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ABSTRACT

Microwave emission emerging from a precipitating cloud top and lying in a radiometer’s field of view represents
the culmination of a complex interaction between emitted microwave radiation and its ongoing extinction
through overlapping regions of liquid, melting phase, and ice. The encounter with the ice region represents the
final interaction between the upwelling microwave radiation and the cloud constituents. Hence, an ice phase
characterization perhaps represents a more inherently retrievable property from a combination of scattering-
based channels above 37 GHz than the underlying rainfall. Model computations of top-of-atmospheric microwave
brightness temperatures T from layers of precipitation-sized ice of variable bulk density and ice water content
(IWC) are presented. The 85-GHz T is shown to depend essentially on the ice optical thickness, while the
possibility of using the 37- and 85-GHz brightness temperature difference AT} to estimate the integrated ice
water path (IWP) is investigated. The results demonstrate the potential usefulness of using scattering-based
channels to characterize the ice phase and suggest a top-down methodology for retrieval of cloud vertical structure
and precipitation estimation from multifrequency passive microwave measurements.

Radiative transfer model results using the multiparameter radar data initialization from the Cooperative
Huntsville Meteorological Experiment (COHMEX ) in northern Alabama are also presented. The vertical behavior
of the simulated multifrequency 75, albedo, and extinction is presented along with the associated multiparameter
radar measurements during the cloud lifecycle. Ice water path values estimated from the radar measurements
are compared with the above theoretical computations for the corresponding T values and show agreement
for values of IWP less than 1 kg m~2. Above this, assumptions in the form of the ice-size distribution fail to
-adequately characterize the ice scattering process. Brightness temperature Ty warming effects due to the inclusion
of a cloud liquid water profile are shown to be especially significant at 85 GHz during later stages of cloud
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evolution.

1. Introduction

The fundamental behavior of top-of-atmosphere
(TOA) brightness temperatures at millimeter wave-
lengths is well known (Wu and Weinman 1984; Wilheit
1986; Spencer et al. 1989). Emission-based schemes
function over oceans near operating frequencies of 19
GHz, where light to moderate precipitation rates cause
a brightness temperature T increase over the radio-
metrically cold ocean surface. Scattering effects saturate
the emission signal beyond a rain rate R of 20
mm h~!. As the operating frequency increases, rapid
increases of the volume scattering coefficient ultimately
give rise to significant scattering of the cumulative up-
welling radiation away from the radiometer field of
view. Near 90 GHz, the single scattering coefficient for
ice exceeds that of rain past a rain rate of about 10
mm h~!, resulting in a cold TOA Ts. Unlike the emis-
sion-based method, the dynamic range of the scattering-
based method is high (i.e., the slope of any theoretical
Tg versus R curve is highly negative over a wide range
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of rain rates) when precipitation-sized ice particles are
present and the underlying surface is essentially opaque
past a few millimeters per hour.

Combinations of both emission- and scattering-
based methods perhaps represent the best hope for pas-
sive spaceborne sensing of precipitation, independent
of the underlying surface (Simpson et al. 1988). Es-
sentially, the emission signal originates in the liquid
and melting phase hydrometeors (lower altitudes, lower
frequencies), while the scattering “signal” modulates
the emission signal, mainly in regions of ice (higher
altitudes, higher frequencies). Since TOA brightness
temperatures represent a vertically integrated effect at
the frequency of interest, the vertical structure of the
hydrometeor phase and type and the associated size
and shape distributions determine the intensity of the
microwave emission and extinction. Recently, signif-
icant contributions to the understanding of the evo-
lution of Tz behavior have resulted from coupling of
either cloud model output or radar observations to mi-
crowave radiative transfer models. Smith and Mugnai
(1988) and Mugnai and Smith (1988) examined the
time evolution of the cloud-drop distribution in a time-
dependent cloud model, noting the tendency for cloud
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liquid water to bias those theoretical T5~R relations
based on computations involving only precipitation-
sized drops. Additionally, Mugnai et al. (1990) have
developed two types of vertical weighting functions for
each hydrometeor species using the Colorado State
University RAMS (Regional Atmospheric Modeling
System) model, which represent the vertical structure
of the microwave thermal emission andl its subsequent
extinction for a given operating frequency. Adler et al.
(1990) studied the evolution of T versus R relations
throughout the time evolution of a 3D cloud model,
also observing the tendency for coexisting ice and cloud
liquid water to warm the TOA T. In addition, the Tp
versus R relations were seen to evolve with time. Both
results demonstrate the inadequacy of Tz versus R re-
lations for precipitation retrieval that are based on a
single frequency and a static storm vertical structure.
Knowledge of a single TOA T3 over a cloud structure
is not sufficient to reconstruct the cloud vertical struc-
ture uniquely; the situation is analogous to an under-
determined set of equations. Using a multifrequency
statistical analysis, Kummerow et al. (1989) and

Kummerow and Liberti (1990) varied the input pa- °

rameters in a microwave radiative transfer model in
such fashion as to impose agreement between the ob-
served and model-derived multifrequency 7 and ob-
tained significant concurrence between radar- and
model-derived rain rates.

Cloud models provide detailed information regard-
ing the particle-size distribution or mixing ratio of each
cloud constituent throughout the model cloud as it
evolves in time. When coupled with radiative transfer
models, diverse sensitivity studies regarding the role of
the vertical distribution of hydrometeor types upon the
cumulative upwelling microwave radiation are avail-
able. Although concurrent radar and airborne radi-
ometer data cannot be analyzed in such fine detail, and
microphysical properties must be inferred indirectly
from such radar observables such as reflectivity and
differential reflectivity Zpgr, this arrangement does
permit the joint analysis of the cloud structure as it
physically exists during the flight duration. During the
1986 Cooperative Huntsville Meteorological Experi-
ment (COHMEX), the first set of research-quality, co-
ordinated multiparameter radar and airborne radi-
ometer measurements were recorded (Williams et al.
1987). In an earlier publication by the authors (Vi-
vekanandan et al. 1990b), microphysical inferences
garnered from the NCAR CP-2 multiparameter radar
during COHMEX were used in an attempt to eliminate
many unrealistic storm vertical structures from the T
inversion process in hopes of improving passive mi-
crowave precipitation estimation from space. Fulton
and Heymsfield (1989) also compared coincident CP-
2 scans and radiometer measurements from a series of
airborne radiometer observations during COHMEX,
Brightness temperature 75 evolution agreed qualita-
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tively with the time-height evolution of the radar ob-
servables.

