CCOPE simulation, the scattering by ice particles
is related not only to their mass contents but also to
their size distributions. The smaller TB values reached
in the HURRICANE simulation are due to larger mass
contents of large ice particles relative to CCOPE and
COHMEX.

b. Sensitivity to meteorological profiles

In the second row in Figs. 6a–b, the model manifolds
are created by using the observed environmental profiles
from the Valtellina Flood and Typhoon Oliver events
in the radiative transfer modeling. By imposing the same
T–q profiles on the three simulation databases, we help
quantify the impact of environmental conditions on the
original mismatch between the model manifolds. Using
common environmental profiles for the three simula-
tions leads to a substantial improvement in the match-up
between the model manifolds, particularly over ocean.
However, at this stage, not much improvement is ob-

tained between measurement and model manifolds. It
is evident that the greatest changes are in the over-ocean
CCOPE manifold. In the original simulation, the mod-
eled T–q profiles differ significantly from those of a
deep-ocean typhoon environment. The ocean profiles
are characterized by a higher tropopause and larger tem-
peratures and mixing ratios at the lower levels. In the
RTE modeling, the larger thermometric temperatures of
the rain layers plus the additional water vapor in and
above the rain layers causes increased emission. As a
consequence, all contours in the three TB planes are
shifted to larger values, up to 30–40 K for the CCOPE
manifold. In the COHMEX manifold, the TB contours
are shifted downward by around 10 K at all frequencies.
The HURRICANE TB space is not significantly affected
by the modified environmental profiles (the shifts are
more on the order of 5–10 K). This is because the T–
q profiles of the HURRICANE simulation are very sim-
ilar to those of the TOGA COARE environment.

Over land the changes in the modified model mani-
folds are less evident because the higher surface em-
issivities reduce the environmental effects on the up-
welling TBs. Some changes in the TBs can be noted in
the upper portion of the diagrams, where the cloud op-
tical depths are small. The environmental conditions of
the Valtellina event are similar to those of the CCOPE
model environment, thus the modified TBs at all three
frequencies undergo little change. In the HURRICANE
and COHMEX model manifolds, TBs decrease by about
5–10 K with respect to the original manifolds, mainly
because of the relatively lower mixing ratios associated
with the Valtellina event.

c. Sensitivity to size distribution parameterizations

Switching to the modified size distribution parame-
terization has the largest effect on the model manifolds.
Comparing the second rows of Figs. 6a–b with the third
rows indicates that the measurement manifolds now bet-
ter overlap all model manifolds, particularly the COH-
MEX and HURRICANE manifolds over land and the
HURRICANE manifold over ocean. The model mani-
folds in the third rows differ from each other in terms
of the associated liquid and ice mass contents, vertical
distribution and mixing of hydrometeors, ice particle
densities, and truncation limits of the size distribution
functions. The variation of slope in the Marshall–Palmer
size distribution has a strong impact on varying Mie
optical properties of the hydrometeors, which leads to
the main adjustments in shapes and positions of the
associated model manifolds. The portions of the land
and ocean measurement manifolds characterized by
large 37-GHz TBs that never overlap the model mani-
folds originate from imperfect detection and screening
of the raining SSM/I pixels, not problems intrinsic to
the microphysical modeling.

The major changes in the modified size distribution
parameterization occur for rain as well as for graupel
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below the freezing level, for which we introduce the
dependence on particle fall rate to calculate the size
distribution parameters (see the appendix). Over land
the CCOPE contours overlap those of the measurement
manifold in the 37–85 GHz plane, but the 19-GHz TBs
are still shifted toward lower values because of the weak
emission from the rain layers. The impact of the small
rain mass contents is stronger over ocean than over land
with the CCOPE manifold exhibiting lower TBs at all
frequencies.

Over land, the regions in the measurement manifold
where the 85-GHz TBs are low (,170 K), are well
matched in the 19–85 and 37–85 GHz planes for both
the HURRICANE and COHMEX manifolds. These
regions correspond to cloud structures with large mass
contents of ice and graupel. The modified size distri-
bution parameterization reduces the scattering effect at
the lower frequencies and also reduces the correlation
of 85 GHz with the lower frequencies, particularly with
19 GHz.

