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ABSTRACT

The retrieval of ice cloud microphysical and optical properties from satellite-based infrared observation
remains a challenging research topic, partly because of the sensitivity of observed infrared radiances to many
surface and atmospheric parameters that vary on fine spatial and temporal scales. In this study, the sensitivity
of an infrared-based ice cloud retrieval to effective cloud temperature is investigated, with a focus on the
effects of cloud-top height and geometric thickness. To illustrate the sensitivity, the authors first simulate
brightness temperatures at 8.5 and 11.0 wm using the discrete ordinates radiative transfer (DISORT) model
for five cloud-top heights ranging from 8 to 16 km and for varying cloud geometric thicknesses of 1,2, 3, and 5
km. The simulations are performed across a range of visible optical thicknesses from 0.1 to 10 and ice cloud
effective diameters from 30 to 100 wm. Furthermore, the effective particle size and optical thickness of ice
clouds are retrieved from the Moderate Resolution Imaging Spectroradiometer (MODIS) measurements on
the basis of a lookup-table approach. Specifically, the infrared brightness temperatures are simulated from
the collocated Atmospheric Infrared Sounder (AIRS) level-2 product at 28 atmospheric levels and pre-
scribed ice cloud parameters. Variations of the retrieved effective particle size and optical thickness versus
cloud-top height and geometric thickness are investigated. Results show that retrievals based on the 8.5- and
11.0-pwm bispectral approach are most valid for cloud-top temperatures of less than 224 K with visible optical
thickness values between 2 and 5. The present retrievals are also compared with the collection-5 MODIS
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level-2 ice cloud product.

1. Introduction

Ice clouds play an important role in regulating the
earth’s radiation budget through their reflection of solar
radiation and trapping of the earth’s outgoing infrared (IR)
radiation. Determination of the net cloud radiative forc-
ing of these clouds requires a global, diurnal climatology,
which can most readily be achieved using satellite obser-
vation. At present, the parameterization of ice cloud
properties is a primary cause of discrepancy in cloud ra-
diative forcings calculated from various general circula-
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tion models (GCMs) and in model comparisons with flux
measurements (Potter and Cess 2004; Webb et al. 2001).
To increase confidence in climate prediction, global ob-
servations on fine spatial and temporal scales from sat-
ellite-based instruments are needed to retrieve ice cloud
properties such as effective particle size and cloud optical
thickness, which are essential to climate studies (Wielicki
et al. 1995).

Methodologies have been developed for daytime re-
trievals of cloud properties from satellite measure-
ments. A common approach is the bispectral technique
developed by Nakajima and King (1990), which utilizes
the reflectances at two bands: one visible, nonabsorbing
band sensitive to cloud optical thickness and the other
band a near-infrared wavelength at which water or ice
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particles are absorptive that is sensitive to the effective
particle size. This approach is used for the Moderate
Resolution Imaging Spectroradiometer (MODIS) op-
erational cloud retrievals (Barnes et al. 1998; Platnick
et al.2003). MODIS 1.38-um reflectance data have been
used to retrieve optical thickness for radiatively im-
portant thin and subvisual cirrus (Dessler and Yang
2003; Meyer et al. 2004; Smith et al. 1998), while the
capability of simultaneously retrieving effective size and
optical thickness has been demonstrated with 1.38- and
1.88-um reflectance measurements (Gao et al. 2004).

Satellite-observed IR radiances associated with a
cloudy atmosphere are not only sensitive to effective
particle size and cloud optical thickness, but also to
underlying surface properties, the vertical profile of
temperature, water vapor, and other absorbing gases, as
well as cloud height and geometric thickness. Prior to
any retrieval, a simulation of what a satellite is expected
to observe at specific infrared wavelengths must be per-
formed, and the simulation requires accurate knowledge
of these atmospheric parameters. The inherent sensitiv-
ity of observed IR radiances to these parameters and
their variability on fine spatial and temporal scales cre-
ates a challenge for robust retrieval schemes required to
build a climatology of ice cloud properties not dependent
on solar illumination, thus consistent for daytime and
nighttime data.