There has been a continuing interest in the utiliza-
tion of multiparameter radar products as a remote
sensing tool for cloud physics. Multiparameter radar
observables are dependent upon the distributions of
the particle size, shape, orientation, and composition
throughout the radar pulse volume. Forward modeling
studies of the behavior of differential reflectivity Zpg,
3-cm specific attenuation 43, and the linear depolar-
ization ratio (LDR) were performed by Bringi et al.
(1986) when studying graupel melting behavior and
hail detection in Colorado storms. Recent modeling
studies of the zero-lag cross correlation between the
horizontally ( H) and vertically (V') polarized returns
prvs, the associated differential phase shift ¢pp, and its
range derivative Kpp have been carried out at 10-cm
wavelength by Steinhorn and Zrni¢ (1988 ) and Bala-
krishnan and Zmié (1989) in hopes of further char-
acterization of rain and hail-size distributions and
mixed-phase characterization. Vivekanandan et al.
(1990a) used the Rasmussen and Heymsfield (1987)
graupel-hail melting model to compute the vertical
profiles of Zpr, A3, LDR, and Kpp at frequencies
matching those of the NCAR CP-2 and German DLR
polarimetric radars. Caylor and Illingworth (1989) and
Illingworth and Caylor (1989) have interpreted S-band
{3 GHz) LDR and pyy measurements in the melting
bright band and ice phases. Since oriented ice crystals
can yield significant ¢pp, it is hoped that its imple-
mentation in radar processors will allow improved
characterization of the ice phase throughout precipi-
tating storms (Evans and Vivekanandan 1990).

Given the need for additional information regarding
cloud vertical structure, the emphasis of a particular
hydrometeor type on TOA T} at several frequencies,
and the inherent ambiguity of the 7’5 inversion process,
the question remains, “What physical quantities can
one meaningfully extract from a multifrequency com-
bination of passive sensors within a tolerant degree of
accuracy and certainty?” Rain rate, being at the bottom
of the cloud vertical structure as observed by the
downward-viewing sensors, can never be linked directly
to any observed TOA T (although emission-based
schemes over ocean surfaces approach this ideal). The
overlying cloud structure always modulates the surface
rain emission signal with varying degrees of emphasis
depending on the frequency of observation.

Where present, however, the overlying ice remains
relatively unobscured from the sensors, perhaps pre-
senting an ice phase characterization as the most ob-
servable passive microwave measurement available
with scattering-based microwave frequencies above 37
GHz and reinforces the notion of characterizing the
cloud vertical structure from the top down. Few quan-
titative studies regarding the influence of ice-particle
microphysics upon the upwelling microwave radiation
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have been undertaken. Since the significance of passive
microwave techniques toward improved global precip-
itation estimation has long been recognized and stud-
ied, nearly all theoretical studies have tended to link
the underlying rain rate at the surface to the observed
Tg. This is because early satelliteborne radiometers
operated at or near emission-based frequencies where
T warming could be explained in terms of rain rates
over ocean computed from nearby radars. As the tech-
nology has advanced toward higher, scattering-based
frequencies, relations linking T3 to an equivalent rain
rate become ambiguous since the Tz depression arises
mainly from regions of scattering located near and
above the rain region. Hence, perhaps proper charac-
terization of the upper ice region should be the initial
step toward the eventual estimate of the underlying
precipitation. Smith and Mugnai (1989) conclude that
the major factor determining the higher-frequency
TOA Tpis the vertical scale of the ice column and note
the importance of the freezing mode (i.e., bulk ice den-
sity) at the highest frequencies. Vivekanandan et al.
(1990b) questioned the assumption of a fixed bulk ice
density for the ice distribution, observing TOA 92-GHz
T differences of near 40 K due to a change in the bulk
ice density from 0.6 to 0.9 g cm™>. Using the Mueller
matrix for small aspherical ice particles, Evans and Vi-
vekanandan (1990) calculated the multiparameter ra-
dar products and the scattered Stokes vector. At 85
and 157 GHz, significant T’z polarization differences
were noted depending on the bulk density, maximum
particle size, and aspect ratio. Active microwave tech-
niques of estimating precipitation and microphysics of
storms have advanced considerably due to multifre-
quency and multipolarization techniques ( Bringi et al.
1986; Bringi and Hendry 1990). But multifrequency
passive techniques are yet to be exploited to their full
extent for estimation of bulk cloud atmospheric prop-
erties other than rain rate.

In this study, we will explore the feasibility of re-
trieving the precipitation-sized integrated ice water path
(IWP) from scattering-based 73 observations. Qur ap-
proach will consist of simulations of the upwelling Tz
from layered models containing ice layers characterized
by different ice density and ice water contents. Al-
though inherent uncertainty exists in a vertical struc-
ture reconstruction from purely passive microwave
observations, it is hoped that estimates of the bulk
amount of precipitation-sized ice will lend credence to
the accompanying precipitation estimates.

2. Simulations of ice scattering effects to quantify ice
water path

It is well known that an ice layer interacts with up-
welling microwave emission essentially through a scat-
tering process. The scattering increases with frequency,
bulk density p, and the size of the ice particle (Heyms-
field and Palmer 1986), imparting a drastic cooling in
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T for a given ice water content (IWC) and the asso-
ciated vertically integrated ice water path (IWP), de-
fined by
Ztop
IWC(z)dz,

Zyot

IWP = (1)

where the ice water content at a height z is defined by

™ o(z, YPN(z, r)dr.

Tmin

IWC(z) = 4w
3
The quantities 7, and rma, represent the radii of the
minimum and maximum sizes in the ice particle size
distribution N(z, r); Zyo and z,, represent the bottom
and top heights of the ice region; p( z, r) is the ice den-
sity for a given height z and radius r. Radiative transfer
models that include multiple scattering due to ice
(Spencer et al. 1989; Smith and Mugnai 1989) char-
acterize the ice layer only as solid ice spheres of bulk
density p 0f0.92 or 0.45 g cm™>. In reality, precipitable
ice can exist at varying bulk densities and contents de-
pending on the environmental conditions. Thus, it is
important to study the effects of p on the upwelling
microwave radiation. Although the dielectric constant
¢, of an ice particle changes very little between 18 and
85 GHz for a given ice-particle bulk density, scattering
due to the ice layer modulates the upwelling brightness
temperature Tz in a nonlinear fashion. Mugnai et al.
(1990) have described a “generalized weighting func-
tion” (GWF) that is indicative of “contributions due
to radiation that originates both as emission and scat-
tering and reaches the sensor without any further in-
teraction with the atmospheric constituents.” Such
functions peak at higher altitudes for graupel at fre-
quencies of 37 and 85 GHz over the main core of
storms that contain significant ice quantities. Their
studies suggest that it may be possible to use 37- and
85-GHz Tz measurements over precipitating clouds to
retrieve some information on the ice phase alone. As
mentioned in section 1, a brightness temperature rep-
resents the culmination of an integrated effect through
the entire cloud structure. If the 37- and 85-GHz T
are relatively independent of the intensity and depth
of the underlying rain, perhaps these integrated-effect
brightness temperatures are related in some fashion to
the integrated ice water path. The following sections
will describe a theoretical basis for the possible existence
of such a relation.

