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ABSTRACT

A computationally efficient radiative transfer model (RTM) is developed for the inference of ice cloud

optical thickness and effective particle size from satellite-based infrared (IR) measurements and is aimed at

potential use in operational cloud-property retrievals from multispectral satellite imagery. The RTM employs

precomputed lookup tables to simulate the top-of-the-atmosphere (TOA) radiances (or brightness temper-

atures) at 8.5-, 11-, and 12-mm bands. For the clear-sky atmosphere, the optical thickness of each atmospheric

layer resulting from gaseous absorption is derived from the correlated-k-distribution method. The cloud

reflectance, transmittance, emissivity, and effective temperature are precomputed using the Discrete Ordi-

nate Radiative Transfer model (DISORT). For an atmosphere containing a semitransparent ice cloud layer

with a visible optical thickness t smaller than 5, the TOA brightness temperature differences (BTDs) between

the fast model and the more rigorous DISORT results are less than 0.1 K, whereas the BTDs are less than

0.01 K if t is larger than 10. With the proposed RTM, the cloud optical and microphysical properties are

retrieved from collocated observations from the Moderate Resolution Imaging Spectroradiometer (MODIS)

and Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) in conjunction with the Modern Era

Retrospective-Analysis for Research and Applications (MERRA) data. Comparisons between the retrieved

ice cloud properties (optical thickness and effective particle size) based on the present IR fast model and those

from the Aqua/MODIS operational collection-5 cloud products indicate that the IR retrievals are smaller. A

comparison between the IR-retrieved ice water path (IWP) and CALIOP-retrieved IWP shows robust

agreement over most of the IWP range.

1. Introduction

Numerous approaches (e.g., Nakajima and King 1990;

Stubenrauch et al. 1999; Platnick et al. 2003; Chiriaco

et al. 2004; Kokhanovsky and Nauss 2005; Minnis et al.

2011a,b) have been developed to infer ice cloud optical

thickness t, effective particle size Deff, and the ice par-

ticle size distribution function (PSD; e.g., Mitchell et al.

2010) from satellite-based imager and hyperspectral

infrared (IR) sounder measurements. The method used

by the Moderate Resolution Imaging Spectroradiometer

(MODIS) operational cloud-property retrieval is a

bispectral method employing solar-reflectance bands

(Platnick et al. 2003). The premise of this approach is

that a weakly absorbing, visible or near-infrared win-

dow band (VIS/NIR) (e.g., 0.64 or 0.86 mm) is sensitive

mainly to t, whereas an ice absorbing shortwave infrared

(SWIR) band (e.g., 1.6 or 2.13 mm) is sensitive to both

Deff and t. To be more specific, in a VIS band, scattering

is dominant so that the reflectance is primarily dependent

on t. For a SWIR channel, for which both scattering and

absorption are important, the single-scattering albedo

decreases and the asymmetry factor increases with an

increase of Deff, which results in reflectance being highly

sensitive to Deff in the SWIR region. The ice cloud prop-

erties can be inferred from radiance measurements based

on lookup tables (LUT) that include the transmittance
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and reflectance functions for clouds of various viewing

geometries, surface boundary conditions, t, and Deff.

Figure 1 shows an example of an LUT for a pair of

MODIS bands at 0.86 and 2.13 mm. This approach works

best when the isolines of t and Deff in the R0.86–R2.13 (here

the terms indicate the reflectances at 0.86- and 2.13-mm

bands) space are orthogonal, which tends to occur when

t . 4. At lower values of t, the isolines begin to con-

verge, coupling the t and Deff solution. Furthermore, as

t decreases below 4, the retrievals become increasingly

sensitive to surface albedo characteristics, that is, the

clear-sky values for the VIS/NIR and SWIR bands.

Because VIS/NIR and SWIR channels are involved, this

method is limited to daytime retrievals in which the solar

zenith angle uo is less than ;828 [i.e., cos(uo) $ 0.15]. In

addition, as shown in several previous studies (e.g., Hess

et al. 1998; Sun et al. 2004; Yang et al. 2008; Baum et al.

2010), the single-scattering properties in the solar bands

are sensitive to the assumed ice habit and the degree of

ice particle surface roughening, and these effects in-

fluence the LUT.

Another approach to inferring t and Deff is the split-

window technique (Inoue 1985), which is based on two

IR-window channels (i.e., 11 and 12 mm). The premise

for this method is that the absorption characteristics

of ice are different at wavelengths 11 and 12 mm

(Prabhakara et al. 1988). This is the approach adopted

for the decadal ‘‘climatology’’ that is based on the Ad-

vanced Very High Resolution Radiometer (Heidinger

and Pavolonis 2009). The split-window method is sen-

sitive to optically thin ice clouds for which 0.5 , t , 5

and, as such, is complementary to the solar-reflectance

method adopted by MODIS. Another benefit is that an

IR-based approach can be applied to all data regardless

of solar illumination, leading to consistent retrievals for

both daytime and nighttime conditions, a distinct ad-

vantage for building an ice cloud climatology. Further-

more, the ice crystal optical properties (Baran 2004, 2009;

Yang et al. 2005, and references cited therein) used to

generate the LUTs are fundamental to ice cloud-property

retrievals (Chepfer et al. 1998; Wendisch et al. 2005; Yang

et al. 2007), and it is very challenging to simulate realistic

ice crystal shapes and surface textures (i.e., the degree

of surface roughness) in light-scattering calculations. The

LUTs based on IR bands are insensitive to ice particle

surface roughness.

