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ABSTRACT
The Moderate Resolution Imaging Spectroradiometer (MODIS) and the Atmospheric Infrared Sounder
(AIRS) measurements from the NASA Earth Observing System Aqua satellite enable global monitoring of
the distribution of clouds during day and night. The MODIS is able to provide a high-spatial-resolution (1–5
km) cloud mask, cloud classification mask, cloud-phase mask, cloud-top pressure (CTP), and effective cloud
amount during both the daytime and the nighttime, as well as cloud particle size (CPS) and cloud optical
thickness (COT) at 0.55 m during the daytime. The AIRS high-spectral-resolution measurements reveal
cloud properties with coarser spatial resolution (13.5 km at nadir). Combined, MODIS and AIRS provide
cloud microphysical properties during both the daytime and nighttime. A fast cloudy radiative transfer
model for AIRS that accounts for cloud scattering and absorption is described in this paper. Onedimensional variational (1DVAR) and minimum-residual (MR) methods are used to retrieve the CPS and
COT from AIRS longwave window region (790–970 cm⫺1 or 10.31–12.66 m, and 1050–1130 cm⫺1 or
8.85–9.52 m) cloudy radiance measurements. In both 1DVAR and MR procedures, the CTP is derived
from the AIRS radiances of carbon dioxide channels while the cloud-phase information is derived from the
collocated MODIS 1-km phase mask for AIRS CPS and COT retrievals. In addition, the collocated 1-km
MODIS cloud mask refines the AIRS cloud detection in both 1DVAR and MR procedures. The atmospheric temperature profile, moisture profile, and surface skin temperature used in the AIRS cloud retrieval
processing are from the European Centre for Medium-Range Weather Forecasts forecast analysis. The
results from 1DVAR are compared with the operational MODIS products and MR cloud microphysical
property retrieval. A Hurricane Isabel case study shows that 1DVAR retrievals have a high correlation with
either the operational MODIS cloud products or MR cloud property retrievals. 1DVAR provides an
efficient way for cloud microphysical property retrieval during the daytime, and MR provides the cloud
microphysical property retrievals during both the daytime and nighttime.

1. Introduction
Clouds play an important role in the earth’s water
and energy budgets. Their impact on the radiation budget can result in a heating or a cooling of the planet,
depending on the radiative properties of the cloud and
its altitude (Stephens and Webster 1981; Stephens et al.
1990). Because clouds have such a large effect on the
earth’s radiation budget, even small changes in their
abundance or distribution could alter the climate more
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than the anticipated changes from trace gases, aerosols,
or other factors associated with global change.
Cloud parameters, such as cloud-top pressure (CTP),
effective cloud emissivity or effective cloud amount
(ECA), cloud particle size (CPS) in diameter, cloud
optical thickness (COT) at 0.55-m wavelength, ice water path (IWP), and liquid water path (LWP), are important to weather and climate prediction (Diak et al.
1998; Bayler et al. 2000; Kim and Benjamin 2000;
Stephens et al. 1990).
The capability to make cloud microphysical property
measurements from instruments on the National Aeronautics and Space Administration (NASA) Earth Observing System (EOS) Terra and Aqua satellites is unprecedented. These unique global measurements include radiances from the visible (VIS), near-infrared
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(NIR), infrared (IR), and microwave spectral regions
and are available at spatial scales from a few hundred
meters to a few tens of kilometers. The twice-daily temporal resolution makes these instruments well suited
for the comprehensive study of some significant
weather events such as tropical cloud systems and processes (TCSP). The EOS instruments that will be utilized in this study include the Moderate Resolution Imaging Spectroradiometer (MODIS) and the Atmospheric Infrared Sounder (AIRS).
MODIS on the EOS Terra and Aqua satellites provides multispectral broadband measurements and cloud
products with high spatial resolution not seen before.
MODIS cloud products (information available online
at http://daac.gsfc.nasa.gov/MODIS/products.shtml) include, but are not limited to, the cloud mask (Ackerman et al. 1998) that provides each MODIS 1-km pixel
with a clear index (confident clear, probably clear, confident cloudy, probably cloudy), the cloud-phase mask
(Strabala et al. 1994; Baum et al. 2000) with 1-km resolution that provides each MODIS 1-km pixel with a
phase index (water clouds, ice clouds, mixed phase,
etc.), the cloud classification mask (CCM) with 1-km
resolution (Li et al. 2003), the CTP and ECA from
MODIS carbon dioxide (CO2) band measurements
with 5-km spatial resolution (Frey et al. 1999), and the
CPS and COT with 1-km spatial resolution (King et al.
2003; Platnick et al. 2003).
MODIS measurements provide the crucial information to quantify ice water content for optically thin cirrus (King et al. 1992), enabling a global assessment of
IWP in cirrus clouds. IWP measurements are urgently
needed for the evaluation of cloud forcing, net radiation balance, and cloud formation and parameterization in general circulation models.
The AIRS (see information online at http://www
-airs.jpl.nasa.gov; Aumann et al. 2003) on NASA’s
EOS Aqua satellite is a high-spectral-resolution (/⌬
⫽ 1200, where  is the wavenumber and ⌬ is the width
of a band) IR sounder with 2378 channels. AIRS measures radiances in the IR region 3.74–15.4 m, which,
together with the Advanced Microwave Sounding Unit
(AMSU), yields the vertical profiles of atmospheric
temperature and water profiles from the earth’s surface
to an altitude of 40 km with horizontal resolution of
approximately 45 km (the AMSU footprint covers 3 by
3 AIRS footprints) (Susskind et al. 2003). Taking advantage of high-spectral-resolution AIRS longwave
cloud-sensitive radiance measurements, CTP and ECA
in theory can be retrieved with better accuracy than
that from MODIS (Li et al. 2004b). AIRS is also suited
for cloud microphysical property sensing such as CPS
(in diameter) and COT with its high-spectral-resolution
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IR radiances during both the daytime and nighttime,
although hyperspectral IR radiance is most sensitive to
CPS and COT in only finite ranges of values (Huang et
al. 2004b). LWP or IWP can then be inferred from CPS,
COT, and the mean extinction efficiency of the clouds.
The focus of this paper is to demonstrate the cloud
property information and to derive high-quality cloud
microphysical properties such as CPS and COT from
the synergistic use of MODIS and AIRS during both
the daytime and nighttime. Our approach takes advantage of the significant amount of spectral and spatially
independent information provided by the MODIS and
AIRS sensors. For example, the operational MODIS
cloud mask and cloud-phase mask (CPM) with 1-km
spatial resolution collocated to the AIRS footprints
provide better AIRS subpixel cloud detection and
phase determination because of the MODIS VIS/NIR
and 8.5-m spectral bands (AIRS has coarser spatial
resolution and does not have 8.5-m channels). Those
derived cloud products from MODIS/AIRS will be
available for the studies of some significant weather
events such as tropical cyclone genesis, intensification,
and rainfall of the TCSP.
Studies have shown that CTP and ECA can be derived from AIRS CO2 absorption region (650–790 cm⫺1
or 15.38–12.66 m) radiances or combination of AIRS
CO2 radiances and MODIS cloud products from CO2
spectral bands. The CTP and ECA retrievals from combination of AIRS radiance measurements and the
MODIS cloud products from CO2 bands are better
than those from MODIS alone; they are also slightly
better than those from AIRS alone (Li et al. 2004b)
when compared with ground observations. The EOS
MODIS/AIRS provide quantitative information on
COT and cloud water and ice content that should help
to overcome shortcomings in the treatment of cloud
processes in climate models and the lack of the observational constraints needed to characterize these processes accurately or to validate models. The MODIS/
AIRS cloud products will improve and validate cloud
information derived from other EOS satellites, as well
as the operational weather and environmental satellites.
Algorithms have been developed for retrieving cloud
microphysical properties from visible, near-IR, and IR
multispectral bands (Nakajima and King 1990; Ou et al.
1999; Minnis et al. 1993a,b; Heidinger 2003; Cooper et
al. 2003). They usually work well during the daytime
because of cloud-sensitive solar illumination measurements. High-spectral-resolution IR sounder data such
as AIRS are able to provide consistent cloud microphysical properties during both the daytime and night-
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time. Use of advanced sounder data such as aircraftbased High-Resolution Interferometer Sounder (HIS)
(Smith et al. 1993; Kahn et al. 2003) and EOS AIRS for
analyzing the ice cloud optical thickness property has
been also investigated (Huang et al. 2004a; Wei et al.
2004). However, quantitative retrieval of COT and CPS
from AIRS has not been routinely made. In this paper,
a fast cloudy radiative transfer model is developed to
retrieve the COT and CPS simultaneously with onedimensional variational (1DVAR) and minimum residual (MR) approaches. Operational COT and CPS
product from the high-spatial-resolution MODIS serves
as background in the AIRS 1DVAR cloud retrieval
(hereinafter referred to as MODIS ⫹ AIRS 1DVAR),
and the cloud microphysical property retrievals can also
be derived from AIRS radiances with the MR algorithm (hereinafter referred to as AIRS MR), which
does not use MODIS COT and CPS as background.
The algorithms derive cloud microphysical properties
from synergistic use of MODIS and AIRS data during
both the daytime and nighttime. The MODIS cloud
mask (part of data product MYD35), cloud-phase mask
(MYD06), and cloud microphysical property products
(MYD06) along with the AIRS radiances are used for
cloud microphysical property retrieval during the daytime, whereas MODIS cloud mask (MYD35) and
cloud-phase mask (MYD06) along with AIRS radiances are used during both the daytime and nighttime.
A simulation study shows that the accuracy of cloud
microphysical property retrieval is sensitive to the error
of CTP. The CPS and COT retrievals from AIRS MR
have been compared with the operational MODIS
cloud microphysical property products (MYD06). A
high correlation between operational MODIS and
AIRS MR was found for CPS and COT. MODIS provides cloud microphysical properties during the daytime with high spatial resolution, while AIRS provides
cloud products from high-spectral-resolution radiances
but at a relatively coarser spatial resolution during both
the daytime and nighttime.
Synergistic use of a high-spatial-resolution imager,
along with information from a high-spectral-resolution
IR sounder, described in this paper, is analogous to
instruments planned for the next-generation Geostationary Operational Environmental Satellite (GOES)-R
instruments (Gurka and Schmit 2004)—the Advanced
Baseline Imager (ABI) (Schmit et al. 2005) and the
Hyperspectral Environmental Suite (HES)—as well as
the Visible Infrared Imaging Radiometer Suite (VIIRS)
and Cross-Track Infrared Sounder (CrIS) on the National Polar-Orbiting Operational Environmental Satellite System (NPOESS). It can also be applied to pro-

