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ABSTRACT

Measurements from passive microwave satellite instruments such as the Advanced Microwave Sounding
Unit B (AMSU-B) are sensitive to both liquid and ice cloud particles. Radiative transfer modeling is
exploited to simulate the response of the AMSU-B instrument to mixed-phase clouds over land. The
plane-parallel radiative transfer model employed for the study accounts for scattering and absorption from
cloud ice as well as absorption and emission from trace gases and cloud liquid. The radiative effects of
mixed-phase clouds on AMSU-B window channels (i.e., 89 and 150 GHz) and water vapor line channels
(i.e., 183 � 1, 3, and 7 GHz) are studied. Sensitivities to noncloud parameters, including surface tempera-
ture, surface emissivity, and atmospheric temperature and water vapor profiles, are also quantified. Mod-
eling results indicate that both cloud phases generally have significant radiative effects and that the 150- and
183 � 7-GHz channels are typically the most sensitive channels to integrated cloud properties (i.e., liquid
water path and ice water path). However, results also indicate that AMSU-B measurements alone are
probably insufficient for retrieving all mixed-phase cloud properties of interest. These results are supported
by comparisons of AMSU-B observations of a mixed-phase cloud over the Atmospheric Radiation Mea-
surement (ARM) Program’s Southern Great Plains (SGP) site with corresponding calculated clear-sky
values.

1. Introduction

Although mixed-phase clouds are relatively common
(Riley 1998), remote sensing techniques specifically tai-
lored to retrieve their physical properties [e.g., ice wa-
ter content (IWC) and liquid water content (LWC)] are
much less common than techniques developed for
single-phase clouds. One remote sensing technique for
studying mixed-phase clouds exploits multiple ground-
based instruments, which are able to separately moni-
tor the individual phases (e.g., Vivekanandan et al.
1997). Specifically, ground-based passive microwave
measurements of the liquid water path (LWP; exploit-
ing measurements at 20 and 31 GHz) are typically as-
sumed to be insensitive to nonprecipitating ice particles
(Westwater 1993), whereas radar reflectivity is heavily
dominated by properties of the ice water path (IWP;
Vivekanandan et al. 1997). In contrast, the radiative
effects of both phases should be considered in studies of
nonprecipitating mixed-phase clouds based on passive
measurements in the visible and infrared spectral re-

gions (Baum et al. 2000), and for microwaves with fre-
quencies greater than about 90 GHz (Deeter and Evans
2000; Greenwald et al. 1999). Thus, when remote sens-
ing techniques developed for single-phase clouds are
applied to mixed-phase clouds, the presence of the ne-
glected phase can generally pose a serious source of
retrieval error. Here, we report forward-modeling
simulations, which demonstrate that both phases may
produce significant radiative effects at operational mil-
limeter-wave frequencies between 89 and 183 GHz.
These simulations have direct relevance to the applica-
tion of single-phase millimeter-wave retrieval algo-
rithms on mixed-phase clouds. In addition, we present a
case study to demonstrate empirically that mixed-phase
clouds over land produce measurable radiative effects
at operational millimeter-wave frequencies.

Satellite remote sensing offers features (global cov-
erage, regular sampling, etc.) for observational atmo-
spheric studies that are not readily achieved using ei-
ther in situ sampling or ground-based remote sensing
techniques. However, interpretation of remote sensing
observations of clouds requires a detailed understand-
ing of both cloud properties and radiative transfer. Pas-
sive satellite sensors have been used to classify and
quantify cloud properties for decades. These systems
either operate in the shortwave (visible and near-
infrared), thermal infrared, or microwave spectral re-
gions. Of the three, microwave systems are the most
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capable of probing thick clouds. Millimeter-wave sen-
sors (microwave systems operating at frequencies be-
tween about 30 and 300 GHz) respond to radiation at
wavelengths considerably larger than typical cloud par-
ticles, whereas shortwave and thermal infrared sensors
respond to wavelengths much smaller than typical
cloud particles. Mie theory predicts that the extinction
efficiency Q of typical cloud particles exposed to short-
wave and thermal infrared radiation should be on the
order of unity, but should be much smaller than unity
for cloud particles exposed to microwave radiation
(Goody and Yung 1995). Thus, for the same cloud, op-
tical depths are generally much larger for shortwave
and thermal infrared sensors than for microwave sys-
tems. In practical terms, this distinction implies that
shortwave and thermal infrared techniques are usually
most useful for deducing cloud-top properties (e.g.,
cloud-top temperature), whereas microwave tech-
niques often provide a more direct measure of verti-
cally integrated cloud properties (e.g., liquid water
path). In this paper, we attempt to quantify the sensi-
tivity of satellite-based millimeter-wave sensors to
mixed-phase cloud properties, including cloud vertical
structure, liquid water path, ice water path, and ice par-
ticle size. Results of this study should be useful for
guiding the development of future cloud classification
and retrieval algorithms for studying mixed-phase
clouds using satellite-based millimeter-wave radiom-
eters. Results presented here also indicate that the ap-
plication to mixed-phase clouds, of millimeter-wave-
based retrieval algorithms developed specifically for
single-phase clouds, is generally not appropriate.

In the next section, we review current satellite-based
millimeter-wave sensors that could potentially be ex-
ploited for characterizing mixed-phase clouds. In sec-
tion 3, we describe the radiative transfer models and
cloud models used to simulate millimeter-wave mea-
surements of mixed-phase clouds. Simulation results
are then presented that show the sensitivity of the ob-
servations both to clear-sky parameters (e.g., surface
temperature and emissivity) and to mixed-phase cloud
parameters. Last, simultaneous Advanced Microwave
Sounding Unit B (AMSU-B) observations and ground-
based remote sensing observations of a system of non-
precipitating clouds at the Atmospheric Radiation
Measurements (ARM) Program’s Southern Great
Plains (SGP) site in March 2002 are used to demon-
strate the effects of a particular mixed-phase cloud on
the AMSU-B channels, and to test some qualitative
predictions from modeling.

