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ABSTRACT

This paper describes the development of an ice cloud radiance simulator for the anticipated Geostationary
Operational Environmental Satellite R (GOES-R) Advanced Baseline Imager (ABI) solar channels. The
simulator is based on the discrete ordinates radiative transfer (DISORT) model. A set of correlated
k-distribution (CKD) models is developed for the ABI solar channels to account for atmospheric trace gas
absorption. The CKD models are based on the ABI spectral response functions and also consider when
multiple gases have overlapping absorption. The related errors of the transmittance profile are estimated on
the basis of the exact line-by-line results, and it is found that errors in transmittance are less than 0.2% for all
but one of the ABI solar channels. The exception is for the 1.378-um channel, centered near a strong water
vapor absorption band, for which the errors are less than 2%. For ice clouds, the band-averaged bulk-scat-
tering properties for each ABI [and corresponding Moderate Resolution Imaging Spectroradiometer
(MODIS)] solar channel are derived using an updated single-scattering property database of both smooth and
severely roughened ice particles, which include droxtals, hexagonal plates, hexagonal hollow and solid columns,
three-dimensional hollow and solid bullet rosettes, and several types of aggregates. The comparison shows close
agreement between the radiance simulator and the benchmark model, the line-by-line radiative transfer model
(LBLRTM)+DISORT model. The radiances of the ABI and corresponding MODIS measurements are
compared. The results show that the radiance differences between the ABI and MODIS channels under ice
cloud conditions are likely due to the different band-averaged imaginary indices of refraction.
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1. Introduction

The Advanced Baseline Imager (ABI) will be on the
Geostationary Operational Environmental Satellite
(GOES) R series (Schmit et al. 2005) and is scheduled to
launch in 2015. The ABI will have a higher spatial reso-
lution and more spectral bands than the previous GOES
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imagers. The 16 spectral channels include 2 visible (VIS)
channels, 4 shortwave infrared (SWIR) channels, and 10
infrared (IR) channels. To infer cloud properties from
the ABI solar channels (VIS and SWIR), an accurate
forward radiative transfer model (RTM) would be in-
valuable for generating simulated radiances and fluxes
for a variety of atmospheric and surface conditions. An
accurate RTM can also be used for error analyses and
instrument calibration efforts.

In this paper, our goal is to develop an ABI radiance
simulator to simulate ice cloud radiances for the solar
bands. A set of correlated k-distribution (CKD) models
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is developed for the ABI solar channels to account for
gaseous absorption in the atmosphere. Consideration of
both the instrument spectral response functions and gas
absorption (including overlapping gas absorption) is in-
cluded in the CKD models and incorporated into the
RTM. The ABI radiance simulator is developed by
combining the CKD model with the well-known discrete
ordinate radiative transfer (DISORT) model to handle
the gaseous absorption and multiple scattering due to the
ice cloud particles. Comparisons of radiances simulated
from the simulator and a reference model, the line-by-line
radiative transfer model (LBLRTM)+DISORT model
(Ding et al. 2011), are made for the purpose of validation.

For the ABI solar bands, ice cloud bulk scattering
models are developed for each channel using the updated
single-scattering property database of nonspherical ice
particles, which include droxtals, hexagonal plates, hexag-
onal hollow and solid columns, three-dimensional hollow
and solid bullet rosettes, and several types of aggregates
based on columns or plates. Bulk scattering models are
developed for a set of particles with smooth surfaces and
also severe surface roughening (Baum et al. 2011).

The resulting simulator is tested to investigate the dif-
ferences between the radiances anticipated from the ABI
solar channels and those measured from corresponding
MODIS channels. For use in the simulated radiance com-
parison, profiles of atmospheric absorption optical thickness
are generated from the CKD models using Modern Era
Retrospective Analysis for Research and Applications
(MERRA) products (Bosilovich et al. 2011; Rienecker et al.
2011). The optical thickness and the effective particle size
are obtained from the operational Collection 5 Moderate
Resolution Imaging Spectroradiometer (MODIS) cloud
product. Based on the MODIS ice cloud optical thickness
and effective particle size as model inputs, the ice cloud
reflectances of individual ABI solar channels are simulated
and compared with collocated MODIS measurements.

The paper is organized as follows. Section 2 describes
the development of the CKD method. Section 3 briefly
describes the single-scattering properties of the ice parti-
cles and the development of the bulk scattering properties
of ice clouds. Section 4 describes the establishment of
the ABI solar ice cloud radiance simulator. In section 5,
the simulator is exercised using the collocated MERRA
atmospheric profiles and retrieved effective particle size
and optical thickness as inputs, and the resulting radiances
are compared with those measured from the MODIS
granule. A summary is given in section 6.