Over ocean, all contour shapes of the model mani-
folds in the third row change significantly with respect
to those in the second row. The HURRICANE model
manifold overlaps the measurement manifold much bet-
ter than the COHMEX manifold, particularly in the 19–
85 GHz plane. Both 37 and 85 GHz TBs reach lower
values than the measurements because of the large mass
of ice particles associated with the UW-NMS simula-
tions. The over-ocean model manifold generated from
the COHMEX simulation shows poorer overlap with
the measurements but, as with the HURRICANE case,
the changes obtained with the new size distribution pa-
rameterization are significant, particularly at 19 GHz.
The reason that the measurement manifold of the Ty-
phoon Oliver event does not extend down into the low
TB tail, apparent in all three manifold planes, stems
from the low concentration of ice particles characteristic
of the convective systems in TOGA COARE (see Smith
et al. 1996).

6. Impact of cloud–radiation databases on
retrieval

The analysis carried out in the previous section dem-
onstrates that microphysical parameterizations and en-
vironmental conditions of simulated storms are critical
factors influencing the model manifolds. In essence,
agreement with measurement manifolds can be achieved
using model manifolds generated from different simu-
lations. The purpose of this section is to show that a
good overlapping of measurement and model manifolds
does not guarantee the adequacy of a cloud–radiation
database to represent an observed event. It is just as
important to identify the typology of the observed cloud
system and to associate it to an appropriate cloud-model
simulation because the estimation of precipitation and
cloud structures from profile-based retrieval algorithms
is closely linked to the cloud–radiation database.

We use the modified over-land and over-ocean COH-
MEX and HURRICANE databases, that is, those ob-
tained by modifying the meteorological profiles and size
distribution parameterizations, for the retrieval of the
two cases whose environmental profiles have been used
to generate the databases. These consist of the Valtellina
Flood and Typhoon Oliver events. In Figs. 7a–b we have
illustrated the modified COHMEX and HURRICANE
model manifolds, together with the measurement man-
ifolds generated from the two selected cases. Rendered
color graphics diagrams, incorporating the three-dimen-
sional TB space defined by unpolarized brightness tem-
peratures at 19, 37, and 85 GHz are used to portray the
shape and overlap properties and to provide an overall
view of the manifolds. Figure 7a shows the overland
model manifolds and Valtellina Flood measurement
manifold, while Fig. 7b shows the over-ocean model
manifolds and Typhoon Oliver measurement manifold.
In each diagram the manifolds are shown for two dif-
ferent perspective views. The overlap between the mea-
surement and model manifolds is close, in particular
over land (Fig. 7a), except for the mismatch in the region
with the highest 37-GHz TBs, which stems from screen-
ing problems. Over ocean (Fig. 7b), the COHMEX man-
ifold does not match the portion of the measurement
manifold characterized by large TBs at 19 and 85 GHz.
This mismatch arises because the COHMEX storm lacks
any meaningful warm rain situations, characteristic of
tropical cyclones.

In Figs. 8a–b we show retrieval results for both the
Valtellina Flood and Typhoon Oliver events. In each
diagram there are six panels indicating the correlation
diagrams for columnar cloud, rain, graupel, pristine
crystal, and snow/aggregate EWCs, as well as surface
rain rate, between the mean retrievals obtained from the
COHMEX database and the same from the HURRI-
CANE database. The columnar snow and aggregate
EWCs are combined for the COHMEX case. The co-
lumnar graupel EWCs retrieved with the two databases
are very similar because this hydrometeor category has
the largest impact on the upwelling TBs at all three
frequencies. The columnar rain EWCs exhibit strong
correlation for both ocean and land cases for columnar
rain EWCs less than 3 kg m22, decreasing as the co-
lumnar path increases. This is particularly true for the
land case. The better correlation for the ocean case stems
from the different impact of rain-layer emission on the
upwelling TBs, depending on surface emissivity con-
ditions and on the magnitude of the columnar rain paths.
Because of the strong correlation between the graupel
retrievals for the two databases, nearly equivalent TBs
across databases mean that the underlying emission
sources are nearly equivalent. Over ocean, because sur-
face emissivities are weak, equivalent emission requires
equivalent columnar rain paths. Over land, since there
is a significant emission source from the surface, equiv-
alent emission does not necessarily require equivalent
columnar rain paths.
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FIG. 7a. Color isosurfaces in 3D space of TBs in K at 19, 37, and 85 GHz, of the Valtellina Flood measurement manifold, and COHMEX
and HURRICANE model manifolds calculated over land. The model manifolds are those obtained with the modified particle size distribution
and the T–q profiles for the Valtellina event. Two different perspective views of the manifolds are given. The range limits of all axes are
50–350 K.
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FIG. 7b. Same as (a) except for Typhoon Oliver measurement manifold, and for COHMEX and HURRICANE model manifolds calculated
over ocean, using the T–q profiles for the Oliver event.
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FIG. 8a. Correlation diagrams for columnar cloud, rain, graupel, pristine crystal, and snow/
aggregate EWCs, along with surface rain rate, between mean retrievals for Valtellina case using
modified COHMEX database (x axis) and mean retrievals using modified HURRICANE database
(y axis).

