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ABSTRACT

This paper reports on the sensitivity of the brightness temperatures associated with radiances at the
surface and the top of the atmosphere, simulated for the Imaging Infrared Radiometer (IIR) 8.7-, 10.6-, and
12-pum channels under ice cloudy conditions, to the optical and microphysical properties of ice clouds. The
10.6- and 12-um channels allow simultaneous retrieval of ice cloud optical thickness and effective particle
size (D) less than 100 wm. It is illustrated that the particle shape and size distributions of ice crystals have
noticeable effects on the brightness temperatures. Using the split window technique based on the 10.6- and
12-um channels in conjunction with cloud properties assumed a priori, the authors show that the influence
of the cloud microphysical properties can lead to differences on the order of £10% and *25% in retrieved
effective particle sizes for small (D¢ < 20 wm) and large particles (D¢ > 40 wm), respectively. The impact
of cloud model on retrieved optical thickness is on the order of =10%. Different particle habits may lead
to *25% differences in ice water path (IWP). Theoretically, the use of an additional channel (i.e., 8.7 wm)
can give a stronger constraint on cloud model and improve the retrieval of D .y and IWP. The present
simulations have confirmed that cloud microphysics has a significant impact on the 8.7-um brightness
temperatures mainly because of particle shape. This impact is larger than the errors of the IIR measure-
ments for cloud optical thicknesses (at 12 wm) ranging from 0.3 to 8. Furthermore, it is shown that the
characterization of optical and microphysical properties of ice clouds from ground-based measurements is
quite challenging. Especially, water vapor in the atmosphere has an important impact on ground-based
cloud retrievals. Observation stations at higher altitudes or airborne measurements would minimize the
atmospheric effect.
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1. Introduction

Ice clouds play an important role in the earth’s ra-
diation budget and climate (Liou 1986). Accurate in-
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formation of their optical properties is critical to assess-
ing the climate effects and feedback associated with
these clouds (Stephens et al. 1990). Reflected solar ra-
diation and emitted longwave radiation under cirrus
cloudy conditions depend strongly upon the complex
microphysical properties of these clouds (Mitchell et al.
1996; Fu et al. 1998, 1999; Chepfer et al. 2001; Baran
2003). Several methods have been developed to infer
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the single-scattering properties of semitransparent
clouds from space measurements in the infrared atmo-
spheric window (8-13 pum) (Inoue 1985; Baran et al.
1998; Stubenrauch et al. 1999; Baum et al. 2000). In
particular, the split window technique in the infrared
atmospheric window allows the estimation of the effec-
tive particle size using channels centered approximately
at 10.8 and 12 wm (Inoue 1987; Parol et al. 1991; Giraud
et al. 1997, 2001; Ridel et al. 2003). The extinction
efficiencies of ice crystals (Yang et al. 2001, 2005; Baum
et al. 2007) vary with the wavelength in the infrared
window with an extinction minimum near 10.5 wm,
which is pronounced for small particles. This feature is
useful for determining the effective particle size from
the split window technique. However, uncertainties as-
sociated with the atmospheric parameters and cloud
microphysics assumed a priori in the forward radiative
transfer simulation involved in inferring cloud proper-
ties can affect the retrieved results. For example, Coo-
per et al. (2003) reported a noticeable impact of cloud
boundary variation on the retrieval of effective particle
size and optical thickness.

The Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO) mission provides a
unique opportunity for retrieving geophysical param-
eters that are fundamental to accurately quantifying
cloud radiative impact (Winker et al. 2003). The Imag-
ing Infrared Radiometer (IIR) measures the radiation
emitted in three channels within the infrared atmo-
spheric window (8.7, 10.6, and 12 um). Moreover, the
Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) provides the information about cloud ver-
tical profiles. Algorithms based on the split window
technique (Chomette et al. 2003; Chiriaco et al. 2004,
2007) have been developed to interpret IIR data. Specifi-
cally, the two IIR channels centered at 10.6 and 12 um
allow the retrieval of the effective particle size. Further-
more, the 8.7-um channel is sensitive to scattering and
can be used to improve the characterization of semi-
transparent clouds from space (Ackerman et al. 1990).

This paper reports on the sensitivity of the simulated
brightness temperatures in the IIR channels to the mi-
crophysical properties of ice clouds. This effort is aimed
at assessing the accuracy of the effective particle size
and optical thickness retrieved from the split window
technique using two channels centered at 10.6 and 12
pm, and estimating the impact of the microphysical
properties of ice clouds (e.g., the shape and size distri-
butions of ice crystals) on the 8.7-um brightness tem-
perature.