An accurate and computationally efficient radiative

transfer (RT) model for cloudy conditions is indispens-

able for an IR retrieval algorithm. Among the available

rigorous RT models that consider multiple scattering

are the Discrete Ordinate Radiative Transfer model

(DISORT; Stamnes et al. 1988), the Monte Carlo method

(Collins et al. 1972; Plass and Kattawar 1968), and the

adding–doubling method (Twomey et al. 1966; Hansen

and Hovenier 1971). These methods are developed for

scientific research rather than operational applications,

however. For this reason, a computationally efficient RT

model is desirable for generating operational satellite

data products.

In recent years, development has progressed on new fast

models that rely on parameterizations to speed up the

computations. For example, the Radiative Transfer for the

Television Infrared Observation Satellite (TIROS) Oper-

ational Vertical Sounder (TOVS) (RTTOV; Saunders

et al. 1999, 2006) is a fast RT model developed for space-

based multisensors and can be coupled with a numerical

weather prediction model. The Principal Component–

Based Radiative Transfer Model (PCRTM; Liu et al.

2006), the optical path transmittance (OPTRAN; McMillin

et al. 1995) algorithm, correlated-k distribution (CKD;

Kratz 1995; Kratz and Rose 1999), and the optimal

spectral sampling (Moncet et al. 2008) method are

designed to minimize the computational effort for

high-spectral-radiance simulation, especially for molecular-

absorption simulations. Dubuisson et al. (2005) developed

a fast RT model to simulate top-of-the-atmosphere (TOA)

brightness temperatures (BTs) for clear or water-cloudy

atmospheres. Heidinger et al. (2006) developed the

Successive Order of Interaction model by implementing

several approximations to the adding–doubling method

that are most applicable to moderately scattering at-

mospheres in the IR and microwave regions. Zhang

et al. (2007) developed a flexible adding–doubling-based

FIG. 1. Relationship between 0.86- and 2.13-mm reflectance

functions for ice clouds. Surface albedo is 0.05 (for two bands),

solar zenith angle is 608, and view zenith angle is 08. Solid lines are

lines of constant Deff, and dashed lines are lines of constant t.
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fast RT model (FIRTM-AD) that could be applied to an

atmosphere with an arbitrary number of cloud and

aerosol layers with differing microphysical and optical

properties. The FIRTM-AD could be used for analysis

of both space-based and ground-based high-spectral-

resolution radiance observations. The root-mean-square

(RMS) brightness temperature differences (BTDs) were

smaller than 0.1 K in comparisons with rigorous DISORT

results, but the FIRTM-AD performed similar calcula-

tions 250 times as fast as DISORT. For hyperspectral IR

calculations, Wei et al. (2004) reported the development

of the FIRTM1, and Niu et al. (2007) developed the next

generation of the model (FIRTM2). The RT calcula-

tions involving FIRTM2 are faster than DISORT by

three orders of magnitude. Because these models assume

clouds to be homogenous and isothermal, however, the

accuracy of the simulated results decreases slightly. The

RMS of the TOA BTDs between the FIRTM1/FIRTM2

and DISORT can be as high as 0.5 K, which means these

two models are not accurate enough for cloud retrievals.

Hong et al. (2007) reported that consideration of the cloud

geometrical thickness—essentially the nonisothermal ef-

fect of clouds—improves the radiative transfer model

(RTM) simulation.

This paper explores the development of a computa-

tionally efficient RTM for the inference of t and Deff

from satellite-based IR radiance measurements, specif-

ically at three spectral bands centered at 8.5, 11, and

12 mm. For an atmosphere containing a semitransparent

ice cloud layer with a visible (0.65 mm) t that is smaller

than 5, the BTDs between the fast model and the more

rigorous DISORT results are less than 0.1 K, whereas

the BTDs are less than 0.01 K when the t value exceeds

5. When compared with FIRTM-AD, the present model

simulations for single-layered ice clouds show similar

accuracy but with computational speed increased by an

order of magnitude. Measurements at these specific

wavelengths are currently available from satellite imagers

such as MODIS and the Spinning Enhanced Visible and

Infrared Imager (SEVIRI), as well as from hyperspectral

IR sensors such as the Atmospheric Infrared Sounder

(AIRS) and Infrared Atmospheric Sounding Interfer-

ometer. In the future, similar measurements will be pro-

vided by the Geostationary Operational Environmental

Satellite (GOES-R) Advanced Baseline Imager, the Vis-

ible Infrared Imaging Radiometer Suite, and the Cross-

track Infrared Scanner (CrIS).

