Simulation of Microwave Brightness
Temperatures of an Evolving Hailstorm
at SSM/I Frequencies
Abstract
A simulation of the appearance of an intense hailstorm in the passive microwave spectrum is conducted in order to characterize the
vertical sources of radiation that contribute to the top-of-atmosphere microwave brightness temperatures (Te) which can be measured by satellite-borne radiometers. The study focuses on four
frequencies corresponding to those used on the USAF Special Sensor Microwave Imager (SSM/I), a recently launched payload flown
on the U.S. Air Force D M S P satellites. Computation of the microwave brightness temperatures is based on a vertically, angularly,
and spectrally detailed radiative transfer scheme that has been
applied to the highly resolved thermodynamical and microphysical
output from the three-dimensional Colorado State University (CSU)
Regional Atmospheric Modeling System (RAMS). The RAMS model
was used to carry out a 4-h simulation of an intense hailstorm that
occurred on 11 July 1986 in the vicinity of Eldridge, Alabama.
Initial conditions for the cloud model run were developed from
the 1986-COHMEX data archive.
Two types of vertically resolved radiative structure functions referred to as a "generalized weighting function" and an "emission
source weighting function" are used to describe the process by
which radiation originates and reaches the satellite radiometer. In
addition, these weighting functions are subdivided into individual
contributions by the various hydrometeor species generated by the
cloud model. Along with the surface contribution and cosmic
background radiation, these weighting functions provide a normalized description of where radiation originates and how it ultimately reaches the satellite. It is emphasized that this information
provides an indepth understanding of how precipitation retrieval
algorithms should be designed vis-a-vis the passive microwave
problem.

1. Introduction
In this investigation, we examine the contributions
by different hydrometeor species within an evolving
model cloud to the top-of-atmosphere microwave
brightness temperatures (TB) at four separate frequen-
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cies used on the USAF Special Sensor Microwave
Imager (SSM/I). The objective of this research is to
understand the relative roles of different radiativetransfer components (hydrometeors, gases, the
earth's surface, and cosmic-background radiation) on
the radiative signals received by SSM/I. Moreoever,
we wish to understand how the vertical distribution
of hydrometeors gives rise to the vertically distributed
radiative structure functions. To this end, we have
coupled a microwave radiative transfer model with a
three-dimensional (3-D), time-dependent cloud
model capable of simulating the essential dynamical
and microphysical features of an intense hailstorm.
The utility of passive microwave measurements for
estimation of precipitation was most lucidly described in the mid 1970s by Wilheit et al. (1977).
Following that study, several investigations have
been carried out aiming at precipitation retrieval from
Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR) data (e.g., Spencer et al. 1987; Olson 1989). Recent studies by Wilheit (1986) and
Spencer et al. (1989) have pointed to SSM/I as a major step forward because of the higher frequency (and
thus higher spatial resolution) 85-GHz channel which
provides striking imagery of precipitating cloud systems (see Negri et al. 1989). However, there remains
a good deal of mystery of what microwave images
actually contain as it pertains to the precipitation process. This study attempts to shed some light on the
question of where radiation signals originate and
from which atmospheric layers the satellite instrument is actually sensing the precipitating cloud. W e
believe this step must be taken very deliberately and
carefully before any thorough interpretation of microwave measurements can be given insofar as their relationship to rainfall.
To accomplish this we make use of a cloud model
to prescribe the thermodynamical structure of the
cloud, as well as the detailed horizontal and vertical
distributions of various species of liquid and solid
hydrometeors. The single-scattering radiative properties of the hydrometeors are then input to a highresolution, multiple-scattering radiative transfer
model operating at a sequence of discrete microwave
frequencies including those designated for the SSM/I.
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Whereas it may be argued that a cloud model cannot
reproduce the true behavior of the microphysical nature of a severe storm, the fact remains that a cloud
model can provide a far more thorough, continuous
and complete description of a volume of the atmosphere than the currently published measurement
database devised from experimental aircraft missions.
For purposes of this investigation, continuity and
completeness are absolutely essential if we are to
gain any meaningful understanding of the variety of
radiative structure functions that exist in the real atmosphere. In some sense we are using the cloud
model to generate a larger set of synthetic atmospheres than the somewhat simple procedures that
Wilheit et al. (1977) first employed. In addition, and
perhaps a more basic issue in this regard, is the fact
that today's various cloud/mesoscale models containing explicit or parameterized treatments of the microphysics of water and ice are extremely close to
reproducing the real atmosphere. For example, the
cloud/mesoscale model employed in this study has
been used, among other things, to describe the initiation, evolution and movement of orogenic storm
systems which develop over the Rocky Mountain plateau and eventually lead to the development of mesoscale convective complexes that dominate the
precipitation pattern of the high plains (see Tripoli
1986).
The use of a radiative transfer model to study the
microwave signatures of an evolving model cloud
was first accomplished by Mugnai and Smith (1984).
The emphasis in that study was to understand the role
of cloud water in the presence of precipitation and
ice crystals. A more thorough study of the role of
cloud droplets and their interaction with precipitation
signatures was later reported by Mugnai and Smith
(1988a) and Smith and Mugnai (1988a). These investigations point out that, regardless of the masking
property of cloud water and the ambiguities that can
arise for any given frequency, a combination of frequencies can be used along with a probability rule
to uniquely assign a precipitation rate. This problem
has been studied in-depth by Oh (1988); in his study
a coimplication operator was developed to remove
the ambiguities that were described in detail by Smith
and Mugnai (1988a).
The magnitude of cloud water effects has been a
debatable issue. Wilheit (1986) has suggested that
cloud water is largely unimportant at intermediate
frequencies (18-22 GHz). W e disagree and do so for
the very same reason that realistic ice microphysics
are considered so important—most all cloud hydrometeors control the vertical radiative structure functions (i.e., weighting functions) that give rise to the
brightness temperature measurements. Our position
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is supported by the recent study of Kummerow and
Weinman (1988) who have pointed out the importance of cloud water based on a two-layer radiative
transfer model that incorporates the finite effects of
synthetic clouds. W e will show examples in section
4 that help delineate how microwave brightness temperatures actually arise from a mixture of emitting
and scattering hydrometeor elements. One underlying conclusion that can be drawn from this analysis
is that, when considering an optimum multispectral
precipitation retrieval algorithm, all hydrometeors
become significant regardless of their phase.

