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Abstract

A fast infrared radiative transfer model (FIRTM2) appropriate for application to both single-layeredand overlapping
cloud situations is developedfor simulating the outgoing infrared spectralradianceat the top of the atmosphere(TOA). In
FIRTM2 a pre-computed library of cloud reectanceand transmittance valuesis employedto account for one or two
cloud layers, whereasthe background atmospheric optical thicknessdue to gaseousabsorption can be computed from a
clear-skyradiative transfer model. FIRTM2 is applicableto three atmosphericconditions: (1) clear-sky, (2) single-layered
ice or water cloud, and (3) two simultaneouscloud layersin a column (e.g.,ice cloud overlying water cloud). Moreover,
FIRTM2 outputs the derivatives (i.e., Jacobians) of the TOA brightness temperature with respectto cloud optical
thicknessand effective particle size.Sensitivity analyseshave beencarried out to assesshe performanceof FIRTM2 for
two spectral regions, namely the longwave (LW) band (587.391179.6m %) and the short-to-medium wave (SMW) band
(1180.192228.6m™1). The assessmenis carried out in terms of brightness temperature differences (BTD) between
FIRTM2 and the well-known discrete ordinates radiative transfer model (DISORT), henceforth referred to as BTD
(F—D). The BTD (F—D) valuesfor single-layeredclouds are generally lessthan 0.8K. For the caseof two cloud layers
(specibcallyice cloud over water cloud), the BTD (F—D) valuesare alsogenerallylessthan 0.8K exceptfor the SMW band
for the caseof a very high altitude (> 15km) cloud comprisedof small ice particles. Note that for clear-skyatmospheres,
FIRTM2 reducesto the clear-skyradiative transfer model that is incorporated into FIRTM2, and the errors in this case
are essentiallythose of the clear-sky radiative transfer model.
© 2006 ElsevierLtd. All rights reserved.
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1. Introduction

Remote sensig techniques based on hyperspectal measurenents provide powerful approaches for
retrieving a variety of atmospheric parameters[1,2]. A forward radiative transfer (RT) model is normally
required in combination with measuemens to infer cloud microphysicd and optical properties. The
computational efpcierty of a retrieval algorithm basedon hyperspectralmeasuementsis, in practice, critical
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to the usefuhessof the retrieval algorithm. Several fast RT models for clearsky conditions have been
developedsuch as the fast monochromatic model developedby Strow et al. [3]. For cloudy atmospheres,
Moncet and Clough [4] developed a fast RT model using the adding/doubling principle. Rathke and Fischer
[5] developeda fast RT model basedon the two-stream source function technique to compute the upward
radiance. Additionally , Rathke and Fischer[6] also assesedseveralapproximate solutions to the infrared (IR)
RT equation through comparison with the more rigorous discreteordinate RT (DISORT [7] model. Fu et al.
[8] discussedvarious two-streamand four- streamapproximations applied to the simulation of thermal IR RT
and accourted for the effect of multiple scattering.

More recenty, Wei et al. [9] preseried afast IR RT model (heredter, FIRTM1) for single-layeredclouds. In
FIRTM1 the background clearsky optical thicknessassocated with gaseas absorption is determined from
application of the fast clear-skyRT model developed by Strow et al. [3]. The cloud effeds are obtained from a
pre-computed look-up table of cloud transmittance and ref3ecance properties. For liquid water clouds in
FIRTM1, LorenzbMie theory is employed to derive the optical properties for gamma size distribution s of
water droplets. For ice clouds, a population of droxtals, pristine hexagonal ice columns and aggregatesis
assuned in the particle size distributions. There are many approaches available to compute the single-
scattering properties of non-spherical particles,as reviewedby Mishchenkoand Travis [10]. In FIRTM1 the
single-gattering properties of individu al non-spherical ice particlesare derived from the composite method
[11], which combinesthe single-gattering propertiesfrom the Pnite-differencetime domain method [12D18,
improved geometric optics method [17], and Lor enzbMietheory.

The root meansquare(RM S) errors of FIRTM1, measued in terms of brightnesstemperatur e differences
(BTD) when compared with the more rigorous DISORT model, are typically lessthan 0.5K. In terms of
computational efpcierty, the CPU time required by FIRTM1 is approximately three orders of magnitude less
than that required by DISORT for the sameatmospheric optical proble.

