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Abstract—An approach is developed to infer the optical thick-
ness of semitransparent ice clouds (when optical thickness is less
than 5) from Atmospheric Infrared Sounder (AIRS) high spectral
resolution radiances. A fast cloud radiance model is developed and
coupled with an AIRS clear-sky radiative transfer model for simu-
lating AIRS radiances when ice clouds are present. Compared with
more accurate calculations based on the discrete ordinates radia-
tive transfer model, the accuracy of the fast cloud radiance model is
within 0.5 K (root mean square) in terms of brightness temperature
(BT) and runs three orders of magnitude faster. We investigate the
sensitivity of AIRS spectral BTs and brightness temperature dif-
ference (BTD) values between pairs of wavenumbers to the cloud
optical thickness. The spectral BTs for the atmospheric window
channels within the region 1070-1135 cm—! are sensitive to the
ice cloud optical thickness, as is the BTD between 900.562 cm—1
(located in an atmospheric window) and 1558.692 cm—! (located
in a strong water vapor absorption band). Similarly, the BTD be-
tween a moderate absorption channel (1587.495 cm~!) and the
strong water absorption channel (1558.692 cm™1) is sensitive to
ice cloud optical thickness. Neither of the aforementioned BTDs is
sensitive to the effective particle size. Thus, the optical thickness
of semitransparent ice clouds can be retrieved reliably. We have
developed a spectrum-based approach and a BTD-based method
to retrieve the optical thickness of semitransparent ice clouds. The
present retrieval methods are applied to a granule of AIRS data.
The ice cloud optical thicknesses derived from the AIRS measure-
ments are compared with those retrieved from the Moderate Res-
olution Imaging Spectroradiometer (MODIS) 1.38- and 0.645-pm
bands. The optical thicknesses inferred from the MODIS measure-
ments are collocated and degraded to the AIRS spatial resolution.
Results from the MODIS and AIRS retrievals are in reasonable
agreement over a wide range of optical thicknesses.

Index Terms—Atmospheric Infrared Sounder (AIRS), ice
clouds, infrared radiation transfer, optical thickness, retrieval.
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1. INTRODUCTION

CE CLOUDS cover a substantial portion of the globe
I [1] and are important to understanding the earth’s en-
ergy budget and climate [2]-[4]. Because of the difficulty in
detecting and analyzing optically thin ice clouds in satellite
imager data, more uncertainties remain for ice clouds than
for water clouds. In situ measurements of cirrus are relatively
scarce because these clouds are located at high altitudes, and
accurate detection and analysis are problematic. An approach
based on the visible and near-infrared (IR) spectral signatures,
originally developed by Nakajima and King [5], has been used
to infer cloud properties (in particular, effective particle size
and optical thickness) acquired from the Moderate Resolution
Imaging Spectroradiometer (MODIS) on the National Aero-
nautics and Space Administration (NASA) Earth Observing
System (EOS) Terra and Aqua platforms, as described by King
et al. [6] and Planick er al. [7]. Other algorithms developed
by Ou et al. [8], [9] and Minnis et al. [10], [11] have been
applied to different satellite sensors such as the Advanced Very
High Resolution Radiometer (AVHRR). Baran et al. [12] and
Doutriaux-Boucher er al. [13] used Along Track Scanning
Radiometer 2 (ASTR-2) and Polarization and Directionality of
the Earth’s Reflectances (POLDER) data, respectively; these
instruments provide dual or multiple-viewing of a target. Re-
cently, the MODIS 0.645- and 1.38-xm bands have been used
to derive ice cloud reflectance and optical thickness [14], [15].
Such approaches, however, are limited to daytime application
because solar illumination is necessary.

To derive ice cloud properties using an alternative method-
ology that is independent of solar illumination, the IR split
window technique [16]-[18] has been developed on the basis
of the different absorption properties of ice at the two wave-
lengths of 11 and 12 um. High spectral resolution IR radiation
measurements have been available from aircraft platforms and
are now available from spaceborne platforms. As part of EOS,
the Atmospheric Infrared Sounder (AIRS) [19] is designed
to provide profiles of atmospheric temperature, moisture,
and other gases with high accuracy. The spatial resolution of
AIRS is 13.5 km at nadir. Most of the observed AIRS fields
of view (FOVs) are not cloud free, and the upwelling IR ra-
diances are modulated strongly by ice clouds. The radiances
contaminated by clouds are more problematic for sounding
retrievals, requiring the use of cloud-clearing techniques [20].
The AIRS has 2378 IR channels, measuring radiances within
649.5-1136.5 cm~! (15.40-8.80 pm), 1216.5-1613.7 cm~!
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(8.22-6.20 pm), and 2181.3-2665.0 cm™! (4.58-3.74 um),
with a spectral resolution of v/Arv = 1200, where v is the
wavenumber, and Av is the width of the band. Recent studies
have shown that the high spectral resolution radiances contain
important information on high-altitude ice clouds [21]-[23].
Recently, DeSousa-Machado et al. [24] performed global re-
trievals of cloud properties using the AIRS measured radiances.
Kahn er al. [25] investigated the infrared spectral feature of
very small cirrus particles using the AIRS measurements.
Huang er al. [26] studied the information content of very
high-resolution IR spectra to study thin cirrus clouds.

This study is intended to explore a methodology for retrieving
ice cloud optical thickness from AIRS radiances. A fast cloud
radiance model is developed to provide the forward simulations
when ice clouds are present. Sensitivity studies are carried out
to investigate the relationship between the IR spectral bright-
ness temperatures (BTs) and the brightness temperature differ-
ence (BTD) between pairs of channels to the optical properties
of ice clouds. Based on the sensitivity study, an algorithm is de-
veloped for inferring the optical thickness of semitransparent
ice clouds. The AIRS-based retrieval results are compared with
those derived from the MODIS 1.38- and 0.645-m bands that
have been collocated and spatially degraded to match the AIRS
FOVs.