VOLUME 44

cess EOS direct-broadcast MODIS/AIRS data (Huang
et al. 2004a).
Section 2 describes the fast cloud radiative transfer
model for calculating the AIRS longwave cloudy radiances. Section 3 analyzes the cloud information and
sensitivity from AIRS longwave radiances. Section 4
describes the 1DVAR and MR schemes for the cloud
microphysical property retrieval. Section 5 presents
some simulation results and retrieval error analysis.
Section 6 compares the operational MODIS cloud
products with the MODIS ⫹ AIRS 1DVAR and the
AIRS MR cloud microphysical property retrievals. The
results and implications are discussed in section 7. Future extensions and conclusions are summarized in section 8.

2. Fast cloudy radiative transfer model
Through the joint efforts of the University of Wisconsin—Madison and Texas A&M University, a fast
radiative transfer cloud model for hyperspectral IR
sounder measurements has been developed (Wei et al.
2004). For ice clouds, the bulk single-scattering properties of ice crystals are derived by assuming aggregates
for large particles (⬎300 m), hexagonal geometries
for moderate particles (50–300 m), and droxtals for
small particles (0–50 m) (Yang et al. 2001, 2003). For
water clouds, spherical water droplets are assumed, and
the classical Lorenz–Mie theory is used to compute
their single scattering properties. In the model input,
the cloud optical thickness is specified in terms of its
visible optical thickness at 0.55 m. The IR COT for
each AIRS channel can be derived through the following relationship:

⫽

具Qe典
2

vis,

共1兲

where  is the cloud optical thickness and 具Qe典 is the
bulk mean extinction efficiency. Given the visible COT
and CPS, the IR COT, the single-scattering albedo, and
the asymmetry factor can be obtained from a predescribed parameterization of the bulk radiative properties of ice clouds and water clouds. The detailed parameterization scheme has been reported in previous
work (Wei et al. 2004). The cloudy radiance for a given
AIRS channel can be computed by coupling the clearsky optical thickness and the cloud optical effects. The
cloud optical effects are accounted for by using a precomputed lookup table of cloud reflectance and transmittance on the basis of fundamental radiative transfer
principles. The clear-sky optical thickness is derived
from a fast radiative transfer model called Stand-Alone
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AIRS Radiative Transfer Algorithm (SARTA) (Hannon et al. 1996; Strow et al. 2003; see information online
at http://asl.umbc.edu/pub/rta/sarta/); it has 100 pressure layers (101 pressure levels), with vertical coordinates from 0.005 to 1100 hPa. The computation takes
into account the satellite zenith angle, absorption by
well-mixed gases (including nitrogen, oxygen, etc.), water vapor (including the water vapor continuum),
ozone, and carbon dioxide. Studies show that the slope
of an IR cloudy brightness temperature (BT) spectrum
between 790 (12.6 m) and 960 (10.4 m) cm⫺1 is sensitive to the CPS and the cloudy radiances are sensitive
to COT in the region from 1050 (9.5 m) to 1250 (8
m) cm⫺1 for ice clouds (Huang et al. 2004b; Wei et al.
2004). The root-mean-square (rms) difference between
the IR fast cloud model and the discrete ordinates radiative transfer (DISORT; Stamnes et al. 1988) calculation is less than 0.5 K for most AIRS spectral channels (Wei et al. 2004). Figure 1 shows the AIRS BT
calculations at nadir view for ice clouds with various
COTs and CPSs. A tropical atmosphere with a CTP of
300 hPa is used in the calculation. In the cloudy radiative transfer model, the clouds are treated as being optically thick but physically thin. Therefore, the cloudbase height is not assumed in the model (Wei et al.
2004). There are very good radiance signals for COT
and CPS in the AIRS longwave window region, indicative of cloud microphysical properties retrievable from
the AIRS longwave window regions (790–950 and
1050–1130 cm⫺1) radiance measurements.