This paper is organized into six sections. Section 2

introduces the basic method of the fast IR RTM. In

section 3, the model simulation results are compared

with DISORT. Section 4 is a sensitivity study conducted

to assess the retrieval feasibility. In section 5, we present

a retrieval method designed to simulate the ice cloud

properties and the retrieved results in comparison with

MODIS collection-5 operational products. A discussion

of the results and the conclusions of this study are given

in section 6.

2. Method

The present fast RTM is developed to simulate TOA

BTs of three IR wavelengths (8.5, 11, and 12 mm) for

cloudy (ice phase) conditions. In the RTM implemen-

tation, the background atmosphere is assumed to be

plane parallel but vertically inhomogeneous and can be

divided into discrete homogeneous and isothermal clear

atmosphere layers. A vertically homogeneous but non-

isothermal ice cloud can be placed into an arbitrary layer

in the atmosphere. For an ice cloud layer, the temper-

ature within the cloud is assumed to decrease linearly

with altitude. Thermal emission from the surface or

a clear atmosphere layer is assumed to be isotropic. The

molecular scattering under clear-sky conditions is ne-

glected at these IR wavelengths. Furthermore, only the

first-order reflected radiances between an ice cloud layer

and the surface are considered; the emissivity and the ice

cloud temperature are two independent parameters.

To consider the absorption of the background at-

mosphere, the CKD method is employed to derive the

absorption optical thickness resulting from gaseous ab-

sorption. As for the ice cloud layer, both scattering and

absorption processes are important. In this study, the ice

cloud bulk scattering models are the narrowband models

developed by Baum et al. (2005a,b). The averaged scat-

tering properties are inferred from the single-scattering

properties for six ice particle habits (Yang et al. 2000,

2005; Zhang et al. 2004) and from PSDs measured in situ

(Heymsfield et al. 2002).

As shown in Fig. 2, the atmosphere is assumed to

consist of N 2 1 layers (i.e., L1, L2, . . . , LM21, LM11, . . . ,

LN) with an ice cloud in layer LM. Each clear atmo-

spheric layer has a unique absorption optical thickness

and a midlayer temperature, whereas an ice cloud layer

is specified by four basic properties: cloud-top temper-

ature Ttop, cloud-base temperature Tbase, t, and Deff. To

consider nonisothermal ice cloud layers, we introduce a

new physical quantity, effective temperature Te, defined as

Te 5 B21(I/«), (1)

where I is the emitted radiance from the cloud layer,

« indicates the cloud emissivity, and B21 expresses the

inversion of the Planck function. The ice cloud effective

temperature, emissivity «c, reflectance r, and trans-

mittance t functions are provided by four precomputed

LUTs. Unless specifically stated, the ice cloud extinction
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optical thickness is referenced to a visible (VIS; 0.65 mm)

wavelength text,vis. The ice cloud extinction optical thick-

ness at an arbitrary wavelength l(text,l) can be derived as

follows:

text,l 5 text,vis

hQext,li
hQext,visi

, (2)

where hQext,li represents the bulk extinction efficiency

at wavelength l and hQext,visi is the bulk VIS extinction

efficiency, both of which depend on the Deff. It must be

emphasized that, in this study, the effect of vertical in-

homogeneity of Deff is ignored. The definition of Deff is

expressed as follows (Mitchell 2002; Baum et al. 2003,

and references cited therein):

Deff 5
3

2

ðDmax

Dmin

�
�
N

i51
Vi(D)wi(D)

�
n(D) dD

ðDmax

Dmin

�
�
N

i51
Ai(D)wi(D)

�
n(D) dD

, (3)

where D is the maximum dimension of a single ice cloud

particle, V(D) is the volume of an ice crystal, A(D) in-

dicates the randomly oriented ice cloud particle pro-

jected area, subscript i denotes the particle habit index,

and n(D) and w(D) are the size distribution and habit

distribution.

In Eqs. (4) and (5), I1 and I2 indicate the thermal

emission at the cloud layer from the lower and upper part

of atmosphere, respectively, and Ic and Is represent the

emitted radiances from the ice cloud layer and the surface:

I1 5

ðcloudbase

0
B[T(z)]

dG(z)

dz
dz, (4)

I2 5

ð‘

cloudtop
B[T(z)]

dG(z)

dz
dz, (5)

Ic 5 B(Te)«c, and (6)

Is 5 B(Ts)«s, (7)

FIG. 2. Illustrative diagram of the fast IR RTM radiance components I for a single ice cloud in

layer LM, located between top and bottom layers L1 and LN, respectively.
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where G(z) is the transmittance of atmosphere from

TOA to altitude z, B(T) is the Plank function at tem-

perature T, and Ts and «s represent surface temperature

and emissivity, respectively.