This paper is organized as follows. Section II discusses the
fast radiative transfer model for cloudy conditions. The sensi-
tivity studies and the retrieval algorithm for deriving ice cloud
optical thickness are presented in Sections III and IV. A case
study is presented in Section V. A brief discussion and summary
are given in Section VL.

II. FAST CLOUD RADIATIVE TRANSFER MODEL

Although an existing radiative transfer model, such as the
line-by-line atmospheric molecular optical thickness computa-
tion [27], can be combined with the discrete ordinates radiative
transfer (DISORT) [28] method to simulate cloud high-resolu-
tion IR spectral radiances, the computational requirements are
quite demanding. A fast, yet accurate, model for simulating high
spectral resolution cloud radiances would be quite useful for
AIRS analyses. Strow et al. [29], [30] developed a fast model
to simulate clear-sky AIRS radiances. The fast model uses re-
alistic profiles to produce the transmittance coefficients for at-
mospheric gas constituents within an atmosphere modeled as
having a discrete number of vertical layers. The effective layer
transmittances for a given profile are computed quickly by cal-
culating the appropriate predictor values for the profile and mul-
tiplying them by the coefficients. Fishbein et al. [31] simulated
AIRS radiances by adding a random variable cloud amount. Our
approach to the development of a fast cloud radiative transfer
model is presented in the following section.

A. Single-Scattering Properties of Ice Clouds

Ice clouds are composed of ice crystals with complex non-
spherical shapes. The importance of using more realistic ice
crystal scattering models in satellite imager-based retrievals has
been demonstrated by Mishchenko et al. [32]. Heymsfield and
Iaquinta [33] showed that in the upper portions of cirrus clouds,
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the ice particles tend to be quite small, with aspect ratios (i.e.,
the ratio of particle length to its width) close to unity. Yang et al.
[34] suggested that the shape of these small ice crystals may
be represented by the droxtal geometry. In situ measurements
from the First International Satellite Cloud Climatology Project
Regional Experiment-II (FIRE-II) held in Coffeyville, KS, in
1991, have shown that the middle layers of midlatitude synop-
tical-scale cirrus clouds are often composed of pristine particles
such as hexagonal columns (see [33, Fig. 15]). In the lower por-
tions of cirrus clouds, the ice particles tend to be larger and com-
posed of irregular aggregates. Based on these observations, we
assume a general habit distribution for ice clouds: droxtals for
small particles (0-50 pm), pristine hexagonal columns for mod-
erately sized particles (50-300 pm), and aggregates for large
particles (> 300 pm).

There are numerous methods for computing the single-scat-
tering properties of nonspherical ice crystal particles (see [35]
and references cited therein), but no one method is applicable
to calculate the single-scattering properties of ice crystals with
a variety of shapes and sizes. In the present study, the scattering
efficiencies, absorption efficiencies, and asymmetry factors of
droxtals, pristine hexagonal columns, and aggregates are com-
puted using the finite-difference time-domain (FDTD) method
[36], [37] for small particles. A composite method originally
developed by Fu et al. [38], [39] is used to derive the extinc-
tion efficiencies, absorption efficiencies, and asymmetry factor
for moderate to large particles from a combination of an im-
proved geometric optics method (IGOM) [40] and an equivalent
sphere approximation. The technical details of this approach can
be found in [38], [39], and [41].

Ice particle extinction efficiency, absorption efficiency, and
asymmetry factor are shown in Fig. 1 as functions of the par-
ticle maximum dimension (left panel) and effective particle size
(right panel) for randomly oriented droxtals, pristine hexagonal
columns, and aggregates. The effective diameter or effective
particle size of a crystal is defined as the ratio of its volume
to its projected area and multiplied by 1.5. The aspect ratio
and geometry of hexagonal columns are defined by Yang et al.
[41]. The geometries of the droxtal and aggregate are defined by
Zhang et al. [42] and Yang and Liou [43], respectively. We com-
pute the single-scattering properties in 76 size bins ranging from
1-10000 pm (in maximum dimension) for hexagonal columns,
36 size bins from 1-10 000 pm for aggregates, and 28 size bins
from 1-1000 pm for droxtals.

The extinction efficiencies have several maxima due to the
phase interference of waves through the particles. The positions
and amplitudes of maxima are different for each crystal habit.
The first maximum in the extinction efficiency occurs at max-
imum dimensions of 14.3, 18.1, and 55.9 um for the hexagonal
column, droxtal, and aggregate, respectively. For small particles
having aspect ratios close to unity, the hexagonal column has
the largest volume and effective diameter because the maximum
dimension of a hexagon column is defined as its length, while
the aggregate has smallest volume and effective diameter. Note,
however, that the use of the aggregate shape may not be very re-
alistic for the simulation of very small crystals. The first peak of
the extinction efficiency occurs at a smaller particle dimension
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for hexagonal crystals than for droxtals and aggregates. Addi-
tionally, the first peak of the extinction efficiency for droxtals
falls between those for the hexagonal column and the aggregate.
When the maximum dimension of an ice crystal is larger than
500 pm, the extinction efficiencies for the three ice habits con-
verge to 2, the asymptotic limit of the geometric optics solution.
The optical properties as functions of effective size are provided
on the right panel of Fig. 1. The differences are smaller relative
to the left panel, particularly for small particle sizes. The main
point is that the scattering properties of ice crystals are different
over a wide range of particle sizes.