2. Cloud studies using millimeter-wave radiometry

Beginning with the Special Sensor Microwave Tem-
perature Profiler 2 (SSM/T-2) satellite instrument on
the Defense Meteorological Satellite Program (DMSP)
satellite platforms, a standard configuration of five mil-
limeter-wave channels has emerged. Similar satellite-

based instruments include AMSU-B on the current Na-
tional Oceanic and Atmospheric Administration
(NOAA)-K/-L/-M satellites and the Humidity Sensor
for Brazil (HSB) (Jet Propulsion Laboratory 2000) on
the Earth Observing System (EOS) Aqua platform (on-
line at http://aqua.nasa.gov). With the exception of
HSB (which lacks only the 89-GHz channel), all of
these instruments are equipped with two “window
channels” near 89 and 150 GHz, and three “water va-
por line channels” centered on the water vapor absorp-
tion line at 183.3 GHz. The primary intended function
of these instruments is to enable retrievals of water
vapor profiles even in cloudy conditions (which is not
feasible using infrared sensors, such as HIRS).

a. Single-phase clouds versus mixed-phase clouds
Both observational and modeling studies have previ-

ously considered the sensitivity of these instruments’
observations to cloud liquid water, cloud ice, and vari-
ous forms of precipitation (Burns et al. 1997; Isaacs and
Deblonde 1987; Muller et al. 1994). These studies dem-
onstrated clearly that, although millimeter-wave radia-
tion penetrates both liquid and ice clouds more readily
than do visible or infrared radiation, the radiative sen-
sitivity of millimeter waves to clouds is not generally
negligible. None of these studies, however, specifically
considered millimeter-wave observations of mixed-
phase clouds. Because radiation at millimeter wave-
lengths is sensitive to both liquid and ice particles, in-
terpretation of observations of mixed-phase clouds is
substantially more complicated than for single-phase
clouds. For this reason, perhaps, retrieval algorithms
for extracting cloud properties from millimeter-wave
sensor data have so far assumed single-phase clouds
consisting of either pure liquid (Rosenkranz 2001) or
pure ice (Zhao and Weng 2002). Neither of these algo-
rithms were developed to treat mixed-phase clouds,
and, therefore, should not strictly be applied in cases
where mixed-phase conditions might occur.

On the other hand, the fact that the interaction of
millimeter-wave radiation with liquid and ice particles
involves different physical mechanisms suggests the
possibility of developing retrieval algorithms that inde-
pendently retrieve both liquid and ice cloud character-
istics (e.g., liquid water path and ice water path). Typi-
cally, liquid cloud particles respond to millimeter waves
primarily through absorption and emission, whereas
scattering processes dominate in the radiative response
for ice particles. At the very least, millimeter-wave ob-
servations may provide information on mixed-phase
clouds, which complements information from more
standard instrumentation (e.g., radar and lower-
frequency microwave measurements).

b. Window channels versus water vapor
line channels

Satellite- and aircraft-based millimeter-wave re-
trieval algorithms for retrieving cloud properties have
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so far primarily exploited window channels (e.g., 89,
150, and 220 GHz) because of the interfering effect of
water vapor on the water vapor line channels (Deeter
and Evans 2000; Liu and Curry 2000; Zhao and Weng
2002). Under clear-sky conditions, observed brightness
temperatures for the water vapor line channels primar-
ily depend on the atmospheric temperature and water
vapor vertical profiles. Thus, interpretation of observa-
tions of cloudy scenes using millimeter-wave window
channels does not require consideration of the atmo-
spheric temperature or humidity to the same degree
that it would for the water vapor line channels. On the
other hand, because of the much higher atmospheric
transmittance, the use of millimeter-wave window
channels requires greater consideration of the variable
effects of surface temperature and emissivity. When
these surface parameters are known and relatively con-
stant (e.g., over the tropical oceans), millimeter-wave
window channels have a more direct response to clouds
than the water vapor line channels. (Microwave cloud
retrievals over oceanic scenes also benefit from the low
emissivity of the ocean surface, because this results in
greater thermal contrast between the atmosphere and
underlying surface.) Over land, however, surface tem-
perature and emissivity are both highly variable, and
must be explicitly considered when studying window
channel observations. For example, several authors
(Greenwald et al. 1997; Jones and Vonder Haar 1990)
have demonstrated the importance of surface emissivity
variability to retrievals of liquid water path over land
using the SSM/I 85-GHz channel.

Thus, over land, the water vapor line channels may
prove to be more valuable than (or at least complemen-
tary to) the window channels because of their de-
creased sensitivity to surface parameters. Moreover, as
shown below (in section 3b), the higher frequency of
the water vapor line channels should make them more
sensitive to both liquid and ice cloud particles. Last,
because of the much narrower weighting functions of
the water vapor line channels (relative to the window
channels), they offer greater potential for resolving
cloud vertical structure. A similar concept for studying
cloud vertical structure was previously considered for
an instrument with channels near the 118-GHz oxygen
absorption line (Gasiewski 1993).

3. Modeling strategies

In this section, we describe the radiative transfer
model used to explore the sensitivity of the AMSU-B
channels to mixed-phase cloud properties. Precipitating
clouds are not treated here. Specifically, we consider
wintertime midlevel, mixed-phase clouds over land be-
cause of their association with aircraft icing conditions
(Cober et al. 2001; Politovich 1989; Riley 1998). The
objective of this research is to quantify the sensitivity of
the AMSU-B channels to mixed-phase cloud proper-
ties, including cloud vertical structure, liquid water

path, ice water path, and ice particle size. Results of this
study should be useful for guiding the development of
future cloud classification and retrieval algorithms for
studying mixed-phase clouds using satellite-based mil-
limeter-wave radiometers. More specifically, the results
presented here should be considered before applying
retrieval algorithms developed for single-phase clouds
to mixed-phase clouds.

For radiance I and optical depth �, the nonpolarized
radiative transfer equation (RTE) for a thermally emit-
ting atmosphere may be written

�
dI��, ��

d�
� I��, �� � J��, �� � I��, ��

� ��

2 �
�1

1

I��, ���P��, ���d�� � B����1 � ���, �1�

where � and �	 are the cosines of the observed and
incident zenith angles, J(�, �) is the source function, 

is the single scattering albedo, P(�, �	) is the scattering
phase function, and B(�) is the Planck function (Goody
and Yung 1995). For the case of millimeter-wave radia-
tion interacting with liquid and ice cloud particles, both
thermal emission and scattering sources are potentially
important and have, therefore, been retained in the
RTE. For a polydispersed distribution of spheres of
concentration (number per unit volume per unit incre-
mental diameter) N(D), the optical depth � is related to
the vertical coordinate z through the relation

d�

dz
� � � �

0

�

��D

2 �2

Q�D�N�D� dD, �2�

where � is the volume extinction coefficient and Q(D)
is the extinction efficiency factor. Here, Q(D) can fur-
ther be written as the sum of absorptive and scattering
components, that is,