The TOA upward radiance ITOA can be expressed as

the sum of three parts: the direct transmission part of

the thermal emission from the surface, ice cloud, and

atmosphere IA; the first-order radiance reflected by the

surface IB; and the first-order radiance reflected by the

ice cloud (IC):

IA 5 IsG1tG2 1 I[
1 tG2 1 I[

c G2 1 I[
2 , (8)

IB 5 (IY
1 1 IY

c G1 1 IY
2 tG1)(1 2 «s)G1tG2, and (9)

IC 5 IY
2 rG2, (10)

where G1 and G2 are transmittances of lower and upper

atmosphere and the arrow symbols ‘‘Y’’ and ‘‘[’’ indi-

cate the downwelling and upwelling radiances, respec-

tively. The definition of the transmittances of the upper

and lower parts of atmosphere is

G 5 exp(2tatm), (11)

where tatm is the optical thickness of the background

atmosphere.

To improve the computational efficiency and main-

tain the accuracy, the four LUTs (r, t, «c, and Te func-

tions) are generated with DISORT in the 32-stream

mode. The band-averaged bulk scattering properties at

8.5, 11, and 12 mm (Baum et al. 2007) include the extinc-

tion efficiency factor, single-scattering albedo, and scat-

tering phase function, all of which are used as input

parameters in DISORT.

DISORT provides the r and t functions. The corre-

sponding emissivity function can be expressed as follows,

assuming an isothermal ice cloud layer with temperature

Tc:

«c(l, t, Deff, m) 5
Icloudtop(Tc, l, t, Deff, m)

B(Tc, l)
, (12)

where m indicates the cosine of the radiance zenith angle

and Icloudtop is the upwelling radiance at cloud top. Al-

though both Icloudtop and B(Tc, l) are temperature de-

pendent, the emissivity function «c(l, t, Deff, m) is relatively

insensitive to temperatures between 200 and 260 K, the

range that encompasses most atmospheric ice clouds. After

generating the emissivity, Te for a nonisothermal ice cloud

(i.e., where the cloud temperature within a layer varies with

height) can be expressed as follows:

Te 5

TB

"
I(T9, T0, l, t, Deff, m)

«c(l, t, Deff, m)

#
2 T9

T0 2 T9

8><
>:

9>=
>;

3 (Tbase 2 Ttop) 1 Ttop, (13)

where TB(I, l) is the inverse Plank function, I(T9, T 0, l,

t, Deff, m) is the DISORT-computed thermal emission

at the top (or bottom) of a nonisothermal ice cloud with

an arbitrary cloud-top temperature T9 and cloud-base

temperature T 0 and Tbase and Ttop are the actual tem-

perature of the cloud base and cloud top.

For this study, a set of LUTs is derived for three

MODIS infrared bands (i.e., 8.5, 11, and 12 mm), for 33 t

values ranging from 0.01 to 100, for 18 Deff values

ranging from 10 to 180 mm, and for nine satellite view

zenith angles from 08 to 808.

3. Comparisons between the fast RTM and
DISORT

In this section, the accuracy of the fast RTM is eval-

uated by comparing the simulated TOA BTs with their

DISORT counterparts. The comparisons are based on

a generalized tropical atmosphere consisting of 100

parallel layers (101 levels) in which the geometrical

thickness of the entire atmosphere is 100 km and the

geometrical thickness of each layer varies from 0.5 km

in the lower troposphere to 2.5 km at higher altitudes.

Figure 3 shows the BTDs between these two models as

a function of t for the 8.5-, 11-, and 12-mm wavelengths.

The BTD is defined as follows:

BTD 5 BTfastmodel 2 BTDISORT. (14)

Each panel in Fig. 3 shows the comparisons of simu-

lation results that are based on a surface emissivity of 1

and a viewing zenith angle of 208. For an atmosphere

containing a semitransparent ice cloud layer (t , 5), the

BTDs are generally smaller than 0.1 K, except for small

Deff, and the error decreases rapidly to 0.01 K with

increasing t. We note that the simulation result has a

higher accuracy in the 12-mm channel than in either the

8.5- or 11-mm channels. This may be due to the imagi-

nary part of the ice refractive index increasing mono-

tonically as a function of wavelength between 8.5 and

12 mm (Warren and Brandt 2008) and indicating that

absorption is stronger at the longer wavelengths; that

is, ice clouds are more opaque at longer wavelengths. As

t increases, the BTDs decrease to negligible values be-

cause opaque ice clouds behave almost like blackbodies.