The FIRTM1 is limited to single-layeredclouds, but in reality multil ayeredclouds are commonly observed.
In particular, ice clouds are often seenoverlying low-level water clouds. This study accourts for this cloud
conbguration by presentinga fastIR RT modelfor two cloud layers (heredter denotedFIRTM2) . In terms of
methodology, FIRTM2 is a gereralization of FIRTM1, asthe RT approach in both models accaunts for
multiple scattering using pre-calculaed look-up tables of cloud re3ecanceand transmittance properties. The
output of FIRTM2 alsoincludesthe derivatives (Jacobians)of the brightnesstemperature (BT) corresponding
to the top of the atmosphere (TOA) radiance with respectto cloud optical thicknessand effective particle size.
The analytical Jacobiansare usedto investigate the sensitivty of the IR spectum to changesin cloud optical
and microphysicd properties.

This paper is organized as follows. Section 2 presens the theoretical basis for FIRTM2, including the
developrrent of the look-up tables of cloud reRecnceand transmittance properties. Sectbn 3 present the
differencesbetween FIRTM2 and the DISORT model, which servesas a sort of validation exercsefor the
FIRTM2 accuracy In Section 4, the analytical Jacobiansare formulated and usedsubsequenty to investigate
the sensitivity to cloud optical properties of the IR spectrum computed from FIRTM2. Section5 concludes
the study.

2. Approximate radiative transfer solution for two cloud layers

Similar to FIRTM1, FIRTM2 is a plane-parallel approximate RT model for estimating the upward TOA
IR radiance. It canbe applied to three atmospheric conditions: (1) clearsky, (2) one cloud layer (either ice or
liquid water), and (3) two cloud layers (e.g, ice cloud overlying a liquid water cloud). In FIRTM2, the
atmosphere is divided into 100 layers. The background optical thickness of eachlayer due to atmospheric
gaseousabsorption can be computed from an efpcient clear-sky RT model. Examples include the model
developed by Strow et al. [3], or a line-by-line RT model (LBLRTM ). The computational experse of
employing a LBLR TM may be prohibitive for some remote sensirg problems. For a clear-sky atmosphere,
FIRTM2 essenially reducesto the clearsky RT model incorporated into FIRTM2.

A cloud layer in FIRTM2 can be debred by specifying the cloud optical thickness,which is referercedto a
visible wavdength, and the effective particle size.The effective particle sizeis dePnedasthe ratio of the volume
to projected area for a given particle size distribution and is discussed further in the next secton. These
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properties are usedto determinethe cloud layer transmittance and rel3ectarcecharacteristicsthat are provided
in a pre-computed look-up table, as will be discusedbelow. The IR optical thicknessof a cloud, t;, can be
specibedas foll ows:

0
=5 tus (1)

wheret,;s is the value of optical thicknessat a visible wavdength of 0.55um, and (Q4(l )) is the meanextinction
efpcency at the specibpedlR wavdength, |. In Eq. (1) the mean extinction efpcency for cloud particles at
visible wavelenghs assunesthe value 2 (i.e., the asymptatic value from geometic optics). This assunption is
usually valid, particularly for ice clouds sinceice particles are typically much larger than a visible wavdength.

As shownin Fig. 1, atwo-layeredcloud systemcan beregardal as consiging of bveregions the atmosphere
between the surface and the lower-level cloud, the layer comprising the lower-level cloud, the atmosphere
between the lower-level and higher-levé clouds, the Iayer comprising the higher-levé cloud, and the
atmosphere above the higher-level cloud. The quantities I and I (i = 1 — 5) represent the contributions to
the downward and upward thermal radiancesfrom various componerts of the atmosphere. Specibcdy, I¢
and IT (i =1, 3; 5) are assocated with three atmospheric regionsthat are separated by the two cloud Iayers,
whereasﬂ and 1T (i = 2;4) are assocated with the contributions from the cloud layers themselves|n the
followi ng dlscuss|on the upward TOA radiance is formulated for a nadir-viewing spaceborne instrument.
The radiance for an off-nadir viewing conbguration is a simple extenson. Relatively strong absorption by
clouds and the atmosphere in the IR ensuresthat the secondand higher orders of reRectons between the
surface and the low-level cloud, and between the two cloud layers, are much smaler than their brst-order
counterparts and may be omitted without signibcant impact. In the followin g analyss, radiancesare denoted
as| and transmittancesare denoted asG; both are spectralquantitiesbut for clarity their spectial dependence
is not made explicit.