Radiometric measurements from several hyper-
spectral and narrowband infrared sensors have been
used to perform retrievals of ice cloud properties and
sensitivity analyses to atmospheric and surface param-
eters. The spectral region of 750-1000 cm ™' (10.0-13.3
pm) has been studied extensively for sensitivity to ice
particle effective size (Bantages et al. 1999; Chung et al.
2000). Wei et al. (2004) used Atmospheric Infrared
Sounder (AIRS) observations to show that the slope of
brightness temperatures (BTs) within this spectral re-
gion, along with data from the 1070-1135-cm ™' (~8.8-
9.3 wm) band, could be used to infer ice cloud optical
thickness for clouds with visible optical thickness (7¢.ss)
less than 10. Li et al. (2005) applied a minimum-residual
technique to AIRS observations at 790-960 cm !
(~10.4-12.6 um) and 1080-1130 cm ™' to retrieve ef-
fective size and optical thickness. Similarly, Huang et al.
(2004) used these spectral regions to simultaneously
retrieve ice cloud properties from high-resolution in-
terferometer sounder (HIS) data collected during the
First International Satellite Cloud Climatology Project
Regional Experiment-Arctic Cloud Experiment (FIRE-
ACE) field campaign. Errors of about 10%—15% in these
retrievals were demonstrated to be caused by error in
assumed cloud temperature (height) for optically thick
cloud and surface skin temperature for optically thin
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cloud. However, for clouds with 7( 55 greater than 5, IR
brightness temperatures approach their asymptotic values,
causing difficulty in the retrieval of ice cloud properties.

Other techniques have been developed to retrieve
cloud properties from IR measurements. For example,
Chiriaco et al. (2004) used observations at 8.65, 11.15,
and 12.05 um to retrieve the effective size of ice parti-
cles, and reduced uncertainty in the retrievals with de-
polarized lidar measurements by 20%—65%. Emissivi-
ties at 8.3 and 11.1 uwm from the Television and Infrared
Observation Satellite (TIROS-N) Operational Vertical
Sounder have been used to retrieve effective size, in-
dependent of atmospheric state and with little sensitiv-
ity to cloud height or geometric thickness (Réadel et al.
2003; Stubenrauch et al. 1999). Baum et al. (2000) used
theoretical calculations at 8.5 and 11.0 um to infer ef-
fective size and optical thickness from MODIS Air-
borne Simulator (MAS) data, with consistency in opti-
cal thickness but discrepancy in effective size when
compared with solar- and near-IR-based retrievals.

Whether hyperspectral or narrowband satellite ob-
servations are used to retrieve ice cloud properties, the
measured IR radiation, even at preferred window chan-
nels, is sensitive to not only the desired cloud properties
but also to many atmospheric and surface parameters.
Increasing accuracy in IR-based ice cloud property re-
trievals depends greatly on understanding the error as-
sociated with assumptions made about these atmospheric
and surface parameters. Of significant importance, Hong
et al. (2007) pointed out that common bispectral re-
trievals derived from IR measurements use precomputed
lookup tables developed from one profile containing a
cloud of fixed geometric thickness. It was then shown
that not considering cloud geometric thickness could
introduce either overestimation or underestimation in
retrieved cloud properties. Similarly to Hong et al.
(2007), we focus on the sensitivity of a bispectral re-
trieval technique utilizing two MODIS IR bands, 8.5
and 11.0 um, to cloud-top height as well as geometric
thickness. First, brightness temperatures at these two
wavelengths are simulated in a standard tropical atmo-
sphere for ice clouds with varying cloud-top height and
geometric thickness to assess the impact of these a priori
assumptions on our IR-based retrieval, and also to as-
sess the sensitivity of our model (and robustness of
bispectral IR models in general) to retrieve cloud op-
tical thickness and effective particle size in terms of the
cloud effective temperature.

In addition, a MODIS scene over the tropical Pacific
Ocean is then chosen and retrievals of effective particle
size and cloud optical thickness are performed for a case
assuming a cloud-top height at the derived AIRS cloud-
top pressure and a geometric thickness of 1 km (first case).
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Alternate retrievals are performed after adjusting the
cloud-top height to the next highest and next lowest
AIRS levels to assess the impact of varying cloud-top
height on the retrieval. A similar case is carried out for
clouds of varying geometric thicknesses, but a fixed
cloud-top height. Retrieval results are intercompared,
and also assessed relative to the MODIS level-2 oper-
ational cloud product.