The rest of this paper is organized as follows: in sec-
tion 2, the cloud properties and models used in simu-
lations are described. The single-scattering properties
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reported by Yang et al. (2005) for nonspherical ice par-
ticles have been used in the present radiative transfer
calculations. In section 3 the sensitivity of brightness
temperature to cloud model is presented in the context
of the split window technique. Brightness temperatures
are calculated by accounting for multiple scattering and
gaseous absorption on the basis of a fast yet accurate
radiative transfer code referred to as FASDOM (Du-
buisson et al. 2005). In section 4, the feasibility of re-
trieving cloud optical and microphysical properties
from the three IIR channels is analyzed. Sensitivity
studies regarding derived cloud properties are carried
out from both spaceborne and ground-based remote
sensing perspectives. Finally, the conclusions of this
study are given in section 5.

2. Microphysics of ice clouds

a. Optical properties for individual ice particles

In this study seven nonspherical ice crystal habits,
namely aggregate, bullet rosette, droxtal, hollow col-
umn, plate, solid column, and spheroid are considered
on the basis of a scattering database reported by Yang
et al. (2005). This database includes the geometrical
parameters (projected area A and geometric volume V
of the particle) and optical properties (extinction coef-
ficient, single-scattering albedo, phase function, and
asymmetry factor) of ice crystals with maximum dimen-
sions ranging from 10 to 10 000 wm in a spectral range
of 100-3000 cm ™! (3.3-100 wm). The effective particle
size D (Foot 1988; Mitchell and Arnott 1994; Mitchell
2002; King et al. 2004; Baum et al. 2005a,b) is used in
radiative transfer calculations. The effective diameters
considered in this study are between 5 and 100 wm,
which are in agreement with a recent analysis based on
in situ measurements for midlatitude cirrus cloud
(Gayet et al. 2006).

Figure 1 shows the variation of the imaginary part of
ice refractive index in the 8-13-um window with data
from Warren (1984). The absorbing feature of ice in
this spectrum is fundamental to the split window tech-
nique based on brightness temperature differences at
two thermal infrared channels (Inoue 1985; Parol et al.
1991; Giraud et al. 1997; Ridel et al. 2003). Figure 1 also
shows the response functions for the three channels of
the Infrared Imaging Radiometer aboard CALIPSO
(Winker et al. 2003). For brevity, in the following dis-
cussions these channels centered at 8.7, 10.6, and 12 wm
are referred to as channels 1, 2, and 3, respectively.

b. Size distribution

There exists no general particle size distribution that
can be applied to all ice clouds (Donovan 2003; Ivanova
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FIG. 1. Spectral response of the three IIR channels onboard CALIPSO. Channels at 8.7,
10.6, and 12 um are referred to as 1, 2, and 3, respectively, in the text. Spectral variation of the
ice absorption (Warren 1984) is also reported (dashed line, right axis).

et al. 2001). Based on observations, ice particle size
spectra in cirrus are either monomodal or bimodal
(Varley 1978; Arnott et al. 1994; McFarquhar and
Heymsfield 1996). In the literature the gamma distri-
bution has been extensively used (e.g., Kosarev and
Mazin 1991; Mitchell 1991; Heymsfield et al. 2002;
Baum et al. 2005a,b). Here we assume that the size
distribution of ice crystals in an ice cloud can be rep-
resented by a generalized gamma distribution described
by Walko et al. (1995) as follows:

o

n(L) = NW AL expl —(AL)Y], 1)
where N is the total concentration of particles per unit
volume of air for a nontruncated distribution, A is the
slope parameter, and both « and v are shape param-
eters. The parameters v and « control the relative
amount of small particles versus large particles in the
distribution and are related to the relative variance of
the distribution. The slope parameter A is a scaling di-
mension, related to the mean size value via

f i n(L)L dL Ly
- om _y - Ct). )
f n(L) dL
0

In this study, four size distributions have then been
used, which include

» a monodisperse distribution (i.e., all particles have
the same size),

e a monomodal gamma generalized size distribution
ny(L) with « = 3 and v = 3 describing small particles,
typical for ice particles in young cirrus clouds with a
symmetric distribution,

¢ a monomodal gamma generalized size distribution
n(L) with « = 1 and v = 4 for large particles pro-
duced by aggregation, and

 a bimodal distribution specified as n(L) = fn (L) +
(1 = f)n, (L), where f indicates the fraction of small
particles. In this study three values of f have been
taken, namely, f = 0.2, 0.5, and 0.8.