The upward radiance at the TOA is given by

Itop =Ia+1b+1c+1d, (2)
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Fig. 1. Schematicconbguration for a two-layer cloudy atmosphere and the decompasition of the atmospherécloud contribution s to the
upward radiance at the top of the atmosphere
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Ia = 1sB(T)G1G2G3G4Gs + 1] GoG3GaGs + 11GsGuGs + 11GaGs + 1 Gs + I, 3)
Iy = G1G2GaGyGoro(I] + I3G1 + [3G1Gyp + I5G1GoGs + IG1G2 GG, @)
I = GsGyGsr (I + I5Gs + I G3Gy), ()

= Gsryl3, (6)

where G;, G3 and Gs indicate transmittancesof clearsky atmospheric regions separaed by the two cloud
layers (as shown in Fig. 1), while G, and G4 are the transmittances assocated with the low-level cloud, and
high-level cloud, respecively. The quantities rs, r_ and ry represent the ref3ecance of the surface, low-level
cloud, and high-level cloud, respecively, and e and B(Ty) are the surface emissivity and the value of the
Planck function at the surface tempeature T respecively. In Eqgs. (3)B6), I, repreents the direct
transmission of the thermal emission from the surface and the bve atmospheric regions shown in Fig. 1; I,
represents the contribution from the refRection of the downward radiance at the surface; I. representsthe
rel3ecton of downward radiance at the top of the low-level cloud; and Iy represents the contribution from
the reRecton of the downward radiance at the top of the high-level cloud. The radiancesin Egs. (3)B(6)are
given by

n=r= Zv B(T.) dG(Z) dz, @)
I} =15 = ,B(T.,), 8)
h=1= “ B(T.) —= dG(Z) :, ©
I} =1} = 14B(T.,), (10)
=r1t= BT dG(Z) dz, (11)

Zj+1

wherethe low and high clouds are dePnedbetweenz; and z;;4, and z; and zj,, (seeFig. 1). e, and &, represent
cloud emissivities of two cloud layers at their effective heights of z, and z4, respecively. The radiancesin Egs.
(7)D(11)are computed from a clearsky RT model that is incorporated into FIRT M2. An important point to
note is that in FIRTM2 the treatment of the reRRection of radiation by clouds and the surface is highly
simplibed.lIsotropic downward radiation Pdds at the cloud top and at the surfaceareimplicitly assurmedin the
derivation of I, I, and Iy in Eqgs. (4)D(6) For examplk, the reRecedradiance at the top of the high-level cloud
is given by
1 Z,Z,
Im=  Ra(mj iniij )f(=n;j ndnid 12)

where I(—n;j /) is the downward radiance at the cloud top and Ry(mj ;nm;j /) is the cloud bi-directional
reRecton function [18D2(. With the assunption of the isotropy of radiation Peld,the relRectedradiance at the
top of the high cloud is given by

1M = Iru(m, (13)
where
12 2% p= . . .
i (m =5 0 o Ry(mj ;m;j ymdmdj . (14)

The useof a pre-computed table of cloud reRecainceand transmittance values i.e., r_, rq, G,, and G4 in Egs.
(3)D(6) substantially increasesthe computational efpciencyof FIRTM2. The look-up table for water clouds
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involved in FIRTM2 is the sameas that usedin FIRTM 1. For ice clouds, we use a mixture of severa ice
particle habits, followin g Baum et al. [21] and King et al. [23]. Specibcdy, it is assumedthat for those ice
clouds where the maximum dimengon of ice particlesis smallerthan 70um, the cloud consistsof 50% bullet
rosettes, 25% hollow columns, and 25% plates. For clouds comprised of particles larger than 70um, the
assunption is that bullet rosettes and aggregdes dominate the particle size distribution, specibclly 30%
aggregdes, 30% bullet rosettes,20% hollow columns, and 20% plates. The single-sattering properties of
non-spherical ice crystals usedin this study arethosecomputedby Yang et al. [24]. Following Foot [25], Baum
et al. [22] and King et al. [23]), we debnethe effective particle sizefor a given sizedistribution as follows:

