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Abstract—The microphysical parameterization of clouds and
rain cells plays a central role in atmospheric forward radia-
tive transfer models used in calculating microwave brightness
temperatures. The absorption and scattering properties of a
hydrometeor-laden atmosphere are governed by particle phase,
size distribution, aggregate density, shape, and dielectric constant.
This study investigates the sensitivity of brightness temperatures
with respect to the microphysical cloud parameterization. Cal-
culated wideband (6–410 GHz) brightness temperatures were
studied for four evolutionary stages of an oceanic convective
storm using a five-phase hydrometeor model in a planar-stratified
scattering-based radiative transfer model. Five other micro-
physical cloud parameterizations were compared to the baseline
calculations to evaluate brightness temperature sensitivity to
gross changes in the hydrometeor size distributions and the
ice–air–water ratios in the frozen or partly frozen phase. The
comparison shows that enlarging the raindrop size or adding
water to the partly frozen hydrometeor mix warms brightness
temperatures by as much as 55 K at 6 GHz. The cooling signature
caused by ice scattering intensifies with increasing ice concen-
trations and at higher frequencies. An additional comparison
to measured Convection and Moisture Experiment (CAMEX-3)
brightness temperatures shows that in general all but two pa-
rameterizations produce calculated s that fall within the
CAMEX-3 observed minima and maxima. The exceptions are for
parameterizations that enhance the scattering characteristics of
frozen hydrometeors.

Index Terms—Clouds, electromagnetic scattering, millimeter
wave radiometry, rain, remote sensing, snow.

I. INTRODUCTION

OVER the past four decades, significant effort has been de-
voted to understanding the microphysical cloud charac-

teristics of convective storms (e.g., [1]–[3]). The microphysics
of clouds is of considerable interest in a wide range of interdisci-
plinary studies. These studies include improving global climate
models for understanding climate variability, investigating the
role of hydrometeors in lightning generation, examining chem-
ical interactions and rain evolution in clouds for pollution re-
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search, studying radar and lidar remote sensing applications,
and developing precipitation parameter retrievals from satel-
lite-based passive microwave imagery.

Of interest here is improving our understanding of the rela-
tionships between the microphysics of hydrometeors in a con-
vective storm and the upwelling microwave brightness temper-
atures for the purposes of rain rate and precipitation parameter
retrieval. A comprehensive understanding of these relationships
is hindered by the lack of accurate and sufficiently detailed at-
mospheric microphysical profile truth [4], [5]. Difficulties in ob-
taining microphysical cloud profile truth for convective systems
stem from limitations in remotely sensed measurements, air-
craft sampling capabilities, and the extremely inhomogeneous
and complex nature of convection [6], [7]. The dynamics of
convection complicate thein situ measurements of hydrome-
teor size, shape, total water content and the ice–air–water ratio,
and Nyquist spatial and temporal sampling of these quantities
remains a formidable challenge.

A microphysical cloud parameterization used in radiative
transfer models requires specifying the size distributions and
ice–air–water ratios for each hydrometeor type at each atmo-
spheric level along with vertical profiles of temperature, relative
humidity, and pressure. Parameterizations have been developed
using statistics from physical models of particle growth and
coalescence as well as knowledge from limitedin situ, radar,
and lidar observations. Early cloud parameterizations (e.g., [8])
used in radiative transfer models allowed for a uniform rain
layer and separate cloud water layer with no ice particles. Later
models added an ice layer (e.g., [9]–[12]).

Contemporary microphysical cloud parameterizations allow
for multiple liquid and ice phases (e.g., [2], [4], [13], [14]).
Several research studies have indicated that five hydrometeor
phases adequately represent a convective storm [5], [15] from
the standpoint of passive microwave signatures. The five
hydrometeor phases are generally classified as cloud water,
rain drops, cloud ice, snow (or ice aggregates), and graupel
(including hail). The rain drops are commonly modeled by
the Marshall–Palmer (MP) [16] size distribution. However
there appear to be no universally accepted size distribution
parameterizations or ice–air–water ratios for the other four
hydrometeor types [6]. In general, the microphysical parame-
terizations used by radiative transfer modelers are appropriate
for only specific storm occurrences.