3. Sensitivity of AIRS longwave window radiances
to cloud microphysical properties
With the fast cloudy radiative transfer calculation,
the sensitivity of the AIRS longwave window (790–1130
cm⫺1 or 8.85–12.66 m) radiances to cloud microphysical properties can be analyzed. The magnitude for CPS
sensitivity is the BT sensitivity (delta BT) resulting
from changing CPS by 20%; the magnitude for COT
sensitivity is the BT sensitivity (delta BT) resulting
from changing COT by 20%. Figure 2 shows the CPS
sensitivities for ice clouds (upper panel) and water
clouds (lower panel) of AIRS wavenumbers ranging
from 790 to 1130 cm⫺1 for a tropical atmosphere at
nadir view. The surface skin temperature is set equal to
the surface air temperature in the sensitivity calculations. The y ordinate is the COT from 0.01 to 100, and
the x abscissa is the wavenumber for AIRS longwave
channels with step size of ⌬ for wavenumber , where
/⌬ ⫽ 1200. The blue color indicates strong sensitivity;
the red color shows an opposite but weak sensitivity. In
general, ice clouds have larger CPS sensitivity than wa-

ter clouds; AIRS channels with wavenumbers between
900 and 1130 cm⫺1 (or 8.85–11.1 m) have good CPS
sensitivity when the COT is less than 5. CPS of very
thick clouds (COT ⬎10) or very thin clouds (COT
⬍0.1) is more difficult to retrieve, according to Fig. 2.
Other information analysis techniques (Rodgers 2000)
can also be used to study the cloud microphysical sensitivity in IR radiances.
Note that both AIRS and MODIS only have IR radiances during nighttime; AIRS provides more spectral
cloud property information than MODIS, whereas
MODIS provides better spatial information. The AIRS
cloudy radiative transfer model accounts for the effect
of COT and CPS at all wavenumbers; only the wavenumber regions most sensitive to CPS and COT are
selected in retrieval according to the sensitivity analysis
(see Figs. 1 and 2). Using selected regions instead of all
regions will retain cloud microphysical property information while making the computation efficient.

4. The MR and 1DVAR retrieval schemes
Given the AIRS-observed cloudy radiance Rm for
each channel, then R ⫽ R(T, q, Ts, s, De, vis), which
has the form
Y ⫽ F 共X兲 ⫹ ,

共2兲

where De is CPS in diameter, vis is the COT at 0.55 m,
the vector  is the observation error vector including
forward model uncertainty, and vector X contains CPS
and COT. The atmospheric temperature profile T( p),
moisture profile q( p), and surface skin temperature Ts
are assumed to be known from the European Centre
for Medium-Range Weather Forecasts (ECMWF) forecast analysis, infrared surface emissivity s is assumed
to be 0.98 in the longwave region, Y contains N satellite-observed cloudy radiances Rm, and F(X) is the fast
cloud radiative transfer model for calculating the IR
cloudy radiances from the cloud state X.
The AIRS MR method seeks the CPS and COT by
minimizing the differences between the observations
and the calculations using AIRS longwave channels
(790–1130 cm⫺1, or 8.85–12.7 m). That is,
JMR共X兲 ⫽ 关Ym ⫺ F 共X兲兴TE⫺1关Ym ⫺ F 共X兲兴,

共3兲

where the vector X contains the CPS and COT that
need to be solved, Ym is the vector of the AIRS-measured cloudy radiances used in the retrieval process,
and E is the observation error covariance matrix, which
includes instrument noise plus the assumed forward
model error. To solve Eq. (3), three steps for CPS and
COT retrieval are used in the MR scheme. In step 1,
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FIG. 1. AIRS (BT) calculations for ice clouds with various (top) COTs and (bottom) CPSs.
A tropical atmosphere is used for the calculations.
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FIG. 2. Sensitivity of CPS for ice clouds and water clouds. A tropical atmosphere is used for the
calculations. The unit of the color bar is BT difference (K).

with retrieved CTP and ECA from AIRS radiances of
CO2 channels (Li et al. 2004b), an initial COT is estimated as

 *vis ⫽ ⫺2 ln共1.0 ⫺ Nc兲,

共4兲

where Nc is the ECA from AIRS radiances in the CO2
region (700–790 cm⫺1) (Li et al. 2004b) and  vis
* is the

initial COT. In step 2, with the initial COT, the CPS is
retrieved with the MR scheme [Eq. (3)] using AIRS
channels with wavenumbers between 790 and 960 cm⫺1.
In step 3, with retrieved CPS from step 2, the estimated
COT is retrieved with the MR scheme [Eq. (3)] using
AIRS channels with wavenumbers between 1080 and
1130 cm⫺1. In practice, these three steps are iterated for
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the improved retrieval of CPS and COT with the MR
scheme.
To handle the nonlinearity of the cloud microphysical properties to the AIRS radiances, the MODIS ⫹
AIRS 1DVAR algorithm for CPS and COT retrievals
uses the operational MODIS CPS and COT (King et al.
2003; Platnick et al. 2003) as the background information to obtain the cloud parameters from the AIRS
longwave spectral-band cloudy radiance measurements. AIRS channels with wavenumbers between 790
and 1130 cm⫺1 are used in the CPS and COT retrieval.
The linear form of Eq. (2) is

␦Y ⫽ F⬘ · ␦X,

共5兲

where F⬘ is the linear or tangent model of the forward
model F, which is outlined by Eq. (2).
The 1DVAR approach is to minimize a penalty function J(X); the general form of the 1DVAR solution
(Eyre 1989) is given by

FIG. 3. MODIS CPS (m) arithmetically averaged to the AIRS
footprints for Hurricane Isabel.