This paper is organized as follows: Section 2 details
the data and model used in this study. The results of the
sensitivity analysis with varying cloud geometric height
along with analysis of varying cloud geometric thickness
are discussed in section 3, and retrieval cases are ana-
lyzed in section 4. The summary of this study is given in
section 5.

2. Data and model

The radiometric measurements acquired by the Mod-
erate Resolution Imaging Spectroradiometer and the
Atmospheric Infrared Sounder on the Aqua satellite
platform are used in this study. MODIS has 36 channels
that cover key atmospheric bands ranging from 0.415 to
14.235 pm with varying spatial resolutions of 250, 500, and
1000 m and scans across a swath-width of 2330 km (Barnes
et al. 1998). The level-1b radiance data at MODIS bands
29 and 31, which correspond to 8.5 and 11.0 um, are used
in this study to retrieve ice cloud properties. The results
of the retrieval are then compared with the MODIS
collection-5, level-2 cloud product (MYDO06) effective size
and optical thickness (King et al. 2006).

The AIRS version-4, level-2 standard retrieval (Chahine
et al. 2002) product provides atmospheric temperature,
pressure, ozone, and moisture profiles for 28 atmospheric
levels, as well as for cloud-top pressure (CTP), which is
derived from a relaxation method (Chahine 1974). The
retrieved surface and atmospheric parameters are de-
rived at a spatial resolution of 45 km X 45 km. At this
resolution, thousands of 1-km MODIS pixels may be
present within one AIRS pixel, thus requiring collocation
of the datasets. It should be noted at the time of this
study, the AIRS version 5 algorithms were not yet op-
erational. With any improvements made to the AIRS
sounding products, it should be expected that results
from our retrieval model would likely improve (espe-
cially from more accurate temperature soundings in the
upper troposphere where ice clouds are present).

To simulate the infrared radiances at top-of-atmos-
phere, we use the well-known discrete ordinates radia-
tive transfer (DISORT) model (Stamnes et al. 1988). The
DISORT requires the Legendre polynomial expansion
of the phase function. To attenuate the Legendre poly-
nomial expansion coefficients we use the 6-fit truncation
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method (Hu et al. 2000), which stems from the previous
8-M method (Wiscombe 1977), to truncate the scattering
phase functions of ice clouds with various effective sizes.

The simulation of radiances at wavelengths of 8.5 and
11.0 wm requires accounting for the influence of ab-
sorption by molecules in the atmosphere (e.g., CO,, H,O
vapor, O3, CHy, and N,O). Not accounting for gaseous
absorption in the atmosphere could affect brightness
temperature simulations at each wavelength by as much
as a few kelvins, which would yield far different results
in the present retrievals. In this study, the correlated
k-distribution computational package developed by Kratz
(1995) is used to account for the gaseous absorption in
the atmosphere. As mentioned, profiles from the AIRS
level-2 standard retrieval are used to determine pres-
sure, temperature, water vapor, and ozone. For trace
gases profiles, constant climatological values at the sur-
face are used and scaled by the pressure at each atmo-
spheric layer. With these profiles, the optical depth for
each clear-sky atmospheric layer, at each band, is then
computed for input into the radiative transfer model.

To be consistent with the MODIS collection-5 pro-
cessing for level-2 cloud product, we use the bulk single-
scattering properties reported in Baum et al. (2005a,b).
The bulk ice particle models were derived from 1117
particle size distributions selected from five field cam-
paigns studying both tropical and midlatitude cirrus
clouds. For the selected MODIS bands, the single-
scattering properties from Yang et al. (2005) are aver-
aged into bulk single-scattering properties and weighted
by the MODIS spectral response function for the fol-
lowing habit distribution: D < 60 um, 100% droxtals; 60
pm < D < 1000 um, 15% bullet rosettes, 50% solid
columns, 35% plates; 1000 um < D < 2000 um, 45%
solid columns, 45% hollow columns, 10% aggregates;
2000 um < D, 97% bullet rosettes, 3% aggregates,
where D is the maximum dimension. A detailed analysis
for the computation of the bulk single-scattering prop-
erties is provided in Baum et al. (2005a,b).