Furthermore, when a cloud is composed of primarily

small ice particles (Figs. 3a,c) making the scattering
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processes relatively important, the simulation differ-

ences between the two models are relatively large, sug-

gesting that the fast RTM does not capture scattering as

accurately as DISORT does. In general, for an arbitrary

viewing zenith angle, this model performs well (i.e., er-

ror , 0.1 K) when Deff is larger than 30 mm and t is

larger than 5 (or smaller than 1). The largest error,

0.15 K, occurs when Deff is smaller than 30 mm and t is

approximately 3. The reason for the relatively large er-

ror in this region needs further study. The fast RTM is

much more computationally efficient than DISORT, how-

ever. For 16 038 cases (3 wavelengths, 33 optical thick-

nesses, 18 effective particle sizes, and 9 values of m), more

than 2 h on a Linux workstation (Dell, Inc., Power Edge

R610) were required to simulate the TOA BTs using

DISORT with 32 streams, whereas the fast RTM com-

pleted the same calculations in 1.5 s.

4. Sensitivity study

This section evaluates the feasibility of ice cloud in-

ference of t and Deff using the fast RTM at 8.5-, 11-, and

12-mm wavelengths through a sensitivity study based on

a tropical atmosphere containing ice clouds of different

properties. The surface and cloud-top temperatures are

299.7 and 247 K, respectively. The m is 1 (i.e., nadir

viewing conditions), and the surface emissivity is as-

sumed to be 1. The simulated TOA BTs of an ice cloud

with various Deff values are shown in Fig. 4 as functions

of t. The seven color arches represent ice clouds with

a set of Deff values, ranging from 10 to 180 mm, and t

increases from 0 at the warmer temperatures to 100 at

the colder temperatures. For each Deff value, the TOA

BT decreases rapidly with increasing t until t reaches

a threshold value (t ’ 7) at which the cloud essentially

becomes opaque. Moreover, for semitransparent cloud

conditions, Fig. 4 shows that the TOA BTDs are highly

sensitive to relatively small particle sizes (Deff , 80 mm)—

in particular, at the 8.5-mm wavelength.

If only TOA BTs (BTDs) are involved, however, the

retrieved t is more accurate than the retrieved Deff un-

der the same conditions. This may be due to the different

sensitivities of a BT–t pair and a BTD–Deff pair, which

can be inferred from comparing the ranges of TOA BTs

and BTDs from Fig. 4. In general, BTs vary from ap-

proximately 250 to 300 K when t decreases from 5 to 0,

whereas the BTD ranges are limited to several kelvins

even when the Deff values change from 10 to 180 mm.

This feature poses an obstacle to the retrieval of Deff.

For example, if the actual values of TOA BTs at 11 and

12 mm for an atmosphere containing an ice cloud layer

are 281 and 280 K, respectively, the corresponding t and

FIG. 3. Brightness temperature difference (DISORT 2 fast RTM) as a function of t, for a view zenith angle of 208

for (a),(b) clouds located between 12 and 12.5 km and (c),(d) ice clouds located between 8 and 8.5 km for Deff 5 (left)

50 and (right) 80 mm.
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Deff values should be 0.47 and 30 mm according to

Fig. 4b. Because of uncertainties from both satellite-

measured TOA radiances and the collocation process,

however, the TOA BTs are actually 280 and 281 K, re-

spectively. Although the retrieved t value changes only

slightly, the retrieved Deff value is the maximum value of

180 mm, which is 6 times the actual value. In fact, BTD

uncertainties are inevitable and arise from incomplete

knowledge of the surface emissivity, atmospheric temper-

ature variability, sensor noise, and more (Kahn et al. 2005).

5. Inference of ice cloud properties in satellite data

This section contains the details of the retrieval method,

including the datasets used, the retrieval method and re-

sults, and the comparisons between the fast-RTM re-

trieval results and their collection-5 MODIS operational

counterparts (‘‘MYD06’’ products). To implement the

retrieval, the cloud-top/cloud-base altitude, background

atmospheric profile, surface emissivity and temperature,

TOA radiances at three infrared channels, and m are

necessary. The satellite measurements and retrieval

products are selected from 1 January to 31 December

2008, located in the region of 1808W–1808E (around the

entire globe) and 808S–808N.

The first dataset comes from MODIS, a widely used

instrument aboard both the National Aeronautics and

Space Administration (NASA) Terra and Aqua satellites,

with 36 spectral bands ranging from 0.41 to 14.5 mm.

In the current study, Aqua/MODIS level-1B (L1B)

collection-5 (‘‘MYD021KM’’) data provide TOA radi-

ances for the three IR bands employed as basic input to

the IR retrieval procedure. The spatial resolution for

MODIS L1B data in IR channels is 1 km at nadir. The

Aqua/MODIS level-2 cloud products (MYD06) are also

used, including the MODIS-retrieved cloud optical thick-

ness (tMODIS) and effective particle size (Deff,MODIS)

values. Note that the cases for which tMODIS values are

FIG. 4. Simulated TOA BTDs with respect to 11- or 12-mm BTs. The ice cloud is located between 8 and 8.5 km in

a generalized tropical atmosphere.
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$6.5 are eliminated because the sensitivity of infrared-

based retrieval method is relatively low for such clouds.