(2)

a. Single-scattering characteristics of ice

For a given frequency, the volume scattering coef-
ficient k., representing a polydispersion of ice particles
increases with the bulk density of the ice particles. For
a given integrated ice water path, it is possible to get a
wide range of brightness temperature depressions due
to scattering depending on the bulk density of the ice
scatterers. To quantify the scattering due to ice at vary-
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ing bulk densities, radiative transfer model results are
presented for a variety of ice distributicns characterized
by different densities p and ice water contents.

Particle shapes are assumed to be spherical and Mie
scattering techniques are used to obtain the scattering
characteristics. Particles with a bulk density less than
0.9 g cm™3 are treated as an air—ice mixture, and the
corresponding dielectric constant was computed as
outlined in Tiuri et al. (1984). For exponential size
distributions of varying ice content and bulk densities,
total scattering cross sections are computed. All par-
ticles in the size distribution are assumed to exist with
the same bulk density. Since the absorption is negligible
in the absence of any water component, the albedo is
nearly (but never exactly) unity.

To quantify the ice extinction coefficient for com-
binations of various bulk densities and ice water con-
tents, a two-parameter analysis was performed. An ex-
ponential size distribution was assumed and the slope
and intercept were varied to produce ice water contents
up to 3.5 g m™3. The upper limit of 3.5 g m™~3 represents
an equivalent meltwater rain rate of near 100
mm h™'. Integration was carried out over radii ranging
from 100 um to 3 mm, independent of the density
used. The following results were obtained at frequencies
of 18, 37, and 85 GHz:

18 GHz:
kext = 0.012p%28TWC 167 (3)
37 GHz:
kext = 0.180p%48°TWC 160 (4)
85 GHz:
kexs = 2.08p%7°'TWC!#!  TWCp < 0.5
ket = 1.71p%48ITWC"®  IWCp = 0.5, (5)

where k., is the extinction coefficient (km™') p is the
bulk ice density (g cm™) and IWC is the ice water
content (g m™>), as defined in (2). The accuracy of
the fit decreased with increasing frequency and k.,
but in all cases the correlation coefficient between the
actual and fitted values of k., exceeded 0.995.

These quantitative relations show that the extinction
coefficient increases with frequency for the simple ex-
ponential, fixed-limits size distribution used. The bulk
extinction coefficient increases roughly by a factor of
15 between 18 and 37 GHz, which can be explained
by A* scaling in wavelengths. The increase in extinction
coefficient is reduced between 37 and 85 GHz, signi-
fying that Mie scattering effects are significant. Scat-
tering of upwelling microwave radiation depends on
ice optical depth 7, which in turn depends on the ice
kex:. From the above equations, it can be deduced that
optical depth 7 at 85 GHz is roughly 150 times greater
than that at 18 GHz. Hence, ice-layer scattering is sig-
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nificantly enhanced at 85 GHz compared to that at
18 GHz.

Mugnai et al. (1990) note that unlike the emission
process, the scattering process is very sensitive to the
ice-size distribution, which itself is variable with respect
to height. Therefore, the form of Egs. (3)-(5) may
change significantly if the ice-size distribution deviates
from an exponential form.

b. Dual-frequency technique to infer ice water path

Estimation of rain rate by passive microwave tech-
niques is affected by the presence of other cloud con-
stituents such as cloud liquid water, melting phases,
and ice particles. Brightness temperature 73 warming
effects due to melting were discussed in Vivekanandan
et al. (1990b). Smith and Mugnai (1988 ) demonstrated
the effects due to cloud water on rainfall rate estimates
over oceans. Brightness temperature 7Tz depressions
resulting from the presence of precipitation-sized ice
has been shown by multilayer radiative transfer models
and measurements over convective storms (Wu and
Weinman 1984; Spencer et al. 1989)

In relation to ice-layer effects on upwelling radiation,
only Tz depressions have been correlated with storm
severity, such as the presence of hail (Fulton and
Heymsfield 1989). Also, it is known that over land, in
the absence of an ice layer, the variation in the 37- and
85-GHz TOA Tgis small (10-20 K) in comparison to
T depressions that could otherwise be as high as 100
K with the ice layer. Beyond 10 mm h ™!, the upwelling
T from a single layer of rain alone is not significantly
affected by further increases in the rain intensity (Fig.
5, Vivekanandan et al. 1990b). Thus, in principle, mi-
crowave frequencies such as 37 and 85 GHz that are
sensitive to scattering due to ice can be used to char-
acterize the ice layer rather than the rain layer. The
method outlined here is only a first attempt to quantify
the ice layer and is simplified by eliminating other ef-
fects, such as the presence of cloud water and a melting
phase. Of these two, the documented T’z “masking ef-
fect” due to the presence of coexisting cloud water and
ice presents the most serious shortcoming to the prac-
ticality of this technique, as mentioned in section 1.
We are currently investigating correction techniques
to account for cloud-water contamination of 7.

For this study the assumption of plane-parallel at-
mosphere is invoked. The vector radiative transfer
model determines the Stokes parameters for radiation
diffusely scattered, absorbed, and emitted by the at-
mosphere. The general method of solution for the ra-
diative transfer problem is based on the method of
doubling and adding (Stephens 1976). The essence of
the method relies on the repeated use of the linear na-
ture of the interaction principle, which itself is a state-
ment of the interaction of radiation with the medium
through the reflection and transmission matrices. The
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radiative transfer model used in this section has two
layers (ice overlying rain ) and includes surface emission
and reflection effects (Vivekanandan et al. 1990b). In
general, the radiation transfer model can accommodate
as many layers as needed depending on the inhomo-
geneity of the vertical storm structure. This feature will
be utilized in section 3.