Q�D� � Qa�D� � Qs�D�. �3�

Generally, Qa and Qs depend on particle size and
shape, the radiation wavelength, and the complex re-
fractive index m.

a. Microphysical properties

For the mixed-phase cloud radiative transfer calcula-
tions reported in this work, liquid cloud particles are
assumed to be spherical. We also assume a solid sphere
model for ice particles, despite the highly variable bulk
density and habits of ice particles actually observed in
cirrus and mixed-phase clouds. Evans et al. (Evans and
Stephens 1995; Evans and Vivekanandan 1990; Evans
et al. 1998) demonstrated that the radiometric sensitiv-
ity at millimeter-wave frequencies for cirrus particles
varies substantially (up to a factor of 2 or 3) with par-
ticle shape. However, the sensitivity (e.g., extinction)
for solid ice spheres was often found to be intermediate
with respect to the sensitivity for more realistic habits
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(columns, rosettes, etc.). Thus, for microwave radiative
transfer, the solid ice sphere is a reasonable nominal ice
particle–shaped model. Effects due to the nonsphericity
and varying bulk density of actual ice particles will be
explored in future research.

Cloud particle size distributions must be specified in
order to calculate the basic cloud radiative properties,
that is, the single scattering properties (extinction,
single scattering albedo, and scattering phase function).
For both liquid and ice water particles, we employ the
standard gamma distribution to model the particle size
variability. By convention, the gamma distribution is
written.

N�D� � aD� exp��
�� � 3.67�D

D0
�, �4�

where N is the concentration (number of particles per
unit volume per unit incremental diameter) of spherical
particles of diameter D, a is a scaling factor related to
the liquid or ice water content (i.e., liquid or ice mass
per unit volume), � defines the width of the distribu-
tion, and D0 is the median diameter of the distribution
(Evans et al. 1998). The three parameters in the distri-
bution independently control the integrated mass den-
sity (liquid or ice water content), characteristic particle
size, and distribution width.

Ice particle size in mixed-phase clouds often exhibits
much greater variability than liquid particle size. Nev-
ertheless, we consider the dependence of single scatter-
ing properties on particle size for both phases. For liq-
uid cloud particles, we consider median diameters be-
tween 10 and 100 �m. In nonprecipitating clouds,
observed liquid cloud droplets are typically less than 40
�m in diameter (Liou 1992). For ice particles, we con-
sider median diameters between 10 and 500 �m. Par-
ticles with maximum dimensions of hundreds of mi-
crons have been observed in the lower regions of non-
precipitating mixed-phase clouds (e.g., Fleishauer et al.
2002).

b. Single scattering properties

Scattering properties are often expressed in terms of
the size parameter x defined as

x  �D	
, �5�

where � is the radiation wavelength. The Rayleigh scat-
tering regime is strictly valid when x � 1 for all particles
in a given distribution. Although this limit is not per-
fectly obeyed for all of the particle sizes and radiative
wavelengths considered in this work, Rayleigh scatter-
ing may be considered a good first-order model for
understanding the roles of millimeter-wave absorption
and scattering in mixed-phase clouds. (Actual modeling
results presented in section 4 are based on Mie scatter-
ing theory rather than Rayleigh scattering theory.) For
spherical particles of the complex refractive index m,

the absorption and scattering efficiency factors in the
Rayleigh limit are

Qa�x� � 4x Im�m2 � 1

m2 � 2
� �6�

and

Qs�x� �
8x4

3 �m2 � 1

m2 � 2
�2

. �7�

By resolving � into its absorptive and scattering com-
ponents �a and �s, we find from Eqs. (2), (6), and (7)
that
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dz
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These equations indicate that �a is proportional to the
third moment of N(D), whereas �s is proportional to the
sixth moment. The third moment of N(D) is propor-
tional to the total volume occupied by the cloud par-
ticles of a given distribution and, therefore, represents
liquid or ice mass (assuming that particle mass density
is fixed). In contrast, the scattering optical depth �s is
primarily determined by the largest particles in the par-
ticle size distribution (through the sixth moment), and
increases rapidly with increasing particle size.

The use of the solid-sphere model for both liquid and
ice cloud particles allows the use of Mie theory for
calculating single scattering properties, including ex-
tinction, single scattering albedo (defined as the ratio of
the scattering extinction coefficient and the total extinc-
tion coefficient), and asymmetry parameter (i.e., the
first moment of the scattering phase function) (Liou
1992). For homogeneous spherical scatterers, Mie
theory is exact (and, therefore, applicable to size pa-
rameters well outside of the Rayleigh regime). Calcu-
lated values of extinction, the single scattering albedo,
and the asymmetry parameter are plotted against the
median diameter D0 for gamma distributions of liquid
water and ice spheres in Figs. 1 and 2. In all single
scattering calculations, the median particle size was var-
ied, whereas the liquid water content (or ice water con-
tent for solid spheres) was kept fixed at 1 g m�3. The
phase- and frequency-dependent complex refractive in-
dex of water is taken from Ray (1972). In both figures,
the curves labeled “183.3 GHz” represent the single
scattering properties for all three AMSU-B water vapor
line channels. Because all three of these channels are
centered on the same frequency, and because of the
relatively weak variability of the single scattering prop-
erties over the frequency range from 175 to 191 GHz
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(the bounding frequency limits for the three channels),
the single scattering properties may be assumed to be
the same for all three channels.

As indicated by Fig. 1, the single scattering albedo for
liquid spheres is much less than one throughout the
range of expected cloud particle size. Scattering from
liquid cloud particles may, therefore, be assumed to be
insignificant for the AMSU-B channels. Previous work
indicates that scattering in liquid clouds may be justifi-
ably neglected at AMSU-B frequencies when the mode
radius is less than about 20 �m (Muller et al. 1994). As
described previously, the prevalence of absorption over
scattering in the Rayleigh limit (i.e., for particles much
smaller than the radiation wavelength) theoretically
produces extinction that is proportional to the third
moment of the particle size distribution, which repre-
sents liquid water content (liquid mass per unit vol-
ume). Because liquid water content was kept fixed dur-
ing single scattering calculations, the extinction should
exhibit negligible dependence on the liquid sphere me-
dian particle size. This prediction is confirmed in the
top panel of Fig. 1, up to the typical maximum diameter
of liquid cloud particles (�40 �m). The monotonic in-
crease of extinction with millimeter-wave frequency
evident in the figure is also consistent with the absorp-

tive Rayleigh limit (size parameter x increases linearly
with frequency).