Furthermore, for individual and monomodal distribu-
tions, the seven shapes of particles have been used. For
the bimodal distribution, we consider droxtals and
plates for small and large particles, respectively.

Following Foot (1988), Mitchell (2002), King et al.
(2004), and Baum et al. (2005a,b), the effective particle
size D for a cloud model with a mixture of two dif-
ferent habits for small and large particles can be de-
fined as follows:

3j , LV{(LDn(L) + A = HV,(Lin,(L)]dL

L

eff 2 Fd )
J o [fA(D)n(L) + (1 = fA,(L)n,(L)] dL

©)
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where V(L) and A(L) are the geometric volume and pro-
jected area of a particle with a maximum dimension of L,
and f'is the percentage of small particles. Note that the sub-
scripts s and 1 indicate small and large particles, respec-
tively. Evidently, Eq. (3) reduces to a formula suitable
for a monomodal size distribution when f= 1 or f = 0.

The optical properties of individual ice crystals

o=
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(Yang et al. 2005) are integrated over the size distribu-
tions. Furthermore, the bulk optical properties are
weighted by the spectral response of the instrument
(Fig. 1), following Chou et al. (1999) and Baum et al.
(2005b). For example, the cloud optical depth & can be
obtained from the bulk extinction coefficient averaged
with a response function as follows:

I
J' , LAALIn(L) + (1 = ))A,(L)n,(L)] dLJA r,B.(0o) dv
L v

Ice water path (IWP), defined as the integration of ice
water content (IWC) along the vertical thickness of a
cloud, is a critical parameter in climate studies. There
exists a simple relationship between &6 and IWP as a
function of the particle effective size (Ebert and Curry
1992; Heymsfield et al. 2003), given by

B
IWP=——— (5)

(1)
a
Deff

where the coefficients a and b can be derived from
observations or theoretical simulations. Ebert and
Curry (1992) showed that these coefficients depend on
the spectral bands for both shortwave or longwave ra-
diation. They assumed that ice crystals could be repre-
sented in terms of randomly oriented hexagonal col-
umns for the solar radiation and equivalent ice spheres
for infrared radiation. Fu (1996) showed that the use of
the effective particle size eliminates the dependence of
the extinction or absorption properties on particle
shape to a certain extent. However, differences may
occur due to different assumptions and treatments in
the calculation of ice crystal optical properties (Mitchell
2002). Table 1 lists the coefficients a and b calculated
for the IIR channel at 12 um. Table 1 shows noticeable

TaBLE 1. Coefficients a and b linking optical depth to IWP and
effective diameter according to Eq. (5), assuming cloud models
defined in section 2 and for the IIR channel 3 at 12 pum.

Particle shape a (m? kg™ 1) b (m)
Aggregate 13.30 211.7
Bullet rosettes 15.44 194.6
Droxtal 4.36 798.0
Hollow column 6.86 427.4
Plate 9.46 323.0
Solid column 8.08 394.7
Spheroid 7.43 473.8

4)

sensitivity of a and b to particle shape. Evidently, the
differences between the extinction and absorption effi-
ciencies for the habits used in this study are smaller if
the effective particle size D, is used, particularly in the
cases with small values of D . However, there still are
significant differences in the optical properties of indi-
vidual ice crystals in the resonance region (Yang et al.
2005). These differences could largely explain the varia-
tions of a and b in Table 1 versus particle habit. It is
evident from Eq. (5) that uncertainties of cloud model
(i.e., variations of the coefficients a and b) can lead to
significant uncertainties in IWP.

3. Radiative transfer modeling for Infrared
Imaging Radiometry

a. Radiative transfer code

In this study we use FASDOM, a fast radiative trans-
fer code developed for simulating the IIR radiances
(Dubuisson et al. 2005). This code takes into account
both absorption and scattering processes. Gaseous ab-
sorption is considered on the basis of the correlated
k-distribution method, following Kratz (1995). The Dis-
crete Ordinates Radiative Transfer (DISORT) code
developed by Stamnes et al. (1988) is used to account
for multiple scattering. The accuracy of FASDOM has
been assessed in comparison with a reference code
(Dubuisson et al. 1996) for which the radiative transfer
equation is solved with DISORT in conjunction with a
line-by-line model. Simulations have shown that the ac-
curacy of FASDOM is generally better than 0.1 K in
terms of brightness temperature difference. This accu-
racy is comparable to that of the IIR measurements.