As the ice extinction coefficient k.,; was quantified
in terms of ice density p and ice water content, we wish
to quantify the 75 behavior over simulated clouds con-
sisting of an ice layer overlying a rain layer. As before,
the ice layer is also characterized by a bulk density p,
ice water content, and in this case, thickness. Upwelling
brightness temperatures were computed at 37 and 85
GHz using radiative transfer model computations at a
51° view angle for ice layers consisting of various com-
binations of p and IWC. The 51° view angle has been
used by other researchers and lies between the incidence
angles of the SMMR (49°) and SSM/I instruments
(53°). In order to conserve mass between the rain and
ice layers, the intercept coefficient of the exponential
ice-size distribution (Ny'“*) was scaled to the rain ex-
ponential distribution such that Ny p'® = N™" p™",
where p'* (denoted hereafter simply as p) varied from
0.2 t0 0.9 g cm™> throughout the simulations. Another
way to conserve mass would be to scale the ice particle
radii according to the ice density in some prescribed
fashion while leaving Ny™i" = Ny As pointed out by
Mugnai et al. (1990), the scattering process is very
sensitive to the distribution of the ice particle sizes,
unlike the emission process. For each simulation, the
ice-layer optical depth 7 at 85 GHz and the vertically
integrated ice water path IWP were also calculated for
graphical display.
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Figure 1a shows TOA 85-GHz T versus the ice op-
tical thickness 7 for 4-km ice layer overlying a 4-km
rain layer, the ice layer possessing a range of ice bulk
densities as labeled. Obviously, many of the points at
either end of the curves represent physically unlikely
situations. For example, high-density ice such as hail
is most likely found in thunderstorms with high values
of ice water content. Conversely, low-density ice such
as snowflakes is often found in winter storms with low
amounts of ice water content. Eliminating these, the
ice 7 only varies by about 25% for a given T above
100 K. Figure 1b shows the TOA 37-85 GHz T dif-
ference (hereafter denoted by A7) versus the vertically
integrated ice water path (IWP) for the same simula-
tions as in Fig. 1a. In the absence of any ice, the curves
show an inherent 10-20 K AT} due to differing em-
issive and scattering effects from the underlying rain
alone, which rises to near 100 K when larger ice water
contents and ice densities are introduced. Past an IWP
>3 kgm2and p > 0.4 gcm™>, AT begins to decrease.
This is due to the near balance between emission and
scattering in the rain layer at 85 GHz. As a result, the
emission emanating from the top of the rain layer re-
mains fairly constant, and the TOA 85-GHz Tz “bot-
toms out™ past a given rain rate. At 37 GHz, a similar
effect occurs at a reduced intensity, so the TOA 37-
GHz Typ still decreases. Therefore, the 37-85 GHz T
difference begins to decrease from its peak value. Below
this IWP threshold the ATz-IWP curves nearly merge
together independent of the ice density, which is in the
range of physically realizable situations in heavy thun-
derstorms. In addition, computations using other ice-
layer thicknesses superimpose upon Figs. 1a,b closely.
This is not too surprising, since IWP and 7 both rep-
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FIG. 1. (a) 85-GHz TOA T} vs ice optical thickness 7 and (b) TOA 37-85 GHz T difference AT} vs vertically integrated ice water path
(IWP) for a 4-km ice layer overlying a 4-km rain layer. Each curve represents a different ice density, where the ice density ranges from 0.2
to 0.9 g cm™3, The points on each curve represent rain rates from 0 to 100 mm h~!. The intercept N, of the exponential ice-size distribution
has been scaled to conserve mass throughout both layers. Discrete data points represent results from the COHMEX modeling presented in

section 3.
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resent a vertically integrated effect; values of which can
result from various combinations of p, ice water con-
tent, and layer thickness, in much the same way that
T also represents an integrated effect due in part to
these same constituents.

Such dual-frequency schemes have been utilized in
the past. Before the 85 GHz capability of radiometers
such as that aboard the SSM /I were available, Spencer
and Santek (1985) used the 18-37 GHz T difference
from Nimbus-7 SMMR observations to map the extent
of global convection over land. The differencing scheme
was adopted to remove many effects due to variations
underlying the rain region, such as surface emissivity
and thermal temperature, since this 7 difference is
much less affected by these variations than is single-
channel data. At 37 and 85 GHz, the sensitivity to
surface emissivity variations is reduced (Mugnai et al.
1990), especially over regions containing significant
ice. Similarly, the 37-85 GHz 7 difference is also less
affected by the effects underlying the ice region, such
as the vertical extent and intensity of the rain region,
which is the major source of the upwelling radiation
that the ice scatters. Model results show that the vari-
ation in both the 37- and 85-GHz TOA T3 due to
variations in rain-layer thickness and intensity is about
20-30 K over a land surface characterized by an emis-
sivity of 0.9. Differencing the two T removes much
of this vaniation. Hence, this T3 differencing scheme
removes much of the variation that may exist in regions
below the ice, allowing ice characterizations to take
place that may otherwise be more ambiguous when
interpreted from a single channel. We have not per-
formed simulations containing an ocean surface. Since
a calm ocean is both radiometrically cold and highly
polarized, lower frequency channels such as 19 GHz
can be used to identify this situation. Also, the emis-
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sivity of a calm ocean surface increases with frequency,
thereby yielding negative values of A7 s. This technique
for IWP retrieval is analogous to the use of near-in-
frared (NIR) and infrared (IR) T differences for re-
motely sensing the optical thickness of cirrus clouds,
based on the fact that particle albedo decreases with
increasing particle radius in the NIR, while albedo in-
creases with increasing particle radius in the more
strongly absorbed IR region (Stone et al. 1990).

Figure 2a shows TOA 85-GHz T's versus ice optical
thickness 7 for a 0.4 g cm™ ice layer overlying a 4-km
rain layer and a range of ice-layer thicknesses as labeled.
Again, many of the points at either end of the curves
represent physically unlikely situations, and the ice 7
varies slightly more for a given 7’3 than in Fig. 1a. The
corresponding A73-IWP curves in Fig. 2b also show
somewhat more deviations from each other than in
Fig. 1b, but when some situations are eliminated (i.e.,
the region of decreasing A7 as explained earlier) the
curves still demonstrate considerable dynamic range
(about 50 K AT over an order of magnitude in IWP).
Computations performed at other average bulk den-
sities show similar features in regard to the behavior
of Figs. 2a,b.

3. Detailed microwave radiative transfer modeling of
a COHMEX storm

The 20 July 1986 storm from the COHMEX ex-
periment in northern Alabama has been studied ex-
tensively through the use of both multiparameter radar
observations and cloud modeling (Tuttle et al. 1989;
Wakimoto and Bringi 1988). The storm was observed
by three Doppler radars, including the CP-2 multipar-
ameter radar operated by NCAR. Cloud tops reached
14 km, and the resultant collapse produced hail, heavy
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FiG. 2. 85-GHz TOA T} vs ice optical thickaess 7 and (b) TOA 37-85 GHz T} difference ATy vs vertically integrated ice water path
(IWP) for 0.4 g cm™ bulk ice density layer overlying a 4-km rain layer. Each curve represents an ice-layer thickness, ranging from 0.5 to 8
km. The points on each curve represent rain rates from 0 to 100 mm h™'. The intercept N, of the ice-size distribution has been scaled to
conserve mass throughout both layers. Discrete data points represent results from the COHMEX modeling presented in section 3.
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rain, and a 30 m s~! differential radial velocity micro-
burst. The life cycle of the main activity from growth
to collapse was approximately 30 min. Details of the
synoptic conditions along with coincident cloud pho-
tography and CP-4 scans are given in Wakimoto and
Bringi (1988), while a detailed discussion of the storm
microphysical evolution in relation to the multipara-
meter radar observables is presented by Tuttle et al.
(1989). The latter reference also presents output of a
two-dimensional, time-dependent cloud model.