In addition to MODIS data, the Cloud-Aerosol

Lidar with Orthogonal Polarization (CALIOP) products

(‘‘CAL_LID_L2_CLAY’’, version 3.01) provide verti-

cal cloud boundaries and thermodynamic phase. The

CALIOP is aboard the Cloud-Aerosol Lidar and Infrared

Pathfinder Satellite Observations (CALIPSO) platform

and receives backscatter signals at wavelengths of 532

and 1064 nm. In this study, the CALIPSO/CALIOP

level-2 cloud-layer products with spatial resolutions of

1 and 5 km are selected to supply comprehensive cloud

information, to specify the cloud phase and altitude,

and to eliminate the cases having multilayered clouds.

To be specific, only geometrically thin ice clouds are

selected (i.e., ice cloud geometric thickness is less than

1.5 km). Lidar has the advantage of the ability to detect

optically thin clouds; the lidar signal attenuates for opa-

que clouds (t $ 3) (Sassen and Cho 1992; Protat et al.

2006), however. Another instrument on the CALIPSO

platform is an imaging infrared radiometer (IIR), which

provides reference TOA radiances for three infrared

channels centered at 8.7, 10.6, and 12 mm. The IIR level-2

track data are selected to provide TOA BTs as reference

values for eliminating obvious errors from data colloca-

tion because the three infrared channels are similar in

wavelength to the selected MODIS channels. Meanwhile,

the surface emissivity selected for this study is provided

by IIR level-2 track data.

Meteorological profiles are provided by the Modern

Era Retrospective-Analysis for Research and Applications

(MERRA) product, which combines both numerical

model results and observational data. The 3-h mete-

orological profiles of temperature, water vapor, and

ozone at 42 pressure levels at a horizontal resolution

of 1.258 3 1.258 provide information about the back-

ground atmosphere.

To compare the retrieval results presented here with

the MODIS collection-5 counterparts, referred to as the

IR retrievals and MODIS retrievals, respectively, we

select the collocated MODIS pixels and CALIPSO

profiles rigorously (see Table 1 for the details). For in-

stance, we take the third profile from five successive

CALIPSO profiles that show a single ice cloud layer. A

total of 12 900 cases during 2008 remain after filtering to

ensure that each of the MODIS pixels is associated with

a single ice cloud layer. Figure 5 shows one example of

collocated Aqua/MODIS and CALIPSO images. The

MODIS 11-mm granule image is in grayscale, and the

green line indicates the CALIPSO track. The single-

layered ice cloud of interest is enclosed by a red rect-

angle. The vertical structure provided by the CALIPSO/

CALIOP 532-nm total backscatter image is also shown

in Fig. 6.

The TOA BTs for the three IR bands are simu-

lated on the basis of the fast RTM with MYD06 cloud

products as input. The comparisons between simula-

tion results and their MODIS-observed counterparts

are shown in Fig. 7. It is interesting to note that the

simulation results are systematically underestimated,

implying perhaps a difference in assumed ice single-

scattering properties, and in the ensuing retrievals,

TABLE 1. Datasets used in this study.

Data source Subset Quantities selected Selection criteria

Aqua MODIS MYD02 (L1B) Radiance Uncertainty # 1%

MODIS MYD06 (L2) Cloud fraction Cloud fraction . 95%

MODIS cloud phase Ice phase

t t , 6.5

t uncertainty , 30%

Deff Deff uncertainty , 30%

Surface temperature

CALIPSO CALIOP 1-km-layer cloud (L2) Cloud geometry Cloud-base height $ 4.5 km

Cloud thickness # 1.5 km

Detected cloud layer 5 1

CALIPSO cloud phase Ice phase

CALIOP 5-km-layer cloud (L2) IWP IWP uncertainty # 30%

IIR track cloud products (L2) Surface emissivity

MERRA Int3_3d_ams_CP Geopotential height

Ozone mixing ratio

Surface geopotential

Specific humidity

Surface pressure

Atmosphere temperature
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between the solar and IR bands that needs further

investigation.

The simulated TOA BTs depend on several parame-

ters, including surface and background atmospheric

properties, geometry, and cloud properties. Once other

parameters are specified, the cloud properties t and Deff

can be retrieved by making the model simulations fit

MODIS observations. To be specific, two retrieval al-

gorithms are implemented for deriving appropriate ice

cloud properties. The first approach employs the Monte

Carlo (MC) method to randomly select large numbers

of t–Deff pairs in predetermined ranges (i.e., 22.0 #

log(t) # 2.0 and 0 # Deff # 180). The logarithmic scale is

used for selecting t because the IR radiation shows

significant sensitivity to t for optically thin clouds. The

t–Deff pair with the least RMS value is recorded as the

most appropriate ice cloud properties. The definition of

RMS is shown as follows:

FIG. 5. The 11-mm BT for a MODIS data granule at 0905 UTC 11 Feb 2008. The green line

indicates the associated CALIPSO/CALIOP ground track. The red box indicates the region of

interest.