b. Brightness temperature simulation

We simulate nadir-viewed radiances at the three IIR
channels and the corresponding brightness tempera-
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F1G. 2. BTD,; as a function of T for a cirrus cloud with various effective sizes D, assuming
individual ice particles with an aggregate shape. The three sets of arches correspond to
simulations performed at the TOA, BOA, and at 3-km altitude (3 km). The cloud is located
between 9 and 10 km (237-243 K) for the standard tropical atmosphere from McClatchey et
al. (1972). In the arches, CA and OC symbols refer to clear atmosphere and opaque cloud
situations, respectively. The vertical dashed lines correspond to an optical depth equal to 2.

tures, assuming that a homogeneous cirrus cloud exists
between 9 and 10 km (237-243 K) over the tropics.
Temperature and moisture profiles are defined from
McClatchey et al. (1972). The surface is assumed to be
a blackbody (i.e., the surface emissivity &, = 1) with a
surface temperature of 299.7 K. The cloud height will
be kept constant in this study. Furthermore, the infor-
mation about cloud-top and cloud-bottom heights and
cloud vertical structure is provided a priori. The impact
of the uncertainty of cloud-top temperature is discussed
in section 4c. In this study, the cloud optical thickness
ranges from 0 to 50. The single-scattering properties of
ice clouds (8., ®,, g) are derived for the seven ice
crystal shapes of Yang et al. (2005) for the four types of
size distributions defined in section 2b. Several effec-
tive particle sizes ranging from 5 to 100 wm, typical for
cirrus clouds, are considered. Note that for D larger
than 100 wm, the single-scattering properties converge
to their asymptotic values.

As an example, the brightness temperature differ-
ence between channels 2 and 3 (BTD,;) is plotted in

Fig. 2 as a function of the brightness temperature of
channel 3 (T5). The nadir-viewed radiances at the top of
the atmosphere (TOA), the downwelling radiances at
the bottom of the atmosphere (BOA), and at an alti-
tude of 3 km are simulated for the three IIR spectral
bands. In the TOA case, Fig. 2 shows arched curves that
have been extensively reported in the literature (e.g.,
Inoue 1985). The maximum BTD value is observed for
an optical depth close to 2. These arched curves con-
verge for the two following situations: 1) a clear atmo-
sphere (“CA” in Fig. 2) corresponding to a cloud with
an optical thickness of zero, and 2) an opaque cloud
(“OC”) with an optical thickness larger than 20. The
arches are distinguishable and can be used for retriev-
ing cloud effective particle size. Figure 2 also shows
similar arches in the BOA and 3-km-height cases. How-
ever, the impact of the atmosphere is more important
for the BOA observations. In fact, Fig. 2 shows that the
lower layers play a crucial role. For the observations
made at 3 km, the impact of the lower portion of the
atmosphere is relatively small, particularly in the case
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of a moist atmosphere. Although cloud characteriza-
tion seems possible from ground-based measurements,
the sensitivity of cloud retrieval to cloud microphysics is
substantially diminished for ground-based retrievals in
comparison with spaceborne or airborne retrievals. It is
also worth noticing that Fig. 2 shows a stronger sensi-
tivity for small cloud optical thicknesses, especially for
the observations at 3-km altitude.

¢. Space observations

Brightness temperature measured at the top of the
atmosphere depends strongly on the cloud optical
depth at 12 um (8,,,,) and Ice Water Path. As an
example, its variation is plotted in Fig. 3 for all the
cloud parameters, as functions of 8,,,,, or IWP. For a
fixed optical depth, Fig. 3a shows that the brightness
temperature calculated for channel 3 (73) is sensitive to
the microphysical model. For an optical depth near
unity, the brightness temperature variation is approxi-
mately 10 K, which is due to the change in microphysi-
cal model. The brightness temperatures associated with
channels 1 and 2 have similar sensitivities. Figure 3b
illustrates the variation of 75 with IWP, if cloud micro-
physics is not constrained. From Fig. 3b one can appre-
ciate the importance of constraining the effective par-
ticle size that gives the maximum uncertainty, although
particle shape also has a significant effect.