As satellite passive microwave sensing of rain rate and other
precipitation parameters (e.g., cell top altitude, see [17]) ma-
tures, it is important to understand the impact of the various
common hydrometeor parameterizations on the upwelling mi-
crowave brightness. Accordingly, the purpose of this work is to
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study the sensitivity of computed microwave brightness temper-
atures to changes in the microphysical parameters. The analysis
of these changes is facilitated using wideband microwave air-
craft data. Since identifying the best parameterization requires
detailed collocated and coincidentin situ, radar, and radiometer
observations, we instead focus on identifying a plausible class
of parameterizations. Indeed, cloud parameterizations are case
specific. The work of [18] and [19] are two examples where
parameterizations that best match case-specific radiometer ob-
servations have been determined. Even though an optimal pa-
rameterization cannot be identified in this study, inappropriate
and unrealistic parameterizations can be identified and avoided
in future work.

In studying microphysical cloud parameterizations and their
effect on computed brightness temperatures, a planar-stratified
atmosphere and a midlatitude oceanic surface are assumed.
The simple planar model is adequate for all but the most lo-
calized cumuluform convection. The highly reflective oceanic
background is more uniform and provides greater sensitivity
to hydrometeor scattering and absorption than would a land
background, and thus represents the more conservative of the
two backgrounds. For comparison purposes, four cloud profiles
are selected to represent the early cumulus, evolving, mature,
and dissipating stages of a convective storm. Six microphysical
cloud parameterizations were selected for use in evaluating
brightness temperature sensitivities to the hydrometeor size
parameters, and frozen particle ice–air–water ratios. A five-hy-
drometeor-phase (cloud water, rain, cloud ice, dry snow, and
dry graupel) parameterization is considered to be the baseline
case. Brightness temperatures at twelve frequencies (6.0, 10.69,
18.7, 23.8, 36.5, 89.0, 150.0, 183.317.0, 220.0, 325 8.0,
340.0, and 410.0 GHz) were computed for each of the four
cloud stages and six parameterizations using the planar-strat-
ified scattering-based radiative transfer model of [11]. We
discuss herein the variations in brightness temperature values
when the microphysical cloud parameterization is changed in
the radiative transfer calculations.

While convective storms under different prevailing condi-
tions (e.g., tropical, midlatitude, maritime, or continental) have
differing hydrometeor characteristics, this study nonetheless
identifies several issues. First, in order to select the proper
parameterization for any specific condition, one requires a set
of detailed atmospheric truth profiles along with a collocated
and coincident set of brightness temperature observations.
Second, we show the sensitive relationship between the bright-
ness temperature and the underlying hydrometeor profile. In
identifying these issues we first briefly describe the radiative
transfer model and calculations, including the ocean surface
and top-of-atmosphere conditions. Dielectric mixing theory
for heterogeneous snow and graupel particles is outlined. Sec-
tion III details the six microphysical cloud parameterizations.
The comparison among the six parameterizations (Section IV)
and to the aircraft data (Section V) is described with a summary
in Section VI.

II. RADIATIVE TRANSFERMODEL

The planar-stratified radiative transfer (RT) model developed
by [11] is used to compute the upwelling brightness temperature

( ) vectors. In this iterative model, scattering is considered to
be a perturbation to the clear-air solution [11], [20]. To sim-
plify the analysis the brightness temperature observation angle
was assumed to be nadir ( ), and horizontally finite cloud
structures were not considered. Furthermore, the ocean surface
wind speed is set to 0.0 m/s and the ocean is assumed to be a
specular surface with reflectivity determined using Fresnel co-
efficients. The aggregate absorption and scattering coefficients
of the atmosphere ( , , respectively) are obtained from the
atmospheric state at each level. The aggregate absorption and
scattering coefficients are equal to the algebraic sum of all the
individual hydrometeor absorption and scattering coefficients.
The algebraic sum can be used because the hydrometeors are
randomly distributed and thus scatter incoherently. The aggre-
gate coefficients are given by:

(1)

(2)

where and denote the absorption and scattering con-
tributed by an individual atmospheric constituent or hydrome-
teor type , and is the number of hydrometeor types modeled.