2. Development of the CKD model

The CKD method is an excellent approximation to
the line-by-line radiative transfer model and has noted
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advantages over the conventional band models (Edwards
and Francis 2000; Fu and Liou 1992; Goody and Yung
1989; Kratz 1995; Lacis and Oinas 1991; Li and Barker
2005; Shi 1984; Zhang et al. 2003) since it can account for
nongray gaseous absorption and be readily incorporated
into multiple scattering RTMs for aerosol and cloud
calculations. For the CKD models developed in this
study for the ABI solar channels, the absorption co-
efficients for the gases of interest are based on the
LBLRTM (Clough et al. 2005). The molecular absorption
line parameters used for absorption coefficient calcula-
tions are based on the 2008 edition of the High Resolu-
tion Transmission (HITRAN) molecular spectroscopic
database (Rothman et al. 2009), with the exception of the
ozone absorption coefficients in the visible wavelength
range that are based on the World Meteorological
Organization/International Ozone Commission (Burrows
et al. 1999; Orphal 2003).

a. CKD method for remote sensing applications

The ABI spectral response function of each ABI solar
channel is considered. An approximate method (Kratz
1995; Kratz and Rose 1999) divides the spectral interval
of interest into subintervals, and in each subinterval
the instrument response is considered to be constant.
Since the spectral response functions of many instru-
ments are broad enough so that a channel can have
complex absorption features, Greenwald and Drummond
(1999) took into consideration the spectral response
function across the full band by using the mean re-
sponse function over each quadrature weight within
the context of the CKD model. Edwards and Francis
(2000) suggested a different approach to including the
instrument spectral response function during the deri-
vation of the CKD model. In this study, we follow the
approach of Edwards and Francis (2000). In their ap-
proach, the band transmittance for each atmospheric
layer is given by

1
r,= F—¢ Lvt(v)qb(v) dv, (1)

where v is the wavenumber, #(v) is the monochromatic
transmittance, ¢(v) is the instrument spectral re-
sponse function, and the integrated spectral response
is given by

Fy= L o(v)dv. 2

Consider a spectral channel with interval Av that con-
tains numerous absorption lines for which the interval
is divided into M subintervals of width 6v,, (1 = m = M).
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FI1G. 1. Application of the CKD method to water vapor absorption for the ABI 2.25-um NIR
channel. (a) Absorption coefficient k (cm* g ') as a function of wavenumber at the reference
conditions of 260 K and 398 hPa. (b) Probability density function of the absorption coefficients,
including the instrument response. (c) The instrument spectral response function of the ABI
2.25-pm channel. (d) The absorption coefficient as a function of the cumulative probability.

The corresponding instrument response is ¢,,. The
range of the absorption coefficient k(v) is divided into
n = 1 — N subintervals with specified width 6k,, and
k,, = k,—1 + 8k,. The probability density function can
be written as

1 Yg sv
k) = X [P W Gy =iy =) ©)
m= n

where W,, is the window function associated with the
mth subinterval, defined by

kn = km = kn+1

4% !
otherwise

f— 1 ’
m 0,
The corresponding cumulative distribution function g (k)
can be calculated as

4)

1 M
gd’(kn) = Fi(,b mgl ¢m6vme (knfl = km = kn) (5)

By definition, g4(k,) is a monotonically increasing and
smooth function of &, ranging from O to 1. The inverse,
kg(gn), is referred to as the k distribution. In this way,

the instrument spectral response function is included in
the k distribution. Based on the method described
above, we developed a set of CKD models for the ABI
solar channels. Figure 1 illustrates the process through
which the absorption coefficients are transformed from
a rapidly oscillating function of wavenumber to a smooth
function of g. Note that many fewer quadrature points
are necessary to calculate the spectral transmittance in
g space than in wavenumber space. Figure la shows the
mass absorption coefficients (cm” g~ ') associated with
water vapor between 4321.55 and 4566.55 cm™! for
a pressure of 398 hPa and a temperature of 260 K. Figure
1b shows the probability density distributions for the ab-
sorption coefficients. Figure 1c is the spectral response
function of the GOES-R ABI 2.25-um near-infrared
(NIR) channel, which is based on the University of Wis-
consin ABI spectral response function (downloaded from
ftp://ftp.ssec.wisc.edu/ABI/SRF). Figure 1d shows the ab-
sorption coefficient as a function of cumulative probability
g. For comparison, the probability density function and
cumulative probability calculated without considering the
instrument spectral response function are provided as the
gray lines in Figs. 1b and 1d, respectively. It is evident that
the spectral response function can have a significant im-
pact on the probability density function and thus the k
distributions.
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b. The gaseous overlapping absorption in the
CKD method

The treatment of overlapping absorption lines pres-
ents a key issue for most radiative transfer models and
also for the derivation of the CKD model. Generally, it
is assumed that gas absorption is independent between
species so that the absorption coefficients are uncorrelated.
The spectral mean transmittance of two overlapping gases
for a given band can be calculated based on the multi-
plication property (Goody and Yung 1989) given by the
following relationship:

I, (1,2) =T, (1) xT ()

M N
= 21 exp(—kl’iul)AgLi 21 exp(—kzyjuz)Agz’j
i= j=

Mz

N
= . Agu Zl Agz’j exp(—kuul — kz,juz) , (6)
1 =

where I'a,(1, 2) is the total transmittance of the band;
I'ay(1) and T'p,(2) are the transmittances due to ab-
sorbing gases 1 and 2, respectively; and u; and u, are the
absorber amounts of the two overlapping gases 1 and 2.
In addition, M and N are the total numbers of g values
for two gases. Based on Eq. (6), a total of M X N cal-
culations are required to obtain the spectral mean
transmittance in a spectral interval Av where the two
gases overlap. This method can also be applied to bands
with three or more overlapping gases. However, the
number of calculations will increase for each additional
absorbing gas. Although this approach produces accu-
rate results, the method tends to be computationally
inefficient (Lacis and Oinas 1991).