The cloud model employed in our earlier studies
was developed by Hall (1980); it provided an explicit
treatment of cloud droplet formation and growth
based on the use of a highly resolved collection kernel. The microphysical model was hosted by the dynamics code of Clark (1977) in a two-dimensional
(2-D) framework. The microphysical model was ideal
for the detailed and precise treatment of liquid particles in clouds. Since our original papers were focused on the detailed role of liquid cloud drops, the
Hall model provided the ideal framework. However,
it could not produce a sufficiently diverse set of ice
hydrometeors to explore, in a consistent fashion, the
detailed role of ice, particularly the larger particles.
Therefore, in this study we have adopted the Colorado State University (CSU) Regional Atmospheric
Modeling System (RAMS) which incorporates a parameterized treatment of five specific hydrometeor
species in the microphysics module, i.e., cloud
drops, raindrops, graupel particles, ice crystals, and
ice aggregates (snow).
In the following sections we briefly describe the
basic features of the multiple-scattering radiative
transfer model, as well as the cloud model, and then
explain how we utilize interactive imaging procedures to aid in the analysis of the radiative structure
functions. This is followed by a detailed description
of the radiative structure function in three parts of the
hail storm for one instantaneous time step. Conclusions and recommendations follow.

2. Description of the radiative-transfer
model
The radiative-transfer calculations are based on a
spectrally, angularly and vertically detailed planeparallel microwave Radiative Transfer Experiment
(RTE) model which has been described by Mugnai
and Smith (1988a) and Smith and Mugnai (1988a).
This model was developed by modifying Wiscombe's
(1982) original adding-doubling ATRAD scheme to
permit applications in the EHF/SHF microwave specUnauthenticated | Downloaded 01/09/23 12:03 PM UTC
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trum in vertically complex atmospheres at discrete
band passes. The model has been implemented on a
Cyber-205 computer.
For this study, the model has been augmented to
calculate both a generalized emission/scattering
weighting function, which can be decomposed into
purely emission and purely scattering components
(see Mugnai and Smith 1988b; Smith and Mugnai
1989), and an emission source weighting function.
In addition, the weighting functions can be further
divided into relative weighting functions generated
by the individual hydrometeor species. The combination of these functions makes it possible to determine, layer by layer, the origin of radiation and how
it reaches the satellite instrument through emission
and scattering—including how much can be attributed to the separate hydrometeor species, the atmospheric gases, the surface, and the cosmic
background signal.
A set of nine microwave bands 0.02-cm wide and
centered at 10.65, 15.0, 19.35, 22.235, 23.8, 31.5,
37.0, 85.5, and 128.0 G H z are generally selected for
analysis; in this study we concentrate on the results
for the four SSM/I frequencies (19.35, 22.235, 37.0,
and 85.5 GHz). The land surface has been assumed
to be a rough, unpolarized Lambertian surface characterized by an average emittance of 0.9 at all frequencies; we consider both nadir viewing and 53°
off-nadir viewing (appropriate to the SSM/I view angle) frameworks, although sample calculations show
that flux equivalent temperatures at nadir are representative of the temperature transformed intensity
beam at 53°.
Weinman and Davies (1978) have pointed out that
plane-parallel RTE models are not completely adequate for describing the radiance fields of actual convective clouds in the microwave spectrum. However,
their virtue is that they do not require limitations in
the angular resolution as do finite cloud models. By
the same token, the spatial scale of precipitation is
well within a range in which finite cloud effects can
be considered consequential, presuming the actual
geometry is known. At this stage of our own research
our model does not incorporate the influence of
cloud sides on the upwelling radiance field.