In the millimeter-wave spectral range, Im(m) (i.e.,
the absorptive component) for liquid water exceeds
Im(m) for ice by more than two orders of magnitude
(Ray 1972). Therefore, for particles of similar size, the
single scattering albedo for ice particles should be much
larger than for liquid water particles. This predicted
behavior is confirmed by comparing the middle panels
of Figs. 1 and 2. For ice spheres, the prevalence of
scattering introduces a strong particle-size dependence
to the extinction, unlike the case for liquid water
spheres. In the Rayleigh limit, scattering-dominated ex-
tinction increases as the sixth moment of the particle
size distribution. The relatively weak extinction for ice
particles smaller than about 100–200 �m indicates that
such particles are effectively insignificant at millimeter-
wave frequencies. For example, the extinction produced
by liquid phase particles (with equivalent liquid water
content) is more than an order of magnitude greater
than for ice particles with D0 values less than 200 �m.

c. Radiative transfer modeling
For mixed-phase cloud radiative transfer simulations,

we employed a modified two-stream scattering model.

FIG. 1. Single scattering properties—(top) extinction, (middle)
single scattering albedo, and (bottom) asymmetry parameter—of
liquid water spheres for three AMSU-B microwave bands as a
function of median diameter. Extinction is calculated for fixed
liquid water content of 1 g m�3.

FIG. 2. As in Fig. 1, single scattering properties of ice spheres for
the three AMSU-B microwave bands as a function of median
diameter. Extinction is calculated for fixed ice water content of
1 g m�3.
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The plane-parallel radiative transfer model RTSPEC
(available online at http://nit.colorado.edu) accounts
for absorption and scattering processes using a hybrid
technique that integrates the single scattering solution
with the Eddington solution (Deeter and Evans 1998).
While nearly as computationally efficient as the Ed-
dington solution, the hybrid solution retains more in-
formation regarding the scattering phase function. (The
Eddington solution relies on just a single moment of the
scattering phase function.) This is particularly impor-
tant under conditions of weak scattering (i.e., small to
moderate scattering optical depths), which is often the
case in microwave atmospheric remote sensing.

Before executing RTSPEC, the user must compute
layer absorption optical depths over the spectral range
of interest for the atmosphere being modeled. For that
purpose, we employed the MONORTM radiative
transfer code from Atmospheric and Environmental
Research, Inc. (available online at http://rtweb.aer.
com). Layer optical depths were calculated on a grid
with 1-km vertical resolution and at a spectral resolu-
tion of 0.002 cm�1 (approximately 60 MHz). Absorp-
tion effects due to both gases and liquid water particles
(representing the liquid component of mixed-phase
clouds) are explicitly included in the layer optical depth
calculations. Based on the conclusion above that scat-
tering is insignificant for liquid cloud particles at
AMSU-B frequencies, we neglect it completely. This
assumption is equivalent to the approximation that the
single scattering albedo for liquid-phase cloud particles
is exactly zero. In this limit, the radiative properties of
the liquid component of mixed-phase clouds depend on
the liquid water content (liquid mass per unit volume),
but not on liquid particle size. For the same reason, the
assumed size distribution plays no role in the radiative
transfer calculations.

d. Cloud models

The most simple mixed-phase cloud model is one in
which both liquid and ice particles are assumed to be
homogeneously distributed within a single layer. More
complex two- and three-layer models have also been
considered in which the top layer is populated exclu-
sively by ice particles and the bottom layer by liquid
droplets (Zhang and Vivekanandan 1999). Previous mi-
crowave modeling results for ground-based remote
sensing studies indicate that substantial brightness tem-
perature differences (on the order of 10 K) may result
from the choice of the mixed-phase cloud model
(Zhang and Vivekanandan 1999). We considered three
plane-parallel models to represent the geometrical
(macrophysical) characteristics of mixed-phase clouds.
The uniform mixing (UM) model is a single-layer
model characterized by cloud-base and cloud-top
heights of 3 and 6 km, respectively. Within those
boundaries, both LWC and IWC are assumed to be
homogeneous. The glaciated cloud-top (GT) model is
characterized by a homogeneous liquid cloud layer be-

tween 3 and 5 km, and a homogeneous ice cloud layer
between 5 and 6 km. Finally, the glaciated cloud-base
(GB) model is characterized by a liquid cloud layer
between 4 and 6 km, and an ice cloud layer between 3
and 4 km. All three cloud models exhibit the same
cloud-top and cloud-base heights, although with sub-
stantially different distributions of ice and liquid mass.

Inclusion of the GB model is consistent with the ob-
servation of large ice particles (and a peak in IWC)
near the bottoms of some mixed-phase clouds (Fleis-
hauer et al. 2002). Because the extinction associated
with ice particles increases rapidly with particle size, the
vertical distribution of the largest particles will have a
much stronger effect on radiative transfer modeling re-
sults than will the distribution of smaller ice particles.
Although the actual macrophysical characteristics of
mixed-phase clouds are extremely variable, the three
models considered here should provide a constructive
basis to simulate the effects of ice and liquid vertical
distribution on AMSU-B observations.

For each cloud model, the IWP (or vertically inte-
grated IWC) within the ice cloud layer and the LWP
within the liquid cloud layer were independently var-
ied. Radiative transfer calculations were carried out for
each cloud model over a grid of IWP and LWP values,
and for two ice particle D0 values: 200 and 400 �m.
These two D0 values were selected to demonstrate the
significant role played by ice particle size in determin-
ing radiative properties. (For ice particle distributions,
a value of 7 was assumed for �. This choice represents
a relatively narrow distribution in order to accentuate
the role played by particle size. Sensitivity of the radia-
tive transfer model results to � will be addressed in
future studies.)

e. Other modeling parameters

For the “baseline” atmospheric state (i.e., the nomi-
nal temperature and water vapor vertical profiles), we
chose the McClatchey midlatitude winter profile (Ell-
ingson et al. 1991). However, for consistency with the
cloud models described above, the water vapor vertical
profile was modified between 3 and 6 km by setting the
relative humidity (with respect to ice) within that layer
to 100%. Monochromatic clear-sky weighting functions
(derivatives of transmittance with respect to height)
representing each of the AMSU-B channels for the re-
vised McClatchey midlatitude winter profile are shown
in Fig. 3. (Weighting functions were calculated on a
1-km grid, and then smoothed using cubic spline inter-
polation.) The McClatchey midlatitude winter profile
was selected for this study as a reasonable model for
representing wintertime continental interior conditions.
Surface temperature was taken as the temperature in
the atmospheric profile closest to the surface (272.2 K).
Surface emissivity was set to 0.9 for all AMSU-B chan-
nels because, over land, typical surface emissivity val-
ues at millimeter-wave frequencies range from about
0.8 to 1.0 (Felde and Pickle 1995).
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4. Simulation results