The basic retrieval procedure for each point in the
three-dimensional TB space of the measurement man-
ifold consists of finding the points in each model man-
ifold that are closest (in terms of Euclidean distance) to
the measurements. Then the mean hydrometeor profiles
in each database are obtained by averaging the cloud
structures associated with the retrieved points. This re-
quires that the retrieved cloud structures with the two
databases are associated to nearly the same upwelling
TBs. Yet, Figs. 8a–b indicate a lack of agreement be-
tween the other hydrometeor categories. For example,

the columnar cloud EWCs retrieved with the HURRI-
CANE database are larger than those retrieved with the
COHMEX database. We believe this is because in the
former case ice scattering produces a larger TB cooling
at higher frequencies, thus requiring compensating TB
warming due to a larger cloud water path. The very
weak correlations for the pristine crystal and snow/ag-
gregate categories arise from their negligible impact on
the TBs. In general, the significant differences in the
pristine crystal and snow/aggregate structures in the two
databases have little impact on the retrievals.
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FIG. 8b. Same as (a) except for Typhoon Oliver case.

For both the Valtellina and Typhoon Oliver cases the
surface rain rates retrieved using the HURRICANE da-
tabase are larger than those retrieved with the COHMEX
database. In the Oliver case, where there is an overall
similarity of the columnar rain EWCs retrieved with the
two databases, the surface rain rates estimated with the
HURRICANE database are up to 2–3 times larger than
found using the COHMEX database. Clearly the re-
trieved rain vertical structure can be quite different even
when the columnar EWCs are very similar. This results
from differences in the dynamical and microphysical
features of the simulated events.

In order to analyze in detail the differences of the

mean profiles retrieved with the two databases, their
dispersion within the same database, and the subsequent
uncertainties in precipitation retrieval we now focus on
results obtained for just one pixel selected from each of
the two PIP-2 cases. In Figs. 9a–b, we illustrate the
mean hydrometeor EWC vertical profiles, and their stan-
dard deviations, for the selected pixels of the Valtellina
Flood and Typhoon Oliver cases. The mean columnar
EWCs of the various hydrometeors, the mean rain rates
and their standard deviations, and the number of cloud
structures retrieved for each pixel within a database are
also indicated in each panel. The retrieved profiles for
both selected cases exhibit different vertical structures
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FIG. 9a. Mean hydrometeor EWC vertical profiles (along with 61 standard deviation profiles), retrieved for one pixel selected from
Valtellina Flood case using modified COHMEX database (top panels) and modified HURRICANE database (bottom panels). N is the number
of cloud profiles retrieved within each database, RR is the average rain rate, s is the rain-rate standard deviation, and m is the average
columnar LWC or IWC of the hydrometeor in each panel.

depending on whether the COHMEX or HURRICANE
database was used. In the HURRICANE databases, the
rain masses are concentrated below 5 km, while in the
COHMEX databases they reach 8 km. Graupel has a
very different profile. In the COHMEX cases it pene-
trates to levels close to the surface (unlike what is ac-
tually found in Pacific cyclones), while in the HUR-
RICANE cases large concentrations are all above 3 km.
The large differences in the mean profiles and the co-
lumnar rain mass contents and surface rain rates re-
trieved for the Valtellina case using the COHMEX and
HURRICANE databases, particularly significant for rain
and graupel, show that retrieval over land is more sen-
sitive to the selected database. Moreover, the variances
of the graupel and rain mean vertical profiles are larger
for the Valtellina case than for the Oliver case, indicating
greater uncertainties for land-based retrieval. Note that
the warm rain properties of the HURRICANE database
lead to the largest uncertainties. The differences in re-
trieved rain rates between the two databases demonstrate
the sensitivity of precipitation retrieval to the detailed
microphysical features of the simulations.