R, ..Puy
De — 3 emin [n e (D Vi(D)]n(L)dL

2 /™ N fDAL)] (L) dL

(15)

where L is the maximum dimendon of an individual ice particle, Ly, and L.y are the minimum and
maximum particle sizes respecively, 4,(L) and V(L) are the projectedareaand volume of the particle where
index i denates ice particle habit, and n(L) and f,(L) are the given particle sizeand habit distributions. The
effective particle sizedeedin Eq. (15) reducesto that dened by Hansenand Travis [26] for water droplets.
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Fig. 2. The brightnesstemperaturescorrespording to the TOA radiancescomputedfrom FIRTM 2 for three atmosphericconditions: (a) a
single-layere ice cloud at a height of 12km (tis = 1, De = 40um), (b) a single-layered water cloud at a height of 2km (tyis =5,
De = 10um), and (c) a cloud systemwith an ice cloud layer (t\is = 1, De = 50um) at 12km overlying a water cloud layer (tyis = 5,
De = 10pm) at 2km.
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Given a radiance, the BT can be computed from an inversion of the Planck function as follows:
1:438%
1:1911x 108\’
N1+ ————
Itop

Tg = (16)

where n is the channel spectral wavenumber. Fig. 2 showsthe FIRTM2 calculated upward BTs for three
different cloudy conditions. Fig. 2a showsresuls for a single-kyeredice cloud located at the height of 12km
with an optical thicknessof 1 and an effective particle sizeof 40um. Fig. 2b showsresuls for a single-lyered
water cloud located at a height of 2km with an optical thicknessof 5 and an effective sizeof 10um. Fig. 2c
showsresultsfor a multil ayeredcloud casewhere an ice cloud layer overliesa water cloud layer, in which the
ice cloud is at a height of 12km with an optical thicknessof 1 and an effective size of 50um, and the water
cloud is located at 2km with an optical thicknessof 5 and an effective sizeof 10um.

3. Accuracy estimation of FIRTM2

To estimate the accuracyof FIRTM2, we compare the TOA BTs computed from FIRTM2 to thosefrom
DISORT for various atmospheric conditions. Fig. 3 showsthe BTD in terms of the differencesbetweenthe BT
from FIRTM2 minusthe BT from DISORT, henceforth referredto simply asBTD (F—D). It is evidert from
Fig. 3 that FIRTM 2 is quite accurate, asthe BTD (F—D) valuesare generaly lessthan 0.5K. The overall
feature shown in Fig. 3 is that FIRTM2 slightly overestmatesthe TOA BTs.
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Fig. 3. The brightnesstemperature differences betweenthe FIRTM2 and DISORT solutions [BTD (F—D)] for the sameatmospheric
conditions asin Fig. 2. The brightnesstemperature differences shown here are debnedas BTD = BTrrtm2 — BT bisorT -
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Fig. 4 shows the BTD (F—D) valuesfor ice cloudsin the LW band (panek, a, b, and c¢) and in the SMW
band (panek d, e, and f) for various effective particle sizes.The uppermost two panelsin Fig. 4 are for a case
when an ice cloud is located at 15km abovethe surface;the middle two panelsare for a casewhen the height
of anicecloud is 10km; and the bottom panelsarefor a casewhenthe cloud height is 5km. For the LW band,
the BTD (F—D) valuesmonotonically increasewith the ice cloud optical thickness.The effect of the particle
sizeon the BTD (F—D) valuesis not signibPcantasevidercedby panels(a), (b) and (c). For the SMW band, the
BTD (F—D) valuesdepend strongly on the particle sizeand cloud height. In particular, the BTD (F—D)
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Fig. 4. The BTD (F—D) valuesfor a single-layeredice cloud with respectto optical thickness effectivesize,and cloud height. Panels(a),
(b), and (c) are for the LW band; and panels(d), (e), and (f) are for the SMW band. Panels(a) and (d) are for cloudsat 15km. Panels(b)
and (e) are for clouds at 10km. Panels(c) and (f) are for clouds at 5km.
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distribution is quite different for small and large particle sizeswhen cloud is located high (>10km) in the
atmosphere. In general,the BTD (F—D) valuesfor the LW band are lessthan 0.5K if the ice cloud optical
thicknessis lessthan 5, whereasthe BTD (F—D) valuesfor SMW are lessthan 1K. For caseswith large
particle sizesor low cloud heights, the BTD (F—D) valuesare substartially smaller.