The individual absorption ( ) and scattering ( ) coeffi-
cients are governed by the size distribution, density, shape, and
dielectric constant of both gases and hydrometeors. Water vapor
and oxygen absorb electromagnetic radiation as described by
[21] and [22], and denoted by and , respectively.
Polydispersive particle size distributions are assumed for the
precipitating particles. The absorption and scattering coeffi-
cients are determined by integrating the Mie efficiencies over
the polydispersive size distribution [23]. In practice, simplified
numerical calculations are available using Rayleigh theory [24]
for electrically small particles, (i.e., ), where

is the average diameter and is the wavelength. The
reformulated Mie equations from [25] are used for electrically
large particles.

The particle size distribution (PSD), or number density of
particles within the diameter range to , is modeled
by a decaying inverse exponential function

(3)

where

(4)

In the previous equation, is the content in g/cmof hydrom-
eteor type , is the average intrinsic density in g/cm, and

in cm is a multiplier. The subscript is used to distin-
guish among the various classes of hydrometeors (e.g.,, ,

, , and for the intrinsic density of cloud water, rain, ice,
snow, and graupel, respectively). For large particle diameters
(i.e., greater than 0.5 mm in diameter and for frequencies be-
tween 10 and 300 GHz the liquid scattering coefficient
is slightly greater than the liquid absorption coefficient[23];
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for smaller particles, liquid absorption is greater than liquid scat-
tering. Ice scattering dominates ice absorption for all microwave
frequencies and particle sizes. The relationship between the ag-
gregate scattering coefficient and aggregate absorption co-
efficient can be used to indicate if radiative cooling from
scattering or warming from absorption will occur.

The complex dielectric constant needed to computeand
is a function of frequency, temperature, and the constituent

materials of the hydrometeor (e.g., water, ice, or a heteroge-
neous mixture of ice and air and/or water). Dielectric constants
for liquid and homogeneous ice hydrometeors are easily ob-
tained using available Debye relaxation formulae or tables [26],
[27]. In contrast, heterogeneous hydrometeors require the use of
a dielectric mixing theory and one that is appropriate for precip-
itation-sized particles is the explicit Maxwell–Garnett formula
[28] which is equivalent to the implicit Rayleigh mixing for-
mula. Although mixing theories exist for ellipsoidal particles or
multilayer spheroidal inclusions [29], the use of such detailed
models warrants separate study. The Maxwell–Garnett mixing
theory states that given a host material with dielectric constant

, and dielectric inclusions , with size , the effective
dielectric constant is:

(5)

where is the volume fraction of the inclusions [29]. In this
work we assume temperature-dependent ice–air–water ratios.

The mixing formula (5) breaks down at high frequencies
where the wavelength is smaller than the size of the inclusions.
A more appropriate dielectric mixing theory for high frequen-
cies is that of [30]; however, such a computationally intensive
mixing theory is unnecessary due to constraints on the inclusion
size. For large graupel we may have, e.g., mm. If we
assume that , then we can satisfy for all but
the highest frequencies of concern and the largest particles.
Moreover, since the higher frequencies are unable to probe
down to the cloud depths where the largest particles exist, the
mixing theory in (5) as used in this study is acceptable.