3. Description of the hail storm
simulation
The cloud model used in this study is a version of the
nested cloud/mesoscale model described by Tripoli
and Cotton (1982), and Cotton et al. (1982, 1986)
which forms the basis of the C S U RAMS model. This
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is a nonhydrostatic, fully elastic PE model, whose
predictive equations involve the u, v, and w components of the wind, ice-liquid water potential temperature, the exner function, and the mixing ratios of
total water, rain drops, pristine ice crystals, and graupel particles. Temperature, potential temperature,
pressure, water vapor mixing ratio, and cloud droplet
mixing ratio are all treated as diagnostic variables.
Discussion of the numerical integration schemes in
time and space and for mixing processes, as well as
the specification of surface-, top-, and lateral-boundary conditions can be found in Tripoli (1986). The
model integration was carried out on a CRAY-XMP
computer.
The model was used to simulate a developing
storm complex which occurred near Eldridge, Alabama on 11 July 1986 during the Cooperative Huntsville Meteorological Experiment ( C O H M E X ) . (See
Dodge et al. 1986 for a discussion of this experiment.) Data from an experimental radiosonde network deployed during the experiment provided the
initial conditions for the model run (see Williams et
al. 1987). Results from a total of 4 h of model integration have been obtained for detailed radiation
analysis. Grid discretization in the x-y plane was defined at 1 km over a 50 x 50-km2 area, while in the
z-direction (height), 42 grid levels have been assigned at an approximate spacing of 0.5 km. A storm
following Lagrangian framework has been used for
the radiative analysis; precipitation accumulation is
thus associated with a moving reference frame—not
a fixed Eulerian grid under the storm. Wind, thermodynamic, and microphysical quantities are produced at each of the 51 x 51 x 42 grid points for
each minute of the 240-min model run.
W e have used data visualization and animation
techniques in the analysis of the high density model
output (see Cooper et al. 1989). High speed graphic
workstations permit rapid scanning of the large datasets, and thus have been used in planning subsequent analyses. The original model output becomes
the database for animated sequences of the model
cloud thermodynamics, winds, and hydrometeors.
The animation sequences reveal that the storm originates as a single-cell system which evolves to a supercell during the 4th h of simulation through a
multicell phase in which new cells form on the forward flanks of the original cell.
Two basic types of animation sequences are used
in the analysis. The first consists of a simultaneous
display of the microphysical structure of the storm,
the storm thermodynamics (as represented by 6e), and
storm kinematics. Figure 1 is an example from this
graphical sequence at model time 3 h and 40 min at
which time the storm has evolved to supercell beUnauthenticated | Downloaded 01/09/23 12:03 PM UTC
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FIG. 1. Instantaneous time step (3 h, 40 min) in a three-dimensional simulation of a C O H M E X severe storm using the three-dimensional RAMS model. Top panel is the x-z cross section showing the presence of ice crystals (yellow), aggregates (green), graupel (red),
cloud drops (white), and raindrops (purple). Bottom-left panel is a plan view of the storm, showing the presence of cloud (white), rain
(blue), graupel (red), cloud and rain (green), cloud and graupel (purple), rain and graupel (black) and cloud, rain and graupel (yellow)
in the whole column above the surface. Bottom-right panel shows the wind and 0e fields along the x-z cross section through the storm.
The blue areas exhibit relatively low 0e. One grid interval is equivalent to 10 m s _ 1 .

havior. In the top panel, each of the five microphysical quantities (cloud, rain, graupel, ice crystal, and
aggregate equivalent water content) is assigned a specific color. Within each 1 x 1 x 0.5-km3 box in the
model domain, a number of dots, proportional to the
water content, are drawn at random positions. The
diagram shows quite clearly that there is a dense
graupel/rain core topped by combined ice-crystal/
aggregate anvil in the main part of the storm system,
with a weaker convective cell to the rear. Here green
represents aggregate, yellow is ice crystal, red is graupel, blue is rain, and white represents cloud. The x-z
cross section is taken along the red line shown in the
bottom left panel, which shows the distribution of
cloud, rain, and graupel within the storm at that exact
time. White denotes that there is only cloud water in
the whole column above the surface; different colors
are used for all the different combinations of cloud,
rain, and graupel, to reveal the microphysically ac-