The comparisons of absorption efficiencies and asymmetry
factors for the three habits are quite similar to the case for the
extinction efficiency. Although the patterns of these curves for
three ice crystal habits are similar, the amplitudes or the posi-
tions of the maxima for each habit are different. When the parti-
cles are large, the absorption efficiencies and asymmetry factors
gradually converge to their asymptotic values. The tunneling ef-
fect discussed by Baran et al. [44], [45] may partially explain
the difference of absorption efficiency for the various habits.
Mitchell [46] and Mitchell et al. [47] discussed and measured
the contribution of photon tunneling to extinction and absorp-
tion efficiencies.

Bulk ice cloud single-scattering properties are derived by av-
eraging the single-scattering properties of individual ice crys-
tals over 30 particle size distributions adopted from [38]. The
average is carried out with respect to the ice crystal maximum
dimension, and particles sizes can range from 1-10 000 pm. The
wavenumber-dependent bulk extinction efficiencies, absorption
efficiencies, and asymmetry factors are parameterized subse-
quently as functions of the effective particle sizes using the same
method as [48].

Fig. 2 shows the mean extinction efficiencies, absorption ef-
ficiencies, asymmetry factors, and single-scattering albedos de-
rived from the parameterizations at four wavenumbers: 900,
1102, 1231, and 1587 cm~!. The wavenumber 1102 cm™"! is
chosen because it is located in the middle of the atmospheric
window between 1070-1135 cm™1.

The single-scattering properties of these wavenumbers
showed in Fig. 2 are used in following sections to retrieve ice
cloud properties. The single-scattering properties for each dis-
tribution are strongly dependent on the effective particle size in
the IR region, particularly for small sizes and are also sensitive
to the wavenumber. The sensitivity to crystal size between
those wavenumbers is due fundamentally to the change in
complex refractive index for ice between those wavenumbers.
Because the wavenumber at 900 cm~! is located in a strong
ice absorption band, the absorption efficiency is larger, and
the single-scattering albedo is smaller than at other wavenum-
bers, particularly for particles of small effective diameter. The
difference between the single-scattering albedos at 1231 and
900 cm~1 increases with decreasing effective particle size. As
a result, some information regarding particle size is contained
in the BTD between these two channels. The BTD between
these two channels has been used to infer particle size by some
investigators [49]. The single-scattering properties at 1102,
1231, and 1587 cm~! have similar variations with effective
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particle size; thus, the ice cloud BTD between these three
wavebumbers depends less on effective particle size.

B. Coupling the Fast Cloud Model With the Clear-Sky
AIRS Model

The ice cloud reflection and transmission functions can be
coupled with the AIRS clear-sky fast radiative transfer model
developed by Strow et al. [30]. We refer to this combination
as the “fast cloud ratiative transfer (RT)” model, which is
shown schematically in Fig. 3. In the model, we assume that
the clouds are located in a plane-parallel, single homogeneous,
and isothermal layer in a given FOV. The vertical arrows in
Fig. 3 indicate the isotropic radiation, while the slanted arrows
represent radiation that is dependent on the observing zenith
angle. The terms T. () and R.(x) in the figure are transmission
and reflection functions of clouds, respectively. u = cos(6,), in
which 6, is the satellite observing zenith angle. The upwelling
radiances at the top of the atmosphere (TOA) are composed of
the following four parts.

1) The transmission of emission from the lower atmosphere
and the surface, and the radiation reflected by the surface
IgT.(p)Ta1, in which T.(y) is the transmission of clouds
(including direct transmission and diffuse transmission).
Ip is the upward radiation at cloud-base (including the ra-
diation from the surface, the lower atmosphere, and sur-
face reflectance)

Tar
B(t
I(] = €B(ts)Ta01 —|— / T( )

al

AT, + (1 — )i Teor (1)

Tao

where ¢ is the surface emisivity, and 7}, is clear-sky at-
mospheric transmittance from the TOA to some altitude.
T,.o is the atmospheric transmittance from the TOA to
the surface. 1},; is atmospheric transmittance from TOA
to cloud-top. Ty01 is atmospheric transmittance between
cloud base and the surface. ¢, is the surface temperature.
B(t) is the Planck radiance at temperature ¢, I& is the
downward radiation at the surface from the atmosphere
and clouds, and (1 — )} is the radiation reflected by the
surface. Because the surface reflectance in the IR region is
small, only the first-order scattering between the surface
and clouds is considered. The multiple-scattering events
between the surface and clouds are ignored. The upward
radiation below the cloud is assumed to be isotropic in IR
region.

2) The radiation emitted from the clouds, denoted as 751 114,
in which /.14 is the cloud radiation given by

Laa(p) = [L = Re(p) — Te(p)] B(te) @

where R.(u) is the reflectance of the clouds, and ¢, is the
cloud temperature.

3) The atmospheric radiation emitted above the cloud I,
given by

I = /B(t)dTa. A3)
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Fig. 2. Parameterized mean extinction efficiency, absorption efficiency,
asymmetry factor, and single-scattering albedo as a function of effective
diameter for four wavenumbers.

4) The reflected radiation by the clouds from the upper at-

mosphere R.(p)Tq11 1{ in which the I 11 is the downward
radiation at the top of the cloud

1
1,
Ill = I,cos(f,) + / T;B(t)dTa 4

Tar

where I is the solar radiation. 6 is solar zenith angle. In
the mid-IR region, the contribution from solar radiation is
small compared with the radiation emitted from the sur-
face and the atmosphere.