Figures 4 and 5 confirm that the BTDs between chan-
nels 2 and 3 (BTD,3) and 1 and 3 (BTD,3) are mainly
sensitive to particle size for a given optical depth. Each
curve corresponds to a microphysical model, and only
the optical thickness varies. The effect of particle size is
significant for optical depths between 0.5 and 8. Both
Figs. 4 and 5 confirm that the BTDs are mainly sensitive
to particle size for optical thicknesses ranging from 0.5
to 8. BTD curves are clearly separated for D, less than
40 wm and the retrieval of cloud effective size will be
accurate for smaller particles. For larger particles, the
variations of BTD due to differences in ice cloud model
lead to larger uncertainties in the retrievals. The shape
of the particles as well as the distribution also has an
impact on BT and BTDs. A comparison between Figs.
4a,b shows that the particle shape has a larger effect on
the BTD,; than the size distribution. Neglecting the
size distribution only leads to a small error in the ef-
fective particle size. The influence of size distribution is
presented in Fig. 4b for aggregates. Individual and
monomodal distributions are used in Fig. 4b. The effect
of the size distribution on the BTD is on the order of a
few tenths of a Kelvin. Furthermore, the impact of a
bimodal distribution, defined in section 2, is of the same
order. This means that the magnitude of the variation in
the BTD is on the order of 1 K (not shown) and may be
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F1G. 3. Dependence of the brightness temperature 75 at 12 um
on (a) the optical depth 8,,,,, at 12 um and (b) IWP for all cloud
microphysical models. All particle shapes and effective sizes are
considered in calculations, assuming individual ice particles under
the same conditions as in Fig. 2.

considered as additional noise in ITR data analysis. Ne-
glecting the size distribution will thus only lead to a
small error in the effective particle size. More ad-
equately, the analysis can be done by assuming indi-
vidual particles whose diameter is equivalent to the one
obtained with the distribution. In this case we have to
consider a relationship between the equivalent indi-
vidual particle size and the effective diameter. Size dis-
tribution will thus no longer be considered an issue (its
impact will however be considered in the calculations).
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Conclusions are rather similar to those derived for na-
dir observations from space and cloud characterization
0 ) . | -| is possible from BTD at BOA. BTDs are sensitive to
0.1 1.0 10.0 the effective particle size, particle shape, and (to a
5, lesser extent) the size distribution. However, the impact
m

F1G. 4. BTD,; at TOA, using channels at 10.6 and 12 um, as a
function of the cloud optical thickness &;,,,,, at 12 um. Each curve
is representative of a fixed effective size D 4 under similar con-
ditions as in Fig. 3. BTDs are presented for the seven particle
shapes defined by Yang et al. (2005) assuming (a) individual dis-
tribution or (b) 4 different size distributions assuming aggregate
shape.

Based on the spectral variations of the single-
scattering properties of ice particles (Yang et al. 2005),
one can deduce that the absorption effect dominates
cloud effect at channels 2 and 3, while the effect of
scattering is more important at channel 1. The combi-
nation of the three channels should lead to a more ac-
curate retrieval of the effective size and a possible cat-
egorization on shapes of the particles.

of the atmosphere is quite important for ground-based
observations.

4. Application to cloud microphysics retrieval

a. Sensitivity of a two-channel effective size and
optical thickness retrievals

The set of brightness temperatures simulated at the
top of the atmosphere described in section 3b has been
used to evaluate the accuracy of the effective size, op-
tical thickness, and IWP retrievals from the two chan-
nels centered at 10.6 and 12 um. Figure 2 shows that the
use of the pair of brightness temperatures (7,, 75) al-
lows the determination of the optical thickness and ef-
fective size of a cloud. However, Fig. 4 also shows that
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F1G. 6. Same as Fig. 4, but the BTDs are calculated in the case
of ground-based observations (BOA).

the split window technique based on a fixed pair of
brightness temperatures (7,, T5;) does not correspond
to a unique solution because of the influence of the
shape of the particles. An iterative procedure has been
used to determine the effective size D’y and cloud op-
tical thickness S‘izlm for each cloud model correspond-
ing to a fixed pair of brightness temperatures (7, T5).
In other words, each pair of D and 8',,,, represents
a solution to the brightness temperatures 7, and 75. To
select realistic conditions as an input, the (7, T5) pairs
have been selected from simulations, assuming aggre-
gate particle shape for individual ice crystals as the ref-
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FiG. 7. Influence of the microphysical cloud model (particle
shape and size distribution) on (a) the retrieved effective size D
(Fig. 7a) and (b) the IWP using a split window technique with
channels 2 and 3. Solid lines in (a) refer to a relative error of
+20% in D4 The variation AD g (wm) on the effective size and
the relative error AIWP (%) are reported for the seven particle
shapes defined by Yang et al. (2005), size distributions defined in
section 2b, and cloud optical thicknesses ranging from 0 to 50
assuming observations at TOA.

erence calculations. Additional tests (not presented)
have shown that changing the particle shape leads to
similar conclusions.