Prior to simulating the effects of varying cloud pa-
rameters on the AMSU-B brightness temperatures,
clear-sky simulations were performed to quantify the
first-order sensitivity of the brightness temperatures to
relative humidity, atmospheric and surface tempera-
ture, and surface emissivity. Because in real applica-
tions these geophysical parameters will generally be
characterized by some uncertainty, each represents a
potential source of error in any satellite-based mixed-

phase cloud retrieval algorithm. Four test cases were
conducted in which perturbations were separately ap-
plied to 1) the relative humidity (RH) profile, 2) the
temperature profile (Tz), 3) the surface temperature
(Ts), and 4) the surface emissivity (�s). Perturbations to
the relative humidity profile (�10%) and temperature
profile (�2 K) were applied uniformly throughout the
troposphere. Calculated brightness temperatures for
each of the test cases are compared with results for the
baseline state (described in the previous paragraph) in
Table 1. As would be expected, perturbations to the
surface parameters are reflected most strongly in the
window channels, whereas perturbations in the meteo-
rological profiles mainly affect the water vapor chan-
nels. Because the weighting function for the 183 �
7-GHz channel is substantially higher at the surface
compared to the other water vapor channels (as seen in
Fig. 3), it exhibits relatively stronger sensitivity to sur-
face parameter perturbations and weaker sensitivity to
meteorological profile perturbations.

Radiative transfer modeling results for the UM, GT,
and GB cloud models are presented as brightness tem-
perature contour plots in Figs. 4, 5, and 6. For each
cloud model, LWP and IWP were independently varied
between 0 and 500 g m�2 for a specific value of D0

(either 200 or 400 �m). All simulations were made for
the nadir view. First-order radiative sensitivities to both
LWP and IWP, that is, �T� /�LWP and �TB/�IWP are
also presented in Tables 2 and 3. These derivatives in-
dividually represent the radiative sensitivity to one
phase of the cloud in the absence of the other phase
(i.e., �TB/�LWP is evaluated at zero IWP whereas �TB/
�IWP is evaluated at zero LWP).

a. General observations

As seen in Figs. 4, 5, and 6, brightness temperatures
for all of the water vapor channels tend to decrease
monotonically both with increasing LWP and IWP. For
these channels, increasing LWP tends to increasingly
absorb upwelling radiance from below and reradiate at
a relatively colder brightness temperature. In contrast,
increasing IWP generally reduces the brightness tem-
perature by reflecting upwelling radiation reaching the
cloud bottom downward and reflecting the much
weaker downwelling radiance at the cloud top upward.

FIG. 3. Clear-sky weighting functions (derivatives of transmit-
tance with respect to altitude) for the AMSU-B channels and the
modified McClatchey midlatitude winter profile. Weighting func-
tions were calculated on a 1-km grid and then smoothed by cubic
spline interpolation. Results were calculated from monochromatic
layer optical depths calculated by MONORTM for the nadir view
at 89.0, 150.0, 176.3, 180.3, and 182.3 GHz. (Actual radiative trans-
fer simulations performed with RTSPEC include spectral integra-
tion over the instrumental bandpasses. The monochromatic
weighting functions shown here describe the radiance sensitivity
at the spectral center of each channel.)

TABLE 1. Comparison of clear-sky brightness temperature calculated for baseline atmospheric state (midlatitude winter) with clear-
sky brightness temperatures calculated after applying perturbations to the tropospheric relative humidity, tropospheric temperature,
surface temperature, and surface emissivity. Values in parentheses indicate difference between values for perturbed case and baseline
state.

Perturbation TB (89) TB (150 GHz) TB (183 � 7 GHz) TB (183 � 3 GHz) TB (183 � 1 GHz)

None 250.31 255.47 261.25 252.85 243.26
�RH � �10% 249.90 (�0.41) 254.48 (�0.99) 261.59 (0.34) 253.93 (1.08) 244.79 (1.53)
�Tz � �2.0 K 250.11 (�0.20) 255.02 (�0.45) 259.45 (�1.80) 250.66 (�2.19) 241.09 (�2.17)
�Ts � �2.0 K 248.76 (�1.55) 254.18 (�1.29) 260.93 (�0.32) 252.84 (�0.01) 243.26 (0.00)
��s � �0.05 240.23 (�10.08) 248.46 (�7.01) 260.79 (�0.46) 252.84 (�0.01) 243.26 (0.00)
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For the window channels, however, increasing LWP
tends to increase the brightness temperature. This
trend is closely associated with the assumed surface
emissivity (Greenwald et al. 1997; Jones and Vonder
Haar 1990). Although the surface emissivity modulates
both the thermal emission from the surface and the
reflected downwelling radiation (through Kirchoff’s
law), its effect on the thermal emission term dominates
for the window channels (as confirmed in Table 1).
Thus, if the physical temperature of the surface is TS,
the effective radiative temperature of the surface is
�STS. In radiative terms, the surface may, therefore,
appear much colder than the overlying atmosphere.
Under these circumstances, increasing the absorption
optical depth of the atmosphere (e.g., by increasing the
LWP) will tend to “mask” the effectively colder sur-
face, thereby increasing the brightness temperature ob-
served at the top of the atmosphere. (This effect is even
more dramatic over surfaces of open water, for which
the emissivity is much smaller than it is for land.) In
contrast, increasing IWP monotonically reduces the
window channels’ brightness temperatures by the same
mechanism (scattering) described for the water vapor
line channels.

b. Implications for retrieval algorithm development

The results of the simulations shown in Figs. 4, 5, and
6 and in Tables 2 and 3 have several implications for the
development of millimeter-wave mixed-phase cloud
classification and retrieval algorithms. First, compari-
son of the results for the GB and GT cloud models in
Table 3 (where IWP � 0) reveals that vertical displace-
ment of the 2-km-thick liquid cloud by 1 km has sig-
nificant effects for both the window channels and the
water vapor channels. For the window channels, sensi-
tivity to LWP is greatest for the GT model, where the
liquid is nearest the surface. For the water vapor chan-
nels, in contrast, the GB model exhibits the greatest
LWP sensitivity. Thus, the window channels seem most
sensitive to liquid cloud particles near the surface,
whereas the 183 � 7-GHz channel is more sensitive to
liquid in the midtroposphere. Generally, these results
demonstrate that the validity of assumptions regarding
the liquid phase vertical distribution will have a strong
effect on the accuracy of millimeter-wave-based re-
trievals of LWP. Overall, the 183 � 7-GHz channel
exhibits the highest LWP sensitivity �TB/�LWP.