Based on the vigorous microphysical conditions that
accompanied the 20 July storm, we feel that this storm
represents an excellent candidate for microwave radia-
tive transfer modeling. Current research efforts in this
area are directed toward multifrequency observations
and improved characterization of vertical bulk micro-
physical structure (Kummerow et al. 1989). In an ear-
lier study by the authors ( Vivekanandan et al. 1990b),
multiparameter radar data gathered with the CP-2 radar
during the 23 June 1986 storm was used to initialize
a microwave radiative transfer model. Results were
compared with a series of ER-2 overflights gathering
TOA radiometer measurements at 18, 37, and 92 GHz.
The model was limited to three layers, and only radar
data in the vicinity of the brightness temperature min-
imum was used. Since the ER-2 navigation can drift
3-4 km h™! (Galliano and Platt 1990), difficulties were
encountered in aligning the brightness temperature
time series with the corresponding features in the radar
data.

Recent improvements in the radiative transfer model
incorporate a multiparameter radar “module” to di-
rectly compute the extinction coefficient, albedo, and
Mie phase matrices from the various radar products
coefficient. The input radar data are stored in MUDRAS
format (Mohr and Miller 1983). For the CP-2 radar,
this input data includes both horizontal and vertically
polarized 10-cm reflectivities (Z and Zy, respectively),
3-cm LDR, and 3-cm horizontally polarized reflectivity
Xy corrected for attenuation using the method of Tuttle
and Rinehart (1983), all in units of decibels (dB).
From these products, one can obtain the 3-cm specific
attenuation A, in units of decibels per kilometer (dB
km™"), the differential reflectivity Zpr = Zy — Zy, and
the attenuation-corrected dual-frequency ratio (DFR
= Zn — Xy). The vertical spacing chosen during the
MUDRAS processing determines the layer thickness of
the plane parallel radiative transfer model. In this study,
we have used Ax = Ay = 0.25 km and Az = 0.5 km.
The radiative transfer model described in section 2b
was refined for this application. The up- and down-
welling Stokes vector in between each 0.5-km thickness
layer is available to allow for direct comparison of the
vertical evolution of the upwelling brightness temper-
atures, extinction, and albedo alongside the vertical
profile of the radar observables over the horizontal re-
gion of interest. Although only the top of atmosphere
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(TOA) radiances are recorded by spaceborne or air-
borne radiometers, behavior of the cumulative up-
welling brightness temperatures, extinction coefficients,
and albedo is useful for studying the role that the bulk
particle microphysics in modulating the upwelling ra-
diances. This is especially useful in studying the effects
of the melting process, addition of cloud liquid water,
and bulk ice density variations.

a. Incorporation of the CP-2 data into the model

The CP-2 volume scans were interpolated into a
three-dimensional array of points with the radar at the
Cartesian origin. The layered model incorporates three
stages of water phase: rain, melting (water-coated ice
spheres), and ice. The two parameters of the rain ex-
ponential size distribution N(D) = N, exp(— AD) were
computed as detailed in Vivekanandan et al. (1990b).
These were computed for every Az thickness up to 2.4
km above ground, where the melting process is as-
sumed complete or nearly so. Briefly, this method uses
the Z; and Zpr measurements averaged at each height
over the horizontal region of interest (denoted by Zy
and Zpgr) as the dependent variables in a rain-rate re-
lationship. Above this, the intercept Ny of the expo-
nential size distribution for the melting and ice layers
is scaled as to follow the observed Zj, reflectivity profile
up to the 10-dBZ cloud top. A linear decrease in the
volume fraction of meltwater on melting ice spheres is
assumed up to the level of the disappearance of the 3-
cm specific attenuation A;. All particles in the distri-
bution of the melting phase contain the same volume
fraction of water. The limits of integration for the size
distribution ranged from 100-pm to 3-mm radius, in-
dependent of density. As discussed, the choice of a
suitable bulk ice density plays a major role in deter-
mining the scattering coeflicient of the ice-particle size
distribution and hence the amount of scattering taking
place in the upper ice layers. We have used a value of
0.9 g cm ™3 in the presence of any dual-frequency ratio
hail signal, and 0.6 g cm™> elsewhere. The H and V'
surface emissivity can be specified at each quadrature
angle; for this study we used an unpolarized Lamber-
tian surface with an emissivity of 0.9. A vertical tem-
perature profile of 6.5°C km™! is taken into account
for thermal emission and dielectric constant €,. Surface
temperature was set to 25°C.

b. Effects of nonprecipitating cloud water

One provision that must be accounted for heuristi-
cally is the presence of nonprecipitating cloud water.
Radars operating at wavelengths of 3-10 cm are not
sensitive to normal amounts of cloud water. Since the
cloud water drops are small (<100 um) compared with
the wavelengths of both the radar and radiometer fre-
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quencies, the absorption (and hence extinction) coef-
ficient of cloud water is independent of the cloud drop-
size distribution and is given by (Gossard and Strauch
1983):

6
kslowd = (0.434) —3;- Im(—K) Meous (dB km™); (1)
p

where M ,uq1s the cloud liquid water content (LWC,
gm™3), X the wavelength (cm ), p the density (gcm™3),
and Im(—K) is the imaginary part of (—K), where K
= (¢ — 1)/(¢ + 2); Im(—K) increases quickly below
X = 1 cm and also increases with decreasing water tem-
perature. At 10 GHz, a 1 g m™> cloud LWC at 0°C
gives rise to about 0.1 dB km™! of extinction, below
the accuracy in which we can currently estimate the
specific attenuation 4; using attenuation-correction
techniques.

Cloud-water effects can be significant at all com-
monly used radiometer frequencies. Near 19 GHz,
TOA Tj increases over a cool ocean represent contri-
butions from the lower altitude liquid phase, but high
cloud LWCs from nonprecipitating clouds can also
produce T3 warming over a radiometrically cold ocean
surface. The extinction due to a 1 g m™> cloud LWC
at 85 GHz and a temperature of —10°C is considerable
(about 5dBkm™' or 1 km™'). Since supercooled cloud
LWC does not contribute significantly to scattering, its
net effect when coexisting with ice is to increase the
overall extinction and hence reduce albedo, thereby
reducing the scattering “signal” where present and
warming the TOA T. This “masking effect” was noted
by Smith and Mugnai (1988) and Adler et al. (1990),
especially at later cloud development times and higher
frequencies, where deep ice layers have formed in the
presence of supercooled cloud water existing at tem-
peratures below —10°C. Due to the nearly invisible
nature of cloud water as far as radar detection is con-
cerned, we will test the effect of introducing a prescribed
profile of cloud water in the next section.