J共X兲 ⫽ 关Ym ⫺ F 共X兲兴TE⫺1关Ym ⫺ F 共X兲兴
⫹ 共X ⫺ XB兲TB⫺1共X ⫺ XB兲,

共6兲

where XB is the background information inferred from
the MODIS operational CPS and COT products and B
is the assumed background error covariance matrix that
constrains the solution. To solve Eq. (6), a Newtonian
iteration is used:
Xn⫹1 ⫽ Xn ⫹ J⬙共Xn兲⫺1 · J⬘共Xn兲,

共7兲

and the following quasi-nonlinear iterative form (Eyre
1989) is obtained:

␦Xn⫹1 ⫽ 共F⬘nTE⫺1 · F⬘n ⫹ B⫺1兲⫺1 · F⬘nTE⫺1 · 共␦Yn
⫹ F⬘n · ␦Xn兲,

共8兲

where ␦Xn ⫽ Xn ⫺ XB, ␦Yn ⫽ Y ⫺ Y(Xn), and F⬘n
from Eq. (5) represents the linear terms with ␦R expansion of Eq. (2).
The background error covariance matrix B is assumed to be diagonal with a standard deviation of 20%
for the MODIS CPS and COT. The logarithms of CPS
and COT are used to stabilize the solution of Eq. (8),
and the background error is 0.2 for both ln De and ln
vis. The measurement error covariance matrix E is a
fixed diagonal matrix in which each diagonal element is
2 [see Eq. (2)], that is, the square of the AIRS instrument noise plus the square of an assumed forward
model error of 0.5 K for each longwave channel. The
first-guess X0, or the starting point of the iteration in
Eq. (8), is also the MODIS CPS and COT product.
Quantifying the radiative transfer model uncertainty
is very important for cloud microphysical property rem

trieval (Cooper et al. 2003). However, estimation of the
model uncertainty, especially the bias, is difficult; based
on the comparisons between the fast radiative transfer
model and the DISORT model, the rms difference is
less than 0.5 K in the AIRS longwave IR region for
most cloud cases, and an uncertainty of 0.5 K is assumed as the model error. Note that 0.5 K might be
conservative for the fast cloud radiative model; uncertainties resulting from variable ice crystal habits and
size distribution, multilayered clouds, and so on, need
to be quantified and included in future work.
Operational MODIS cloud microphysical property
products with 1-km spatial resolution during the daytime (King et al. 2003; Platnick et al. 2003) provide the
background information for the MODIS ⫹ AIRS
1DVAR retrieval. Figure 3 shows the MODIS CPS (in
diameter) arithmetically averaged to the AIRS footprints for Hurricane Isabel at 1825 UTC 17 September
2003.
Both MODIS and AIRS data are synergistically used
in the MODIS ⫹ AIRS 1DVAR and the AIRS MR
scheme; both use the MODIS cloud mask and CPM for
AIRS cloud detection and phase determination. The
MODIS cloud mask, CCM, and CPM products provide
AIRS sounder subpixel cloud characterization during
the daytime and nighttime (Li et al. 2004a) as follows:
(a) the collocated MODIS 1-km cloud mask indicates
whether an AIRS footprint is clear or cloudy, (b) the
collocated MODIS 1-km CPM indicates whether an
AIRS subpixel contains water clouds, ice clouds, or
mixed phase clouds—information that is required in the
cloud microphysical property retrieval; (c) the collo-
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FIG. 4. Simulated CPS retrieval rmse as a function of COT.

cated MODIS 1-km CCM helps to determine whether
an AIRS subpixel is partly cloudy or overcast and
whether it is characterized by single-layer clouds or
multilayer clouds. CCM can also be used to validate the
ECA and COT retrievals.

5. A simulation study for the AIRS MR cloud
microphysical property retrieval
To investigate the sources of errors in the cloud microphysical property retrieval with AIRS data, 450 radiosonde profiles from around the globe, representing
various atmospheric conditions, were selected for this
simulation. Fifty combinations were formed from each
profile by assigning 50 COTs (0.04–100) and one CPS
of 30 m with 10-m random variation corresponding
to very thin to thick clouds; only ice clouds are assumed. The AIRS longwave cloudy radiances were
simulated [using Eq. (2)] for all combinations for each
profile. The AIRS instrument noise plus an assumed
forward model error was randomly added into each
AIRS channel cloudy radiance calculation. The simulation study focused on the following two configurations:
1) Assume that the CTP has an error of 50 hPa; an
observation error—instrumental ⫹ forward model
⫹ other uncertainties—of 0.0, 0.25, and 0.5 K is assumed, respectively. This simulation will help to answer the question of how much improvement of

cloud property retrieval will there be if the radiative
transfer model is perfect (no error) or improved
(uncertainty reduced by one-half).
2) Assume that the observation has an error of 0.5 K; a
cloud pressure error (CPE) of 0, 25, and 50 hPa is
assumed, respectively.
For atmospheric temperature, a 1.5-K random error
was assumed at each pressure level, which is close to the
accuracy of the forecast model analysis, and a 15% error was included for water vapor mixing ratio at each
pressure level. For the surface skin temperature a random error of 2.5 K was assumed, and a 0.015 error was
included for the IR surface emissivity. Studies (Menzel
et al. 1992; Wei et al. 2004) show that errors of the
temperature profile from forecasts have less impact on
cloud property retrieval than do other error sources
such as the forward model uncertainty. Figure 4 shows
the retrieved CPS root-mean-square error (rmse) with
respect to truth as a function of COT; the upper panel
reveals the results of configuration 1, and the lower
panel reflects the results of configuration 2. It can be
seen that the impact of observation error on retrieval is
much less than that of CPE. With an error of 50 hPa for
CTP, there is less difference between the retrievals with
observation errors of 0.25 and 0.5 K; however, the CPS
retrieval is significantly improved with the CPE reduced from 50 to 25 hPa, indicating that the CPE is the
major error source for the CPS retrieval. Figure 4 also
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FIG. 5. Simulated COT retrieval rmse as a function of COT.

shows that when the clouds are very thin (COT ⬍0.1)
or very thick (COT ⬎5), the CPS retrieval error is increased, which is consistent with the sensitivity analysis
(see Fig. 2). Figure 5 is the same as Fig. 4, but for the
COT-retrieval rmse. Again, CPE is the major source of
error for the COT retrieval; thin clouds are easier to
retrieve with regard to the COT and CPS than are thick
clouds with the AIRS data. Based on the previous studies, the CPE from hyperspectral sounder data, such as
AIRS data, is approximately 15–30 hPa for most clouds
(Li et al. 2004b), and the CPE from MODIS is approximately 50 hPa (Frey et al. 1999).