Fig. 5 showsthe BTD (F—D) valuesfor water cloud optical thicknessesup to 100and cloud heights of 1, 2,
and 3km. Asymptotic valuesare reachedwhenthe optical thicknessis larger than 50 for both the LW and the
SMW band. It is evidentfrom Fig. 5 that the accuracyof FIRTM2 increaseswith decreaing cloud height. The
BTD (F—D) valuesat both bands are lessthan 0.8K exceptat LW band when cloud is at a height of 3km.
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Fig. 5. SameasFig. 4 exceptfor water cloudslocated at 3, 2, and 1km.
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Fig. 6 shows BTD (F—D) values for casesinvolving two cloud layers. As a canonical simulation by
FIRTM 2, a water cloud layer is bxedat 2km with an optical thicknessof 50 and an effective sizeof 10um,
whereasice cloud propertiesvary. The BTD (F—D) valuesdependon the optical thicknessof the ice cloud.
For the LW band, the BTD (F—D) valuesare not sensitive to the effective sizeof ice crystals For the SMW
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Fig. 6. Rangeof BTD (F—D) valuesfor a caseinvolving two cloud layers,with ice cloud overlying a water cloud. Panels(a), (b), and (c)
are for the LW band; whereaspanels(d), (e), and (f) are for the SMW band. An ice cloud is dePnedat 15km for panels(a) and (d), 10km
for panels(b) and (e), and 5km for panels(c) and (f).
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band, BTD (F—D) valuesincreasefor high (>10um) ice clouds with smal ice crystals (De = 10 and 20um).
In general,the BTD (F—D) valuesare lessthan 1K.

4. Sensitivity study with Jacobians

The Jacdbians are the partial derivatives of the BT (correspondingto the TOA radiance) with respectto
cloud optical thicknessand with respectto cloud effective particle size.The FIRTM2 providesan efbcien way
to compute Jacobiansbasedupon their analytical formulation. From Eg. (16), the partial derivative of the BT
with respectto the t,;s and De can be written as

0Ts _ 1:7124 x 108 rf lop a7
Oty . 3 2 Otuic
T2, + 11911 x 1078 Plgp) {In (1 + 1'191“10”3)} "
Itop
0Tg 1:7124% 10 8t 0l top (18)
0De . -8 2 9De’
(12, + 1:1911x 108 Pliqp) [In (1 n Mﬂ
Iiop
where the partial derivative of I;,, with respectto t,;s and De can be derived from Eq. (2) asfoll ows:
oI 0 0G oG
—P = (1,B(T5)Gy +1T)Gse5(e4 %6 “) +(I5Gs + I})Gs = —
atvis atvis atvis atvis
) oG ) oG
+ roG1GiGs [(Ii 115Gy <G4 % g “) (IS 1 I5GGIG, <2G4 NS 4)}
ot vis ot vis ot vis ot vis
) oG ) oG
+21¢calezege4(e4 @ .6 “) + (I3 +1iGB)Gaes<G4 @ .6 “)
ot vis ot vis ot vis ot vis
) oG oG
+1éese4(e4 S PYS “) +IGs 2, (19
ot vis ot vis ot vis
oI 0 oG oG
S (BTG +1T)Gses(e4§+ G, “) 3G+ I)Gs o
0 6 oG
F1GiGGs (1] + 1560 (Gu o2 + Go ot ) 4 (1} + Iies)elez 26,02 4 G, 04
0De 0De
0 a oG
2L GIGIGG O + (IS + 15G)GsGs Ga 2 + Gt
0De 0De
oG, 0G, L. 0Gy
I} 2 +1 . 2
+15GGa (G“ ot Gzatv.s) 55 5De (20

To solve (19) and (20), a total of eight setsof partial derivatives of cloud ref3ecance and transmittance
(r&G) with respectto t;s and De are derived in FIRTM2 by differentiating the r& G lookup-tableswith small
perturbationsto t,;s and De at their specibovalues Asan example, Fig. 7 showsthe Jacobian (07g=0t is) for a
single-layeredice cloud for various effective particle sizeswhere a 1% perturbation is applied to unit visible
optical thicknesscloud at an altitude of 12km.