The total radiation at the top of atmosphere is the sum of the

four parts

Iroa(p) = IoTo(pt)Tur + T () Tor + L+ I Re(10) T - (5)

1§ = Tuon [H2200) + Toa(w)] + [ B

The downwelling radiation at the surface in (1) is

Tar
Ta 0

T2

a

dT,. (6

Tao
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Fig. 3. Schematic of IR radiative transfer in a cloudy atmosphere.

The atmospheric transmittance from the TOA to each layer
(T,;) can be calculated from the AIRS clear-sky fast model [30].
Given the observing zenith angle, wavenumber, cloud effective
particle size, and optical thickness, the cloud transmission and
reflection functions are computed through interpolation using
the precomputed database described in Section II-C. The radi-
ance at the top of the atmosphere in direction p can be efficiently
calculated from (1)—(6).

C. Database of Reflection and Transmission Functions for
Ice Clouds

If the radiation emitted from the surface and atmosphere
below the cloud is isotropic, the ice cloud reflection and trans-
mission functions can be calculated by the DISORT method
[28]. Because the ice particle’s size parameter is large at a
visible wavelength (e.g., 0.55 pum), the extinction efficiency at
a visible wavelength is close to the geometric optics asymptotic
value of 2. At other wavelengths, the optical thickness can be
approximated by

MT\'iS (7)
2

where (Q.())) is the mean extinction efficiency at the wave-

length of A, and 75 is the ice cloud optical thickness at a visible

wavelength (say 0.55 pim). The optical thickness involved in the

remainder of the study is defined as being relative to that at the

visible wavelength.

Detailed information on the phase function is unnecessary
for radiative transfer calculations at IR wavenumbers because
the mutiple-scattering effect is only on the order of a few
percent. The Henyey—Greenstein (H-G) phase function is often
used as an approximation to the phase function in the AIRS
IR wavelength region [50], [51]. The H-G phase function
can be derived from the parameterization of the asymmetry
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factor in a straightforward manner. Thus, the single-scattering
albedo, optical thickness, and scattering phase function can be
derived from the aforementioned parameterizations, given the
wavenumber, visible optical thickness, and effective particle
size. These single-scattering parameters are input into DISORT
for the computation of the reflection and transmission func-
tions. In this manner, a database of reflection and transmission
functions is derived at satellite observing zenith angles ranging
from 0° to 80°, wavelengths ranging from 3-20 pm, optical
thicknesses ranging from 0.04—100, and effective particle sizes
ranging from 15-200 pm. The database is prepared in advance
and used for fast interpolation during the radiance simulation.

D. Comparisons Between the Fast Cloud Model With DISORT

The fast cloud RT model is validated by comparing the bright-
ness temperatures from this method to the more precise calcula-
tions obtained from DISORT. An example involving cloud op-
tical thickness is shown in Fig. 4. The atmospheric profile in
the calculation is from the European Center for Medium-Range
Weather Forecasts (ECMWF) model data. The cloud-top tem-
perature is assumed to be 222 K, and the surface temperature is
291.4 K. The BTD between DISORT and the fast cloud model
is less than 0.5 K (root mean square) for most cloudy cases.
Because the database of reflection and transmission functions
is precalculated, and the interpolation from the lookup table
requires little computational time, the fast model is quite effi-
cient computationally. On the basis of some computations on a
desktop workstation (Dell 530), our fast model requires ~0.1 s
of CPU time to calculate radiances for a 100-layer atmosphere
with one cloud layer for 2378 AIRS channels. It takes 279 s to
run 16 streams DISORT for the same set of conditions. The fast
model runs more than three orders of magnitude faster than the
corresponding DISORT.

III. SENSITIVITY STUDIES

In the following discussions, we study the sensitivity of AIRS
spectral BTs or BTD to the ice cloud microphysical properties.

A. Optical Thickness

Fig. 5 shows simulated AIRS BT spectra for both clear-sky
and ice cloud cases; the ice clouds are given four optical thick-
nesses but with a fixed effective particle size of 50 ym. In the
atmospheric window region, the BT decreases with an increase
of cloud optical thickness. The BT decreases more than 70 K as
the optical thickness increases from 0—10. The BT varies with
wavenumber between 750-1000 cm~? for ice clouds of small
to moderate optical thickness due to absorption, and absorption
depends on both the wavenumber and effective particle size.
Within 1070-1135 cm™?, the BT varies with ice cloud optical
thickness. The sensitivity of BT to optical thickness within this
wavenumber interval may be used for ice cloud optical thick-
ness retrieval.

The AIRS channels cover a broad spectral range, some of
which are located in the atmospheric window region, such as
800-1250 cm™1, or located in regions of strong atmospheric
absorption, such as the water vapor band at 1600 cm~! or
the CO, absorption band at 670 cm~!. The radiances from
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wavenumbers located in strong absorption bands contain upper
atmospheric information. However, radiances at window chan-
nels include information from the surface and lower atmosphere,
depending on the opacity of any clouds or aerosols that may
be present in the column. Four channels marked as A, B, C,
and X in Table I are used to study the sensitivity of AIRS
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TABLE 1
AIRS WAVENUMBER CHANNELS USED IN THE STUDY
AND THEIR ABSORPTION FEATURES
Wavenumber(cm™) | AIRS channel | Ice absorption | Atmospheric Absorption
A 900.562 760 Strong Weak
B 1231.190 1291 Relatively weak Weak
C 1587.495 1828 Moderate Moderately Strong
X 1558.692 1787 Moderate Strongest
100
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Fig. 6. Variation of the BTD between channel A (900 cm~—1!) and X
(1559 cm~*) with optical thickness, and effective particle size for ice clouds
and water clouds (standard tropical atmosphere). Water cloud and ice cloud
heights are assumed at 10 and 2 km, respectively.