3. Brightness temperature sensitivity to cloud
geometric height and geometric thickness

As stated, the brightness temperatures observed above
anice cloud at IR wavelengths are not only dependent on
the cloud’s microphysical properties, but also on the ef-
fective temperature of the cloud itself. This effective
temperature, in turn, depends on the cloud geometric
height and geometrical thickness. Thus, when retrieving
cloud optical and microphysical properties using our
bispectral approach, placement of the cloud layer into
the correct atmospheric layer(s) is essential for retrieval
accuracy. In sections 3a and 3b, we quantitatively assess
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the influence that cloud geometric height and geomet-
ric thickness (cloud temperature) have on simulated IR
brightness temperatures, respectively. The results are
analyzed in terms of the impact these cloud property
assumptions will have on our bispectral retrieval model.

a. Effect of cloud geometric height on BT simulations

We first investigate the sensitivity of simulated infra-
red brightness temperatures at top-of-atmosphere to
cloud-top height (temperature) in a standard tropical
atmosphere (McClatchey et al. 1972). It is these simu-
lations on which our lookup tables are based, so it is
necessary to first gauge the influence of cloud-top height.
The standard tropical atmosphere contains 34 atmo-
spheric computational layers. A single-layer cloud is
inserted into five different layers with cloud-top heights
ranging from 8 to 16 km, each with a constant cloud
geometric thickness of 1 km. Brightness temperatures
are simulated with DISORT for clouds with effective
diameters of 30, 50, and 100 uwm and visible optical
thicknesses between 0.1 and 10.

Figures 1a, 1c, and 1e show simulated brightness tem-
peratures at 8.5 and 11.0 um for clouds with an effective
diameter of 30, 50, and 100 wm, respectively, as a func-
tion of optical thickness. Dark lines are for 8.5-um BTs,
while lighter lines correspond to the 11.0-um BTs. The
cloud-top temperature ranges from 197 K at 16 km to
250 K at 8 km. For each curve, BTs at each wavelength
are warm for optically thin cloud, and decrease with
increasing optical thickness until they nearly reach their
asymptotic limit where the BTs converge toward the
actual cloud-top temperature.

Figures 1b, 1d, and 1f show the 8.5-11.0-um brightness
temperature difference (BTDgs_q; for each cloud of
varying height and effective sizes of 30, 50, and 100 um
as a function of optical thickness. The relationship be-
tween BTDgs_;; and effective diameter is the founda-
tion of our bispectral retrieval scheme. Comparing the
simulations of clouds with effective diameters of 30, 50,
and 100 um for a height of 16 km, the BTDgs q; is
largest for clouds with small effective diameters, illus-
trating good sensitivity of the model to smaller ice par-
ticles. However, for the clouds with diameters larger than
~50 um, BTDg5_1; becomes much smaller as the model
becomes less sensitive to larger ice particles. For each
optical thickness value, BTDgs 11 varies only slightly
between clouds of equal height with effective diameters
of 50 and 100 wm, in support of the prior statement.

Also, comparing the plotted curve of a cloud at 10 km
and particles with a diameter of 30 wm with the curve of a
cloud at 16 km but an effective diameter of 100 um, we
see that the BTDgs 11 at each optical thickness are al-
most identical. Therefore, the retrieval of effective par-
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ticle size in our retrieval model greatly depends on the
assumption of cloud-top height (temperature), and that
the assumption of one height cannot be given universally.

Figures 1b, 1d, and 1f also show that for optically thin
clouds (7955 < 2) and optically thick clouds (7q55 > 7),
there is not much sensitivity to cloud-top height. For
optically thin clouds, 11.0-um transmissivity of the
cloud is very high, and for optically thick clouds the
emissivity is close to 1 for each wavelength, causing
BTDg 511 to be very small. Even though the cloud-top
height (temperature) assumption becomes less impor-
tant, it would become difficult to infer ice cloud particle
size and optical thickness for clouds that are too opti-
cally thin or thick using the BTDgs_1; approach.