tive parts of the storm. The bottom right panel of
figure 1 allows us to see the kinematic and thermodynamic (0e) structure of the storm along the same xz cross section of the top panel; the strong vertical
speeds in the rain/graupel core of the cloud, and the
stabilization of the subcloud layer behind the main
system are quite evident.
Having viewed the general microphysical morphology of the entire model sequence, and noting
the spatial and temporal interrelationships between
the various hydrometeor species, it is evident before
meshing the cloud model results with the radiative
transfer model, that each microphysical quantity
should be first examined separately. This is when the
second type of animation sequence is invoked. In this
case, hydrometeor water content is displayed by projecting the perpendicularly integrated values of each
hydrometeor species onto the x-y, x-z and y-z planes.
This representation is convenient because it clearly
Unauthenticated | Downloaded 01/09/23 12:03 PM UTC
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reveals the microphysical core and the general structure of the storm. A frame from this sequence is
shown in figure 2, illustrating the storm during its
multicell phase after 2 h and 40 min of simulation.
In the left panel, cloud rain and graupel columnar
equivalent water concents (EWC) are summed together and the values projected onto the x-y plane,
while the summed values for ice crystal and aggregate EWCs are line-contoured on top of the colormap representation of cloud, rain, and graupel. The
columnar values for ice crystal plus aggregate are
contoured in intervals of 1 kg m" 2 . The color scale
ranges from zero kg m " 2 (shown as light gray) to 75
kg m~2 (shown as black). The top right and bottom
right panels in figure 2 are the projections of all five
hydrometeor EWCs, y- and x-integrated, onto the
x-z and y-z planes. The general structure of the lowerlevel clouds produced by gust-front outflows are evident in these panels. The core regions of the storm
(two cells plus an older, dissipating cell to the rear),
and an overhanging anvil of ice crystal and aggregate
stretching behind the system dominate its structure.

Vol. 71, No. 1, January

1990

4. Simulated appearance of the storm
at the four SSM/I frequencies
At any altitude and model time step, the model hydrometeor distributions are horizontally averaged
over squares, 10-km wide along both x and y directions. This is done in order to generate horizontally
homogeneous cloud boxes nearly consistent with the
ground footprint dimensions of the highest frequency
SSM/I channel, i.e., 85 GHz. In particular, for model
time 3 h and 40 min, we have generated 20 10 x
10-km boxes, covering the domain - 2 5 to +25 km
along the x direction and - 2 0 to +20 km along the
y direction. This choice helps isolate, in two different
boxes, the two main cells centered at approximately
( - 8 , 1 5 km) and (0,5 km), respectively (see figure 3).
Upwelling brightness temperatures are computed
for all 20 boxes, and are illustrated on the cover of
this issue at this single-model time step. A graphical
smoothing operator is applied to remove the quantized appearance of the radiative-transfer model results. In our simulation, the spatial resolution is the

FIG. 2. Composite summary of model simulation at instantaneous step (2 h, 40 min). The three panels provide a top-down plan
view, and x-z/y-z cross-sectional views of the microphysical structure of the storm during its multicell stage.
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view of the microphysical structure of
which black boxes are used to empha(C); the front flank region (F), and the
storm.

same for all frequencies. However, it is evident that
the storm's microphysics are better resolved when
frequency increases. This is because the higher frequencies are more responsive to the hydrometeor layers whereas the lower frequencies include more
influence from surface emission. In any event, we
will show how all the frequencies are important in
cloud and precipitation retrieval.
Measurements obtained at 18 and 37 G H z by the
NASA Microwave Precipitation Radiometer (MPR),
flown over the Eldridge storm, indicate TBs of about
208 and 136 K, repsectively, over the core of the
storm and of about 270 and 267 K above a cloudfree region. The detailed flight-line temperatures for
this case are shown in figure 2 in Smith and Mugnai
(1988b). Our current model results at 18.0 and 37.0
G H z show TB of about 205 and 133 K, respectively,
for the main core and 279 and 277 K for the cloudfree columns. Although the simulation shows slightly
smaller TB over the deep main core, there is substantial agreement between the model results and the
MPR measurements.

In the present investigation, special attention has
been given to the three cloud boxes (main core, front
flank, and rear flank) specifically identified in figure
3, for which we have computed two different kinds
of height-dependent radiative structure functions. W e

FIG. 4. Vertical profiles of equivalent water content (g rrr 3 ) for
the five hydrometeor species, given separately for (a) the main
core, marked C in Fig. 3; (b) the forward flank (F) of the main cell;
(c) the anvil-dominated area to the rear flank (R) of the main cell.

believe these weighting functions have great potential
for cloud and precipitation retrieval. The horizontally
averaged microphysical structures of the three boxes
are shown in figure 4 as vertical profiles of equivalent
water content in g rrr 3 for the five hydrometeor species. Corresponding columnar EWCs in Kg rrr 2 are
given in table 1. The box located in the anvil in the
rear flank of the storm is characterized by a medium
rain layer and medium precipitation at the ground
(about 20 mm h~1), and by high EWCs of ice crystals
and aggregates. The main core region box is characterized by a deep rain layer and high precipitation
Unauthenticated | Downloaded 01/09/23 12:03 PM UTC

8

Vol. 71, No. 1, January
Table 1. Columnar water contents (Kg • m 2) for the five
hydrometeor species given for the three selected cloud boxes.