6. Retrieval of cloud microphysical properties
from MODIS and AIRS
A granule of AIRS data was studied. Each granule
contains 135 lines, with each line containing 90 pixels.
Figure 6 shows the AIRS (granule 184) longwave window channel 763 (901.69 cm⫺1) BT images at 1825 UTC
17 September 2003 for Hurricane Isabel. The red color
indicates a warm scene or clear skies, and the blue color
represents a cold scene or cloudy skies. Boxes A1 and
A2 in Fig. 6 indicate the two small areas on the hurricane center and edge. The 1-km MODIS pixels are
collocated within an AIRS footprint with collocation
accuracy better than 1 km provided that the geometry
information from both instruments is accurate (Li et al.
2004a). Radiances from 14 MODIS spectral bands are
used to estimate whether a given view of the earth’s

surface is affected by clouds, aerosol, or shadow (Ackerman et al. 1998), and the MODIS operational cloud
mask product MYD35 was used in this study. The
AIRS footprint is determined to be cloudy for cloud
retrieval only when the percentage of the clear MODIS
pixels within the AIRS footprint is less than 97%. The
atmospheric temperature and moisture profiles, as well
as the surface skin temperature, are taken from the
ECMWF forecast model analysis in both the 1DVAR
and the MR retrievals.
Figure 7 shows the COT (upper panel), and the CPS
(lower panel; m) images with the MR algorithm. The
CPS from the AIRS MR is similar to that from the
operational MODIS (see Fig. 3) in pattern. However,
the CPS retrievals inside the hurricane are a little noisy
because AIRS radiance measurements are saturated
for cloud microphysical properties when viewing
opaque convective clouds and CPS information is limited. Figure 8 shows a scatterplot between the MR
COTs and the MODIS ⫹ AIRS 1DVAR COTs (upper
panel) for ice clouds of the same hurricane case; both
the MODIS ⫹ AIRS 1DVAR and the AIRS MR obtain similar COT results, although MR does not use the
MODIS COT and CPS background in retrieval, indicating that both methods are stable. However, the
MODIS ⫹ AIRS 1DVAR is more computationally efficient than the AIRS MR. The scatterplot between the
operational MODIS VIS/NIR COTs and the AIRS MR
COTs for ice clouds is also shown in Fig. 8 (lower
panel); the MODIS 1-km COTs are arithmetically av-
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FIG. 6. AIRS BT image of granule 184 on 17 Sep 2003 for channel 763 (901.69 cm⫺1); boxes A1 and A2
indicate two small areas near hurricane center and edge.

eraged to AIRS footprint, and the differences between
MODIS VIS/NIR-derived COTs and AIRS IR-derived
COTs are large. However, the correlation between the
operational MODIS COTs and the AIRS IR COTs is
high (greater than 0.75 in this case), revealing that
AIRS is able to provide useful COT information during
both the daytime and nighttime.
Several AIRS footprints are selected for more detailed analysis. Figure 9 shows the MODIS 1-km CCM
superimposed on the AIRS footprints for boxes A1
(left panel) and A2 (right panel), shown in Fig. 6; three
adjacent AIRS footprints (F1, F2, and F3) in box A1
representing three layers of thick clouds at the center of
the hurricane indicated by the 1-km CCM are selected
for a retrieval test. The upper panels of Fig. 10 show the
AIRS spectra of BT observations (black line), BT calculations with the MODIS ⫹ AIRS 1DVAR (red line),
and BT calculations with the AIRS MR (blue line) for
the three footprints (F1: left panel; F2: middle panel;
F3: right panel). The BT differences between the observations and the calculations for the three AIRS footprints are shown in the lower panels. The CTP retrievals (Li et al. 2004b) are different from the three foot-

prints, and they are well retrieved by the 1DVAR
(185.779, 238.233, and 345.947 hPa) and the MR
(200.989, 262.140, and 353.013 hPa). Also, the COT retrievals from the three adjacent footprints are consistent with ECA retrievals in both the MODIS ⫹ AIRS
1DVAR and the AIRS MR. Clouds are thicker outside
the center than those inside the center. Calculations
with both the MODIS ⫹ AIRS 1DVAR and the AIRS
MR retrievals fit the observations well for all three
footprints. Figure 11 is the same as Fig. 10, but for the
three AIRS footprints in box A2 (see Fig. 6 for box A2)
representing ice clouds (F5: left panel), ice clouds over
water clouds (F4: middle panel), and scattered ice
clouds over water clouds (F6: right panel), according to
the MODIS 1-km CCM. The calculations fit the slope
of the observations very well, indicating good sensitivity of AIRS radiance measurements to the microphysical properties for ice clouds.
Footprints F7 and F8 (see box A2 in Fig. 9) represent
thin water clouds and thick water clouds, respectively,
according to the MODIS CCM. The upper panel of
Fig. 12 shows the AIRS BT observations, BT calculations with the MODIS ⫹ AIRS 1DVAR cloud proper-
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by minimizing the BT difference between the observation and calculation from an IR window spectral
band, for example, the 11-m spectral band (Menzel
et al. 1992). The window technique may introduce an
increased CPE when the clouds are thin and low, resulting in imperfect CTP and ECA retrievals with the
MODIS ⫹ AIRS 1DVAR (Li et al. 2004b). In such a
situation, the cloud microphysical property retrieval
will also be affected. Similarly, in footprint F8, the
AIRS MR-retrieved COT and ECA are much smaller
than that from the MODIS ⫹ AIRS 1DVAR, although the CCM indicates overcast low clouds for this
footprint. Note that overcast clouds are not necessarily
optically thick. In general, the MODIS ⫹ AIRS
1DVAR approach is efficient; it performs very well,
except for in some cases in which the clouds are thin
and low.
Clouds are very optically thick inside the hurricane
while they are less optically thick in the hurricane center (eye), according to the study. Larger particles are
found near the center of the tropical cyclone. The techniques can be applied to process MODIS/AIRS for
cloud-property retrieval during both the daytime and
nighttime. Figure 13 shows the AIRS BT image at a
window channel (upper panel) and the COT retrieval
image with the MR method on 2 September 2003; the
MODIS cloud mask and CPM are used to help the
AIRS COT and CPS retrievals, as mentioned above.
The COT pattern is consistent with the AIRS BTs; the
hurricane, thick clouds, and thin clouds are depicted
well by COT retrievals.

7. Discussion
FIG. 7. (top) COT and (bottom) CPS (m) images with MR
algorithm.

ties, and BT calculations with the AIRS MR cloud
properties for footprints F7 (left panel) and F8 (right
panel). The BT differences between the observations
and calculations for the two footprints are shown in
lower panels. For F7, there are significant cloud property differences between the MODIS ⫹ AIRS 1DVAR
and the AIRS MR; the AIRS MR–retrieved COT and
ECA are more consistent with the MODIS CCM (thin
clouds) than those retrieved from the MODIS ⫹ AIRS
1DVAR. Because the difference between the clear calculation and the observation is small for the MODIS
11-m band, an IR window technique was applied for
MODIS CTP that assigns a low cloud CTP and high
ECA. In the IR window technique, the cloudy field-ofview is assumed to be overcast, and the CTP is found

Synergistic use of MODIS and AIRS data provides a
novel way to estimate the cloud properties. Taking advantage of the MODIS mask products (cloud mask,
CCM, CPM) with 1-km spatial resolution, using
MODIS microphysical cloud products (COT, CPS) as
the background information in the AIRS variational
retrieval, and using the abundant spectral information
of the AIRS measurements to identify the cloud microphysical properties (CPS, COT), the cloud property retrievals can be derived during both the daytime and
nighttime. For example, MODIS can provide AIRS
with a good cloud mask because of it high spatial resolution, and it can also provide a reliable cloud-phase
mask because of its 8.5-m band, which is sensitive to
cloud phase (AIRS does not have this spectral region).
The CPE is the major source of error in the CPS and
COT retrieval, according to the simulation. Aside from
CPE, forward-model uncertainty and instrumental
noise also exhibit impact on the retrievals.
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FIG. 8. (top) Scatterplot between the MODIS ⫹ AIRS 1DVAR COTs and the MR COTs
for ice clouds of Hurricane Isabel, and (bottom) scatterplot between the MODIS VIS/NIR
COTs and AIRS MR COTs for ice clouds.