It is evident from Fig. 1 that the region of highest
sensitivity for retrievals falls within an optical thickness
range of 7y 55 = 2-5, where BTDyg 5 41 is largest, but this
range is narrowed as cloud height decreases or as ef-
fective size increases. Clouds with cloud-top tempera-
tures colder than 224 K may be optimal for retrievals;
however, for geometrically thicker clouds, this value
may be colder as transmission from warmer layers within
the cloud becomes an increasingly important factor, to
be discussed later in section 3b. It is clear that if we insert
our cloud layer too high (cold) or too low (warm), we
may retrieve very different results through either in-
creased or decreased sensitivity given by BTDgs q1.
Methods of improving the accuracy of this assumption
are necessary for confident IR-based retrievals.

b. Effect of cloud geometric thickness on BT
simulations

Our model is used to simulate 8.5- and 11-um BTs in
the standard atmosphere for clouds with geometric
thicknesses of 0.5, 1, 2, 3, and 5 km (AT of 3, 6, 13, 20,
and 32 K, respectively) for optical thicknesses from 0.1
to 10, to investigate the sensitivity of the BTDg s 1 re-
trieval approach to cloud geometric thickness. Figures
2a, 2¢, and 2e show the results for simulations of a cloud
top at 12 km (7 = 224 K) and effective diameters of 30,
50, and 100 um, respectively, as a function of optical
thickness. The simulated BTs of the 0.5-km-thick cloud
are taken as truth and subtracted from the simulated
BTs of each thickness (e.g., AZ BTD = BTsgm —
BTy s5km) for the figures. The simulations show that as
AT increases with cloud geometric thickness, the AZ
BTD also increases. For example, for a cloud with 7 55
of 4.5 and a D, of 30 um at a height of 12 km, there is an
8-K difference in BTs at 11.0 um if the cloud is 5 km
thick compared to if it were only 0.5 km thick. The BTs
are also higher at 8.5 um for thicker clouds, although to
a lesser degree than 11.0 um because of less absorption
at 8.5 um for 7 55 less than 6. Physically, as a cloud layer
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FI1G. 1. (a),(c),(e) Simulated 8.5- and 11.0-um BTs for five clouds of varying height and D, of
30, 50, and 100 wm, respectively, as a function of optical thickness. (b),(d),(f) The 8.5-11.0-um
BT difference from (a), (c), and (e) for five clouds of varying height as a function of optical

thickness. Each cloud layer is 1 km thick.

extends into lower (warmer) regions of the atmosphere,
the IR radiance at each wavelength is emitted from ice
crystals in warmer regions, which increases the effective
emitting temperature of the cloud. Thus, BTs at 8.5 and
11.0 um will be higher for a geometrically thick cloud
(large AT) when compared with a geometrically thinner
cloud (small AT), with all other atmospheric parameters
and cloud properties being equal. With this difference
potentially being 8 K or even more, the impact on re-

trieved cloud properties will be significant depending on
the assumed cloud thickness. However, the AZ BTD for
each geometric thickness does not show much sensitiv-
ity as the effective diameter is increased from 30 to 100
pm.

Although we may have a better understanding of how
cloud geometric thickness affects the transmission of IR
radiance through the cloud layer, a more direct assess-
ment of how cloud geometric thickness may affect our
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FIG. 2. (a),(c),(e) Simulated 8.5- and 11.0-um BTs for clouds with geometric thickness of 1, 2, 3,
and 5 km minus the simulated BT for a cloud with geometric thickness of 0.5 km as a function of
optical thickness. (b),(d),(f) The 8.5- and 11.0-um BTD from (a), (c), and (e). Simulations are
performed for clouds with effective diameters of 30, 50, and 100 wm and a cloud-top height of 12 km.

bispectral retrieval is to gauge its impact on the BTDg s
itself. Figures 2b, 2d, and 2f show the BTDg 5_1; for each
geometric thickness given in Figs. 2a, 2c, and 2e, re-
spectively. Again, the BTDgs_q; for each thickness is
differenced from the 0.5-km BTD8'5711 (AZ BTD8_5711).
As geometric thickness increases from 1 to 5 km, AZ
BTDg 5 11 values increase from 0.5 to 1.5 K. Although
this decreases with increasing effective particle size, the
differences are still large enough to impact a retrieval

using this bispectral approach. This is apparent when
analyzing the bispectral plots in section 4.