¢. Time evolution of the storm microwave radiative
transfer

A thorough explanation of the 20 July 1986 storm
evolution using the CP-2 radar observables is given in
Tuttle et al. (1989); we will quote their results often.
From 1340 to 1405 CDT (all times will refer to central
daylight time), small cells with 7-km maximum cloud
tops exhibited 45-dBZ maximum reflectivity with Zpg
values as high as 3 dB. Caylor and Illingworth (1987)
noted similar values in Great Britain and suggested
that these positive Zpr columns were indicative of a
small concentration of large supercooled raindrops as-
cending in an updraft. Lack of any significant specific
attenuation A, indicates small amounts of precipita-
tion-sized LWC.
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The vertical profile of the horizontally averaged CP-
2 radar products Zy, Zpr, and A4, over the cloud di-
mensions at 1406 is shown in Fig. 3a. Differential re-
flectivity Zpg is obtained by taking the ratio of Zy and
Zy over the region of interest. Near 7-km height, Zpg
values have fallen to near 0 dB while 45 retains values
of about 0.8 dB km™!, suggesting the increased presence
of cloud and smaller precipitation-sized drops. A strong
updraft of 25 m s~ is present ( Tuttle et al. 1989). The
peak Zj is elevated to near 5-km height, where larger-
sized supercooled raindrops are present.

The vertical profile of the model 18-, 37-, and 85-
GHz upwelling 75 is shown in Fig. 3c. Effects of cloud
LWC inclusion are shown on dashed curves. Unless
otherwise stated, the superimposed cloud LWC vertical
profile started at cloud base (1.5 km), reached 1 g m™>
at —10°C (5.4 km), and tapered back to zero near
—35°C (9.4 km). This may be realistic during the early
stages of cloud growth by collision—coalescence pro-
cesses; nevertheless, we have retained it throughout for
comparative purposes. From Fig. 3¢, 85-GHz cloud
LWC effects become significant near 5.5-km height and
contribute to a 7-K TOA warming from 227 to 234
K. Figure 3d shows that the 85-GHz albedo (albedo
denoted by w) is affected by cloud LWC above 2.5 km,
falling from 0.5 to 0.4. At 37 and 85 GHz, w quickly
rises to near 1.0 above 8 km, where glaciation is starting
to occur, and emission due to atmospheric water con-
tent is reduced. An abrupt discontinuity in w occurs at
all frequencies, near the region of glaciation.

At all three frequencies, the T'g vertical gradient de-
creases sharply near the 4-km height. At 85 GHz, T
steadily decreases with height above 0.5 km; similar
behavior at 18 GHz is not noted until near 3 km. This
behavior is borne out in the vertical profile of extinction
coeflicient k.,; shown in Fig. 3b. The 85-GHz k., ex-
ceeds 1.2 km™! near the surface, resulting in a rapid
increase in the associated optical thickness 7. For all
frequencies, k., peaks near the Z; maximum.

At 1409, initial appearance of the DFR hail signal
was noted near 7-km height, indicative of continued
growth by accretion and freezing (Fig. 4). The DFR
values are between 3 and 4 dB. The attenuation 43 has
increased to 1.2 dB km™!, reaching a maximum near
the hail signal (liquid to ice) region. The vertical extent
of positive Zpgr was reduced, with the Z, peak collo-
cated with near zero Zpg. At 1412, the region of DFR
hail signal extended to 8.5 km. Surface rainfall had
increased, and the large 43 core near 5 km began to
descend.

At 1414, cloud tops reached 13 km, and the updraft
had weakened. The CP-2 RHIs show a distinct Zpg
“notch’ located near the surface, indicating that hail
was now reaching the surface (Bringi et al. 1986). The
reflectivity Z consists of two distinct maximums, the
upper one collocated with a strong region of DFR hail
signal and the lower one immediately below the peak
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FIG. 3. Radiative behavior at 18, 37, and 85 GHz at 1406 CDT 20 July 1986. (a) Vertical profile of the horizontally
averaged radar products Zj (scaled by a factor of 0.1), Zpr, and A43; (b) vertical profile of the associated cloud extinction
coefficient; (c) vertical profile of the simulated cumulative upwelling 7 based on CP-2 multiparameter radar-initialized
radiative transfer modeling; and (d) vertical profile of the associated cloud albedo. Adjacent dotied-line curves include a cloud

liquid water profile as discussed in section 3.

A3 of 1.5 dB km™' (Fig. 5a). DFR values reached their
peak of 5-8 dB here. This enhancement in 4 falls
below the region of DFR hail signal, where the initial
melting of the ice gives rise to an 4; enhancement
(Hansman 1986; Vivekanandan et al. 1990a). Bright-
ness temperature 7’5 behavior is illustrated in Fig. 5c.
The 37- and 85-GHz T fall to 210 to 110 K, respec-
tively, with cloud LWC responsible for 8 and 20 K of
TOA T warming, respectively. Cloud LWC effects be-
come noticeable above 3 km. The 18-GHz T behavior
remains relatively unaffected above 4.5 km, while 85
GHz falls steadily in the upper and lower regions of
melting and ice, respectively. Interestingly, the up-
welling 37-GHz T exhibits two distinct peaks in its
vertical gradient, near 4 and 8 km. Evidently, the cu-
mulative upwelling radiance is influenced by the ex-
tinctive properties of the LWC near 4 km, as well as
the scattering properties of the hail aloft. The 37-GHz

-— 77T
- 1409 CDT
10 -1
=8 .

E DFR HAIL Z
= 8 SIGNAL H
'_6_ —
T
o L Z -
i
DR
T,L _
2 -
- 4
o L1 1 lllllllillLlllJ

1
0 2 3 4

FIG. 4. Vertical profile of the horizontally averaged CP-2 radar
products at 1409 CDT 20 July 1986; Z,, is scaled by a factor of 0.1.
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kex: reaches only 0.1 dB km™! near 8-10 km in Fig. 5b,
due to ice scattering (w = 0.98), while ©» ~ 0.4 near
4 km (Fig. 5d), indicating extinction is nearly split
between absorption and scattering of the melting hail
and rain. The 85-GHz k., magnifies this effect; it
reaches a peak k., of 2.2 and 0.8 km™' near 3 and 9
km, respectively. The ice scattering and enhanced ab-
sorption effect due to melting is strong enough at 85
GHz to produce a steady vertical gradient in the as-
sociated 7y over the entire region of the DFR hail
signal. o _

The vertical profiles of Zy, Zpr, and A5 at 1420 is
shown in Fig. 6. During this time the precipitation core
continued its descent to the ground. The average rain-
fall R of 35 mm h™! reached its peak at 1420, where
the A3 core had nearly reached the surface, reaching a
peak value of 1.5 dB km™! near 3 km. The Zpg column
has collapsed, increasing near the freezing level and
reaching a peak of 2.1 dB at the surface. A smaller,
lower region of DFR hail signal is present and the dou-
ble maximum in Zj is still noticeable.