A realistic fast radiative transfer model able to simulate the real cloud situation is crucial for cloud microphysical property retrieval. Diversified ice crystal
shapes need to be included in the radiative transfer
model. At this time only single-layer clouds are assumed in the cloud radiative transfer model; for ex-

ample, when there is ice over water clouds, only the ice
cloud situation is considered in the retrieval, and the
CPS and COT retrievals might be biased from the “true
solution,” although the calculations fit the observations
very well. A fast cloudy radiative transfer model addressing two-layer clouds, especially the ice-over-water
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FIG. 9. MODIS 1-km CCM superimposed on AIRS footprints for boxes A1 and A2 shown in Fig. 6: L. Cld is low clouds, H. Cld is
high clouds, and Mid. Cld is medium-level clouds.

situation, is under development. In general, IR sounders can determine the cloud-top height very well, and
they can also retrieve the cloud microphysical properties with good accuracy for semitransparent cirrus
clouds (Wei et al. 2004); however, the retrieval accuracy is degraded when clouds are thick because of lack
of penetration into the cloud of the IR radiance measurements (see Figs. 2–5).
Validation of cloud microphysical properties is always difficult. However, there are some indicators on

the accuracy of CPS and COT. The first is that AIRS
calculations using retrieved COT and CPS fit the observations within an acceptable level, as shown in Figs.
10–12. The BT residuals between the calculations and
observations, along with the rms of the noise-equivalent temperature difference (NeDT) from all of the
AIRS cloudy footprints (8094 successful retrievals) in
the granule, are shown in Fig. 14. The BT residual
rms with both the MODIS ⫹ AIRS 1DVAR and the
AIRS MR are less than 1.5 K (although larger than

FIG. 10. (top) AIRS spectra of BT observations (black line), BT calculations with 1DVAR (MODIS ⫹ AIRS, red line), and BT
calculations with MR (AIRS alone, blue line) for AIRS footprints of (left) high clouds (F1), (middle) middle–high clouds (F2), and
(right) middle clouds (F3), respectively. (bottom) The BT differences between the observations and the calculations for the three AIRS
footprints.
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FIG. 11. (top) AIRS spectra of BT observations (black line), BT calculations with 1DVAR (red line), and BT calculations with MR
(blue line) for AIRS footprints of (left) ice clouds (F5), (middle) ice clouds over water clouds (F4), and (right) scattered ice clouds over
water clouds (F6). (bottom) The BT differences between the observations and the calculations for the three AIRS footprints: OBS ⫺
(MODIS ⫹ AIRS) means observations minus calculations from the MODIS ⫹ AIRS 1DVAR retrieval, and OBS ⫺ AIRS means
observations minus calculations from the MR retrieval.

the AIRS rms NeDT) for most AIRS window channels; this indicates that the algorithm performs reliably.
The MODIS ⫹ AIRS 1DVAR and the AIRS MR
have similar residuals for the AIRS channels between
790 and 920 cm⫺1, suggesting that the CPS retrievals
should be close between the MODIS ⫹ AIRS 1DVAR
and the AIRS MR. However, the AIRS MR has
smaller residuals than the MODIS ⫹ AIRS 1DVAR
for AIRS channels between 930 and 1130 cm⫺1, indicating that MODIS VIS/NIR COT might be much
larger than the actual AIRS IR COT solution, because
of the optical difference between the VIS/NIR and the
IR observations. The second is that cloud-property
retrievals such as COT and ECA can also be verified using the MODIS 1-km classification mask (Li
et al. 2004a,b). For example, the ECA and COT retrievals in Figs. 10 and 11 are consistent with the

MODIS 1-km classification mask, indicating the reliability of the cloud property retrievals with MODIS/
AIRS data.
Although cloud microphysical property remote sensing using the IR method is not new, retrieval of cloud
microphysical properties from a hyperspectral IR such
as the AIRS sounder is relatively new; we believe that
it is useful to investigate the cloud information and develop an efficient procedure to derive cloud properties
from hyperspectral IR data during both the daytime
and nighttime with help from multispectral-band imager data with high spatial resolution. This work will
benefit our future operational processing of CrIS on
NPOESS and HES on GOES-R, for example, using
VIIRS to help CrIS and ABI to help HES for cloud
microphysical property retrieval during both the daytime and nighttime.

FIG. 12. (top) AIRS spectra of BT observations (black line), BT calculations with 1DVAR (red line), and BT
calculations with MR (blue line) for the (left) thin water clouds (F7) and the (right) thick water clouds (F8).
(bottom) The BT differences between the observations and the calculations for the two AIRS footprints.
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FIG. 13. (top) The AIRS BT image at a window (901.69 cm⫺1) channel and (bottom) the
COT retrieval image with MR method on 2 Sep 2003. MODIS cloud mask and CPM are used
to help the AIRS COT retrieval.

8. Summary and conclusions
Two approaches for synergistic use of the MODIS
mask products (cloud mask, CPM, and CCM), the op-

erational MODIS cloud microphysical cloud products,
and the AIRS radiance measurements for retrieving the
CPS and COT are described in this paper.
The MODIS cloud mask, CCM, and CPM with 1-km
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FIG. 14. The BT rms residuals from NeDT (solid line), the MODIS ⫹ AIRS 1DVAR
retrievals (dotted line), and the AIRS-alone MR retrievals (dashed line).