III. M ICROPHYSICAL CLOUD PARAMETERIZATIONS

As RT cloud models developed, the complexity of the cloud
parameterizations increased from two phases (e.g., [9], [11],
[12]) that included only liquid and ice spheres to multiple liquid
and ice phases (e.g., [2], [4], [5]) and non spherical ice particles
[5]. Within the class of spherical particle models the multiple
natural phases of liquid and ice hydrometeors are well repre-
sented by a five-phase parameterization that allows for non pre-
cipitating cloud water, rain, non precipitating ice, dry snow, and
dry graupel. The last of these constituents is essentially hail with
entrained air [2], [3]. While the use of spherically symmetric
particles is somewhat idealized, this simplification allows the
important effects of particle size distribution and dielectric con-
stitution to be considered separately from that of aspherical par-
ticle orientation.

TABLE I
MICROPHYSICAL SIZE DISTRIBUTION PARAMETERS

TABLE II
SIX MICROPHYSICAL CLOUD PARAMETERIZATIONS

For the baseline case, we assume that rain, snow, and graupel
hydrometeors have the exponential size distributions of [3]
given in (3) and (4) with parameters and given in
Table I. The ice–air–water ratios for cloud water, rain, cloud
ice, snow, and graupel are 0–0–100%, 0–0–100%, 100–0–0%,
10–90–0%, and 40–60–0%, respectively. The non precipitating
particles have a fixed mean diameter of cm

and the parameters and [in (3)] vary to
account for the differing contents and .

The six microphysical parameterizations investigated in this
study are presented in Table II. All parameterizations use the
same underlying storm profile data. The previously described
five-phase model with dry snow and dry graupel is considered
the baseline case (case 1) because of its general acceptance
and use elsewhere [2], [15]. Furthermore, brightness temper-
ature values obtained with this five-phase model are corrobo-
rated by low frequency aircraft observations [13]. Parameteri-
zations 2–5 are identical to the five-phase baseline case, except
for the modifications described below. Parameterizations 2 and
3 have modified particle size distributions as follows. For pa-
rameterization 2, we use the Joss thunderstorm size distribution
[1] for rain, and for parameterization 3, we use the Sekhon–Sri-
vastava (SS) size distribution [31] for the dry snow and graupel.
The Joss thunderstorm size distribution favors fewer small-sized
particles and more large-sized particles than the MP size distri-
bution. For parameterization 3, ice particles are assumed to be
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solid spheres with an SS distribution:
(cm ) and (cm ). The SS size distribution
is an equivalent liquid-sphere size distribution for snowflakes
near the ground which yields precipitation rates that are consis-
tent with measured snowflake terminal velocities [31]. The SS
size distribution leads to more smaller-sized particles than the
modified MP distributions of the five-phase case.

There are two parameterizations (4 and 5) with varied
air–ice–water ratios in snow and graupel. Parameterization
4 doubles the percentage of snow and graupel such that

g/m and g/m (i.e., ice–air–water ratios of
20%–80%–0% and 80%–20%–0%, respectively) making the
hydrometeors more typical of aggregates and hail [15]. Dou-
bling the ice percentage will increase the scattering coefficient
with respect to parameterization 1. Parameterization 5 adds a
wetness percentage () to the snow and graupel particles as a
function of the atmospheric temperature (in K)

for C
for C
for C

(6)

The ice–air–water ratios are adjusted by removingfrom the
air percentage and adding the same amount to the water per-
centage. The Maxwell–Garnett dielectric mixing formula is ap-
plied twice, once with ice inclusions in an air matrix and then
with water inclusions in the air–ice matrix. Adding water will
increase the absorption coefficient and cause brightness temper-
ature warming. This “wet” parameterization models snow and
graupel absorption within the melting layer. Melting effects are
the basis for the bright band in radar meteorology.

Finally, parameterization 6 combines the ice, snow, and
graupel into one class of solid spherical frozen hydrometeors
with the SS size distribution. Similarly, the rain and cloud water
are combined to form a single rain phase with a MP distribution.
This parameterization is included to provide intercomparison
with the two-phase parameterizations commonly used in many
earlier studies.