Cloud Box
Front
Core
Rear

Cloud

Rain

Graupel

Crystal

Aggregate

1.02
1.11
0.96

1.16
6.18
2.32

0.04
4.93
1.21

0.03
2.82
4.66

0.00
0.04
0.30

at the ground (about 34 mm h~1), and by a high
concentration of graupel particles; the density of ice
crystals, however, is lower than for the rear box,
whereas very few aggregates are present. Finally, the
box located just in front of the deep core is characterized by a light rain layer and light precipitation at
the ground (about 4 mm h" 1 ), and by almost negligible concentrations of any kind of ice particles.
When using radiometric data to estimate rainfall
from space, it is advantageous to obtain as much information on the vertical structure of the precipitating
cloud as feasible. This is because the microphysical
nature of the main rain layers is not independent of
the remaining liquid and ice layers which extend up
to the cloud top. For this same reason, the radiative
appearance of a storm from a satellite platform is very
sensitive to the vertical structure of these liquid and
ice particles. Heuristically, combined knowledge of
the microphysical and radiative behavior of the layers
can be used to directly aid precipitation retrieval.
To this end, we have devised two different heightdependent radiative structure functions representing
the vertical source of the upwelling radiation to the
measuring radiometer. Both functions are defined in
terms of the relative contribution by a 1-km thick
atmospheric layer to the upwelling flux at the top of
the atmosphere—or identically to the upwelling
brightness temperatures since the Rayleigh-Jeans law
is usually accurate to within 1% for the microwave
upwelling TBs. In the worst case (main core) the error
involved in the Rayleigh-Jeans approximation is
about 1.5% at 85.5 G H z and about 0.2% at 19.35
GHz. The first function, which we call the "generalized weighting function" (GWF), is defined as the
relative contribution due to radiation which originates (both as emission and scattering) from a thin
atmospheric layer at altitude z and reaches the top
of the atmosphere without any further interactions
with the atmospheric constituents. This function,
which was inspired by the analysis of W u and Weinman (1984), is described in detail by Smith and Mugnai (1989). Subsequent to a study by Mugnai and
Smith (1988b), we made a slight modification to the
function to account for the inadequacy of the Rayleigh-Jeans approximation—particularly at the higher
microwave frequencies—for the low equivalent-

1990

Table 2. Contribution ( % ) by the land surface due to emission/
scattering to the upwelling brightness temperatures at the four
microwave frequencies given for the three selected cloud boxes.
Cloud Box
Front
Core
Rear

19.35 G H z

22.235 G H z

37.0 G H z

85.5 G H z

34.6
1.0
13.9

20.0
0.2
5.9

7.9
0.0
0.5

0.6
0.0
0.0

blackbody temperatures of the individual atmospheric layers. A popular misconception is that the
Rayleigh-Jeans approximation is inviolate throughout
the microwave spectrum; it is not, as a few simple
test calculations indicate. It is important to note that
this quantity, in conjunction with the associated relative surface contribution term (i.e., the fractional
contribution by the surface to the upwelling top-ofatmosphere flux) is a normalized quantity. Table 2
provides the magnitudes of the relative surface contribution for the regions identified above.

The second function, which we call the "emission
source weighting function" (ESWF), is defined as the
relative contribution to the upwelling J B s due solely
to emission from a layer at altitude z. It is evident
that this quantity, together with the relative contributions from the other direct sources of radiation
(i.e., the earth's surface and cosmic-background radiation of 2.7 K), must also be a normalized quantity.
The first weighting function treats scattering as a
pseudosource of radiation (and therefore the radiation scattered from a layer is treated in the same way
than that which is emitted), while the second weighting function considers emission to be the only "original" source of radiation. Thus, the first weighting
function indicates when the source of the radiation
impinging on the radiometer was last interacting with
the atmosphere/constituent mix, while the second
weighting function indicates where the radiation had
actually originated.
In order to assess the different role of the various
atmospheric constituents in determining the vertical
profile of the weighting functions, we have also subdivided the weighting functions into their component
parts arising from the microphysical categories intrinsic to the cloud model (i.e., cloud drops, raindrops,
graupel particles, ice crystals, and aggregates) along
with the active atmospheric gases (basically, water
vapor and molecular oxygen). Results are shown in
figures 5 and 6 for the two types of weighting functions (total and partitioned) for the three selected
boxes. Weighting functions for atmospheric gases are
not shown because they can be easily obtained by
subtracting the composites due to the various hydrometeors from the total weighting function.

It is interesting to compare the weighting functions
Unauthenticated | Downloaded 01/09/23 12:03 PM UTC
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FIG. 5. Vertical profiles of the generalized weighting function
(given in km -1 ) for the three selected cloud boxes. Results are
presented for both the total weighting function and its components
due to the five hydrometeor species. Note that the range of the
abscissa of the front flank graupel panel is multiplied by 10~1 with
respect to the indicated scale.

for the various hydrometeor species, as well as to
compare the two different kinds of weighting functions for any given species. The first comparison basically indicates what hydrometeor species are
possible to retrieve at any altitude based on knowledge of the total weighting function. The second
comparison indicates what kind of weighting function should be selected in order to better retrieve a
given atmospheric parameter, such as cloud liquid
water content. In addition, comparing the results for
the two different kinds of weighting functions is useful
in assessing the different roles of the various atmospheric constituents on the radiation, which is eventually measured by the satellite radiometer. For
instance, it is evident that graupel particles (if present), play an important role through scattering in the
upper layers whereas their emission source functions
peak within lower layers and at much smaller magnitudes.