This approach has been applied to all optical thick-
nesses and effective sizes. The results of this effort are
shown in Fig. 7. Without an indication on the cloud
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Fi1G. 8. Deviations AT, on the brightness temperature at TOA in channel 1 (8.7 wm) due to
the cloud microphysical model (particle and size distribution) as a function of the effective size
D The aggregate particle shape with individual particle crystal size distribution has been
chosen as input for simulations, and deviations AT, are equal to zero in this case. Optical
thickness is equal to 2. The black box represents the error associated with the IIR measure-

ments (£0.3 K).

particle shape, Fig. 7a shows the uncertainty AD s on
the retrieval of the effective particle size D as a func-
tion of the reference Dy for aggregates. The uncer-
tainty of D g is on the order of +£15% to *25% for
small (<20 wm) and large (up to 80 um) effective sizes,
respectively. In the same manner, the relative uncer-
tainty A6§2Mm on the optical thickness at 12 um has
been evaluated. Simulations have shown that A8, is
on the order of =10% for the complete range of optical
thickness (not shown). As discussed in section 2b, un-
certainties about the optical depth and effective size
can lead to errors on the IWP obtained from retrieval
algorithms. Figure 7b presents the relative uncertainty
AIWP due to the particle shape, assuming all shapes
and optical thicknesses. Figure 7b shows that AIWP
increases with IWP. The AIWP is on the order of £5 at
low IWP (less than 10~* kg m ) and increases to
+25% for IWP larger than 1072 kg m 2.

Analyses of these results have shown that these un-
certainties are mainly due to the particle shape. The use

of a third channel should reduce this uncertainty. Es-
pecially, the single-scattering properties at 8.7 um are
very different from those at 10.6 and 12 um.

b. Contribution of the 8.7-um channel

It has been shown in the previous section that a pair
of brightness temperatures (7,, T5) can be simulated
from a set of various cloud models defined in terms of
Dy and 8',,,. From Yang et al. (2005) models, all
particle optical properties are known for all cloud mod-
els at each wavelength. It is then possible to calculate
the brightness temperature T} in the 8.7-um channel
from the cloud optical thickness ag,mm. The brightness
temperature can then be compared to the one assumed
as an input for the simulation of T;. To evaluate the
contribution of the channel at 8.7 um, differences
AT, = T, — T! are reported in Fig. 8 as a function of
the effective size for a cloud optical thickness (at 12
pm) of 2 and the aggregate model. As expected, AT is
equal to zero in the case of the aggregate shape for
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at 12 pwm for an effective size of 40 pm.

individual ice crystals, used as an input for simulating
T,, T,, and T;. In the other cases, AT, gives an indica-
tion of the influence of the cloud model on brightness
temperature at 8.7 wm; AT, has a magnitude ranging
from 2 to 5 K, with a more important magnitude for
particle effective sizes larger than 30 um, showing the
noticeable impact of the cloud model. It is important to
notice that these variations are about =2 K and this
influence should then be detected for spaceborne mea-
surements. One can, however, notice that only four
cloud models exhibit significantly differentiated BTD
variations as a function of the effective size, suggesting
that it is not necessary to use all the cloud models in
cloud retrieval IIR algorithms. Similar behaviors of bul-
let rosettes and solid columns and those of hollow col-
umns and spheroids can be explained from the single-
scattering properties, which are quite similar for small
particle size. Ambiguities occur between bullet rosettes
and aggregates for a size of about 25 um. This is dif-
ferent for effective diameters larger than 40 wm, where
all shapes except aggregates and hollow columns can be
differentiated. In addition, Fig. 8 confirms that tem-
perature deviations due to the bimodal distribution are

quite similar to those of individual ice crystals (see sec-
tion 3c).

Certain categorization of particle shape should be
achievable if the vertical profile of the shapes of par-
ticles does not substantially vary. Otherwise, the infor-
mation about the vertical profile from polarized lidar
measurements (Noél et al. 2002) may be useful for the
analysis.