An alternative approach is referred to as the modified
amount weighted scheme (Fu and Liou 1992; Li and
Barker 2005; Shi et al. 2009). The idea is to treat the
gaseous mixture as a ‘“‘single gas” by combining the
absorption coefficients of the mixture of all absorption
gases. The absorption coefficients are weighted by ab-
sorber amounts. Following Shi et al. (2009), the total
optical thickness can be given by

v)=1,(v)+7,(v)+ - +71,(v)

= 21: [k, (Vu, +ky(Wuy + -+ +k,(Vu,]: (7)

choosing the dominant gas 1, Eq. (7) can change to
_ i) U,
T(v)= Zu] k() +k,(v)—=+ - + kn(v)—
l U i
= ;”1 [k,(v) + )k, (v) + - + 1k, (V)]

= ; ulkcomb(v) ’ (8)
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where kcomp(V) = k1(v) + raka(v) + -+ + r,k,(v) can be
considered to be the absorption coefficient for a single-
mixture gas. The dominant gas is regarded to as the
reference gas. As indicated by Shi et al. (2009), the
distribution of combined absorption coefficients will
generally reflect the spectral features of the principal
contributor. Through Eq. (8), overlapping absorption
by multiple gases is converted into a single-gas case. Fu
and Liou (1992) pointed out that the same assumptions
regarding the correlations for each individual gas are
required for the single-gaseous mixture. Under such
an assumption, the single-mixture gas can be efficiently
handled by the CKD method. In this study, we followed
this approach to treat the gaseous overlapping absorp-
tions during the derivation of the CKD model.

Figure 2 shows an example of the treatment of overlap
absorption bands based on the k distribution for the ABI
1.61-um SWIR channel. Figures 2a—c show the absorp-
tion coefficients as a function of wavenumber for H,O,
CO,, and CHy, respectively. Figure 2d shows the mixed
gasin the ABI 1.61-um channel. Figure 2e is the spectral
response function and Fig. 2f shows the absorption co-
efficient as a function of the cumulative probability for
the single-mixture gas with the spectral response func-
tion included.

c. Construction of the CKD models for the ABI
solar channels

We now describe the construction of the CKD model
for the ABI solar channels, based on the theory and
techniques described in the previous sections. To use
the k distribution method for a realistic atmosphere, we
must extend it to inhomogeneous profiles. At different
pressures and temperatures, the k distributions are as-
sumed to be correlated with those at the reference
pressure and temperature and thus for all atmospheric
conditions. This means that each of the sets of absorp-
tion coefficients calculated with the line-by-line model
can then be sorted and binned with the same distribution
as that of the reference pressure and temperature. For
the present study, the absorption coefficients were cal-
culated for 19 pressures with Alog;oP = 0.2 along with
three temperatures, 200, 260, and 320 K, which cover
most atmospheric conditions.

The absorption coefficients at arbitrary pressures and
temperatures are calculated by following Chou and
Kouvaris (1986):

In[k(v,p, T)] = a(v, p)(T — 260) + c(v, p)(T — 260)?,
©)

where the coefficients a, b, and ¢ are calculated at 200,
260, and 320 K. Since the cumulative probability g is



876 JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY VOLUME 52
10° | (@ H,0
107
107°F
10° 10°

L ®) A B
- 107
o -4
r;g_) L 410
5 H10®
= 4107
810° ho CHy
g 10" -
U -
107k
2407
510
2107 10’
(@ Mixed Gases
10
10°
- 4107
< 1 ] T T L
Q
= | @ i
gos
o6l -
% 0af E
[=]
o2l i
E G 1 1 1 1 1
4350 4400 4450 4500 4550

Wavenumber (cm™')

(S

—
o

Absorption Coefficient (cmz.fg}

-6 1 1 1 !