The microphysical cloud data used in the six cloud parameter-
izations are from the Goddard Cloud Ensemble (GCE) simula-
tion of a convective tropical squall [2], [32]. The microphysical
information at each point in a storm frame includes height, tem-
perature, relative humidity, and the partial density for cloud
water, rain, ice, snow, and graupel [32]. The vertical profiles ex-
tend from the ocean surface to between 12 and 20 km and have
a varying altitude spacing that is smaller (1 km) where con-
vective clouds exist. At the lower boundary of the GCE profile
data a calm ocean surface at 18C is assumed. A calm surface is
defined by a wind speed7 m/s causing no significant surface
roughness. The boundary condition at the top of the atmosphere
(at 100 km) is the cosmic background temperature of 2.73 K.

IV. COMPARISONS

Comparisons focus on four evolutionary profiles from the
three-dimensional GCE data. Each of the four evolutionary
stages provides a distinct “snapshot” of the storm. The cu-
mulus stage (C) (Fig. 1) has low rain and graupel densities,
but significant suspended cloud water. The large cloud water

Fig. 1. Microphysical vertical profiles of the cloud water, rain, cloud ice, snow,
and graupel densities for stage C, stage E, stage M, and stage D.

Fig. 2. Temperature and relative humidity profiles for the four cloud stages.

concentration is representative of a storm early in its evolution.
The evolving stage (E) (Fig. 1) has much rain but little ice or
graupel and represents a storm further in its early development.
The mature stage (M) (Fig. 1) has high rain densities at low
altitudes ( 4 km) and high graupel densities between 4 and 10
km. This profile is representative of a storm at peak convection
[2]. Finally, the dissipating stage (D) (Fig. 1) has moderate
low-altitude rain and significant graupel at midlevel altitudes.
It is representative of a weakening postconvective storm with
a developing anvil region. The GCE temperature and relative
humidity profiles for the four stages are shown in Fig. 2. The
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TABLE III
SURFACE RAIN RATES AND INTEGRATED ICE CONTENTS

FOR THEFOUR STORM STAGES

temperature profiles show little variation, while the relative
humidity profiles show variation similar to the cloud water and
rain profiles. The rain rates and integrated ice contents of the
four storm stages are provided in Table III.

Nadir brightness temperatures at twelve microwave frequen-
cies (6.0, 10.69, 18.7, 23.8, 36.5, 89, 150.0, 183.3107.0,
220.0, 325 8.0, 340.0, and 410.0 GHz) were computed for
each of the four stages and six microphysical parameterizations.
A comparison of the computed brightness temperature values
for each of the frequencies follows in Fig. 3(a)–(l). The plot for
each frequency presents the values as a function of the pa-
rameterizations. The symbols, , , indicate storm stage
C (cumulus), E (evolving), M (mature), and D (dissipating), re-
spectively. The values are presented as perturbations from
clear-air values. Not including the data to the right of the dotted
line, (to be discussed in Section V), two tables have been devel-
oped to intercompare the parameterizations, storm stages, and

values at each frequency. Table IV details the varia-
tions for each frequency over the six microphysical parameter-
izations, while Table V provides a summary of the effects of
each parameterization for the four stages. Tables IV and V use
parameterization 1 as the reference. A brief textual summary of
Fig. 3 and Tables IV and V follows in low to high frequency
order.

At 6 GHz, a warming response due to absorption from
only the highest densities and thus the largest rain drops is
expected. The absorptive signature of rain at 10.69 GHz is
significant. Liquid scattering (cooling) occurs when the size
of the raindrop exceeds 0.5 mm or the rain rate exceeds30
mm/hr [23]. Thus, the bulk liquid scattering coefficient at 10
GHz is only weakly dependent on the hydrometeor size. Ice
scattering should not be a prominent contributor to the signature
at 10 GHz unless the density of ice is extremely high [e.g.,
Fig. 3(b), parameterizations 4 and 6]. At 18 GHz, scattering
from only the largest ice particles begins to cause cooling [2],
[4]. The 23.8 GHz water vapor channel is very sensitive to
cloud water, and the ice scattering signature increases. Thus,
the stage with the largest amount of cloud water and the fewest
frozen hydrometeors (stage C) shows the warmestvalues
at 23.8 GHz across all parameterizations [Fig. 3(d)]. At 36.5
GHz the effects of ice scattering are considerable and start to
cancel the absorptive warming due to rain. For the 89 GHz
channel, scattering dominates the spectral signature while
liquid water absorption plays only a minor role. Above 89 GHz,