Fig. 8 shows the sensitivity of the derivative of the TOA-radi ance-equvalent BT to the effective particle
sizesfor three valuesof ice cloud optical thickness:tis = 1 (panela), 6 (panelb), and 10 (panelc). For alarge
optical thickness(i.e., the caseshownin panel ¢), the derivative of the BT with respectto the optical thickness
0T,=0tis as a function of the wavelengh is not sensitive to the effective particle size, as the variations of
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Fig. 7. The derivative of brightnesstemperaturewith respectto optical thicknessfor a single-layeredce cloud located at a height of 12km
with an optical thicknesst,js = 1.

0T,=0t ;s are quite smal in this case.The sensfivity of 07,=0t ;s to the effective particle sizeincreaseswith the
decreag of the optical thickness.An interesting point to note is that the sensiivity is minimal at wavenumbers
near 890cm . This can be a useful feature for retrieving cloud properties. For examge, the cloud optical
thickness can be estimated from minimizing the diff erencebetween the simulated and observedradiances
around this wavenumber. Given an estimate for the optical thickness, the effective particle size can be
estimated from the slopeof the spectum between800and 900cm™* (e.g, the studiesreported by Huang et al.
[27] Wei et al. [9]). The estimatesof both effective particle sizeand optical thicknesscan be improved further
through iteration until a convergentsolution is found.

5. Summary

A FIRTM2 is developedto compute the TOA radiance for overlapping clouds, and can be applied to three
atmospheric conditions: a single-layeredice cloud, a single-kyered liquid water cloud, and a multilayered
cloud (e.g.,an ice cloud layer over a liquid water cloud). In FIRTM 2, the cloud properties are basedupon a
set of pre-computed look-up tables of cloud reRed¢ance and transmittance values The background
atmospheric optical thicknessdueto gaseas absaption are computedfrom a clear-sky RT model that canbe
either a fast clearr-sky RT model or a line-by-line model, depending on the desired application. In FIRTM2 ,
Jacobians (i.e., the derivatives of the TOA BT with respectto the optical thicknessand effective particle size)
are also computed.

Extensive comparisonsof FIRTM2 with DISORT have beencarried out to assesthe numerical accuracyof
FIRTM 2. For asingle-layeredice cloud, the BT differencesbetweenFIRTM 2 and DISORT [BTD (F—D)] in
the LW band is better than 0.5K whenthe optical thicknessis lessthan 5. In the SMW band, the BTD (F—D)
valuesare lessthan 0.8K exceptfor very high clouds comprised primarily of small particles. For a single-
layered water cloud, the BTD (F—D) valuesfor both the LW and SMW bandsare better than 0.8K exceptfor
the caseof the LW band with a cloud located at 3km. For a multil ayeredcloud caseconsiging of anice cloud
over a water cloud, the BTD (F—D) valuesin both bands are typically lessthan 0.8K, exceptagain for the
caseof small particles at high altitud e (> 10km).
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Fig. 8. The effectof ice cloud effectiveparticle sizeon Jacobians(07g=0t is). Panel(a) tyis = 1, (b) tvis = 6, () t\is = 10.In this simulation
the ice cloud is located at 12km.

Acknowledgment

This work is supported by the GIFT S-IOMI MURI Project, and partially by the National Science
Foundation (ATM- 0239605)and the NASA Radiation SdencesProgram (NNG04G L24G).

References

[1] Aumann HH, Chahine MT, Gautier C, Goldberg MD, Kalnay E, McMillin LM, et al. AIRS/AMSU /HSB on the aqua mission:
design, scienceobjectives, data products, and processingsystem.|[EEE Trans Geosci Remote Sens2003;41:25364.

[2] Zhou DK, Smith WL, Li J, Howell HB, Cantwell GW, Larar AM, et al. Thermodynamic product retrieval methodology and
validation for NAST-I. Appl Opt 2002;41:695D67.

[3] Strow LL, Motteler HE, BensonRG, Hannon SE, SouzaMachado S. Fast computation of monochromatic infrared atmospheric
transmittancesusing compressedook-up tables. JQSRT 1998;59:48188.

[4] Moncet JL, Clough SA. Acceleratel monochromatic radiative transfer for scattering atmospheres: application of a new model to
spectralradiance observations J Geophys Res 1997;102:21,83D66.

[5] Rathke C, Fischer J. Retrieval of cloud microphysical properties from thermal infrared observations by a fast interative radiance
btting method. J Atmos OceanicTechnol 2000;17:509D24.

[6] Rathke C, Fishcher J. Evaluation of four approximate methodsfor calculating infrared radiancesin cloudy atmosphees. JQSRT
2002;75:297821.