L 1 1 L

03 0.4

1
0.5 0.6 07 08 0.9 1

Cumulative Probability

F1G. 2. Example of the treatment of overlap absorption bands based on the k distribution for
the ABI 1.61-um channel. Absorption coefficient as a function of wavenumber for (a) H,O,
(b) CO,, (c) CHy, and (d) mixed gases in the ABI 1.61-um channel. (e) Spectral response
function. (f) Absorption coefficient as a function of cumulative probability for the single gas
mixture with the spectral response function included.

derived to be equivalent to the wavenumber, Eq. (9) can
also be applied for a given g (Fu and Liou 1992):

In[k(g,p, T)] = a(g, p) + b(g, p)(T — 260)

+ (g, p)(T — 260)%, (10)

where, a(g, p), b(g, p), and c(g, p) are regression co-
efficients that are determined from the g values at
19 pressures and three temperatures. The coefficients
a(g, p), b(g, p), and c(g, p) are stored at each g and
pressure. The k(g, p, T) at an arbitrary pressure is

obtained by linear interpolation between values at two
neighboring pressures.

In most RT calculations of cloudy-sky conditions,
only water vapor and ozone concentration profiles are
considered to change with time and space, while other
trace gases are assumed to have constant mixing ratios
at each layer. In the present study, the atmosphere is
assumed to be uniformly mixed for O,, CO,, CHy, and
N,O with volume mixing ratios of 0.209 48, 3.80 X 1074,
1.774 X 10°°, and 3.19 X 10~ (Solomon et al. 2007),
respectively. As noted previously, the CKD model is
based on 19 pressures and three temperatures. For
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TABLE 1. Summary of the wavelengths and absorbers of the ABI
solar channels.

Central
ABI Spectral wavelength

channel range (wm) (pum) Absorbers

1 0.45-0.49 0.47 O3 and H,O

2 0.59-0.69 0.64 O3 and H,O

3 0.846-0.885 0.865 H,0, O,, and CO,

4 1.371-1.386 1.378 H,0, CO,, and CH,

5 1.58-1.64 1.61 H,0, CHy, and CO,

6 2.225-2.275 2.25 H,0, CH4, NO,, and CO,

ABI channels 1 and 2 (centered at 0.47 and 0.64 um,
respectively), absorption coefficients of O; are con-
sidered to be independent of temperature and pressure
(Orphal 2003). In the SWIR range, all radiatively active
gases are considered together as a single fixed gas
in the CKD models. The species of absorber included in
the fixed gas depends on the ABI channel, as shown in
Table 1.

We now examine the related errors of the trans-
mittance profile based on the exact line-by-line results.
Panels in the left column of Fig. 3 show the comparisons
of ABI band-averaged transmittances simulated from
the CKD models and the LBLRTM. Panels in the right
column are the corresponding relative error profiles of
the CKD models. The standard tropical atmospheric
profile is used in the calculations. It can be seen clearly
from Fig. 3 that relative errors in transmittance are less
than 0.2% for most ABI solar channels, except for the
ABI 1.378-um channel, which is located in the strong
water vapor absorption band. The errors in the ABI
1.378-um channel are still under 2%.

3. Bulk optical properties of ice clouds

Two different sets of bulk ice cloud scattering—
absorption properties are used in this paper.

a. Ice particle models based on smooth surfaces

The first set of models is developed with the same
assumptions adopted for the MODIS lookup tables
(LUTs) used for operational MODIS Collection 5 pro-
cessing. The models were redeveloped for this study
using the updated single-scattering libraries described in
Baum et al. (2011). The ice particles are assumed to have
smooth surfaces except for the aggregate of columns,
which is severely roughened. For this Collection 5 set of
models, the percentages of various ice crystal habits
are as follow: for D,,x = 60 um, 100% droxtals; for
60 < Djax = 1000 wm, 15% 3D solid bullet rosettes,
50% solid columns, and 35% hexagonal plates; for
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1000 < Dpax = 2500 wm, 45% hollow columns, 45%
solid columns, and 10% aggregates of solid columns; and
for D > 2500 um, 97% 3D solid bullet rosettes and
3% aggregates of solid columns, where D, is the
maximum dimension of an ice particle. Baum et al.
(2005, 2011) describe the development of bulk scat-
tering models through integration over particle size
distributions; the reader should refer to those studies
for further details. The bulk scattering properties are
averaged into a set of 18 effective diameter D¢ values
ranging from 10 to 180 um. The effective diameter D¢
is defined as

n(D)dD

mi;

Dy =

Dma M
j { f,(D)V,(D)
D h=1

D a

. (11

NS RON)

l,,

X
n
ax

min

M
L% £,(D)A h(D)} n(D)dD

where D, and D, describe the minimum and maxi-
mum particle sizes in the distribution, respectively;
fn(D) is the ice particle habit fraction of habit & for
size D; n(D) is the number distribution for size D; and
Aj;(D) and V(D) are the area and volume of a specific
particle of habit & for size D, respectively. The habit
fraction is defined so that for each size bin,

M
2 HL(D)=1, (12)
h=1

each D.g model includes microphysical and scatter-
ing properties such as extinction efficiency, single-
scattering albedo, asymmetry factor, and scattering
phase function.