the scattering signature is stronger than the absorptive warming
signature, and all values are below the clear-air values
[negative perturbation values, Fig. 3(g)–(l)]. Above 220 GHz,
the variability among all six parameterizations and four
stages is reduced. The compression is caused by an increasing
sensitivity to hydrometeor size and increasing cloud-top
opacity as wavelength decreases. This sensitivity can saturate
the response to cloud and hydrometeor particles at these higher
frequencies. The large opacity also precludes probing into the
highly variable hydrometeors at lower altitudes. The cloud
top opacity also explains why the variations of the early
cumulus profile (stage C, with its limited ice) are not strongly
compressed [Fig. 3(j)–(l)].

Table IV identifies changes of more than 5 K with respect to
parameterization 1. This table shows that the Joss PSD (param-
eterization 2) only affects frequencies at or below 36.5 GHz.
The Joss parameterization warms all storm stages at 6 GHz and
warms the 10 and 18 GHz channels when the rain rate is low
(stages C and D). The Joss PSD coolsvalues at the higher
frequencies when the rain rate is high since it produces larger
drops that increase scattering.

The SS PSD (parameterization 3) produces warmervalues
for frequencies at and above 18.7 GHz because the SS PSD
generates smaller snow and graupel particles than does param-
eterization 1. At the lower frequencies only storm stages with
significant ice are warmed (stages E, M, D), however at higher
frequencies ( 150 GHz), the SS PSD does not change the
values of stage M because ice scattering reaches saturation re-
gardless of the ice PSD.

On the other hand, parameterization 4 causes cooling at all
frequencies above 6.0 GHz. The increased ice percentage in the
snow and graupel particles generates increased scattering. There
is less than a 5 K response for storm stage C for frequencies
below 36.5 GHz because stage C has little snow and graupel.
At 410 GHz saturation results in a minimal variation (5 K) for
stage M.

For parameterization 5 the snow and graupel have a variable
liquid water fraction, and a general warming of the values
occurs. There is a single incidence of a decreasedvalue at
10 GHz. This is likely due to the fact that the “melted” snow and
graupel particles appear to be large raindrops at 10 GHz—large
enough to cause some scattering. Since the higher frequencies
respond to the high-altitude frozen hydrometeors, there is little
change in the high frequency values from parameterization
1 to parameterization 5.

Since parameterization 6 combines the snow and graupel con-
tents to form a solid ice spherical particle, the scattering com-
ponent is greatly increased with respect to the other parameter-
izations. Thus the storm stages with high ice content have low

values (See Table IV). These low values are sometimes
75 K lower than the values for the baseline case [Fig. 3(c),
dissipating stage].

Table V reinforces the data in Table IV while providing de-
tails of the relationships between storm stage and parameteriza-
tion. Associated with Table V is a coded summary detailing the

changes for each storm type as a function of parameteriza-
tion.
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Fig. 3. Brightness temperature perturbations from clear air for the four stages and six parameterizations at (a) 6.0 GHz, (b) 10.69 GHz, (c) 18.7 GHz, and (d)
23.8 GHz. The calculations for the various parameterizations are shown to the left of the dashed line, to the right are the minima and maxima of the observed
CAMEX-3 T .