data to ice cloud properties by using the BTD-based method.
The absorption features by the atmosphere and ice crystals
of these four channels are also shown in Table I. Channel
X is located in a region of strong atmospheric water vapor
absorption. The peak of its weighting function is located well
above potential clouds, even for the subarctic winter atmo-
spheric model (polar atmosphere). So, this channel provides a
reference wavenumber for retrieving cloud optical thickness.
Channels A and B are located in the atmospheric window
channels; the peaks of their weighting functions are at or very
near the surface. Because the absorption by ice is different
at these two wavenumbers, the absorption and scattering pro-
cesses within the clouds have some particle size dependence.
This will be discussed further in Section III-B. Channel C is
located in a water vapor absorption band, but the absorption
is much smaller compared to the channel X. For this reason,
we call channel C a “moderate absorption” band. The peak
altitude of the weighting function of channel C is above water
clouds but below ice clouds (similar to the MODIS 1.38-pm
channel). This channel contains negligible information from
the lower water clouds. For simplicity, we use 900, 1231,
1587, and 1559 to represent the precise wavenumbers at A,
B, C, and X in Table I, respectively, and in the remainder of
this paper.

Fig. 6 shows the variation of BTD between channel A and
X, denoted as BTD[900-1559] as a function of optical thick-
ness and effective particle size for both water and ice clouds.
We use a standard climatological tropical atmosphere and as-
sume heights for water and ice clouds of 2- and 10-km altitude,
respectively. The surface temperature is 300 K. Water cloud
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Fig. 8. Simulated upwelling brightness temperature at the top of the
atmosphere for three ice cloud effective particle sizes. The optical thickness is
fixed at a value of 2.

scattering properties are calculated from Lorenz—Mie theory, as-
suming Gamma particle size distributions. The BTD[900-1559]
is sensitive to optical thickness of ice clouds, with the value of
the BTD increasing to more than 60 K as the optical thickness
increases from 0-5. The BTD[900-1559] is essentially indepen-
dent of the effective particle size. Note that the BTD[900-1559]
for ice clouds no longer has any sensitivity once the optical
thickness becomes larger than 10. As for water clouds, the sen-
sitivity of the BTD optical thickness is much smaller than that
for ice clouds, providing an indication that the BTD[900-1559]
is not very sensitive to low-level water clouds.

Fig. 7 shows the similar calculations for BTD between chan-
nels C and X, denoted as BTD[1587-1559]. Although channel
C (1587 cm™1) is located in a water vapor absorption band, the
brightness temperature is nearly 40 K higher than for channel
X (1559 cm™1) under clear sky conditions. The BTD between
channels C and X is also sensitive to optical thickness, but insen-
sitive to effective particle size. The BTD[1587-1559] decreases
to 20 K as optical thickness increases from 0-5. Fig. 7 also
shows the behavior of the BTD for a water cloud. Since the BTD
between these two channels contains no information on lower
level water clouds, only the optical thickness of ice clouds is
derived from the BTD[1587-1559].
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Fig. 9. BTD between channel B and A (BTD1231-900) as a function of ice
cloud optical thickness and effective particle size.

The results in Figs. 5-7 may be summarized as follows. Some
sensitivity to ice cloud optical thickness is contained in the spec-
tral BTs within the atmospheric windows channels or BTD[900-
1559] or BTD[1587-1559]. However, there is little sensitivity to
the presence of low-level water clouds.

B. Effective Size

The sensitivity of the BT spectra to the effective particle size
is demonstrated in Fig. 8. The slope of the BT at wavenum-
bers between 790-960 cm ™! is sensitive to the effective particle
size, especially for small particles. The slope of BT within this
wavenumber range increases with a decrease of particle size.
But the sensitivity decreases significantly once the effective par-
ticle size approaches or exceeds 50 pm. The sensitivity is also
related to optical thickness.

One of the widely used retrieval algorithms is the so-called
split window technique [16], which is based on the different
absorption features of ice at two channels located in the atmo-
spheric window. Ackerman et al. [52] studied the BTD between
8-11 pm of aircraft-based IR interferometer observations for re-
trieving cirrus cloud properties. Similarly, we show the variation
of BTD[1231-900] with optical thickness and effective particle
sizes of ice clouds in Fig. 9. The BTD between these two chan-
nels is relatively insensitive to the optical thickness, but sensitive
to small particle sizes for semitransparent ice cloud, since the
single-scattering albedoes of ice clouds at these two channels
vary differently with effective size for small particle ice clouds
[see Fig. 2(d)].

C. Ice Cloud Identification

Because the absorption between channels A and B is greatly
different for water and ice clouds, Strabala et al. [49] and Baum
et al. [53] used the BTD between 8.5-11 pum (which is close to
the channels B and A defined in present studies) to determine
cloud thermodynamic phase. We also calculate the BTD be-
tween 1231 and 900 cm~"! for water clouds, as shown in Fig. 10.
Compared to Fig. 9, Fig. 10 shows that BTD[1231-900] for ice
cloud tends to be positive or close to zero when the optical thick-
ness is larger than 0.5, and the BTD[1231-900] for water clouds
is always negative and usually less than —2 K. The difference
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Fig. 10. BTD between channel B and A (BTD1231-900) as a function of water
cloud optical thickness and effective particle size.

of BTD[1231-900] for ice clouds and water clouds is used for
identifying the ice cloud FOV in the study (see next section ).