Figure 4 shows examples of the phase functions (gray
lines) associated with the PSDs whose effective particle
sizes are within a narrow region about D¢ = 50 and
100 um at the ABI 0.64- and 2.25-um channels. The
black curves indicate the band-averaged scattering phase
functions for D¢y = 50 and 100 pwm, respectively.

b. Ice particle models based on severely roughened
surfaces

The second set of models of ice clouds adopted for
the radiance simulator is based on a number of recent
developments (Baum et al. 2011). Three new habits
are now available: the hollow bullet rosette, a small
aggregate of plates (five plates, each with a maximum
dimension no larger than 500 wm), and a large aggre-
gate of plates (more than five individual plates with
the same size limitation). Additionally, the ice particles
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tions.

are assumed to be severely roughened, resulting in
scattering phase functions that are smooth with no
halos and significantly reduced backscattering relative
to the smooth particle models. Finally, the models at
small D¢ values are based on more physically repre-
sentative particle size distributions based on improve-
ments in in situ measurements.

4. Development of the ABI solar channel ice cloud
radiance simulator

The radiance simulations at the top of the atmosphere
(TOA) under cloudy-sky conditions are based on the
DISORT method (Chandrasekhar 1960; Stamnes et al.

1988). DISORT is used for the calculation of the multiple
scattering in a vertically inhomogeneous nonisothermal
plane-parallel atmosphere, given values of the optical
thickness, single-scattering albedo, and the scattering
phase function for the scattering—absorbing medium in
any atmospheric layer. This study is based on the publicly
available and most current version of the DISORT code
(DISORT 2.0 beta). DISORT requires that the phase
functions be described in terms of their Legendre poly-
nomial expansion coefficients. However, to represent the
full original scattering phase function accurately, thou-
sands of Legendre polynomial terms are needed for
a phase function with the strong forward peak associ-
ated with large ice particles. To attenuate the forward
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peak of the phase function of ice clouds with various
effective sizes, we use the 6-fit truncation method de-
veloped by Hu et al. (2000), which in turn stems from
the 8-M method (Wiscombe 1980). By truncating the
forward peak and renormalizing the phase function, less
than 100 terms are required to reconstruct the phase
function and, thus, to decrease the computational time
that is proportional to the third power of the number of
radiation streams (Ding et al. 2009).

Upon truncating the forward peak, an adjustment must
be made to the optical thickness and single-scattering
albedo to account for the energy that was in the for-
ward peak. Following (Liou 2002), the adjusted optical
thickness and single-scattering albedo can be ex-
pressed by

7 =(1-fw)r and (13)
;) _ (1= e

where fis the portion of the scattered energy associated
with the truncated forward peak; 7 and w are the original
optical thickness and single-scattering albedo, respectively;

and 7 and o’ are the adjusted optical thickness and single-
scattering albedo associated with the truncated phase
function.

To simulate the radiances for the ABI, the set of CKD
models described previously is used in conjunction with
the DISORT model. An advantage of using the CKD
method is that it can be incorporated directly into ra-
diative transfer models to perform multiple scattering
calculations for clouds and aerosol particles (Lacis and
Oinas 1991). To examine the CKD+DISORT model,
a set of 120 atmospheric profiles are generated by adding
a small amount of random noise in the water vapor pro-
file to a set of six standard atmospheric profiles: tropical,
midlatitude summer, midlatitude winter, subarctic sum-
mer, subarctic winter, and U.S. Standard Atmosphere,
1976. We did not consider including variations in
temperature, because our focus in this paper is on the
ABI solar channels for which the temperature profiles
have little effect on the upwelling TOA radiances. The
LBLRTM+DISORT model combined by Ding et al.
(2011) is used here to provide a reference benchmark
with some minor modifications.

A single-layered ice cloud with a cloud-top altitude
of 12 km and a geometrical thickness of 1 km is used for
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the present validation study. The ice cloud optical
thickness is assumed to vary from 0 to 80 and the D¢
varies from 10 to 180 wm, with ice clouds having bulk
scattering properties as discussed in section 3. Figure 5
shows the comparison results for the smooth particle
models.

The root-mean-square (RMS) error provides an index
for the overall error level of the CKD+DISORT model
when compared with the LBLRTM+DISORT model.
The RMS is defined by

N

2
5 RLBLRTM+DISORT)
RMS = 5
N

(15)

Z (RCKD+DISORT B

where N is the total number of the simulations. The terms
Rckp+prsort and Ry grrrv+pisorT are used to calcu-
late the reflectances of each model. Table 2 shows the
RMS values of the ABI solar channels. The results in
Fig. 5 and Table 2 indicate that radiances simulated
from the CKD+DISORT model are in good agreement

with those from the benchmark reference model,
LBLRTM+DISORT.

5. Application

In this section, the CKD+DISORT model is used to
simulate the radiances of each ABI solar channels. The
simulated radiances are then compared with those of
collocated MODIS level 1B products.

a. Atmospheric profiles

Since water vapor and ozone concentration profiles
vary with time and location, they are treated as input
parameters to the model. Other trace gases such as
carbon dioxide, carbon monoxide, nitrous oxide, and
methane are assumed to have constant mixing ratios in
each layer. Given an atmospheric profile, the optical
thicknesses related to gas absorption in each layer are
calculated from the CKD models. In this study, the at-
mospheric profiles are provided from the MERRA
products (Bosilovich et al. 2011; Rienecker et al. 2011)
generated by the National Aeronautics and Space Ad-
ministration Global Modeling and Assimilation Office.