V. AIRCRAFT INTERCOMPARISONS

In Fig. 3, nadir perturbations from high-altitude aircraft
observations are plotted to the right of the dotted line for fre-
quencies where observed data are available. The observations
are from the Millimeter-wave Imaging Radiometer (MIR)
[33] and the Advanced Microwave Precipitation Radiometer
(AMPR) [34] onboard the NASA ER-2. The MIR observed at
89, 150, 183.31 1, 3, 7, 220, and 340 GHz, while the
AMPR observed at 10.7, 19.35, 37 and 85.5 GHz. Observations
were obtained during the CAMEX-3 experiment [35] on
August 26, 1998 and September 17, 1998. The observations
are roughly categorized into cumulus, evolving, mature, and
dissipating stages. The observed minimum and maximum
perturbations (from nearby clear-air observations) are indicated
with matching cloud stage symbols and a line joining the
minima and maxima. Comparing perturbed values removes the
effects of differing ocean surface conditions. Several features
of the observed versus computed data are enumerated. First,
most of the calculations are within the minimum and maximum

observed values indicating that the parameterizations are
reasonable in most cases. Second, for 220 and 340 GHz the
calculated values are well within the observed minima and
maxima for all parameterizations [Fig. 3(i) and (k)]. This
observation suggests increasing the complexity of frozen hy-
drometeor PSD’s and their air–ice–water mixtures in simulated
cloud profiles and thus expanding the calculated ranges.
Next note that for parameterization 4 the calculatedvalues
are too cool for most of the stages and frequencies between
18 and 89 GHz [Fig. 3(c)–(f)]. This observation implies that
parameterization 4 produces too much ice scattering at the
low and middle frequencies. Similarly, the two-phase model
(parameterization #6) produces values warmer than the
maxima of the 10 and 18 GHz observations for the cumulus
and evolving stages and cooler than the minima for most
of the stages and the middle frequencies (18–150 GHz). A
plausible explanation is that combining the rain and cloud water
increases absorptive warming, while combining the cloud ice,
snow, and graupel densities increases scattering and cooling.
Since parameterization #6 is consistently outside the minima
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Fig. 3. (Continued.) Brightness temperature perturbations from clear air for the four stages and six parameterizations at (e) 36.5 GHz, (f) 89.0 GHz, (g) 150.0
GHz, and (h) 183.31+ 7.0 GHz. The calculations for the various parameterizations are shown to the left of the dashed line, to the right are the minima and maxima
of the observed CAMEX-3T .

and maxima of the observations we conclude that it is not
as applicable as the others for the cloud conditions observed
during CAMEX. Finally, there are several individual stages
and frequencies wherein the computed do not fall within
the observed minima and maxima, in particular: at 10 GHz for
stage E; at 36 GHz for stages M and D; and at 89 GHz for stages
E and D. These inconsistencies could mean that the observation
stages were inadequately categorized into cumulus, evolving,
mature, and dissipating stages or that the parameterizations
studied do not model the true microphysics of the observations.
Only with detailed coincident observations andin situ PSD
measurements can some of the inconsistencies be understood.

VI. SUMMARY

Brightness temperatures at twelve frequencies between 6.0
and 410.0 GHz were computed for four storm stages obtained
from the simulated GCE model set of [36]. The four profiles
used in the comparison represent a convective storm in its early

cumulus, evolving, mature, and dissipating stages. The investi-
gation illustrates how specific microphysical cloud parameteri-
zations can affect oceanic microwave brightness temperatures.

The densities of the five hydrometeor types of the GCE data
were mapped into six different microphysical cloud parameteri-
zations. The parameterizations were designed to evaluate bright-
ness temperature sensitivity to particle size distributions and
ice–air–water ratios. A comparison among the six parameter-
izations, four convective storm stages, and twelve frequencies
was performed. A five hydrometeor-phase parameterization [2],
[13] was considered as the baseline case.