The main point of these results is that the dispersion

in surface rain rates and cloud profiles are significant
over rather negligible variations in the TBs and illus-
trates the underlying nonuniqueness problem with pre-
cipitation retrieval, even using multiple frequencies.
This suggests that one should resort to less deterministic
approaches than those presently used because profiles
very close in terms of TB signatures can generate very
different surface rain results. Rain-map algorithms are
also vulnerable to these uncertainties but less well
equipped to address them.

7. Discussion and conclusions

One of the main problems in the application of phys-
ically based precipitation profile retrieval algorithms
based on the use of cloud–radiation databases is the
mismatch between the TB domain populated by the
cloud–radiation model and the TB domain populated by
the measurements. In this study we have explored some
of the main factors that contribute to this mismatch and
have studied the sensitivity of rain-rate retrieval to prop-
erties of the cloud–radiation database used in the re-
trieval algorithm.
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FIG. 9b. Same as (a) except for Typhoon Oliver case.

We have considered cloud–radiation databases gen-
erated from three different storm simulations: a Carib-
bean hurricane and a severe continental summer thun-
derstorm, carried out with the UW-NMS, along with a
severe continental summer hailstorm, carried out with
the WISCDYMM. The original cloud-model outputs
have been averaged over a 10 3 10 km2 grid mesh in
order to obtain horizontally homogeneous cloud struc-
tures consistent with the highest-resolution SSM/I mea-
surements. Then a selection procedure has been used to
eliminate the redundancy of similar cloud structures.
Finally, upwelling TBs at 19, 37, and 85 GHz have been
calculated by imposing ocean or land surface emissivity
conditions consistent with the simulated storm environ-
ment. Two measurement databases have been generated,
one over land and one over ocean, using SSM/I mea-
surements from selected cases of the PIP-2 study.

After analyzing the main microphysical, macrophys-
ical, and environmental features of the three different
storm simulations, we have related them to differences
between the TB domains associated with each of the
simulations. In particular, we have pointed out corre-
lation differences among the three simulations between
the TBs and the cloud constituents. The correlations
between TBs and rain rates are larger for cold rain sys-

tems than warm rain systems because of the intrinsic
correlation between rain and graupel, the latter being
directly sensed. In the warm rain case, the TB–rain rate
correlations are weaker because the SSM/I frequencies
are not low enough to detect rain layers close to the
surface. However, it is important to recognize that the
correlation between ice content and surface rain rate is
reduced for each of the three simulations in going to
spatial resolutions higher than 10 3 10 km2 because the
effects of vertical shear become more enhanced. For
example, the smallest ice content–surface rain-rate cor-
relation is found in the high-resolution tropical cyclone
simulation because this case contains both warm rain
effects and shear-induced decoupling of ice layers and
surface rain layers. In transforming to low resolution,
the averaging of the cloud structures serves to filter out
the most intense profiles and increases the intercorre-
lation between the ice content and surface rain rate, as
well as the intercorrelations between ice, rain, and the
TBs. This effect is particularly evident for the two small-
scale continental storms, where the 10 3 10 km2 grids-
cale used to average hydrometeor profiles filters the ef-
fects of the horizontal transports.

The partial or total mismatches between model and
measurement databases, and the large differences be-
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tween the model databases themselves, are found to be
related to characteristics of the simulated storms (en-
vironmental conditions, vertical distribution and mixing
of hydrometeors, space–time scales) and to the cloud-
model microphysical parameterizations, particularly hy-
drometeor size distribution. We have carried out sen-
sitivity studies that estimate the individual impacts of
the environmental factors and the size distribution par-
ameterizations on the TBs and have sought means to
overcome mismatches between model and measurement
databases. The impact of environmental conditions, that
is, moisture and temperature profiles, are significant for
the over-land databases (changes in TBs up to 10 K)
and very significant for over-ocean databases, where
TBs at all frequencies can vary up to 40 K.

The largest changes in the boundaries and densities
of the model manifolds occur when a Marshall–Palmer
size distribution parameterization different from that as-
sumed in the model is introduced for rain, graupel, snow,
and aggregates. For the UW-NMS and WISCDYMM,
this means allowing both the slope and intercept of the
particle size distribution function to vary according to
atmospheric temperature and mean particle fall rate at
each vertical level. The variation of slope has strong
impact by decreasing the scattering effects of ice par-
ticles at low frequencies, in particular by graupel par-
ticles, because the change to a variable slope formula-
tion effectively reduces the mass of large ice particles.
As a consequence, the correlations of the TBs at 19
GHz with the columnar masses of graupel, which were
large in the original databases, become weak in the mod-
ified databases (in particular for the UW-NMS simu-
lations) and, at the same time, the TBs at 19 and 37
GHz increase. The CCOPE simulation shows a signif-
icant decrease of TBs at 85 GHz because of the increase
in concentration of small graupel particles with respect
to the original size distribution. A good matchup with
the measurements is achieved for the UW-NMS simu-
lations, while the hailstorm simulation, characterized by
relatively low rainwater contents, exhibits lower TBs
because of the relatively lower rain layer emission.