TABLE 2. RMS values of the reflectances for each ABI channel from the CKD+DISORT in comparison with the LBLRTM+DISORT
model.

Central wavelength of the

ABI channel (um) 0.47 0.64

0.865 1.378 1.61 2.25

RMS 0.0013 0.0014

0.0017 0.0035 0.0021 0.0023
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FIG. 6. MODIS visible image from the Aqua satellite over the Pacific Ocean on 15 Nov 2010.

The red rectangle indicates the region of detailed analysis.

881

The profiles are employed in the CKD model to cal- temperature, water vapor, and ozone concentration at
culate the optical thickness of each layer. The 3-h 42 pressure levels. The global model profiles are pro-
vertical atmospheric profile products of MERRA vided on a 288 X 144 grid with a 1.25° latitude X 1.25°
(MEI3CPASM) are used in our study, which include longitude resolution.

MERRA Atmospheric
Profiles

v

Distribution Model

oleINWIS

Updated Bulk
Scattering Properties
of Ice Clouds

Correlated K > DISORT €—

D, and t of Ice Clouds

Radiances of ABI VIS/
NIR channels

osiiedwo

MODIS Level 1B
Observed Radiances

FIG. 7. Flowchart outlining the ABI solar radiance simulation using MERRA atmospheric

profiles, retrieved ice cloud optical thickness, and effective particle size.
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FI1G. 8. Reflectances for each ABI solar channel simulated from the CKD+DISORT model.
The atmospheric temperature, humidity profiles, and ozone profiles are derived from the
collocated MERRA products. The ice cloud optical thickness and effective particles size are

taken from MODIS Collection 5 level 2 products.

b. Ice cloud optical thickness and effective
particle size

Two properties, the cloud optical thickness and ef-
fective particle size, are retrieved simultaneously from
cloud reflectance measurements based on the bispectral
reflectance technique (Nakajima and King 1990; King
et al. 1992; Platnick et al. 2003) that uses one non-
absorbing band (e.g., a band centered at 0.64 or
0.865 wm) that is sensitive to cloud optical thickness and
an absorbing band (e.g., a band centered at 1.61 or
2.13 um) that is sensitive to the effective particle size.
The inferred optical thickness and effective size from
the MODIS observations are based on comparisons
between the radiance measurements and the LUTs. For
MODIS Collection 5 level 2 products, the LUTs are
calculated from the bulk ice cloud scattering models
based on smooth particles (Baum et al. 2005) that are
described in section 3.

¢. Simulation and comparison

In this section, the ABI solar radiances are simulated
from the developed simulator and compared with
MODIS measurements.

With collocated MERRA atmospheric profiles as in-
puts, the vertical distributions of absorption optical
thickness due to the molecular absorption for each ABI
solar channels associated with each weighting g are then
calculated from the CKD model.

The identification of the cloud thermodynamic phase
is critical for radiative transfer calculations involving
clouds since the impacts of water and ice clouds on the
radiative transfer in the atmosphere are significantly
different. Misidentified cloud phase can give rise to
significant errors in cloud radiance simulations. In this
study, ice phase pixels are selected from the MODIS
quality assurance (QA) 1-km data, using QA = 3 to filter
out all the pixels with water, mixed, or unknown phases.
Cloud-top pressures (but not cloud-top heights) are
provided in the MODIS level 2 cloud product data
(MYDO06 Collection 5). As a note, cloud-top heights will
be provided in the upcoming Collection 6 product. For
this study, cloud-top heights are derived from the cloud-
top pressures and the MERRA atmospheric temperature
profiles. The viewing geometries of each ice cloud pixels
such as solar zenith angle, solar azimuth angle, satellite
viewing zenith angle, and satellite viewing azimuth angle
are determined from the MODIS level 1B product.
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FI1G. 9. Comparison of simulated reflectances of each ABI solar channel (y axes) with those
from corresponding MODIS observations (x axes).

The updated band-averaged bulk scattering properties
of ice clouds for the ABI solar channels are employed
in the simulation. Twenty-three effective size bins from
5 to 120 wm with an increment of 5 um are included in
ice cloud scattering models of the ABI solar channels.
For a given ice cloud effective particle size, the bulk
scattering properties can be obtained by interpolating
the ice cloud scattering models. We find that use of the
logarithmic interpolation method for the derivation of
the scattering phase function provides reasonably accu-
rate results, while a linear interpolation method is suffi-
cient for the other parameters. In addition, the derived
scattering phase functions need to be renormalized
(Ding et al. 2011).