Near 1423, the DFR hail signal disappeared and the

reflectivity core had nearly reached the surface, as
shown in Fig. 7a. The attenuation 4 increases steadily
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FIG. 6. Vertical profile of the horizontally averaged CP-2 radar
products at 1420 CDT during 20 July 1986; Z, is scaled by a factor
of 0.1.
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downward, reaching a peak of only 0.5 dB km™! near
the surface. Cloud tops were near 11 km and Zpy in-
creased steadily below the freezing level of 4.5 km with
a slight depression near the surface indicative of rain
mixed with small hail. Both the 37- and 85-GHz TOA
T have warmed since 1420. Large values of Z4 and
Zpr near 3 km yield extreme values of k., reaching
3.5 km™! at 85 GHz (Fig. 7b). As noted in Figs. 7b,d,
cloud LWC effects change the vertical profiles of ey,
and w significantly above the freezing level of near 4.5
km. Brightness temperature 75 behavior is affected by
cloud LWC somewhat lower, near 3 km, where there
is already some effect on the reduction of the 85-GHz
albedo and its associated T warming. As before, 18-
GHz upwelling T remains essentially unaffected by
an addition of cloud LWC.

Note that if cloud LWC is not included in the 1423
model, the lack of any significant precipitation-sized
liquid or melting hydrometeors among the ice above
4.5 km produces a sharp discontinuity in the vertical
profile of w, regardless of frequency, as seen in Fig. 7d.
Smith and Mugnai (1989) have also noted this when

considering the effects of large ice particles in a precip-
itating model cloud, the absence of a mixed phase
thereby “misrepresenting the layers which would, un-
der normal conditions, contain a mixture of water and
ice particles.” While our superimposed cloud LWC
profile somewhat filters out this discontinuity, it also
greatly warms the upwelling 85-GHz T from 170 to
233 K. Brightness temperature T warming due to
cloud LWC quickly reaches 55 K by 6 km. With cloud
LWC, the 85-GHz w remains near 0.5 up to 8 km,
destroying much of the scattering effects of the precip-
itation-sized ice particles by adding additional emission.
The 18- and 37-GHz albedos are similarly affected, but
reach a TOA value of only 0.52 and 0.96, respectively.
The reduction in 37-GHz w is enough to produce a 10
K warming in TOA Tz, while 18-GHz k.,, near 6 km
is so slight that any redistribution of scattering-emis-
sion effects are not discernible throughout the T’ ver-
tical profile. These vertically detailed radiative transfer
model computations demonstrate the sensitivity of the
cumulative upwelling 7'z to the dynamic microphysical
structure of the storm.
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A complete time history of the simulated TOA T
and average rain rate R derived from radar as described
earlier is shown in Fig. 8. With the onset of the DFR
hail signal in the radar data, 85-GHz T falls rapidly,
bottoming out near 90 K from 1414-1420, while R
increases from 15 to 35 mm h™!. Effects of cloud LWC
increase 85-GHz TOA Tz from 113 to 182 K over the
same time interval. Although the superimposed cloud
LWC profile is not realistic at later cloud times, it does
demonstrate that cloud water significantly affects any
rain-rate retrieval schemes that may use the 37- and
85-GHz channels. The 37-GHz Tz behavior smoothly
decreases, then increases over the 30-min period,
reaching a minimum 75 of 202 K near 1414. The TOA
response at 18 GHz, being mainly sensitive to the
amount of underlying liquid water content, shows nice
agreement with trend of the vertically integrated melt-
water path (MWP) (plotted in Fig. 9), with limited 7’5
dynamic range over the warm land surface. The inte-
grated meltwater path is computed by replacing IWP
and IWC with MWP and liquid water content (LWC),
respectively, in Egs. (1) and (2), and replacing the
density p(z,r) with the constant value of 1 g cm™>.
Until 1409, the collision-coalescence vertical growth
of the storm produced an increase in MWP from 5 on
to 7.5 kg m~2, while the 18-GHz T cooled from 275
to 250 K. From 1409 to 1414, the MWP fell to 5.5
kg m™2 (due to glaciation), while the 18 GHz T rose
only 10 K, due to the limited dynamic range of the
18-GHz channel over land surfaces ( Vivekanandan et
al. 1990b). The 3-K cooling is noted at 1417 when the
MWP rises back to near 8 kg m™2 (due to increased
rainfall and melting hail).

In contrast, the noncloud water contaminated 85-
GHz TOA T3 follows the associated ice optical thick-

300

250

200

150

100

TOA BRIGHTNESS TEMPERATURE (K)
7
[=]
L)

0
1400

1410
TIME (CDT)

1420 1430

FIG. 8. Time evolution of the simulated TOA T} at 18, 37, and
85 GHz during 20 July 1986. Dashed lines represent inclusion of a
cloud liquid water profile. The heavy solid line represents the CP-2
radar-derived average rain rate R at 1.4-km height.
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(MWP, kg m?) (including a cloud-water profile) and the model
computed TOA 18-GHz T from 20 July 1986.

ness, as illustrated in Fig. 10, suggesting, along with
Figs. 1a and 2a, that the TOA 85-GHz T is essentially
dependent upon the optical thickness of the ice water
path. Especially at later cloud times, the “masking ef-
fect” of the cloud water is evident. Referring back to
Figs. 1a and 2a, the discrete data points plotted in these
figures represent the noncloud water contaminated T'p
values resulting from this radar study, and follow the
theoretical curve nicely for 85-GHz Tz > 140 K. Values
of T noted beyond these represent physical situations
that our oversimplified two-layer model of rain and
ice failed to classify. In part, this is due to our choice
of a fixed, bulk density independent of size and the
fixed limits used for integrating over the ice size dis-
tribution independent of the ice density p. The 37-85
GHz T} difference, ATz behavior is plotted in Fig. 11,
Without the effects of clond LWC, ATy follows the
integrated ice water path (IWP) trend, but the addition
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FiG. 10. Time evolution of the 85-GHz ice optical thickness 7 and
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water profile. ’
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of cloud LWC reduces AT, distorting the A7z-IWP
relationship, especially during periods where the DFR
hail signal is present. Referring back to Figs. 1b and
2b, the data points overlaid on these figures represent
the noncloud water ATz values resulting from the radar
modeling and agree quite well with the theoretical
ATy-IWP curves below 100 K or 2 kg m™2. Again,
our theoretical modeling cannot account for A7 val-
ues above this, which correspond to a deep ice layer
not well characterized by our assumption of an expo-
nential distribution with fixed integration limits and
ice density independent of size.

4. Conclusions

The variation in the scattering characteristics from
ice hydrometeors are discussed with regard to the ice
bulk density p at multiple microwave frequencies. It is
shown that for a given vertically integrated ice water
path (IWP) and bulk ice density p, the ice optical depth
7 at 85 GHz is roughly 150 times that at 18 GHz,
suggesting the possible usefulness of 85- and 37-GHz
TOA T3 observations for ice water path characteriza-
tion. In the absence of an ice layer, the 37- and 85-
GHz TOA T emanating from the rain layer remain
essentially unchanged as rain rate increases. Addition-
ally, upwelling radiation at 37 and 85 GHz through an
ice layer differs due to differential scattering charac-
teristics, unlike the rain layer, which retains an albedo
below 0.5 even at 85 GHz. Thus, these frequencies are
suitable to infer vertically integrated ice properties such
as the ice water path. Unlike the rain region, the ice
layer remains relatively unobscured from a spaceborne
radiometer, perhaps presenting an ice-phase charac-
terization as a more inherently retrievable property
than the rain (liquid) phase.