Figure 9 shows the temperature difference AT, be-
tween different particle shapes as a function of the op-
tical thickness at 12 wm for an effective size of 40 wm.
Assuming an accuracy threshold of *+0.3 K, the influ-
ence of the particle shape could be observed from space
measurements for semitransparent clouds with optical
thicknesses ranging from 0.3 to 8 at 12 um, with a maxi-
mum effect for optical thicknesses between 1 and 5. For
a fixed particle shape, the impact of the size distribution
is always smaller than 1 K and may be considered noise
in IR data analysis.

As far as IWP is concerned, the identification of the
shape of cloud particles allows reducing the uncertainty
in IWP retrieval. Using Eq. (5) and the appropriate
values of coefficients a and b corresponding to the iden-
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F1G. 10. IWP as a function of the effective size parameter D for the seven particle shapes
defined in Yang et al. (2005).

tified shapes, one can see from Fig. 10 that the error
could be reduced to about £15% for large IWP values.

A similar study has been performed on the basis of
the simulations for the bottom of the atmosphere and
3-km altitude with the same conditions as in Fig. 8. The
differences AT, are reported in Figs. 11, 12 as a function
of the effective size and optical thickness, respectively.
Figures 11 and 12 show very similar conclusions to
those in the case for the top of the atmosphere. How-
ever, the magnitude of these differences is smaller in
the cases shown in Figs. 11, 12. These results suggest
that cloud characterization seems difficult with ground-
based measurements. The choice of an observation sta-
tion at higher altitudes or airborne measurements
would minimize the atmospheric effect, especially the
effect of water vapor.

Figure 13 shows the impact of the scattering on the
brightness temperature at TOA at 8.7 and 10.6 pum.
Deviations of the brightness temperatures have been
calculated from the FASDOM code considering scat-
tering or the absorption approximation (Fu et al. 1997).
Figure 13a shows that scattering has important effects
on the brightness temperature at 8.7 wm for optical
thickness ranging between 1 and 10 and deviations can

reach —10 K for small effective sizes. Figure 13a show
that scattering has to be taken into account for a cloud
model determination using the IIR channel 1 at 8.7 um.
At 10.6 um, deviations are generally small and always
less than 1 K for an effective size larger than 10 um. In
this case, scattering has a noticeable effect only for
small particles with an optical thickness between 1 and
10. Note that the absorption approximation systemati-
cally overestimates the brightness temperature.

¢. Possible impact of atmospheric water vapor and
ground temperature

Table 2 presents the variation on the brightness tem-
perature AT, simulated at the TOA in the 8.7-um chan-
nel as a function of the water vapor content for various
atmospheric models. In the case of moist atmospheres,
Table 2 shows that accuracy better than +£10% in the
water vapor content is needed for the characterization
of semitransparent cloud (A7, < 0.5 K). For the mid-
latitude atmosphere, this constraint can be relaxed. But
for dry atmospheres, such as in the polar regions, the
accuracy on water vapor is not critical. Table 3 also
confirms that atmospheric water vapor has an impor-
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F1G. 13. Deviations AT = T, — T, on the brightness temperature
at TOA due to scattering, as a function of cloud model. The T} is
calculated with FASDOM accounting for scattering; 7, is calcu-
lated without scattering, but considering that the cloud is not a
purely absorbing media from the absorption approximation (Fu et
al. 1997). (a) Deviations AT} in channel 1 (8.7 um); (b) deviations
AT, in channel 2 (10.6 wm). Note that the legends are different in
(a) and (b).

tant influence on the brightness temperature simulated
at the BOA. For moist atmospheres, Table 3 shows that
an altitude of 5 km is required for accurate retrieval of
cloud properties (AT; < 0.3 K).

In the same manner, the variation of the brightness
temperature AT associated with the uncertainty of the
cloud-top temperature AT,, surface temperature AT,
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TABLE 2. Mean deviations on the brightness temperature AT}
(K) simulated at the TOA in the 8.7-um channel as a function of
the cloud optical thickness §,., assuming a relative uncertainty
AH,O (10%, 25%, or 50%) on the water vapor content (reported
in grams per centimeter squared), for various standard atmo-
spheric models and cloud models defined in section 2.