To avoid larger uncertainties associated with satellite-
based cloud retrievals over land, the measurements by
MODIS/Aqua are selected over ocean. Figure 6 shows
the visible image of the granule over the Pacific Ocean
observed from MODIS/Aqua on 15 November 2010.
The red outline indicates the simulation region. The
ice cloud optical thickness and the effective particle
size derived from MODIS level 2 products are used to
represent the ice cloud optical and microphysical
properties. Given the MODIS ice cloud optical thick-
ness 7yis at a visible channel, the optical thickness at
other channels 7, can be derived through the following
relationship:

_ Qext,A

= Q. . Vs
ext,vis

(16)

where Qcxvis 18 the band-averaged bulk extinction ef-
ficiency at the visible channel and Qg is the band-
averaged bulk extinction efficiency at wavelength A,
both of which are from the ice cloud scattering model of
ABI solar channels.

For each layer, the CKD model discussed in the
previous section is employed to calculate optical
thickness due to gaseous absorption. For the 0.47- and
0.64-um channels, Rayleigh scattering is considered.
Following Dutton et al. (1994) and Bodhaine et al.
(1999), the atmospheric Rayleigh optical thickness is
calculated approximately over the visible spectral re-
gion by

P _
Tp = 7 0.008 774405 (17)

where p is the pressure, py is 1013.25 hPa, and A is
wavelength in micrometers.

The ABI solar radiances are simulated for the focused
region from the established simulator (CKD+DISORT
model) given the ice cloud optical thickness and effec-
tive particle size, the collocated MERRA atmospheric
profiles, and the updated ice cloud scattering model. The
resulting radiance simulations are subsequently com-
pared with those of the corresponding MODIS mea-
surements. A flowchart outlining the current process is
shown in Fig. 7.

Figure 8 shows the simulated radiances of each ABI
solar channel over the region outlined by the red box in
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TABLE 3. The mean imaginary index of refraction for ABI and corresponding MODIS VIS-SWIR bands.
0.47 pm 0.65 um 0.867 um 1.378 um 1.61 um 225 pm
ABI 2272 x 1071 1375 x 1078 2.546 X 1077 1.575 x 107° 2781 x 107 2.114 x 107
MODIS 1.683 x 10710 1.332 x 1078 2.093 x 1077 1.766 x 1073 2538 x 1074 7.249 x 1074

the granule as shown in Fig. 6. It can be seen from Fig. 8
that the reflectances tend to decrease with increasing
wavelength. Reflectances of ABI channels 1-3 (three
nonabsorbing bands centered at 047, 0.64,
and 0.865 um, respectively) are significantly higher
than those of the other three absorbing bands. The
ABI channel 1 (0.47 um, called the blue band) has the
highest reflectance compared to the other five bands
because particles scatter more at shorter wavelengths
than at longer wavelengths. That is also why this band is
useful for detecting aerosols and air pollution. The ABI
daytime cloud property retrieval algorithms are similar
to Earth Observing System MODIS. Two nonabsorbing
bands (0.64 and 0.865 wm) are used with two absorbing
bands (1.61 and 2.25 um) to retrieve cloud optical
thickness and the effective particle size. The 1.378-um
channel, located in a strong water vapor absorption
band, will be used to detect very thin cirrus clouds and
higher-level water clouds during the daytime (Gao et al.
2002) because it does not sense the lower troposphere
when there is appreciable water vapor. Thus, the radi-
ation detected by satellite at this channel is caused by
scattering in the upper troposphere.

Figure 9 shows the comparison between the simu-
lated ABI reflectances with those of MODIS level 1B
products. It can be seen that the simulated reflec-
tances of the ABI 0.47- and 0.65-um channels are in
better agreement with observed values than those of
other ABI NIR and SWIR channels. To be more
specific, the simulated reflectances of the ABI 0.865-
and 1.61-um channels are higher than those of the
MODIS observations. However, the opposite occurs
for the 1.378- and 2.25-um channels. These differences
can be explained by the following argument. The
measured radiance of the satellite is the integral of the
radiance weighted by the spectral response function,
which can be expressed by

J R, (0)é, dv

: (18)
Jq’)v dv

measured

where R, is the radiance at the top of the atmosphere in
the direction 6 of the satellite. In addition, ¢ is the
spectral response function. The radiances measured by

two satellite instruments will differ because their spec-
tral response functions are not the same. The upwelling
radiance arriving at the satellite will be determined by
the surface properties, viewing geometry, gaseous ab-
sorption in the column between the surface and the
satellite, particle scattering, and absorption by clouds
and aerosols. However, both the absorption coefficients
of gases and the refractive index of scattering particles
(ice particles in the present study) are highly spectrally
dependent. Even with the same central wavelength and
the same channel bandwidth, the measured radiances
could still be different if both shapes of the spectral re-
sponse function are not the same. Since ice clouds form
mostly at very high altitudes, the amount of water vapor
over these clouds is very low due to the low temperature.
It can also be seen from Fig. 3 that the gaseous absorp-
tion has little effect on the transmission at high altitude.
For high-level clouds, the radiances measured by a sat-
ellite depend primarily on the scattering contribution by
the ice cloud particles.