Figure 3 is the same as Fig. 2, except it is for a cloud-
top height of 15 km (203 K). For Figs. 3a, 3¢, and 3e, there
are still large differences in BTs between the various
geometric thicknesses, and these are comparable to the
previous simulations at 12 km. However, Figs. 3b, 3d, and
3f, show much larger AZ BTDg5_y; values for the various
geometric thicknesses, on the order of 0.5 K or greater.
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FIG. 3. As in Fig. 2, but for a cloud-top height of 15 km.

This result indicates that the cloud geometric thick-
ness assumption becomes perhaps even more important
as cloud-top temperature increases (lower cloud tops)
while AT remains nearly constant, as the sensitivity of
our model to retrieve cloud optical thickness and ef-
fective particle size depends strongly on the BTDg s 1.
Not only does this illustrate the importance of placing
the cloud in the correct atmospheric layers to accurately
create bispectral lookup tables, but it may also mean
increased difficulties in retrieving cloud properties be-
cause of decreased sensitivity to optical thickness and
effective particle size in relatively warmer ice clouds.

4. Effective cloud temperature impact on IR-based
retrieval

a. Impact of cloud geometric height on IR-based
retrieval

For the ice cloud retrieval case study where cloud
geometric height is varied, a MODIS granule containing
a region of a single-layer ice cloud over the tropical
Pacific Ocean is chosen and assumed to be homoge-
neous (Fig. 4). Figures 5a and 5b show corresponding
plots of MODIS-retrieved optical thickness and effec-
tive radius, respectively, for the case area. All of the
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FIG. 4. False color image (0.65 um in red, 2.13 um in green, and
11.0 wm in blue) of MODIS case area from granule MYD021KM.
A2005354.0140, approximately 1100 pixels. Box is centered at
3.05°N, 174.6°W over the Pacific Ocean on 20 Dec 2005.

pixels within this scene are classified as ““ice” by the
MODIS 1-km Quality Assurance phase detection al-
gorithm (approximately 1100 pixels). The MODIS op-
tical thickness range falls within our most sensitive re-
gion from the theoretical simulation where BTDg 5 11 is
largest, approximately between 2 and 5. The MODIS
effective radius is generally below 30 wm, which is on
the threshold of low-to-moderate sensitivity.

Two collocated AIRS profiles are used for atmo-
spheric profile data, as well as for cloud-top pressure,
which determines the atmospheric layer containing
cloud. Figure Sc shows the coverage of AIRS pixels 549
and 550 in the case area, corresponding to the approx-
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imately 1100 MODIS pixels. Since the AIRS CTP
usually places the cloud top between two AIRS stan-
dard output levels, the atmosphere between 100 and 300
hPa (where pure ice cloud is likely to occur) is inter-
polated from 5 to 20 atmospheric levels. With the finer
vertical resolution in the profile, cloud properties are
retrieved for a greater variety of cloud-top heights and
geometric thicknesses (section 4b).

The first retrieval initially places the cloud at the
AIRS specified cloud-top pressure. The derived CTP for
pixels 549 and 550 are 126 and 148 hPa, respectively. For
the second and third retrievals, the cloud-top heights are
adjusted to the next highest and next lowest AIRS levels
(100 and 150 hPa, respectively) from the original 28
AIRS output levels. The cloud-layer thickness for the
retrievals is fixed at 1 km and is not isothermal.

Figure 6 shows the IR bispectral plots representing
the lookup tables for each retrieval, which result from
simulating IR brightness temperatures with the pro-
file data from AIRS pixels 549 and 550 using DISORT.
The IR brightness temperature observations from each
MODIS pixel are plotted on the figures. For a given
cloud-top-level simulation, the cloud for each pixel is
placed at the same level so that differences in the
lookup tables are attributed to differences in the atmo-
spheric profiles between the two AIRS pixels. Table 1
lists the differences in cloud and profile data for each
AIRS pixel for all three retrievals. Differences in the
skin temperature and cloud-top and bottom tempera-
tures are fairly significant between the pixels in each
case. However, independent retrievals from each AIRS
pixel area did not show that one pixel performed better
than the other when compared to the MODIS opera-
tional cloud product. This could be due to the fact that
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TABLE 1. Cloud and profile data for three retrievals with varied cloud-top height. The varying typefaces differentiate the three retrieval
cases.