As indicated in Table 2 and in Figs. 5 and 6, the IWP
sensitivity �TB/�IWP depends strongly on both the ice
particle size and the vertical location of the ice layer.
The strong increase in IWP sensitivity with increasing

FIG. 4. AMSU-B brightness temperature contours for the UM
mixed-phase cloud model with ice particle median diameters of
200 and 400 �m. Consecutive contours are separated in incre-
ments of 2 K.

FIG. 5. As in Fig. 4 but for the GT mixed-phase cloud model.
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particle size is a direct result of the nonlinear increase
of extinction with particle size, as discussed in section
3b and shown in Fig. 2. Compared to the corresponding
values of �TB/�IWP for D0 � 200 �m, the values for D0

� 400 �m are approximately 8 times as large for the
89-GHz channel and 4 times as large for the water va-
por channels. Thus, the water vapor channels exhibit
weaker particle size dependence than the window chan-
nels. For the cloud models considered, the 183 � 7- and
150-GHz channels exhibit the greatest IWP sensitivity.
Sensitivity to IWP increases with the altitude of the ice
layer for all channels, because absorption and emission

processes from both water vapor and liquid tend to
mask the underlying atmosphere. As the ice layer is
moved higher, there is less absorption to diminish the
scattering effect of the ice layer. This effect is much
more pronounced for the water vapor channels than for
the window channels, as would be expected. For ex-
ample, for the same D0, the IWP sensitivity �TB/�IWP
for the 183 � 7-GHz channel more than doubles as the
ice-layer base moves from 3 (in the GB model) to 5 (in
the GT model) km.

In view of the large number of mixed-phase cloud
parameters to which AMSU-B brightness temperatures
are apparently sensitive, AMSU-B data alone are prob-
ably insufficient as the basis of a comprehensive mixed-
phase cloud retrieval algorithm. The results above dem-
onstrate that AMSU-B brightness temperatures are
sensitive to cloud geometry (cloud boundaries for each
phase), LWP, IWP, and ice particle size. Additional
information, either from 1) complementary satellite or
ground-based remote sensing instruments, 2) a priori
data, or 3) modeling results would clearly be needed to
retrieve basic mixed-phase cloud properties like LWP
and IWP. Complementary remote sensing measure-
ments might include satellite retrievals of cloud-top
height and/or radar retrievals of cloud boundaries. A
priori data might include statistics of in situ ice particle
spectra measured under specific meteorological condi-
tions.

5. Mixed-phase cloud case study

As discussed in section 2b, identifying and quantify-
ing the effects of clouds in millimeter-wave satellite ob-
servations is much more challenging over land than
over open water. Here, we present a case study to dem-
onstrate that nonprecipitating mixed-phase clouds over
land produce measurable effects on satellite millimeter-
wave measurements. Comparisons of observed bright-
ness temperatures with corresponding calculated clear-
sky values reveal the effects of the clouds. These effects
are quantified in terms of brightness temperature de-
pression, that is,

�TB � T B
calc � T B

obs, �10�

where T obs
B and T calc

B are the observed and correspond-
ing calculated clear-sky brightness temperatures, re-
spectively.

FIG. 6. As in Fig. 4 but for the GB mixed-phase cloud model.

TABLE 2. First-order radiative sensitivities [K (kg m�2)�1] of
AMSU-B channels to IWP (�TB/�IWP) in three cloud models for
two values of D0. Values are calculated for zero LWP.

Cloud
model

D0
(�m)

AMSU-B channel frequency (GHz)

89 150 183 � 1 183 � 3 183 � 7

UM 200 �0.8 �6.9 �0.7 �4.0 �10.5
400 �6.9 �38.3 �2.5 �15.3 �42.6

GB 200 �0.7 �6.2 �0.0 �1.1 �6.7
400 �6.5 �35.3 �0.1 �4.2 �28.7

GT 200 �0.9 �7.7 �1.8 �8.1 �15.0
400 �7.2 �42.6 �6.8 �35.1 �65.7

TABLE 3. First-order radiative sensitivities [K (kg m�2)�1] of
AMSU-B channels to LWP (�TB/�LWP) in three cloud models.
Values are calculated for zero IWP.

Cloud
model

AMSU-B channel frequency (GHz)

89 150 183 � 1 183 � 3 183 � 7

UM 18.3 12.2 �2.5 �10.9 �22.8
GB 15.5 7.4 �3.5 �14.5 �28.9
GT 21.2 17.7 �0.8 �6.2 �15.5
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a. Ancillary data

The U.S. Department of Energy (DOE) operates an
ongoing research program known as ARM. For studies
of mixed-phase clouds, we exploited several datasets
acquired at the ARM SGP Calibration and Radiation
Test Bed (CART) site located in northern Oklahoma.
The ARM data considered in this study were acquired
from several ground-based instruments at the SGP
Central Facility (36.605°�, 97.486°W) on 16 March
2002. Data from the ARM Millimeter-Wave Cloud Ra-
dar (MMCR; Moran et al. 1997) on this day were used
to distinguish clear and cloudy periods, to locate cloud
boundaries, and to identify periods of precipitation.
MMCR radar reflectivity data are shown in Fig. 7. Re-
trievals from the 12-channel Microwave Radiometer
Profiler (MWRP; Gueldner and Spaenkuch 2001; Lil-
jegren et al. 2001b) provided local atmospheric tem-
perature, water vapor, and liquid water content profiles
at the times of the AMSU-B overpasses. As a source of
meteorological profiles, MWRP retrievals were pre-
ferred over standard radiosonde data because of their
much higher sampling frequency. As compared with
radiosondes, the accuracy of MWRP temperature pro-
files is approximately 1°–2°C (rms), whereas MWRP
water vapor profiles are generally at least accurate to
1–2 g m�3 (Liljegren et al. 2001b). For the period stud-
ied, MWRP retrievals were available approximately ev-
ery 15 min, whereas soundings were only available ap-
proximately every 6 h. MWRP retrievals of LWP were
supplemented by LWP retrievals from the two-channel
Microwave Water Radiometer (MWR; Liljegren et al.
2001a), which has a longer operational history and has

been more extensively validated. Retrievals of LWP
from both the MWR and MWRP instruments for 16
March 2002 are shown in Fig. 8.