IV. IcE CLOUD OPTICAL THICKNESS RETRIEVAL
METHOD AND ERROR ANALYSIS

A. Retrieval Methods

Based on the sensitivity studies in Section III, we develop two
approaches to derive ice cloud optical thickness, one based on
the spectral BTs within the window and one based on BTDs.
In the spectrum-based approach, spectral BTs at atmospheric
window channels (1070-1135 cm™") are used to retrieve ice
cloud optical thickness. The slope in brightness temperature be-
tween 790-960 cm~1 is used to adjust the effective particle size
during the retrieval. In the BTD-based method, the BTD[900-
1559] and the BTD[1587-1559] are used to retrieve ice cloud
optical thickness.

The methodology is applied to an AIRS granule of data, but
the retrieval in this paper is limited to the AIRS FOVs where
an ice cloud is present. The MODIS bispectral IR approach for
thermodynamic phase [7], [53] is used to select FOVs that con-
tain ice clouds for the optical thickness retrieval. Based on the
simulation in Figs. 9 and 10, we assume an FOV contains some
ice clouds if the BT at 900 cm~" is lower than 238 K, or the
BTD[1231-900] is higher than 0.5 K, or the BTD[1231-900] is
higher than —0.5 K and BT900 is higher than 285 K.

To simulate the BTs of AIRS observations, atmospheric
profiles from the ECMWEF gridded meteorological product are
collocated to AIRS pixels in time and location. The profiles
include the atmospheric temperature, water vapor, and ozone.
These atmospheric profiles are interpolated to 101 pressure
levels and input to the AIRS fast cloud model to calculate the
clear-sky and cloud AIRS radiances. Cloud-top pressure is
provided in the MODIS cloud products [7]. The most probable
MODIS cloud-top pressure within an AIRS FOV is chosen as a
collocated cloud-top pressure.

The flowchart for retrieving ice cloud optical thickness is
shown in Fig. 11. Given an initial optical thickness and effective
particle size, the mean brightness temperature difference ABT
between the observed and simulated from 1070-1135 cm™1 is
computed using the fast cloud model. The ice cloud optical
thickness is adjusted until ABT is below a threshold (¢; =
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Flowchart for the retrieval algorithm of ice cloud optical thickness.

Fig. 11.

0.05 K), resulting in a “first guess” optical thickness. Subse-
quently, the effective particle size is adjusted until the simu-
lated slope between 790-960 cm ™! matches the observed slope.
The final ice optical thickness is produced when both the sim-
ulated BTs between 1070-1135 cm™! and the slope between
790-960 cm~! match the measurements.

The BTD-based retrieval procedure, using the BTD[900-
1559] or BTD[1587-1559], are almost the same as the retrieval
procedure from the spectrum-based approach mentioned in
the previous paragraph, except that the mean difference be-
tween observed and simulated BTs from 1070-1135 cm™!
is replaced by the difference between simulated and AIRS
observed BTD[900-1559] and BTD[1587-1559], respectively.
Finally, the results based on the BTD[900-1559] are used for
the comparison with MODIS.

B. Error Analysis

The accuracy of the retrieved cloud optical thickness de-
pends on the accuracy of both measurements and simulations,
which involve both the radiative transfer model and cloud
single-scattering properties. A number of factors will affect the
model accuracy, such as uncertainty in the surface temperature,
surface emissivity, cloud-top temperature, and atmospheric
profiles, along with the inhomogeneous and partial cloudiness
within a pixel. Partial and inhomogeneous cloudiness within a
FOV is not considered in the present fast cloud radiative transfer
model. Thus, the result from application of our model is the
average optical thickness over an AIRS FOV. The uncertainty
of the clear-sky fast model is less than 0.1 K within atmospheric
window channels [30]. The uncertainty of our fast cloud model
is generally within 0.5 K. Thus, the most uncertainty in the
inferred optical thickness probably stems from the errors of
atmospheric profile, cloud-top temperature, and the surface
temperature.

Huang et al. [21] studied the effects of surface temperature
and cloud temperature on the retrieved accuracy of cloud optical
thickness using airborne IR spectral observations. The general
conclusions of their study are as follows. The error of cloud-top
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Fig. 12.  Errors in retrieved optical thickness inferred using the IR atmospheric
channel BTs resulting from an error in atmospheric profile for four ice cloud
optical thicknesses.

100

80; (Moderate absorption channel)
60—5
40—3"""
20-
0]
-20]

-40]

Error in Retrieved Cloud Optical Thickness (%)

'60 T T T T T T T T T
5 4 3 -2 A 0 1 2 3 4 5
Error of Atmospheric Temperature Profile (K)

Fig. 13.  Same as Fig. 12, except that the results are derived using the moderate
absorption channel.

temperature has less influence on the retrieval of optical thick-
ness for optically thin clouds than for optically thick ice clouds.
The error in the retrieved optical thickness is less than 10% if
the cloud temperature is within =5 K of the true temperature,
and the cloud optical thickness is less than 2. Error in the sur-
face temperature has little influence when optically thick clouds
are present, but becomes important for optically thin clouds. To
have a retrieval accuracy to be better than 10% for optical thick-
ness, the surface skin temperature error needs to be less than
£2.5 K when cloud optical thickness is larger than 1.

There will be additional errors in the retrieved optical thick-
ness associated with uncertainties in atmospheric temperature
and water vapor profiles. To investigate an extreme scenario, we
assume an uncertainty in the atmospheric temperature profile of
45 K for each layer, and an error of £30% in water vapor for
each layer. Subsequently, the resulting cloud optical thicknesses
are compared with the counterpart assuming that the tempera-
ture and humidity profiles are known exactly.

Fig. 12 shows the error in the retrieved optical thickness de-
rived using the BTD[900-1559] as a function of the error of
atmospheric temperature profile. An error in the atmospheric
temperature profile has a more pronounced influence on the re-
trieval of optical thickness for an optically thick cloud than for
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an optically thin cloud. However, if the uncertainty in the at-
mospheric temperature profile is within +2 K and the ice cloud
optical thickness is less than 5, the uncertainty in the retrieved
optical thickness is within £10%.