Cloud-top Cloud-top Cloud-base Skin
AIRS pixel pressure (hPa) temperature (K) temperature (K) temperature (K) Height (km) AZ (km)
549 100 188.7 198.4 306 16.6 1
550 100 184.5 193.2 313 16.6 1
549 127.5 203 213 306 15.2 1
550 150 206 217 313 14.3 1.1
549 150 212.8 217 306 14.2 1
550 150 206 217 313 14.3 1.1

for moderately optically thick clouds, the retrievals may
be more sensitive to cloud-top temperature than to the
atmospheric profile or skin temperature, similar to Huang
et al. (2004).

Comparison of the IR bispectral plots among the three
retrievals reveals large shifts toward lower BTDgs 1
and toward warmer 11.0-um BTs as the CTP decreases
from 100 (Figs. 6a,b) to 150 hPa (Figs. 6e,f). This is an
expected result, as our sensitivity analysis showed smaller
BTDg s 11 values for the warmer cloud-top temperatures.
Also, as the cloud-top temperature and base temperature
become warmer, the 11.0-um BT should increase more
than at 8.5 um where absorption is less. The MODIS
IR observations overplotted in Fig. 6 also show the in-
fluence that the cloud-top temperature assumption has
on this retrieval case. For the coldest cloud top at 100
hPa, the MODIS observation is plotted in the region with
little sensitivity to effective particle size. As the cloud-top
temperature increases for the AIRS CTP and 150-hPa
CTP cases, the plotted lines shift to the right and down in
the table, and the MODIS IR observations then become
plotted in regions of higher sensitivity.

Figure 7 shows the geolocated results of the retrievals
for optical thickness and effective size, with correspond-
ing scatterplots in Fig. 8. At 100 hPa, the optical thickness
underestimates MODIS, suggesting that the simulated
11-um BT is too cold. Optical thickness retrievals per-
form better for the cases with warmer cloud tops, although
they slightly underestimate those derived from MODIS.
From the evaluation of results for effective particle size,
we can see the influence of the colder cloud top on the
100-hPa retrieval. Although many retrieved pixels lay
close to a 1-to-1 line with the MODIS-retrieved effective
size, several pixels are shown to have values different
from MODIS. These pixels correspond to the MODIS
IR observations overplotted in the region that tend to
show little sensitivity to effective size in the bispectral
plots. Again, as cloud-top temperatures become warmer,
the MODIS IR observations allow for a more consistent
retrieval of effective particle size. However, compared to
the archived level-2 MODIS retrievals, our retrieved
effective particle size tends to be underestimated.

b. Impact of cloud geometric thickness on IR-based
retrieval

While assessing the impact of cloud geometric thickness
on our bispectral retrieval, the same model and data from
section 4a are applied. In this case, we use the AIRS-derived
CTP as a fixed cloud height instead of altering the cloud-top
height as in section 4a. Instead, cirrus cloud effective size
and optical thickness retrievals are performed for cloud
geometric thicknesses of 1,3, and 5 km (AT of ~10, 20, and
35 K). Table 2 lists the atmospheric and cloud temperature
properties for each AIRS pixel and retrieval case.

Figure 9 shows the IR bispectral plots, which represent
the lookup tables associated with each retrieval where
cloud geometric thickness is varied. Comparing the fig-
ures first for each individual retrieval case, the plots only
shift slightly between AIRS pixels 549 and 550, due to
the few Kelvin differences in cloud-top temperature and
skin temperature. However, comparing the plots among
the different retrievals reveals the influence of altering
cloud geometric thickness. The main impact is that the
BTDgs_ 11, drawn for each constant effective diameter,
decreases with increasing geometric thickness (or in-
creasing cloud effective temperature). For the 1-km case,
the maximum BTDg s 1; along the 10-um diameter line
is close to 21 and 20 K for pixels 549 and 550, respec-
tively. In the 5-km case, these values are decreased to 18
and 16 K, respectively. Physically, as a cloud with mod-
erate optical thickness extends into warmer layers of the
atmosphere, the cloud gains a higher effective emitting
temperature at 11.0 um where absorption is greater, as
compared to 8.5 um where scattering is more prominent.
This translates into higher 11.0-um transmittance (and
BT) while there is little change in the 8.5-um transmit-
tance. Thus, as cloud geometric thickness increases, the
8.5-and 11.0-um BTs converge, decreasing the BTDg 5 1,
values as well as the sensitivity of the model to cloud op-
tical thickness and effective particle size.