The spectral refractive indices of ice are fundamental
parameters that determine the relative scattering and
absorption properties of cloud particles. Generally, the
real part of the refractive index determines the phase
speed of the electromagnetic wave, while the imaginary
refractive index is related to the absorption coefficient
ky, which is given by

ky =4mm/A. 19)
A reasonable estimate of the magnitude of absorption
can be made from the value of m;. For a given narrow-
band spectral-response function, the mean imaginary
index of refraction can be computed from (Baum et al.
2000)

JFS()\)S(A)mi dr
) ST

: , (20)
J F,()S() d\

where Fj is the spectral response function and S is the
spectral solar spectrum (Kurucz et al. 1984). Table 3
shows the mean imaginary index of refraction of ABI
and the corresponding MODIS solar channels.

The ABI SWIR channels are used to examine the
relationship between the simulated ABI radiances and
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and 398 hPa. (b) The spectral imaginary part of the refractive index
of ice from the compilation of Warren and Brandt (2008). (c) The
spectral response functions of ABI and MODIS.

those measured by MODIS since the mean imaginary
index of refraction of ice is very small for the solar
channels. The spectral response functions of MODIS
and ABI, the gaseous absorption coefficients, and the
refractive index of ice in the corresponding spectral re-
gions are plotted together in Figs. 10-13. These figures
show results for the four ABI SWIR channels, centered
at 0.865, 1.378, 1.61, and 2.25 um, respectively, and
those from the corresponding MODIS channels. In each
of these figures, panel a shows the absorption co-
efficients of gases in each spectral region calculated from
LBLRTM model. Panel b shows the spectral imaginary
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F1G. 11. As in Fig. 10, but for the ABI/MODIS 1.378-um band.

part of refractive index of ice from the compilation of
Warren and Brandt (2008). The spectral response func-
tions of ABI and MODIS are shown in panel c.

For the 0.865-um channel, the center wavelength of
ABI is slightly larger than that of MODIS, and the value
of the imaginary index of refraction at the ABI center
wavelength of this channel is larger, as shown in Fig. 10.
The mean imaginary index of refraction listed in Table 3
also shows similar results. From Fig. 9, it can be seen that
the simulated reflectances of the ABI 0.865-um channel
are lower than those observed from MODIS. The same
result can be seen for the 1.61-um channel (see Figs. 12
and 9). However, for the 1.378-um channel, the ABI has
a slightly smaller central wavelength and a relatively
narrower bandwidth when compared with the MODIS
spectral response function (see Fig. 11). The mean
imaginary index of refraction of ABI is less than that of
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MODIS. As shown in Fig. 9, the corresponding simu-
lated reflectances of the ABI 1.378-um channel are
higher than those from MODIS for most pixels. Similar
results are found for the ABI 2.25-um channel (see Figs.
13 and 9). Thus, the differences between simulated ABI
solar channel radiances-reflectances and those mea-
sured from MODIS can be explained.

Since the ice cloud properties used in the present
simulation are derived from MODIS level 2 products,
the differences in radiances between the ABI channels
and corresponding MODIS channels might also be
caused in part by errors in the MODIS effective particle
size products. Further work will be needed to confirm
this. In addition, in the ABI simulator, the spectral
variances of transmission for the cloud-free atmosphere
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FIG. 13. As in Fig. 10, but for the ABI 2.25-um channel (MODIS
2.13-um channel).

are considered in the CKD models, but the ice cloud
optical properties are still treated as the band mean.
Therefore, the treatments for gas and cloud are not
consistent. Recently, Lu et al. (2011) extended the CKD
method from gaseous absorption to water cloud optical
properties. In future research, we will consider this ap-
proach for ice clouds.

6. Summary

In this study, we describe the development of an ice
cloud radiance simulator based on the DISORT model
for use with the next-generation geostationary Advanced
Baseline Imager. To consider gaseous absorption in the
atmosphere, a set of CKD models is developed that in-
cludes the instrument spectral response functions and
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a treatment of absorption by multiple gaseous compo-
nents. A subsequent comparison between the rigorous
reference model and the CKD+DISORT simulator
shows very close agreement.

The simulator is used to investigate the relationship
between the radiances anticipated from the ABI solar
channels and those measured from corresponding MODIS
channels on the Aqua platform. To this end, the profiles
of atmospheric absorption optical thickness associated
with each weighting Ag are first calculated from the CKD
models with collocated MERRA atmospheric profiles.
With the ice cloud optical thickness and effective particle
size obtained from MODIS level 2 cloud products as
model inputs, the ice cloud radiances of individual ABI
solar channels are simulated and compared with collo-
cated MODIS measurements. The resulting comparisons
show that there appear to be systematic differences be-
tween the simulated ABI radiances and the MODIS
measurements. Further analysis indicates that the band-
averaged imaginary index of refraction of ice may be the
major cause leading to the radiance differences between
the ABI solar channels and the corresponding MODIS
channels.
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