9

FIG. 6. Vertical profiles of the emission source weighting function (given in km -1 ) for the three selected cloud boxes. Results are
presented for both the total weighting function and its components
due to the five hydrometeor species.

When comparing the vertical profiles of the two
kinds of weighting functions, the role of scattering by
hydrometeors (basically by large raindrops, graupel
particles, and aggregates) becomes evident. Scattering is, in fact, responsible for the relative differences
between the G W F s and ESWFs. Thus, when the concentration of large ice particles is negligible and that
of large raindrops is low (such as in the front box),
the G W F s and the ESWFs, as well as their components due to cloud drops or raindrops, are fairly
similar at any frequency. Therefore, under these
conditions, both weighting functions would provide
basically the same information on the microphysical
structure of the precipitating cloud.
On the other hand, when large ice particles and
raindrops are present in high concentrations, such as
to the rear of the main core and over the main core,
major differences are evident between the two
weighting functions. At any frequency, but especially
at the two higher frequencies, the ESWF peaks at
lower levels than the G W F . In addition, the contriUnauthenticated | Downloaded 01/09/23 12:03 PM UTC
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bution by raindrops, and especially cloud drops, to
the ESWF is significantly larger than to the corresponding G W F . For the main core, for instance, the
rain contribution to the G W F is almost negligible at
the two higher frequencies, while its corresponding
contribution to the ESWF is considerable. This different behavior is due to the fact that almost all the
radiation emitted by the raindrops at these frequencies is eventually scattered by the graupel layers before reaching the radiometer; as a consequence, the
graupel contribution to the G W F is about one order
of magnitude larger than to the ESWF. Thus, the
ESWF is more suitable for providing information on
the liquid component of the cloud. By the same token, the G W F is more sensitive to the presence of
large ice particles and thus can be used to obtain
information on their vertical distribution.
The specific differences between the generalized
and emission-source weighting functions are numerous. First, in the forward flank of the storm, in which
case the ice phase is not in evidence (see figure 4),
the total G W F at 85 GHz, as well as its component
due to raindrops, are slightly stronger than the ESWF
counterparts; on the contrary, the cloud component
is slightly weaker. This illustrates how scattering by
large drops concentrates the radiative source function
into the emission layer itself. This effect is only possible when ice particles are not present because their
emission properties are too low to compete with scattering within the scattering layers. For the storm main
core, the total G W F at 85 G H z has a strong peak
within the ice layers at approximately 12 km (i.e.,
the basic layer being observed), whereas the origins
of the signal, as described by the total ESWF, are
found in the cloud and rain layers between about 4
and 10 km. Furthermore, the storm core exhibits a
single peak in the 85 G H z but a double peak in the
ESWF because of the cloud-water layers that extend
above the rain layers up to a height of nearly 10 km.
At 37 G H z the same basic difference between the
total G W F and ESWF is seen. However, in this case
the cloud-water induced peak is smaller, so that the
ESWF shows a strong peak in the upper rain layers,
at approximately 4 km. In addition, the larger peaks
in the ESWFs at 37 and 85 G H z are at low levels
whereas the larger peaks of the G W F s are at higher
levels, again stressing how the original emitted radiation can become concentrated as a radiation source
due to scattering. But, in this instance, unlike the icefree region, the concentration takes place at higher
altitudes, away from the layers providing the original
emitted signal. At 19 and 22 GHz, although the total
G W F s and ESWFs peak at nearly the same vertical
level (i.e., at about 4 km), the ESWFs are of larger
magnitude and more peaked, clearly delineating the
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important role that scattering plays even at the intermediate frequencies. Furthermore, the basic asymmetric bimodal nature of the total G W F s at these two
frequencies within the core, which has large precipitation drops at lower levels and large graupel particles at upper levels, is lost by the corresponding
ESWFs.
In the rear flank of the storm, in which there are
high concentrations of ice crystals and aggregates but
less graupel than in the core, the cloud-water distribution controls the main peak in the total ESWF at
85 GHz. However, the combination of cloud and
precipitation drops controls the level of the peak at
37 GHz, and the raindrops furnish the dominant contribution at 19 and 22 GHz. The total G W F for the
rear of the storm is still dominated by the raindrop
contribution at the two lower frequencies. Yet, it exhibits a bimodal character at 37 G H z due to equally
important contributions by rain, cloud, and graupel
particles at about 3-5 km and by graupel alone at
about 7 km. Finally, the 85 G H z G W F peaks high in
the storm due to scattering by ice and graupel particles, and exhibits a ragged behavior derived from the
discontinuous size distributions of the ice crystals,
the ice crystals.
An examination of the component weighting functions adds additional insight into the role of the individual hydrometeors. For example, in the main
core, the cloud-water ESWFs at 37 and 85 G H z are
relatively strong with peaks near the top of the cloud
water layers (—7-8 km): however, the G W F s are
weaker at all frequencies and the peak levels and
shapes of the weighting functions are significantly altered by the scattering process. In the front flank of
the storm, the most important feature in the cloud
component weighting functions is particularly evident at 85 GHz. In this case, the basic bimodal
behavior in the ESWF induced by the bimodal
distribution of cloud-liquid water in the upper part of
the cloud layers (figure 3) is retained by the G W F ,
but the amplitude of the cloud G W F is significantly
reduced because of the dominance of the rain layers.
In the rear of the storm, the lower concentrations of
rain and graupel particles, as compared to the storm
core, allow both the ESWF and G W F cloud components to peak at lower levels (—4-5 km), where the
main cloud water layers are located. This is a very
striking effect at 85 GHz.
The rain-component weighting functions exhibit
considerable changes between the G W F s and the
ESWFs because rain particles are large enough to induce scattering effects at all frequencies. Note that at
19 and 22 G H z in the storm core, the basic difference
between the ESWFs and G W F s is a considerable reduction in amplitude because backscattering by rain
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and graupel simply reduces the influence of emitted
radiation. At 37 and 85 GHz, the G W F amplitudes
nearly disappear since scattering by graupel is the
controlling factor at these frequencies. In the forward
flank of the storm, precipitation above the 5-km level
causes both the G W F s and ESWFs to peak at a higher
level (6.5 km) as opposed to the 4-km levels associated with the storm core. This is a dramatic case of
how the vertical profile of rain water content can alter
the vertical coordinate of the maximum amplitude of
a weighing function which, in turn, forms the basis
for a monochromatic image. Another feature in the
forward flank that deserves mention is that the concentrating influence of scattering is very effective at
both 37 and 85 GHz. Note that the G W F s at these
frequencies are much more peaked than the ESWFs
which broaden down into the lower portion of the
rain layers. In the rear of the storm, both the ESWFs
and G W F s show overall similarities with the storm
core. However, the rain ESWFs now intersect ground
level at the three lower frequencies (the same phenomenon takes place at 19 and 22 G H z in the
GWFs). This causes the total ESWFs and G W F s at
these frequencies to intersect ground level. Note that
wherever a G W F intersects ground level, one can say
that the lower cloud and precipitation layers are contributing significantly to the appearance of an image;
for cases where the G W F s trail off to zero above the
surface, the contrary is true.
An important characteristic in the main core and
rear flank of the storm is that the rather strong amplitude of the rain ESWF at 85 GHz gives way to a
negligible G W F , which is the most dramatic illustration of why precipitation cannot be directly detected
in an active convective cell at 85 GHz. To the extent
that precipitation at the lower levels correlates with
the integrated water content of ice particles in the
upper levels, the 85 G H z images present an indirect
rendition of precipitation. However, wherever that
process decorrelates, the 85 G H z signals are simply
a picture of emission from upper-level liquid and ice
particles transformed by scattering in the upper
reaches of the cloud.