FIG. 6. The CALIPSO-detected 532-nm total backscatter along the ground track line within the

red box shown in Fig. 5. The white lines indicate the selected profiles.
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RMS(t, Deff) 5

"
(BTDo,1128:5 2 BTDs,1128:5)2

1 (BTo,8:5 2 BTs,8:5)2
1 (BTo,12 2 BTs,12)2

3

#1/2

, (15)

where BTo,l and BTs,l are BTs from MODIS observa-

tions and the fast-RTM simulations at wavelength l and

BTDo,1128.5 and BTDs,1128.5 are the observed and sim-

ulated TOA BTDs (BT11mm 2 BT8.5mm), respectively.

The second approach chooses t–Deff pair among preset

dense nodes (i.e., 140 and 100 uneven nodes for t and Deff,

respectively). Similar to the MC method, the retrieved

t–Deff pair with least RMS value is chosen as the result. In

this study, the second method is employed to conduct the

retrieval process because this method provides better re-

sults (i.e., smaller RMS can be achieved) than the MC

method for the same computing time. This method is

essentially the same as the retrieval technique employed

by Garrett et al. (2009), who selected two IR channels to

infer t–Deff pairs for several case studies. Figure 8 shows

the simulated TOA BTs and BTD (8.5 2 11 mm) from

the retrieved cloud-property pairs versus MODIS obser-

vations. In comparison with results from the MODIS

operational products shown in Fig. 7, the IR-retrieved

cloud-property pairs can provide simulations that closely

fit the observations. The mean and standard deviation of

RMS for 1290 cases are 0.43 and 0.35 K, respectively.

The scatterplots comparing the MODIS operational

cloud properties and the IR retrievals are shown in

FIG. 7. Scatterplots of MODIS-observed TOA BTs and BTD (8.5211 mm) vs simulated BTs and BTD by using the

MODIS-retrieved t and Deff.
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Fig. 9. The IR-retrieved cloud optical thickness values

tIR are systematically smaller than their MODIS coun-

terparts tMODIS. Moreover, tMODIS spans a large range

from 1 to 6.5, whereas tIR has a relatively narrower

distribution. Approximately 90% of the tIR values are

smaller than 4. The comparison between retrieved ef-

fective particle size values Deff,IR and their MODIS

counterparts Deff,MODIS is shown in Fig. 9b. The Deff,IR

mean of 55.3 mm is slightly less than the mean of Deff,MODIS

(58.5 mm). The retrieval performance details are shown

in Table 2. Figures 10 and 11 show the distributions of

both MODIS and fast-model-retrieved cloud properties.

According to the sensitivity study, if Deff,IR . 120 mm, the

retrieved values are likely inaccurate since there is little

sensitivity to very large particle size values. Therefore, in

this study, these cloud effective particle sizes are elimi-

nated (less than 5% of the 1290 cases).

Moreover, CALIPSO ice water content/path (IWC/

IWP) is selected as a reference parameter to explore

the accuracy of IR retrievals. IWC/IWP provided by

CALIPSO is considered as a function of the tempera-

ture and volume extinction coefficient (Heymsfield et al.

2005) in the form of

IWC 5 asb, (16)

where a and b are two coefficients that depend upon

temperature. The relationship among t, Deff, and IWC/

IWP is shown as follows:

IWC(z) 5 ri

ðD
max

D
min

V(D, z)n(D, z) dD, (17)

where z is a given altitude and ri is the density of solid ice

(approximately 9.168 3 105 g m23). The cloud optical

thickness can be expressed as

t 5

ðcloudtop

cloudbase

ðD
max

D
min

QeA(D, z)n(D, z) dD dz, (18)

FIG. 8. As in Fig. 7, but the simulated TOA BTs/BTD are calculated using IR-retrieved cloud properties.
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and, with the definition of Deff given by Eq. (2), IWP can

be represented as follows:

IWP 5

ðcloudtop

cloudbase
IWC(z) dz 5

2triDeff

3hQei
, (19)

where hQei is the bulk average extinction efficiency.

Because t is the cloud optical thickness for a visible

channel, the particle size is assumed to be much larger

than the wavelength. Therefore, hQei is assumed to be 2

in this study. Equation (19) can be rewritten as

IWP 5 (Deffrit)/3, (20)

where the units of Deff and IWP are micrometers and

grams per meter squared, respectively. Therefore, the

comparison between the IR-retrieved IWPIR [Eq. (20)]

and CALIPSO-retrieved IWPCAL [Eq. (16)] is shown in

Fig. 12. It is found that these two kinds of products show

robust agreement for much of the IWP range. For larger

IWP values, the IWPIR are slightly greater than their

CALIPSO counterparts, which may result from the

significant attenuation of the lidar signal in the relatively

opaque ice clouds. The uncertainties of the selected

CALIOP IWP products are limited to 30%. For the IR-

retrieved IWP, the error is essentially proportional to

the errors from t and Deff. In general, regardless of the

error sources from the fast model and satellite obser-

vations, the major sources of error come from the low

sensitivity of applying an IR method to infer properties

for an optically thick cloud with large Deff and from the

vertically inhomogeneous feature of the size distribution

of ice crystals (Zhang et al. 2010). All of these issues

need further study.