spatial resolution are used to characterize the AIRS
subpixel cloud condition (clear/cloudy, ice/water,
single/multilayer) during both the daytime and nighttime. 1DVAR is used for cloud microphysical property
retrieval with the operational MODIS COT and CPS as
the background information during the daytime, while
MR can be used for cloud microphysical property retrieval during both the daytime and nighttime.
Unlike the CTP and ECA retrieval (Li et al. 2004b),
the cloud microphysical property retrieval from the
MODIS ⫹ AIRS 1DVAR is not shown to be better
than either the operational MODIS product or the
AIRS MR retrieval; this is due to the fact that the
operational MODIS product is derived from the VIS/
NIR observations, whereas the MODIS ⫹ AIRS
1DVAR and AIRS MR algorithms seek the COT and
CPS solutions by fitting the calculations with IR observations. Comparison between IR and VIS/NIR for
cloud microphysics should be carefully investigated.
For thin cirrus clouds that are invisible in visible bands
IR has the advantage; for thick clouds VIS/NIR should
be better. The MODIS ⫹ AIRS 1DVAR is similar to
the AIRS MR for COT and CPS retrieval in most situations, but it is more computationally efficient. The
COTs from the AIRS MR are different from those of
the operational MODIS product, but there is good correlation between them.
In summary, (a) MODIS mask products (cloud mask,
CPM, and CCM) help the cloud microphysical property
retrievals in both the MODIS ⫹ AIRS 1DVAR and the
AIRS MR by identifying the clear coverage and cloud
phase within AIRS subpixels; (b) MODIS mask products can also be used to verify the cloud property retrieval (e.g., AIRS COT retrieval should be consistent

with MODIS cloud fraction and ECA within the AIRS
subpixel) and to guide the two-layered cloud property
retrieval (e.g., using MODIS CCM) in our future work;
(c) the MODIS ⫹ AIRS 1DVAR provides efficient
cloud property retrievals from AIRS radiance measurements during day, and the AIRS MR provides the
cloud microphysical property retrievals from the AIRS
radiance measurements during both the daytime and
nighttime.
Multilayer clouds occur often for the AIRS footprints. The effective CTP is derived for the multilayer
cloudy footprints (see Fig. 12). More accurate retrieval
of multilayer cloudy microphysical properties requires
an efficient fast multilayer cloudy radiative transfer
model, which is currently under development. It also
requires accurate CTP for every cloud layer.
The following specific conclusions can be made:
1) AIRS window channels (790–1130 cm⫺1) provide
abundant information of cloud microphysical properties.
2) Error of the CTP estimate is the major source of
error in the cloud microphysical property retrieval
with IR sounder data.
3) There are limitations on the cloud microphysical
property retrieval from AIRS observations when
the clouds are very thick (COT ⬎10) or very thin
(COT ⬍0.1).
4) The MODIS mask products (cloud mask, CCM, and
CPM) are very important in retrieving the cloud
properties.
5) MODIS and AIRS data provide unprecedented information on cloud properties (CTP, ECA, COT,
and CPS) to support tropical cyclone studies. The
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AIRS MR products during both the daytime and the
nighttime, as well as the MODIS ⫹ AIRS 1DVAR
cloud properties during the daytime, can be derived
for the study of significant weather events such as
tropical cyclone genesis and intensification.
The independent validation of cloud property products with synergistic use of MODIS and AIRS is ongoing by comparison with other available measurements,
such as lidar observations, pilot reports, radiosonde observations, and in situ cloud measurements, as well as
cloud measurements from other EOS satellites and operational weather and environmental satellites. Measurements during TCSP will also be collected for validating the MODIS/AIRS cloud properties. A cloud
model handling two-layered clouds (e.g., ice over water) is also under development; the variable crystal habits will also be considered in the model in future work.
Acknowledgments. The authors thank all colleagues
who contributed to the MODIS and AIRS science work
at CIMSS. Three anonymous reviewers’ comments
were of considerable help in improving the text. Fred
Nagle and Fengying Sun did the MODIS/AIRS collocation work. Kevin Baggett helped on the displaying
and collocating of the AIRS and MODIS. Hong Zhang
provided help on some calculations. This work was
partly funded by NOAA ABI/HES instrument study
project NA07EC0676, NASA MODIS Contract NAS531367, DOE DE-FG02-90ER61057, and GIFTS-IOMI
MURI Project N00014-01-1-0850. The views, opinions,
and findings contained in this report are those of the
authors and should not be construed as an official National Oceanic and Atmospheric Administration or
U.S. government position, policy, or decision.
REFERENCES
Ackerman, S. A., K. I. Strabala, W. P. Menzel, R. A. Frey, C. C.
Moeller, and L. E. Gumley, 1998: Determination of clear sky
from clouds with MODIS. J. Geophys. Res., 103, 32 141–
32 157.
Aumann, H. H., and Coauthors, 2003: AIRS/AMSU/HSB on the
Aqua mission: Design, science objectives, data products, and
processing systems. IEEE Trans. Geosci. Remote Sens., 41,
253–264.
Baum, B. A., D. P. Kratz, P. Yang, S. C. Ou, Y. Hu, P. F. Soulen,
and S. C. Tsay, 2000: Remote sensing of cloud properties
using MODIS airborne simulator imagery during SUCCESS,
1, Data and models. J. Geophys. Res., 105, 11 767–11 780.
Bayler, G. M., R. M. Aune, and W. H. Raymond, 2000: NWP
cloud initialization using GOES sounder data and improved
modeling of nonprecipitating clouds. Mon. Wea. Rev., 128,
3911–3920.
Cooper, S. J., T. S. L’Ecuyer, and G. L. Stephens, 2003: The impact of explicit cloud boundary information on ice cloud mi-