Although the MMCR data shown in Fig. 7 exhibit
periods of both clear and cloudy conditions, two dis-
tinct cloud layers are apparent. The higher cloud layer
resides roughly between 6 and 10 km, whereas the
lower cloud layer lies between 2 and 5 km. Analysis of
these two cloud layers provides an important context
for the ensuing analysis of the AMSU-B observations
of this system. The location of the higher cloud layer
suggests that it was most likely cirrus. This conjecture is
supported by Geostationary Operational Environmen-
tal Satellite (GOES) retrievals (Minnis et al. 2001),
which determined the cloud-top phase for the ARM
SGP area during this day to be primarily ice. Additional
evidence for the lack of liquid in the upper cloud layer
is provided by the ground-based MWRP and MWR
instruments. As shown in Fig. 8, retrievals of measur-
able amounts of liquid (e.g., LWP greater than 0.03
mm) for both instruments occur only between 1100 and
2000 UTC. These times correspond closely to the ap-
pearance and disappearance of the lower cloud layer,
identifying that layer as the liquid-bearing layer. More-
over, inspection of the MWRP liquid water content ver-
tical profiles between 1100 and 2000 UTC indicates that
the cloud liquid is heavily concentrated between the
surface and about 4 km. The consistent picture emerg-
ing from all of these datasets is a two-layer cloud system
consisting of either a liquid or mixed-phase cloud in the
midtroposphere below a separated layer of thick cirrus.
Last, the high peak radar reflectivity values observed
in the lower cloud layer (often greater than 10 dBZ)

FIG. 7. Radar reflectivity recorded by the MMCR at the ARM
SGP field site on 16 Mar 2002.

FIG. 8. Retrievals of liquid water path for both the 2-channel
MWR and 12-channel MWRP instruments at the ARM SGP field
site on 16 Mar 2002.
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strongly suggest the presence of ice particles (Vive-
kanandan et al. 1999). We, therefore, conclude that the
lower cloud was mixed in phase. The radar data further
indicate that, with the possible exception of a brief pe-
riod at approximately 1800, this cloud system was not
precipitating. No measurable precipitation was ob-
served at the SGP Central Facility surface station on
this day.

b. AMSU-B data

All of the AMSU-B observations from both the
NOAA-K and -L satellites falling within a 1° latitude �
1° longitude box centered on the SGP Central Facility
on 16 March 2002, were collected. A total of 89
AMSU-B observations derived from four satellite over-
passes were found and analyzed. Satellite overpasses
occurred at approximately 0105, 0810, 1325, and 1935
UTC, which are labeled hereinafter (and in Fig. 7) as
“A,” “B,” “C,” and “D,” respectively. According to
arguments presented in the previous paragraph, over-
pass A corresponds to a period of cirrus cover. Over-
pass B occurred during a period of clear sky, just before
the brief appearance of cirrus. Overpass C corresponds
to a period during which both cloud layers were well
developed. Overpass D occurred after the disappear-
ance of the lower cloud, but the cirrus layer was still
clearly evident. Because the lower cloud layer was ab-
sent for overpasses A, B, and D, those overpasses are
collectively termed the “cirrus scenes.” Overpass C is
the sole satellite overpass during which the mixed-
phase cloud was observed.

For each actual AMSU-B observation, correspond-
ing clear-sky brightness temperatures were calculated
using the radiative transfer model described in section
3. Actual satellite zenith angles for each observation
along with temperature and water vapor profiles ob-
tained from the MWRP were fed to the model to esti-
mate the clear-sky brightness temperatures. A surface
emissivity of 0.95 was assumed for all model calcula-
tions. This value was selected because 1) it is well within
the range of reported microwave surface emissivity val-
ues over land (Felde and Pickle 1995) and 2) it pro-
duced reasonable agreement between the observed and
calculated brightness temperatures for the three cirrus
scenes at both 89 and 150 GHz. Studies based on mod-
eling results (Muller et al. 1994) and airborne observa-
tions (Wang et al. 1998) indicate that cirrus-induced
brightness temperature depressions at 89 GHz are typi-
cally less than a few kelvin. For the purpose of estimat-
ing surface emissivity, we neglected the radiative effects
of cirrus entirely. For each observation and AMSU-B
channel, �TB provides a quantitative measure of the
net radiative effect of the clouds within the AMSU-B
field of view.

Comparisons of observed AMSU-B brightness tem-
peratures with corresponding calculated clear-sky val-
ues are presented as scatterplots in Fig. 9. Unique plot-
ting symbols (defined in the figure caption) distinguish

FIG. 9. Comparison of observed and model-calculated
AMSU-B brightness temperatures at the ARM SGP site for 16
Mar 2002. Data for mixed-phase cloud overpass at 1325 UTC are
plotted with the � symbol. Results for cirrus-scene overpasses are
plotted with the � symbol.
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the AMSU-B observations made during overpass C
from the other three overpasses. The �TB statistics
(both means and standard deviations) were calculated
separately for overpass C and the other three over-
passes and are listed in Table 4.

c. Analysis

For the 89- and 150-GHz channels, absolute devia-
tions between the observed and calculated clear-sky
brightness temperatures in the three cirrus scenes are
typically only a few kelvin. (For these channels, the
assumed surface emissivity value directly affects the
systematic bias between the observed brightness tem-
peratures and corresponding calculated clear-sky
brightness temperatures, but has no effect on the bias of
�TB values for overpass C relative to the three cirrus
scenes.) At 89 GHz, �TB statistics for overpass C gen-
erally agree with values for the cirrus scenes. However,
for the 150-GHz channel, an overall �TB bias of 4.6 K
is observed between overpass C and the other three
overpasses (as seen in Table 4), with a maximum �TB

value of about 7 K. Qualitatively, the stronger effect of
the mixed-phase cloud on the 150-GHz channel relative
to the 89-GHz channel agrees with modeling results
presented in section 4.