J. Niu et al. | Journal of Quantitative Spectroscopy & Radiative Transfer 103 (2007) 447-459 459

[7] StamnesK, Tsay S, Wiscombe W, JayaweeraK. Numerically stable algorithm for discrete-ordimate-method radiative transfer in
multiple scatteringand emitting layered media. Appl Opt 1988;27(1%2502D9.
[8] Fu Q, Liou KN, Cribb MC, Charlock TP, GrossmanA. Multiple scatteringparameterizdion in thermal infrared radiative transfer.
J Atmos Sci 1997;54:2798812.
[9] WeiH, Yang P, Li J,BaumBA, Huang H, Platnick S, etal. Retrieval of semitransparet ice cloud optical thicknessfrom atmospheric
infrared sounder (AIRS) measuremats. IEEE Trans GeosciRemote Sens2004;42:225867.
[10] Mishchenko MI, Travis LD. Capabilities and limitations of a current FORTRAN implementation of the T-matrix method for
randomly oriented rotationally symmetric scatterers.JQSRT 1998;60:89D24.
[11] Fu Q, Sun WB, Yang P. On model of scattering and absorption by cirrus nonspericd ice particles at thermal infrared wavelength
J Atmos Sci 1999;56:293D47.
[12] Yee KS. Numerical solution of initial boundary problems involving MaxwellOsquations in isotropic media. IEEE Trans Antennas
Propagat 1966;14:82D7.
[13] TalRove A. Computational electrodynanics: the bnite-difference time-domain method. Boston, MA: Artech House; 1995.
[14] Yang P, Liou KN. Finite-dif ferencetime domain method for light scattering by small ice crystalsin three-dimersional space.J Opt
SocAm 1996;A13:20Z7D80.
[15] Sun W, Fu Q, Chen Z. Finite-dif ferencetime-domain solution of light scattering by dielectric particles with perfectly matchedlayer
absorbing boundary conditions. Appl Opt 1999;38:314D51.
[16] Yang P, Kattawar GW, Liou KN, Lu JQ. Choice of Cartesiangrid conbguratons for applying the pnite-differencetime domain
method to electromagnetic scattering by dielectric particles. Appl Opt 2004;43:461D24.
[17] Yang P, Liou KN. Geometric-gptics-integralequation method for light scattering by nonsphercal ice crystals. Appl Opt
1996;35:656B84.
[18] StamnesK. ReRectic and transmissionby a vertically inhomogeneousplanetary atmosphee. Planet SpaceSci 1982;30:7278R.
[19] Thomas GE, StamnesK. Radiative transfer in the atmosphereand Ocean.Cambridge, UK: Cambridge University Press;p. 517.
[20] Liou KN. An introduction to atmosphericradiation. 2nd ed. San Diego: 2002.
[21] Baum BA, Harkey MK, Frey RA, Mace GG, Yang P. Nighttim e multilayered could detectionusingMODIS and ARM data. J Appl
Meteor 2003;42:95D19.
[22] Baum BA, Kratz DP, Yang P, Ou SC,Hu Y, SoulenP, et al. Remote sensingof cloud properties using MODIS airborne simulator
imagery during SUCCESSI: data and models.J GeophysRes 2000;10511,767D80.
[23] King MD, Platnick S,Yang P, Arnold GT, Gray MA, Riedi JC, etal. Remote sensingof liquid water and ice cloud optical thickness
and effectiveradius in the arctic: application of air-born multispectral MAS data. J Atmos OceanTechnol 2004;21:857¥%56.
[24] Yang P, Wei H, Huang H-L, Baum BA, Hu YX, Kattawar GW, et al. Scatteringand absorption property databas for nonspherical
ice particlesin the near-through far-infrared spectralregion. Appl Opt 2005;44:512D23.
[25] Foot JS. Someobservations of the optical properties of clouds: Il. Cirrus. QIR Meteor Soc 1988;114145D64.
[26] Hansen JE, Travis LD. Light scattering in planetary atmosphee. SpaceSci Rev 1974;16:27D610.
[27] Huang H-L, Yang P, Wei H, Baum BA, Hu YX, Atonelli P, et al. Inference of ice cloud properties from high-spectal resolution
infrared observations. IEEE Trans GeosciRemote Sens2004;42:84282.