AT, (K)

AH,O §.=025 §6.=2 §.=5

Tropical: 407 gecm™  10% 0.4 0.3 0.2
25% 1.0 0.8 0.5

50% 2.0 1.7 1.1

Midlatitude summer: 10% 0.2 0.2 0.1
2.91 g cm™? 25% 0.6 0.5 0.3
50% 1.2 1.0 0.7

Sub-Arctic summer: 10% 0.2 0.2 0.1
2.08 g cm™> 25% 0.5 04 0.3
50% 1.0 0.9 0.6

Midlatitude winter: 10% 0.1 <0.1 <0.1
0.85 g cm ™2 25% 0.2 0.1 0.1
50% 0.3 0.3 0.2

Sub-Arctic winter: 10% <0.1 <0.1 <0.1
042 g cm™2 25% <0.1 <0.1 <0.1
50% 0.1 0.1 <0.1

or surface emissivity Ae, has been also estimated (Table
3). These results show that a precise knowledge of the
atmospheric or surface parameter is necessary to obtain
accurate retrievals. Without accurate data, the uncer-
tainties on the brightness temperature in the 8.7-um
channel due to the atmospheric or surface parameters
are on the order of those due to the cloud model. Con-
sequently, the accurate retrieval of cloud microphysical
parameters, and more particularly of particle shape, us-
ing the IIR channel at 8.7 um is possible over the ocean
and in areas for which additional data on surface or
atmospheric profiles are available.

TABLE 3. Mean deviations on the brightness temperature AT
(K) simulated under the same conditions as Table 2, but consid-
ering a tropical atmospheric profile and assuming an uncertainty
of the cloud-top temperature AT, surface temperature AT}, and
surface emissivity Ag,. As a comparison, the influence of a relative
uncertainty of 10% on the water vapor content AH,O is also
reported for calculations at the TOA, or under the cloud at the
BOA or at higher altitudes (3 or 5 km).

AT, (K)
5, =0.5 5, =1 5, =5 5, =10
AT.=1K <0.1 0.1 0.5 0.8
AT, = 1K 05 0.4 03 0.1
Ae, = 0.01 03 0.3 0.2 <0.1
AH,0-TOA 03 03 0.2 0.1
AH,0-BOA 3.0 2.7 23 1.8
AH,0-3 km 0.9 0.7 0.5 03
AH,0-5 km 03 02 0.1 0.1
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5. Conclusions

The sensitivity of brightness temperature to the mi-
crophysical properties of ice cloud was studied. Bright-
ness temperatures were calculated using a fast yet ac-
curate radiative transfer code that accounts for gaseous
absorption and multiple scattering. Spaceborne, air-
borne, and ground-based observations were simulated
on the basis of the spectral responses similar to those
for the three IIR channels. All parameters associated
with cloud structure were assumed a priori. The main
objective of the present study was to evaluate the im-
pact of cloud microphysics (e.g., particle shape and size
distribution). This effort was aimed at accessing the
sensitivity of IIR measurements and evaluating the ex-
pected accuracy of the retrievals of the effective par-
ticle size, cloud optical depth, and ice water path.

From spaceborne observations, the two-channel
(10.6 and 12 pm) split window technique allows the
retrieval of cloud properties with an uncertainty of
+10% to £25% for the effective size and about =10%
for the optical thickness. IWP depends on cloud model
and the resulting uncertainty of IWP is on the order of
*25%. This uncertainty is mainly due to the particle
shape and, to a lesser extent, the size distribution. From
a theoretical point of view, the use of the third channel
(8.7 um) allows for constraining the cloud model and
improving the determination of effective particle size.
Calculations showed that the sensitivity of the bright-
ness temperature simulated at 8.7 um is much larger
than the expected IIR accuracy (approximately +0.3
K). Consequently, an indication of the cloud model
could be reachable for semitransparent clouds with op-
tical thicknesses ranging from 0.3 to 8. For extreme
cloud optical thicknesses, the retrieval accuracy de-
pends strongly on the knowledge and accuracy of at-
mospheric and surface parameters. However, simula-
tions showed that it was difficult to differentiate the
selected particle size distributions. Furthermore, the
channel at 8.7 um is able to constrain the cloud micro-
physical model and then to improve the retrievals of
optical depth and effective particle radius for non-
opaque clouds.

We also carried out sensitivity studies regarding the
retrieval of cloud properties from ground-based infra-
red radiation. It was shown that the influence of the
atmosphere is quite important. The sensitivity of
brightness temperature to cloud properties is much
weaker for moist atmospheres. Thus, accurate charac-
terization of cloud optical and microphysical properties
from ground-based observations requires accurate
knowledge of the atmospheric water vapor content and
accurate radiometric measurements. Observation sta-
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tions at higher altitudes or airborne measurements
would allow one to minimize the atmospheric effect.
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