Figure 10 shows the geolocated results for each re-
trieval case along with corresponding scatterplots in
Fig. 11. Optical thickness retrievals are fairly consistent
among the retrievals, and compare well with the MODIS
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retrievals. For the cloud with 1-km thickness, retrieved
optical thickness underestimates MODIS, but has a very
high correlation. As the cloud layer thickens, the optical
thickness retrieval values increase, but they then begin
to overestimate MODIS in the most optically thick re-
gions. Effective particle size retrievals also underestimate
MODIS, with the most error occurring with the 5-km-
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thick cloud where standard deviations are highest. In each
retrieval case, shifting the bispectral plot to the left (colder
11.0-um BTs) by decreasing the cloud-top temperature
may improve the effective size retrieval. Although non-
linearity to the simulated BTs also exists because of skin
temperature error and gaseous absorption at the IR
wavelengths. Thus, further investigation is warranted.

5. Summary

Ice cloud-top height and cloud geometric thickness
are important for the simulation of infrared brightness

TABLE 2. Cloud and profile data for three retrievals with varied cloud geometric thickness.

Cloud-top Cloud-top Cloud-base Skin
AIRS pixel pressure (hPa) temperature (K) temperature (K) temperature (K) AT (K) AZ (km)
549 127.5 203 213 306 10 1
550 150 206 217 313 11 1
549 127.5 203 221.5 306 18.5 31
550 150 206 236 313 30 31
549 1275 203 235.7 306 32.7 5
550 150 206 244.7 313 387 4.6
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temperatures at the top of the atmosphere. The simu-
lations are necessary for the retrieval of ice cloud ef-
fective particle size and optical thickness. Through sim-
ulations in a standard tropical atmosphere, we have
shown that the maximum sensitivity for retrievals uti-
lizing the BTDg 5 1; bispectral approach is for cloud-top
temperatures colder than 224 K. If a cloud is too opti-
cally thin (7o 55 < 1), then transmission of upwelling ra-
diance minimizes BTDgs ;7. Similarly, for ice clouds
with optical thicknesses greater than 7 or effective di-
ameters greater than 50 um, the cloud will radiate as a
blackbody and brightness temperatures between each
channel converge to their asymptotic values. However,
adequate sensitivity in brightness temperature simula-
tions exists for clouds with an optical thickness range of
2-5 and for effective particle sizes less than 50 um.
Furthermore, by increasing the geometric thickness from
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0.5 to 5 km, we have shown that simulated BTs can in-
crease by as much as 8 K and decrease the BTDg s 11 by
as much as 2 K. Thus, consideration of these parameters
is essential for accurately retrieving ice cloud properties.

In our case study, we examined a scene of a single-
layer cirrus cloud over the tropical Pacific Ocean.
AIRS-retrieved atmospheric, surface, and cloud-top
properties over the case area were used to simulate IR
brightness temperatures at 8.5 and 11.0 wm necessary
for the construction of lookup tables used for retrieving
cirrus cloud properties from collocated MODIS IR
observations. It was shown that placement of the cloud-
top height and the assumption of geometric thickness
both have a large effect on the simulations and lookup
tables, and thus impact the retrieval of cirrus properties.
Therefore, constraining both of these parameters could
improve the cloud retrieval results compared to the
MODIS level-2 cloud product.

Applicability of this model to retrievals is limited to
single-layer cirrus scenes over an ocean surface. In na-
ture these types of scenes are usually contaminated by
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overlapping clouds, and occur over all surface types. It is
also limited by the fact that each scene contains a cloud
with a unique cloud-top height and geometric thickness,
therefore requiring on-the-fly lookup table computa-
tions to be used for retrieval. Future work should in-
vestigate the potential of IR-based retrievals in the case
of multilayered clouds over all surface types, with the
added requirement of precomputed lookup libraries to
improve the computational efficiency of the model.
Other sensitivities to the forward model that would af-
fect simulated BTs, such as water vapor or trace gases,
also have grounds for investigation to fully understand
the errors associated with retrieving cloud optical and
microphysical properties in the IR.
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