Because of the strong frequency dependence of the
single scattering properties of ice particles (as shown in
Fig. 2), cirrus-induced brightness temperature depres-
sions are potentially much greater for the water vapor
channels than for the window channels (Muller et al.
1994; Wang et al. 1998). For these channels more than
for the window channels, absorption and emission by
water vapor in and above any cirrus cloud would reduce
the brightness temperature depression caused by the
cloud. Thus, cirrus-induced brightness temperature de-
pressions for the water vapor channels depend on the
position of the ice layer relative to each of the water
vapor channels’ weighting functions. For example, if
the cirrus layer resides well above the peaks of the
weighting functions for all three water vapor channels,
cirrus-induced brightness temperature depressions will
be approximately the same for all three channels. In
conditions where the cirrus layer is not well above the
water vapor channel weighting functions, the masking
effect of water vapor (which tends to reduce brightness
temperature depression) in and above the cirrus layer
will be strongest for the 183 � 1-GHz channel and
weakest for the 183 � 7-GHz channel. Thus, the 183 �

7-GHz channel should generally be the most cirrus-
sensitive AMSU-B channel. The lack of any appre-
ciable brightness temperature depressions (i.e., larger
than a few kelvin) at 183 � 7 GHz for the three cirrus
scenes indicates that the cirrus layer had negligible ef-
fect on the AMSU-B data analyzed in this paper.

Retrievals of temperature and water vapor profiles
from the ground-based MWRP were used in model cal-
culations instead of radiosonde data because of the
much greater sampling frequency. (Any benefits that
might be gained from using radiosonde data for this
purpose would be greatly outweighed by large errors
encountered because of the lack of synchronicity be-
tween the radiosonde measurements and the AMSU-B
observations. Moreover, the much higher vertical reso-
lution offered by the radiosonde measurements is rela-
tively unimportant for simulating millimeter-wave
brightness temperatures, which respond to water vapor
averaged over thick layers.) MWRP water vapor pro-
files exhibit relative errors that increase with altitude
(Liljegren 2004). This effect, combined with the water
vapor channels’ weighting functions (as shown in Fig.
3), implies that water vapor profile uncertainties should
typically produce the largest errors in calculated bright-
ness temperatures for the 183 � 1-GHz channel and the
smallest errors in calculations for the 183 � 7-GHz
channel. This expectation is confirmed in the three cir-
rus scenes (plotted in Fig. 9 with the � symbol). This
characteristic of the ancillary data implies that smaller
cloud-induced �TB values should be resolvable for the
183 � 7-GHz channel than for the 183 � 1- and 183 �
3-GHz channels.

Comparing the water vapor channels only, the results
presented graphically in Fig. 9 and statistically in Table
4 show that the mixed-phase cloud present during over-
pass C produces the most obvious effect at 183 � 7
GHz. For this channel, the overall bias between �TB

values for overpass C and the three cirrus-scene over-
passes of 3.2 K is nearly 4 times as large as the standard
deviation of the cirrus-scene �TB values. The maximum
�TB value of approximately 6 K is nearly 2 times as
large as the largest value for the three cirrus scenes. In
contrast, for both the 183 � 1- and 183 � 3-GHz chan-
nels, �TB values for overpass C fall well within the
range of values for the other three overpasses.

The results of this case study qualitatively agree with
the modeling results presented in section 4 in that 1)
brightness temperature sensitivities to both LWP and

TABLE 4. Comparison of AMSU-B �TB statistics at ARM SGP site on 16 Mar 2002 for 1) mixed-phase cloud observations
(overpass C) and 2) three cirrus scenes (overpasses A, B, and D).

AMSU-B channel frequency (GHz)

89 150 183 � 1 183 � 3 183 � 7

�T C
B �1.10 � 0.78 �3.57 � 1.44 �2.43 � 1.82 2.52 � 1.09 �3.52 � 1.27

�T ABD
B 1.71 � 2.29 1.00 � 1.84 �3.09 � 1.97 �0.15 � 1.53 �0.32 � 0.87
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IWP are stronger at 150 than at 89 GHz, and 2) among
the three water vapor channels, the largest brightness
temperature depressions occur for the 183 � 7-GHz
channel. These results also demonstrate empirically
that real mixed-phase clouds over land can produce
measurable effects on AMSU-B measurements.

6. Conclusions

A wide range of geophysical parameters affect ob-
servations from satellite-based millimeter-wave radi-
ometers (such as AMSU-B), including surface tempera-
ture and emissivity, atmospheric temperature and wa-
ter vapor profiles, clouds, and precipitation. Thus, the
usefulness of each of the AMSU-B channels for study-
ing mixed-phase clouds depends not only on the sensi-
tivity of brightness temperatures to mixed-phase cloud
properties, but also the availability of precise ancillary
data. The 89- and 150-GHz channels are rather insen-
sitive to atmospheric temperature and water vapor, but
highly sensitive to surface temperature and emissivity.
Conversely, the three AMSU-B water vapor channels
at 183 � 1, 3, and 7 GHz, are relatively insensitive to
the surface but are much more sensitive to the atmo-
spheric temperature and water vapor profiles. In terms
of single scattering properties only, the water vapor
channels are more sensitive to both liquid and ice par-
ticles than are the 89- and 150-GHz channels.

A case study was presented to demonstrate the po-
tential of AMSU-B observations for studying mixed-
phase clouds over land. A key aspect of this study was
the availability of temperature and water vapor profiles
(from a ground-based remote sensing instrument)
matched in time and space with the AMSU-B observa-
tions. Comparisons of observed and calculated clear-
sky AMSU-B brightness temperatures at the ARM
SGP site demonstrate that a mixed-phase cloud pro-
duced measurable brightness temperature depressions
at the 150- and 183 � 7-GHz channels.

Retrieval algorithms designed to exploit millimeter-
wave observations for cloud studies have so far only
considered single-phase systems, that is, pure liquid
clouds or pure ice clouds. Mixed-phase cloud simula-
tion results presented here indicate that both phases of
water can produce significant effects on the observed
brightness temperatures for all AMSU-B channels.
Therefore, retrieval algorithms developed to retrieve
properties (such as IWP) of one particular phase should
not be applied to mixed-phase clouds.

The development of mixed-phase cloud classification
or retrieval schemes based on AMSU-B data might fol-
low one of three approaches. In the first approach, nec-
essary ancillary data would be provided by other satel-
lite-based remote sensing instruments. This is the ap-
proach taken by Rosenkranz (2001), who developed a
retrieval algorithm for liquid-only clouds based on
AMSU-A and AMSU-B observations. This approach

might also benefit from thermal infrared observations,
which are used routinely for determining cloud-top
height. The second approach would involve the use of
water vapor and temperature profiles generated by nu-
merical weather prediction models. Further work is
needed to assess the classification or retrieval errors
that would result from the use of these models. Last,
the third alternative would be to combine AMSU-B
data with observations from ground-based remote sens-
ing instruments. Although such an approach would
only yield retrieval results over limited regions, ground-
based instruments (such as the MWRP) often provide
measurements that are not feasible from space-based
platforms.
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