A simple two-layer radiative transfer model utilizing
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a variable thickness ice layer at various bulk densities,
ice water contents, and underlying rain rates is studied
with regard to variation in TOA T. It is demonstrated
that the TOA 85-GHz T is essentially dependent upon
the ice optical depth 7 to produce steep cooling in Tp.
In terms of a physical (we mean nonelectromagnetic)
property of a precipitating cloud, it has been shown
that the 37-85 GHz T difference ATz can possibly be
used to estimate the physcial property of integrated ice
water path. These model results represent only a simple
first attempt to demonstrate that the inherent scattering
properties associated with an ice layer can be success-
fully used to quantify the ice layer regardless of surface
emissivity and underlying rain variations. Several lim-
itations currently exist with this technique. Over con-
vective cores, both the 37- and 85-GHz weighting
functions may peak higher into the ice region due to
stronger scattering by the largest ice particles, thereby
underestimating the total ice water path (Yeh et al.
1990). A simple ice exponential size distribution with
bulk ice density independent of size, and fixed limits
of integration independent of the ice content present
does not well characterize many ice habits, but ap-
peared to function adequately for ice water contents
below | g m™>. Since the scattering process is very de-
pendent upon the form of the assumed ice-size distri-
bution, these assumptions are worthy of further inves-
tigation. It is worth noting that the compact nature of
the curves in Figs. 1 and 2 results only when the view
angles are identical; differing 37- and 85-GHz view an-
gles destroy this ATz behavior. This made tests with
the COHMEX airborne radiometer datasets difficult,
since these radiometers scan and view differently. Even
though downward-viewing radiometers measure only
the TOA microwave T, which represents an integrated
effect due to all layers, this oversimplified model does
demonstrate that the differential frequency scattering
characteristics resulting from ice potentially represent
a means to infer quantitative information on the upper
vertical structure of storms. This information can then
be fed back into a vertical structure model and addi-
tional lower-frequency T observations, eventually re-
sulting in a rain rate estimate that is both physically
and radiatively consistent with the microphysical con-
ditions above it. This methodology of characterizing
the upper layers first with the highest frequencies and
then working downward toward the rain region incor-
porates microphysical information more inherently
contained in a collection of TOA T at various oper-
ating frequencies with successively lower altitude bulk
microphysical characterizations. We are currently fur-
ther investigating this methodology.

Detailed microwave radiative transfer modeling of
a strong convective storm from 20 July during the
COHMEX experiment was presented. Single-scattering
properties of each 0.5-km-thick layer were estimated
from CP-2 multiparameter radar measurements for
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subsequent input into a radiative transfer model. Effects
due to nonprecipitating cloud water are also considered
in model computations. During the early stages of
cloud evolution, the absence of significant glaciation
caused the Tz to be dominated by emission, since the
corresponding albedo w was less than 0.5 for most of
the vertical structure of the storm. Thus, the 75 mask-
ing effect due to cloud water is negligible. Around 1414,
a strong DFR hail signal (signifying a ice density closer
t0 0.9 gcm™3) and a significant ice-layer thickness both
combine to sharply reduce the cumulative 37- and 85-
GHz Ty throughout the region of DFR hail signal.
Above 6 km, w rises sharply, and coexistence of cloud
water and significant ice content reduce the effective
w and the resultant 85-GHz Tz warming is noticeable.
As the storm reduces in intensity in terms of IWP near
1423 and the DFR hail signal disappears, TOA T
warming effects due to cloud water are most significant,
as the presence of cloud water between 4 and 8 km
drastically reduces w. However, much of the warming
effect is due to our use of a time-independent cloud
LWC profile, which inserts unrealistic quantities and
vertical profiles of cloud LWC at later cloud times,
where the precipitation has taken on a stratiform na-
ture. These detailed vertical profiles of extinction and
albedo, and the resultant cumulative upwelling T at
various frequencies and significantly different micro-
physical conditions, present a physical explanation for
much of the TOA T behavior.

Because the 18-GHz T3 has a poor dynamic range
over the rain rates observed, and since both the 37-
and 85-GHz T3 are modulated by the ice layer, CP-2
radar-derived average rain rates compare poorly with
any single TOA Tp. However, ATy values seemed to
compare well with the theoretical curves presented in
Figs. 1b and 2b for small to moderate values of IWP.
Beyond IWP > 1 kg m~2 and 85-GHz r > 2, the theo-
retical curves overestimated when compared with the
CP-2 radar-derived quantities. Much of the difference
is due to our vertical scaling of the ice-size distribution
intercept Ny as to match the decreasing reflectivity
(Zy) profile, as well as our choice of fixed limits of
integration for the ice-size distribution, and ice density
p independent of size. The 18-GHz TOA T depres-
sions do correlate well with higher values of the ver-
tically integrated meltwater path (MWP), but are se-
verely restricted by a lack of sensitivity to higher MWP
(>5 kg m~2). This should be overcome when sensing
over a low emissivity ocean surface due to the resulting
increase in the dynamic range of the 18-GHz emission
signal. Unfortunately, the presence of cloud water cur-
rently introduces a shortcoming toward a practical ap-
plication of these passive dual-frequency techniques
for a characterization of the full vertical IWP. Recent
investigations at CSU using coupled radiative transfer
and cloud model output has shown that it is still pos-
sible to estimate the portion of the vertical IWP that
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lies above the region of most supercooled cloud water.
By comparing cloud-water-free radiative transfer
model results with actual passive Tz observations, it
may be possible to estimate the vertical extent of the
supercooled cloud water by purely passive techniques.
In short, the presence of cloud water need not be a
impenetrable barrier to estimation of the ice phase in
precipitating clouds. We are currently investigating
multiple frequency methods to account for the ice
scattering masking effect resulting from coexisting ice
and cloud liquid water, as well as effects resulting from
variations in the form of the assumed ice-size distri-
bution.

The model computations are shown only for a single
convective storm for which well-documented multi-
parameter radar data are available. The methodology
presented here could be tested in practice if suitable
radar and radiometer data can be gathered in addition
to cloud microphysics information such as ice-layer
thickness and ice water content, such as was planned
for the Advanced Microwave Precipitation Radiometer
(AMPR) instruments during the future Convection
and Precipitation Experiment (CaPE) in Florida. In
addition, the techniques described here may be ex-
tendable to winter storms, provided that the storm is
intense enough to significantly scatter upwelling radia-
tion from the surface.
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