VOLUME 44

crophysical property retrievals from infrared radiances. J.
Geophys. Res., 108, 4107, doi:10.1029/2002JD002611.
Diak, G. R., M. C. Anderson, W. L. Bland, J. M. Norman, J. M.
Mecikalski, and R. A. Aune, 1998: Agricultural management
decisions aids driven by real-time satellite data. Bull. Amer.
Meteor. Soc., 79, 1345–1355.
Eyre, J. R., 1989: Inversion of cloudy satellite sounding radiances
by nonlinear optimal estimation I: Theory and simulation.
Quart. J. Roy. Meteor. Soc., 115, 1001–1026.
Frey, R. A., B. A. Baum, W. P. Menzel, S. A. Ackerman, C. C.
Moeller, and J. D. Spinhirne, 1999: A comparison of cloud
top heights computed from airborne lidar and MAS radiance
data using CO2 slicing. J. Geophys. Res., 104, 24 547–24 555.
Gurka, J. J., and T. J. Schmit, 2004: Baseline instruments planned
for the GOES-R series. Preprints, 13th Conf. on Satellite Meteorology, Norfolk, VA, Amer. Meteor. Soc., CD-ROM,
P1.5.
Hannon, S., L. L. Strow, and W. W. McMillan, 1996: Atmospheric
infrared fast transmittance models: A comparison of two approaches. Optical Spectroscopic Techniques and Instrumentation for Atmospheric and Space Research II, P. B. Hays and J.
Wang, Eds., International Society for Optical Engineering
(SPIE Proceedings Vol. 2830), 94–105.
Heidinger, A. K., 2003: Rapid daytime estimation of cloud properties over a large area from radiance distributions. J. Atmos.
Oceanic Technol., 20, 1237–1250.
Huang, H. L., and Coauthors, 2004a: International MODIS and
AIRS Processing Package (IMAPP): A direct broadcast software package for the NASA Earth Observing System. Bull.
Amer. Meteor. Soc., 85, 159–161.
——, P. Yang, H. Wei, B. A. Baum, Y. Hu, P. Antonelli, and S. A.
Ackerman, 2004b: Inference of ice cloud properties from
high spectral resolution infrared observations. IEEE Trans.
Geosci. Remote Sens., 42, 842–853.
Kahn, B. H., and Coauthors, 2003: Near micron-sized cirrus cloud
particles in high-resolution infrared spectra: An orographic
case study. Geophys. Res. Lett., 30, 1441, doi:10.1029/
2003GL016909.
Kim, D. S., and S. G. Benjamin, 2000: Assimilation of cloud-top
pressure derived from GOES sounder data into MAPS/RUC.
Preprints, 10th Conf. on Satellite Meteorology and Oceanography, Long Beach, CA, Amer. Meteor. Soc., 110–113.
King, M. D., Y. J. Kaufman, W. P. Menzel, and D. Tanre, 1992:
Remote sensing of cloud, aerosol, and water vapor properties
from the Moderate Resolution Imaging Spectroradiometer
(MODIS). IEEE Trans. Geosci. Remote Sens., 30, 2–27.
——, and Coauthors, 2003: Cloud and aerosol properties, precipitable water, and profiles of temperature and water vapor
from MODIS. IEEE Trans. Geosci. Remote Sens., 41, 442–
458.
Li, J., W. P. Menzel, Z. Yang, R. A. Frey, and S. A. Ackerman,
2003: High-spatial-resolution surface and cloud-type classification from MODIS multispectral band measurements. J.
Appl. Meteor., 42, 204–226.
——, ——, F. Sun, T. J. Schmit, and J. Gurka, 2004a: AIRS subpixel cloud characterization using MODIS cloud products. J.
Appl. Meteor., 43, 1083–1094.
——, ——, W. Zhang, F. Sun, T. J. Schmit, J. J. Gurka, and E.
Weisz, 2004b: Synergistic use of MODIS and AIRS in a variational retrieval of cloud parameters. J. Appl. Meteor., 43,
1619–1643.
Menzel, W. P., D. P. Wylie, and K. I. Strabala, 1992: Seasonal and

Unauthenticated | Downloaded 01/09/23 06:35 AM UTC

OCTOBER 2005

LI ET AL.

diurnal changes in cirrus clouds as seen in four years of observations with VAS. J. Appl. Meteor., 31, 370–385.
Minnis, P., K. N. Liou, and Y. Takano, 1993a: Inference of cirrus
cloud properties using satellite-observed visible and infrared
radiances. Part I: Parameterization of radiance fields. J. Atmos. Sci., 50, 1279–1304.
——, P. W. Heck, and D. F. Young, 1993b: Inference of cirrus
cloud properties using satellite-observed visible and infrared
radiances. Part II: Verification of theoretical cirrus radiative
properties. J. Atmos. Sci., 50, 1305–1322.
Nakajima, T., and M. D. King, 1990: Determination of the optical
thickness and effective particle radius of clouds from reflected solar radiation measurements. Part I: Theory. J. Atmos. Sci., 47, 1878–1893.
Ou, S. C., K. N. Liou, M. D. King, and S. C. Tsay, 1999: Remote
sensing of cirrus cloud parameters based on a 0.63-3.7 m
radiance correlation technique applied to AVHRR data.
Geophys. Res. Lett., 26, 2437–2440.
Platnick, S., M. D. King, S. A. Ackerman, W. P. Menzel, B. A.
Baum, J. C. Riedi, and R. A. Frey, 2003: The MODIS cloud
products: Algorithms and examples from Terra. IEEE Trans.
Geosci. Remote Sens., 41, 459–473.
Rodgers, C. D., 2000: Inverse Methods for Atmospheric Sounding.
World Scientific, 256 pp.
Schmit, T. J., M. M. Gunshor, W. P. Menzel, J. J. Gurka, J. Li, and
A. S. Bachmeier, 2005: Introducing the next-generation Advanced Baseline Imager on GOES-R. Bull. Amer. Meteor.
Soc., 86, 1079–1096.
Smith, W. L., X. L. Ma, S. A. Ackerman, H. E. Revercomb, and
R. O. Knuteson, 1993: Remote sensing cloud properties from
high spectral resolution infrared observations. J. Atmos. Sci.,
50, 1708–1720.
Stamnes, K., S.-C. Tsay, W. Wiscombe, and K. Jayaweera, 1988:

1543

Numerically stable algorithm for discrete-ordinate-method
radiative transfer in multiple scattering and emitting layered
media. Appl. Opt., 27, 2502–2509.
Stephens, G. L., and P. J. Webster, 1981: Clouds and climate: Sensitivity of simple systems. J. Atmos. Sci., 38, 235–247.
——, S. C. Tsay, J. P. W. Stackhouse, and P. Flatau, 1990: The
relevance of the microphysical and radiative properties of
cirrus clouds to climate and climatic feedback. J. Atmos. Sci.,
47, 1742–1753.
Strabala, K. I., S. A. Ackerman, and W. P. Menzel, 1994: Cloud
properties inferred from 8–12 m data. J. Appl. Meteor., 33,
212–229.
Strow, L. L., S. E. Hannon, S. DeSouza-Machado, H. Motteler,
and D. Tobin, 2003: An overview of the AIRS radiative
transfer model. IEEE Trans. Geosci. Remote Sens., 41, 303–
313.
Susskind, J., C. D. Barnet, and J. M. Blaisdell, 2003: Retrieval of
atmospheric and surface parameters from AIRS/AMSU/
HSB data in the presence of clouds. IEEE Trans. Geosci.
Remote Sens., 41, 390–409.
Wei, H., P. Yang, J. Li, B. A. Baum, H. L. Huang, S. Platnick, and
Y. X. Hu, 2004: Retrieval of ice cloud optical thickness from
Atmospheric Infrared Sounder (AIRS) measurements. IEEE
Trans. Geosci. Remote Sens., 42, 2254–2267.
Yang, P., B. C. Gao, B. A. Baum, Y. X. Hu, W. J. Wiscombe, S. C.
Tsay, D. M. Winker, and S. L. Nasiri, 2001: Radiative properties of cirrus clouds in the infrared (8–13 m) spectral region. J. Quant. Spectrosc. Radiat. Transfer, 70, 473–504.
——, B. A. Baum, A. J. Heymsfield, Y. X. Hu, H.-L. Huang, S. C.
Tsay, and S. Ackerman, 2003: Single-scattering properties of
droxtals. J. Quant. Spectrosc. Radiat. Transfer., 79–80, 1159–
1169.

Unauthenticated | Downloaded 01/09/23 06:35 AM UTC