6. Discussion and conclusions

Our study develops a fast IR RTM to simulate the

TOA BTs of three MODIS IR bands (8.5, 11, and

12 mm) for ice cloud conditions. The differences found

from comparisons between this model and the more rig-

orous DISORT are generally less than 0.1 K, but the fast

RTM runs 6000 times as fast as the DISORT 1 CKD

method on a desktop computer. The main difference

between this model and other reported fast RT models,

such as FIRTM1 and FIRTM2, is the inclusion of two

LUTs that provide cloud effective emissivity and effec-

tive temperature functions.

The LUT of cloud effective temperature improves the

accuracy of the model significantly, in particular for

simulating TOA BTs in an atmosphere containing

a transmissive cloud layer. For instance, for an optically

thin cloud (t , 3), the internal part of the cloud also

significantly contributes to the emitted radiance at cloud

top. For this reason, it is important to find a relationship

TABLE 2. Comparison of MODIS retrievals with the

IR retrievals.

Method

Mean

of t

Mean of

Deff

(mm)

Mean of

RMSBTD

(K)

Std dev of

RMSBTD

(K)

MODIS retrieval 2.83 58.5 10.82 5.8

IR retrieval 1.39 55.3 0.43 0.35

FIG. 9. Scatterplots of MODIS-observed cloud optical properties vs the IR-retrieved results.
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between the cloud-top/cloud-base temperature and cloud

emission. On the basis of the LUT of cloud effective

temperature, the fast model computes cloud-top upwell-

ing radiance (or cloud-base downwelling radiance) effi-

ciently and accurately. Some deficiencies in this RTM

limit the application and accuracy of the model, however.

For example, this model cannot be applied to the multi-

layered cloud or liquid water/mixing-phase cloud situations.

Furthermore, considerable errors occur when scattering

processes are important (i.e., at 8.5 mm when small ice

particles dominate), suggesting that the fast RTM does

not capture scattering processes accurately.

With the cloud geometry inferred from CALIPSO,

this computationally efficient RTM may be applied to

retrievals of t and Deff from both multispectral satellite

imagery and hyperspectral IR sounder data. The infe-

rence of ice cloud properties on the basis of the fast

RTM is applicable to both daytime and nighttime data

because only IR channels are involved. Furthermore,

the sensitivity study suggests that the radiances of the

IR-window wavelengths are sensitive to small t and Deff;

whereas the solar-reflectance method has more sensi-

tivity to optically thick ice clouds containing larger par-

ticles. The comparisons between IR retrieval results and

the MODIS operational collection-5 cloud products in-

dicate that, for the t retrieval, the MODIS products tend

to give larger values than the IR retrieval for most cases

(tMODIS , 6.5) whereas the IR-retrieved Deff values are

smaller than their MODIS counterparts. Because the

absorption processes are dominant for ice clouds in the

IR region, the IR retrieval results are less sensitive to

particle shape distribution and vertical structure, which

implies that the IR retrieval gives more reliable ice cloud

properties than do the MODIS collection-5 products for

optically thin ice clouds with relatively small particles.

Several researchers report anomalously high num-

bers of small ice crystals in in situ measurements as

a result of shattering and collision processes and the

consequential impacts on parameterization of ice

crystals (e.g., Mitchell and d’Entremont 2008; Mitchell

et al. 2010). Some studies indicate that the scattering

features at VIS/SWIR channels are sensitive to ice

cloud PSD, habits distribution, and the degree of

roughness (e.g., Hess et al. 1998; Sun et al. 2004; Yang

et al. 2008; Baum et al. 2010), whereas in the IR region

strong absorption reduces these effects (Yang et al.

2005). Another factor that has an impact on both VIS/

SWIR and IR retrieval methods arise from the vertical

inhomogeneity of effective particle size distribution

within the ice cloud layer (Zhang et al. 2010). In gen-

eral, these impacts need further study. The IR retrieval

method is complementary to the VIS/SWIR method

because of its sensitivity to optically thin ice cloud

optical thickness and effective particle size and its lack

of dependence on solar illumination.
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FIG. 10. Ice cloud optical thickness distribution given by the IR

retrieval and MODIS.
FIG. 11. Ice cloud effective particle size distribution given by the IR

retrieval and MODIS.

FIG. 12. Ice water path distribution given by the IR

retrieval and CALIPSO.
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