In the case of graupel, the peaks in the G W F s are
at a higher altitude than in the ESWFs within the
storm core and its rear flank. In addition, the G W F s
are all monomodal and of large amplitude whereas
the ESWFs are monomodal and of small amplitude
due to the basic low-absorbing/low-emitting properties of ice at these frequencies. In the forward flank
of the storm, very little graupel is present: however,
it is enough to generate the characteristic peaks in
the G W F s arising from scattering. For the same reason, the graupel ESWFs in this storm region are negligible.

The key feature of the ice-crystal weighting functions is the ragged nature of the G W F s for the two
higher frequencies. In contrast, the relatively small
amplitude EWSFs are smooth in appearance. This
behavior arises because the emission process itself
(regardless of the fact that it is of relatively low
magnitude) is rather insensitive to the size of the particles with respect to the actual size range of particles
within the cloud layers. The scattering process, on
the other hand, is very sensitive to the particle-size
distribution—which is a highly variable quantity for
the ice crystals—with respect to the height. Finally,
the relevant feature of the aggregate weighting functions, which is most apparent in the rear of the storm
where the aggregate content is relatively high, is that
at 85 GHz, the ESWF is weak, narrow, and peaks at
low altitude, whereas the corresponding G W F is
stronger, and broader, with a peak high in the cloud.
W e have also computed the relative contribution
to the brightness temperatures due to the total emission by the various sources of radiation, i.e., the atmospheric constituents, the earth's surface, and the
cosmic background. In this case emission by all the
atmospheric layers is taken into account at the same
time, as compared to the computation of the ESWFs,
in which emission by only a single layer at a time is
considered. Results (given in percentage) are shown
in table 3 for the three selected cloud boxes. It is