In order to study the sensitivity of the retrievals to
the cloud–radiation databases, we have used the two
databases generated from the UW-NMS simulations that
match closely to the measurements. In so doing, we have
selected two PIP-2 events from those used to generate
the measurement manifolds, one over land and one over
ocean. The microphysical details of the simulated storms
strongly influence the retrieval results. First of all, the
columnar mass contents of the various hydrometeors
retrieved using different databases can be very different.
Second, even when the retrieved columnar rain mass
contents are identical, retrieved surface rain rate dif-
ferences can exceed a factor of 2 because of differences
in the retrieved rain vertical profile. Finally, when using
an Euclidean distance retrieval scheme within a single
database, the retrieved cloud structures and rain rates
for a given pixel can be widely dispersed. Although

dispersion is not so serious with the continental thun-
derstorm simulation in which the ice phase dominates,
in the case of the tropical cyclone simulation, warm rain
situations produce strong dispersion effects. The effects
are amplified over a land background where the surface
rain layers are even less influential on the upwelling
TBs.

In order to have good fidelity in the retrieval of both
surface rain rates and hydrometeor profile structures, it
is important to have strong internal correlation between
the cloud constituents, not all of which are directly
sensed by the radiometer. This is particularly true for
the over-land case where the contrast between the rain
layers and the surface is poor. However, a good matchup
between the measurement and model manifolds does
not guarantee that a single cloud–radiation database is
appropriate for a given measurement. We submit that it
is important to identify the typology of an observed
event and to associate it with the appropriate cloud–
radiation database, generated from a simulation that ad-
equately reproduces the microphysical, macrophysical,
and environmental features of the storm.

In the future, physical inversion profile retrieval
schemes will sustain some improvement as the spatial
resolution of the measurements improve and as lower-
frequency channels are included with the radiometers.
Although there will be some problems associated with
taking advantage of higher-resolution measurements,
because of the effect of vertical shear decoupling, less
blurred renditions of storm features will aid physical
inversion techniques. The use of lower frequencies will
provide direct information on the entire precipitating
column. This is particularly useful over an ocean back-
ground due to the high contrast between the cold ocean
brightness temperatures and warm precipitation emis-
sion temperatures observable at such low frequencies.
The potential improvement in characterization of rain-
fall processes by going to high-resolution measurements
and to lower more penetrating frequencies has been ex-
plored by Marzano et al. (1994) and Smith et al. (1994c).
Significant improvements in precipitation retrieval
should take place after launch of the low earth orbit
Tropical Rainfall Measuring Mission satellite, which
will use a passive microwave imager similar to the
SSM/I but with the addition of a polarized 10.7-GHz
channel (Simpson et al. 1996).

As a final note, it is important to recognize that phys-
ical profile inversion schemes are limited by their de-
pendence on the weaknesses and approximations of the
cloud models in replicating the physics, dynamics, and
microphysics of precipitating storms. The 1D radiative
transfer models currently used in published retrieval al-
gorithms are another source of weakness. Clearly im-
provements in cloud models and their physical para-
meterizations will overcome some of the limitations in
physically based inversion algorithms. But, at the same
time, the development of three-dimensional radiative
transfer models that account for the horizontal and ver-
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TABLE A1. Constant values used for the slope and intercept calculations of the modified size distribution. They are specified for
atmospheric temperatures below and above the freezing temperature T0 5 273.16 K.