The comparisons generally showed that increasing the em-
phasis of water or rain warmed the brightness temperatures.
When the size distribution of rain was changed to that of the Joss
et al.thunderstorm size distribution (which favors larger particle
diameters), the values at 6 GHz were warmed by up to 55 K.
At 18 and 23.8 GHz the larger-sized Joss particles initiate liquid
scattering more so than the smaller-sized MP size distribution,
resulting in a small cooling. From 10.69 GHz to 36.5 GHz, a
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Fig. 3. (Continued.) Brightness temperature perturbations from clear air for the four stages and six parameterizations at (i) 220.0 GHz, (j) 325.153+ 8.5 GHZ,
(k) 340 GHz, and (l) 410.0 GHz. The calculations for the various parameterizations are shown to the left of the dashed line, to the right are the minima and maxima
of the observed CAMEX-3T .

transition from mostly absorptive (characterized by warmer
values) to mostly scattering (characterized by coolervalues)
occurs. At stage C (the early cumulus profile), a change from
having the coolest at 10.69 GHz for all parameterizations
and pixels (because there is little absorptive warming) to having
the warmest values at 36.5 GHz (because there is little scat-
tering) occurs. Above 36.5 GHz changes in the raindrop size
distribution initiated no differences in the values with re-
spect to the five-phase model due to the strong scattering signa-
tures of storm-top ice at these higher frequencies. Adding liquid
water to the snow and graupel hydrometeors caused absorptive
warming at the low and middle frequencies.

From 89 GHz to 220 GHz the scattering signature is stronger
than the absorptive warming signature. The comparison
showed that the cooling signature due to ice scattering at higher
frequencies was increased with larger ice concentrations. The
ice concentration rose when additional ice was allocated to
the ice–air–water ratio. Above 220 GHz the variability
among all six parameterizations and four stages was reduced.

The compression was caused by an increasing sensitivity to
hydrometeor size as wavelength decreased. This increasing
sensitivity caused an increased opacity at the higher frequen-
cies.

Finally, a comparison of the calculated values with
available observed values from the CAMEX-3 experiment
showed reasonable agreement for most stages and param-
eterizations. Exceptions occurred for the doubled ice-ratio
parameterization and the two-phase parameterization. These
two parameterizations consistently yielded values outside
the range of the observed minima and maxima, indicating
that they are less physically realistic than the others. Another
interesting feature is that the 220 and 340 GHzcalculations
are well within the minima and maxima of the observations,
thus providing an argument for increasing the diversity and
complexity of frozen hydrometeors in models of convective
cloud profiles. (The parameterizations used herein do not pro-
vide enough diversity at these frequencies.) Finally, there are
a few stages/parameterizations/frequencies whose calculations
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TABLE IV
FREQUENCYVERSUSPARAMETERIZATION COMPARISON. STAGES WITH

LESSTHAN A 5 K DIFFERENCEFROM THE BASELINE FIVE-PHASE

PARAMETERIZATION ARE INDICATED BY BLANKS. A “+” (“�”) I NDICATES A

WARMING (COOLING) OF MORE THAN 5 KELVIN WITH RESPECT TO THE

BASELINE PARAMETERIZATION

TABLE V
(a) SUMMARY OF T EFFECTS FORVARIOUS STORM STAGES AND

PARAMETERIZATIONS. COMPARISONS AREWITH RESPECT TO

PARAMETERIZATION 1. (b) CODES FOR(a)

(a)

(b)

do not fall within the observed minima and maxima. These few
inconsistent cases could mean that the clouds were inadequately
categorized into cumulus, evolving, mature, and/or dissipating
stages or that the parameterizations are not modeling the true
cloud microphysics for all cases. A detailed coincident set of

observations andin situ PSD measurements might be used
to further refine cloud microphysical parameterizations.

Some implications of this study on radiative transfer mod-
eling should be noted. First, this study shows that a variety of pa-
rameterizations are appropriate for brightness temperature cal-
culations. However, extreme parameterizations (e.g., when ice
is over emphasized) produce calculated values outside the
range of those observed over midlatitude storms. Second, the
observed values show larger ranges of variation than do
the calculated values, suggesting that more variety in par-
ticle types and sizes might be needed for accurate modeling. Fi-
nally, the brightness temperature sensitivity to particle param-
eters drops at wavelengths shorter than1 mm (e.g., at 325
GHz and higher frequencies). This final point supports the po-
tential for using submillimeter wavelength channels to retrieve
cirrus ice particles.
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