With the optical thickness derived using the moderate absorp-
tion channel BTD[1587-1559], as shown in Fig. 13, the retrieved
error increases with a decrease of cloud optical thickness. The
moderate absorption channel approach is more sensitive than
the atmospheric window channel approach to the uncertainties
in the atmospheric temperature profile. For optically thin cloud,
the error in the retrieved optical thickness can be more than
+50%.

Error in the atmospheric water vapor profile has little influ-
ence on the error of the retrieved optical thickness using the
atmospheric window channel BTD[900-1559], as shown in
Fig. 14, but has a considerable influence on the moderate ab-
sorption channel results from analysis of the BTD[1587-1559],
particularly for optically thin cloud as shown in Fig. 15. In
summary, uncertainties in the atmospheric profiles have a
minor effect on the IR atmospheric window channel retrievals,
but have a pronounced influence on the moderate absorption
channel retrievals.
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Fig. 16. Image derived using the AIRS brightness temperature for channel 760
(11.1 gm, 900.562 cm~1).

V. CASE STUDY

The preceding methodology is applied to an entire granule
of AIRS data. Fig. 16 is an image of the channel 760 (11.1 pm;
900.562 cm™') brightness temperatures at 1917 UTC on
September 6, 2002. The center of the image is located at
(94°W, 42°N) over the central United States. There are 90 X
135 FOVs in the granule. The solar zenith angle ranges from
24.6° to 51.6°. The satellite scanning zenith angle ranges from
0° to 57.1°. Our analyses are limited to the AIRS FOVs where
ice clouds are present. The FOVs of ice clouds are determined
by analysis of the BT at 900 cm~! and BTD[1231-900] as
discussed earlier. We assume a land-model surface spectral
emission in the retrieval. The emissivity varies between 0.91
and 0.998 in IR 500-3000 cm~!. The retrievals of optical
thickness are based on the AIRS BTs or BTDs for the following
spectral region and bands: 1) 1070-1135 cm ™! spectral data;
2) 900 and 1559 cm~!; and 3) 1587 and 1559 cm™!, respec-
tively. The retrieved optical thickness based on BTD[900-1559]

is compared with the results from MODIS 0.645- and 1.38-pm
bands.

A. Spectrum-Based Ice Cloud Optical Thickness Retrieval

Fig. 17 shows the retrieved ice clouds optical thickness de-
rived from data within the 1070-1135 cm™! spectral region.
The horizontal and vertical axes in Fig. 17 indicate crosstrack
and along-track FOVs in the AIRS granule, respectively. The
optical thickness results in Fig. 17 and subsequent figures are
provided using a logarithmic scale to better display the range of
values. In some FOVs, the optical thickness is much larger (red
or dark red pixels), indicating areas of convection.

Fig. 18 shows comparisons between simulated and observed
AIRS spectral BTs for two FOVs. The brightness temperature
differences between observations and simulations are also
shown in the bottom panels of Fig. 18. One FOV [upper curves
in Fig. 18(a) and (b)] contains extremely thin cirrus, and the
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Fig. 18. Comparisons between simulated and observed AIRS spectral BTs for
clear and cloudy sky scenes within (a) an atmospheric window band and (b) the
water vapor (strong absorption) band. The brightness temperature differences
(ABT) between observations and simulations are also shown.

retrieved optical thickness is 0.17. The other FOV [lower curves
in Fig. 18(a) and (b)] is chosen from an optically thick ice cloud
where the retrieved optical thickness is 8.67. The BTs for the
atmospheric window channels are at about 220 K, and there are
no atmospheric molecular absorption features. Fig. 18(a) shows
the comparison of simulated to observed cloud radiances within
the atmospheric window channels (750-1135 cm™1). The sim-
ulated BT compares well with observed AIRS data both for
clear and cloudy skies except in the 9.6 m O3 absorption band
and is probably due to limitations in the ECMWF model fields.
Within a strong water vapor absorption band (e.g., 6.2 um)
shown in Fig. 18(b), the agreement between the simulated BTs
and observed BTs is still close, although the variation in BT
due to ice clouds is much smaller than in the window channels.

The retrieval based on the BTD[900-1559] provides similar
optical thickness results to those in Fig. 17. Fig. 19 shows a
scatterplot based on a comparison of retrieved optical thickness
from AIRS atmospheric window spectral channels (1070-1135
cm™!) to values based on AIRS BTD[900-1559]. Basically,
the retrieved results from our spectrum-based approach and
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atmospheric window spectral channels (1070-1135 c¢cm~!) and the AIRS
BTD[900-1559].

the BTD-based method compare well with each other; the
deviation (root mean square) is 0.115.