A0 (m24) A1 (m24 mm2k hk) a (K21) k

Rain 7 3 106 0 0.37

Graupel 4 3 106 (T , T0) 6.52 3 102 (T . T0) 22.5 3 1022 (T , T0)
27.5 3 1022 (T . T0)

0 (T , T0)
0.872 (T . T0)

Snow/aggregates 4 3 106 (T , T0)
4 3 106 (T . T0)

23.8 3 1022 (T , T0)
28.8 3 1022 (T . T0)

0
0

tical variability of rain features will ultimately be needed
to optimally represent the sensitivity of precipitation
retrieval to the microphysical details of particle size
distribution and shape.
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APPENDIX

Modified Size Distribution Parameterization

Here we give the details of the procedure followed
to vary the model size-distribution parameterization of
rain, graupel, snow, and aggregates. The EWC (lh) at
each vertical level for each hydrometeor category, with
a size distribution function n(D), is given by

3`4 D
l 5 p r n(D) dD, (A1)h E h1 23 20

where rh is the particle density. Assuming the Marshall–
Palmer size distribution function given in Eq. (1), we
have

1/4
pr AhB 5 . (A2)1 2lh

For graupel, snow, and aggregates we have considered

the formulation given by Straka (1989) that relates the
intercept A to the atmospheric temperature at each level
and accounts for the general observation that there are
more and smaller particles at colder temperatures and
fewer at warmer temperatures. We have

A 5 A0 exp[a(T 2 T0)], (A3)

where T is the atmospheric temperature and T0 is 273.16
K. Here A0 and a are specified for each hydrometeor
category (a changes above or below the freezing level);
their values are given in Table A1. Combining Eq. (A3)
with Eq. (A2), we obtain the slope B.

For rain and graupel located below the freezing level,
we have considered the dependence of the intercept A
on the particle mean precipitation rate (RR) at a given
height level according to Pruppacher and Klett (1988)
and Ludlam (1994). For graupel, this relationship is used
within Eq. (A3). Thus, the general formulation is

A 5 A1RRk exp[a(T 2 T0)], (A4)

where (RR) is in mm h21, while A1, k, and a are given
in Table A1. Here RR is related to the slope B if we
assume that the raindrops and the graupel particles of
diameter D have a particle fall speed yd given by the
power law

yd 5 aDb. (A5)

Thus, combining Eq. (A1) with the definition of pre-
cipitation rate

`p
3RR 5 y D n(D) dD, (A6)E d6 0

we obtain

aG(4 1 b) lhRR 5 . (A7)
b6B rh

This simplifies to

V`RR 5 k l , (A8)0 hrh

where the mass-weighted mean terminal velocity is giv-
en by

aG(4 1 b)
V 5 , (A9)` b6B

with V` (in m s21) rh and lh (in kg m23), and k0 set to
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3.6 3 106 to convert RR to millimeters per hour. a and
b have been taken from Straka (1989); for rain we have
b equal to 0.8 and

0.5
r0 12b 21a 5 21.15 [m s ], (A10)1 2ra

where r0 is the air density at 1000 mb and ra is the air
density at each level. For graupel we have b equal to
0.5 and

0.54grh 12b 21a 5 [m s ], (A11)1 23C rD a

where g is 9.8 m s22 and CD is the drag coefficient,
assumed to be 0.6.

Combining Eqs. (A2), (A4), (A8), and (A9) we have

1/(41bk)k
r pA l G(4 1 b)h 2 hB 5 k a , (A12)01 2[ ]l r 6h h

where

A 5 A exp[a(T 2 T )]. (A13)2 1 0

Combining Eq. (A9) with Eq. (A8), we obtain the pre-
cipitation rate RR at each level. Then, from Eq. (A4),
we obtain A.

In order to account for the radius truncation limits
assumed for the various hydrometeor categories, we
have introduced a renormalization factor in the calcu-
lation of A. The equivalent water content lh, given by
Eq. (A1), becomes

r24
3l 5 pA9 exp(2B9r)r r (r) dr (A14)h E h3 r1

or
Br24

24 3l 5 pA9B9 exp(2s)s r (s) ds, (A15)h E h3 Br1

where A9 5 2A, B9 5 2B, s 5 B9r, and r1 and r2 are
the radius truncation limits given in Table 3. When the
density rh is constant, the result of the integral is

3 2I 5 exp(2B9r )[(B9r ) 1 3(B9r ) 1 6(B9r ) 1 6]1 1 1 1 1

3 22 exp(2B9r )[(B9r ) 1 3(B9r ) 1 6(B9r ) 1 6],2 2 2 2

while for snow and aggregates in the COHMEX and
HURRICANE simulations, where the density r varies
according to Eq. (3), the integral is

Br2

2.4I 5 s exp(2s) ds2 E
Br1

5 g(3.4, B9r ) 2 g(3.4, B9r ), (A17)2 1

where g is the incomplete gamma function.
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