Table 3. Contribution ( % ) by the various sources of radiation
to the upwelling brightness temperatures at the four microwave
frequencies given for the three selected cloud boxes.
Frequency (GHz)
Source

Cloud drops
Raindrops
Graupel particles
Ice crystals
Aggregates
Gases
Earth's surface
Cosmic background
Cloud drops
Raindrops
Graupel particles
Ice crystals
Aggregates
Gases
Earth's surface
Cosmic background
Cloud drops
Raindrops
Graupel particles
Ice crystals
Aggregates
Gases
Earth's surface
Cosmic background

19.35

22.235

Front flank (F)
8.7
9.5
45.1
44.6
0.0
0.0
0.0
0.0
0.0
0.0
10.5
24.9
35.6
21.0
0.1
0.0
Main core (C)
11.8
10.6
79.0
62.8
1.2
1.5
0.7
0.9
0.0
0.0
6.1
22.1
2.1
0.6
0.3
0.3
Rear flank (R)
10.6
11.0
59.6
46.1
0.4
0.4
1.0
1.3
0.1
0.1
32.8
11.1
17.1
8.2
0.1
0.1

37.0

85.5

19.5
63.9
0.0
0.0
0.0
5.4
11.1
0.1

38.2
54.1
0.2
0.1
0.0
6.0
1.4
0.0

28.8
56.3
5.5
3.1
0.1
5.6
0.0
0.6

46.6
16.7
17.9
11.3
0.1
7.0
0.0
0.4

29.4
55.7
1.5
3.8
0.3
7.1
2.0
0.2

49.9
19.9
4.9
14.9
1.1
9.1
0.1
0.1
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worth noting that these values (divided by 100) are
the integrals over altitude z of the corresponding
ESWFs for the various atmospheric constituents.
By examining table 3 in conjunction with figure 6,
it is apparent that cloud drops and raindrops are generally the largest sources of upwelling radiation. Depending on frequency and cloud structure, up to 50%
of the upwelling radiation can be due to emission by
cloud drops, while contribution by raindrops can be
as large as 79%. However, the contribution by the
raindrops decreases rapidly with frequency in the
presence of heavy concentrations of ice particles
such as in the main core and rear flank of the storm.
The relative contributions due to the emission by ice
crystals and graupel particles, when they are present,
are small at the two lowest frequencies but become
more and more important as frequency increases. At
85 GHz, the emission contributions by the ice crystals and graupel particles are comparable to that of
the raindrops. Conversely, the contribution by aggregates is always small, i.e., generally less than 1%.
Finally, table 3 shows that the active gases (principally 0 2 and H 2 0 ) and the earth's surface can be
important original sources of radiation, depending on
frequency and the concentrations of the hydrometeor
constituents. The contribution to the brightness temperature by cosmic-background radiation is always
negligible.

space-based missions that will provide passive microwave measurements as part of the data system.
Notwithstanding the limits to the validity of planeparallel RTE modeling, our calculations indicate that
useful information on vertical cloud structures is present over a region between 10 to 130 GHz. W e believe that an optimal set of channels for applications
to precipitation retrieval would consist of at least
seven frequencies (i.e., 10, 15, 19, 22, 37, 85, and
130 GHz). These frequencies are situated between
the three main 0 2 and H 2 0 absorption lines and the
0 2 absorption complex, and would extend out to a
useful Rayleigh frequency at, for example, 10 G H z
where the generalized weighting and emission source
weighting functions become nearly identical.

The most important feature of table 3 is that it
shows how the sensitivity of the upwelling microwave radiation to each source of radiation changes,
depending on frequency and on the structure of the
precipitating cloud. For instance, at 19.35 G H z at
the main core, as much as 79% of the measured signal is due to emission by raindrops, while at 85.5
G H z only 17% is due to the same drops. For the front
flank of the storm, on the other hand, about half of
the measured radiation at any frequency is generated
by emission by the raindrops. Thus, table 3 furnishes
an indication of the possibility of "directly" measuring properties of the various sources of radiation under different atmospheric conditions.
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5. Conclusions and recommendations
Although precipitation retrieval remains a somewhat
elusive passive remote sensing problem because of
the ambiguities that arise in microwave brightness
temperature signatures of both precipitating and nonprecipitating clouds, it is evident that multiple microwave channels distributed over the EHF/SHF
microwave spectrum can vertically resolve much detail on the underlying hydrometeor structures within
a cloud. This lesson should not be lost on any future

It would be worth the cost of maximizing the frequency range of microwave radiometers, as discussed above, on the future rainfall monitoring
missions such as the proposed T R M M and EOS missions (see Simpson et al. [1988] and EOS [1987]). It
is essential

to understand

frequency

range

resolution

buys the removal

in these deliberations

buys vertical

resolution
of ambiguity.

and

that
vertical

O u r intent

in this article has been to stress this issue in some
detail because we believe that precipitation retrieval
is inherently a multichannel problem.
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