B. Comparison of AIRS With MODIS Optical Thickness
Retrievals

It is useful to compare the AIRS-derived optical thickness
with that derived from the MODIS 0.645- and 1.38- um
reflectance bands [14]. In this study, we have chosen to use
these two bands rather than the operational product based
on the 0.645-, 1.6-, and 2.1-pym bands discussed by Platnick
et al. [7]. The 1.38-um band is quite sensitive to upper level
clouds. Meyer et al. [15] developed a method to retrieve the
optical thickness of tropical ice clouds using MODIS 0.645-
and 1.38-pm reflectances. In their approach, an optical thick-
ness lookup library is generated using previously calculated
single-scattering data in conjunction with the DISORT radia-
tive transfer model. The inference of optical thickness for each
pixel in a MODIS granule is based on this lookup library. The
MODIS nadir spatial resolution for the 0.645- and 1.38-pm
bands is 1 km, whereas the AIRS spatial resolution is 13.5 km.
To compare the MODIS and AIRS results, MODIS optical
thicknesses are collocated with each AIRS FOV and degraded
to match the AIRS spatial resolution [54] by averaging the op-
tical thickness over all MODIS pixels within each AIRS FOV.
An AIRS FOV can include up to 250 MODIS pixels. Fig. 20
shows the spatially degraded mean ice cloud optical thickness
image derived from MODIS 1.38- and 0.645-pym channels.
From comparison of Fig. 17 and Fig. 20, it may be seen that the
overall features of the AIRS retrieved ice cloud optical thick-
nesses and MODIS results are in reasonable agreement. Fig. 21
shows a scatterplot comparing the ice cloud optical thickness
from MODIS and AIRS BTD[900-1559]. The retrieved optical
thickness from AIRS coincides with that from MODIS for thin
to moderate thick cirrus clouds (optical thickness less than
5). Retrieved optical thickness for AIRS tends to be smaller
compared to MODIS as optical thickness increases. This is
may be due to the saturation of the BTD signal for large optical
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Fig. 21. Comparison of the ice cloud optical thickness values between the
MODIS retrievals and the AIRS BTD[900-1559] retrievals.

thickness values (see Fig. 6). For optically thin ice clouds, the
points show greater scatter, indicating greater uncertainty in the
results. The scattering may be due to the random error of cloud
temperature, surface temperature, inhomogeneous and subscale
clouds, the error of collocated pixels, and measurement noise,
etc.

The optical thickness retrieved from the BTD[1587-1559]
(not shown here) has similar results with those from the at-
mospheric window channels for ice clouds of moderate optical
thickness, i.e., when the optical thickness is larger than 1. But
differences do exist for those FOVs that contain optically thin
clouds. Upon further investigation, we found disagreements be-
tween the simulated and observed AIRS BTs. One possibility
that may be causing this disagreement is that the atmospheric
profiles provided by the ECMWEF product at altitudes of about
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5-10 km (the altitude of weighting function of this moderate ab-
sorption channel) may not represent the true atmospheric con-
dition. As shown in Section IV, the retrieved optical thickness
from the moderate absorption channel is more sensitive to un-
certainties in the atmospheric profile and water vapor profile
(see Figs. 13 and 15).

VI. DISCUSSION AND SUMMARY

In this study, we demonstrate the use of AIRS data for infer-
ring ice cloud optical thickness. The retrievals involving atmo-
spheric window channels have a stronger sensitivity to ice cloud
optical thickness and are relatively insensitive to the cloud par-
ticle size and the error in atmospheric profiles. The results from
a moderate absorption channel is primarily sensitive to the pres-
ence of ice clouds, but is more sensitive to uncertainties in the
atmospheric temperature and water vapor profiles.

There are some restrictions to the application of the present
methods. The ice cloud signal in the AIRS data tends to sat-
urate when the optical thickness is larger than 5. This implies
that the retrieval of optical thickness from AIRS IR data is only
suitable for nonopaque ice clouds. Additionally, IR BT calcula-
tions are sensitive to the profiles of the atmospheric temperature
and water vapor profiles, particularly for simulations in a strong
absorption band. Within atmospheric window channels, the sur-
face temperature is also important for optically thin clouds. Be-
cause of the spatial and time mismatch of ECMWF and AIRS
data, the profiles of ECMWF data may not be accurate enough
to be used for retrieving optical thickness based on the BTD
between moderate absorption and strong absorption bands. Per-
haps the AIRS-derived profiles of atmospheric temperature and
moisture could be used to improve the accuracy using the mod-
erate absorption channel.

A fast cloud radiative transfer model was developed to sim-
ulate AIRS radiances when clouds are present. The fast cloud
radiance model includes consideration of the single-scattering
properties of mixtures of ice crystals and their subsequent pa-
rameterizations, a database of transmission and reflection func-
tions for ice clouds calculated from DISORT, and a radiative
transfer algorithm coupled with the existing AIRS clear-sky fast
model. Compared with DISORT, the discrepancy of the fast
cloud model is within 0.5 K (root mean square) in BT. How-
ever, the computation is three orders of magnitude faster than
DISORT in terms of CPU time requirements and allows the in-
ference of ice cloud properties in AIRS data in a timely manner.

We investigate the sensitivity of AIRS spectral BTs and BTD
values between pairs of wavenumbers to the cloud optical thick-
ness. The spectral BTs in the atmospheric window channels
within 1070-1135 cm™", and the BTD between 900.562 cm ™"
(located in an atmospheric window) and 1558.692 cm ! (lo-
cated in a strong water vapor absorption band) are sensitive
to the ice cloud optical thickness. Similarly, the BTD between
a moderate absorption channel (1587.495 cm~!) and a strong
water absorption channel (1558.692 cm™1!) is sensitive to ice
cloud optical thickness, but insensitive to the presence of low-
level water clouds. Neither of the aforementioned BTD pairs is
sensitive to the effective particle size. The optical thickness of
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thin to moderately thick ice cloud (optical thickness less than 5)
can be retrieved using the method.

A case study regarding the retrieval of optical thickness from
a granule of AIRS data is reported. The ECMWF atmospheric
profiles are used in the retrieval process to generate atmospheric
absorption properties. The retrieved ice clouds optical thickness
for each AIRS FOV that contains ice clouds is compared with
the collocated and degraded MODIS optical thickness retrieved
from the MODIS 1.38- and 0.645-pm channels. The retrieved
ice cloud optical thicknesses from the AIRS IR atmospheric
window channels compare well with MODIS for the thin to
moderately thick ice clouds.
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