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ABSTRACT

The problem of retrieving cirrus cloud optical depth from radiance measurements made by instruments
aboard operational meteorological satellites is addressed. A method is proposed that exploits the relationship
between observed differences in the near infrared (NIR) and infrared (IR) window radiances (expressed in
terms of brightness temperature differences AT') and the optical depth of the cloud. The approach designed to
test this method relies on the simultaneous collection of ground-based lidar and infrared radiometric (LIRAD)
data, radiosonde data and bispectral satellite images.

Two case studies are described for which independent estimates of satellite pixel and coincident time-averaged
LIRAD optical depths are compared with radiative transfer calculations made for hypothetical clouds characterized
by distributions of spherical ice particles. Such comparative analyses yield information about cloud microphysics
and enable the selection of representative theoretical relationships between estimates of cloud optical depth and
observed spectral differences. A third case demonstrates the potential use of this split window technique to
estimate cirrus cloud optical depth when only operational data is available.

In the first two cases, it was found that the LIRAD-derived optical depths agree to within 70% of the satellite
estimates for optical depths greater than about 0.3, and that the differences tend to be systematic. Larger
discrepancies are noted for thinner clouds, however, indicating inaccuracies in one or the other, ar possibly
both of these methods when applied to very thin layers. Another possible cause for these large discrepancies is
the potential ambiguity in comparing the spatially averaged satellite data with time-averaged LIRAD data if
physical changes in cloud structure occur during the course of the experiment.

We also found that, in all cases, the observed spectral differences (NIR-IR ) agree reasonably well with model
simulations if the clouds are assumed to be composed of distributions of large spherical ice particles having

effective radii in the 32-64 um range.

1. Introduction

A major obstacle to understanding the sensitivity of
the Earth’s climate to some imposed perturbation lies
in the feedbacks that exist between clouds and the way
they interact with radiation. Deriving a climatology of
global cloudiness is perceived to be an important factor
in unraveling the nature of these feedbacks. Satellite
observations provide the only way of obtaining such a
global climatology. In fact, satellite observations of
clouds have been used in atmospheric research since
the first satellite images were collected over 20 years
ago (e.g., Arking 1964 ), but systematic progress in ob-
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taining a quantitative understanding of global cloudi-
ness has been rather slow. This slow progress is, in part,
a result of the many unsolved problems concerned with
the retrieval of cloud parameters from satellite-mea-
sured radiances. A central focus of the International
Satellite Cloud Climatology Project (ISCCP; Schiffer
and Rossow 1983) is both to identify and to address
these problems. One problem that has been identified
concerns the ambiguity of interpreting satellite radiance
measurements when thin cirrus clouds are present. The
need to characterize the radiative properties of cirrus
clouds, especially optical depth, has been well stated
in the studies of Stephens and Webster (1981) and of
Platt (1981), among others.

Current methods for retrieving cloud properties from
satellite observations tend to fall into two broad classes: -
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(1) Methods based on a relationship derived from
physical principles such as radiative transfer (e.g., Ros-
sow et al. 1985; Chahine 1982; Susskind et al. 1984).

(i1) Methods based on certain statistical properties
of the data. Exampiles are the bispectral cluster methods
of Platt (1983) and Desbois et al. (1982), the spatial
variance approach of Coakley and Bretherton (1982)
and the radiance pattern techniques explored by Chin
et al. (1987), Parikh (1977), Wu et al. (1985) and
others.

When infrared (IR ) radiance data are used to estimate
cirrus cloud optical depth, either approach requires a
knowledge of both cloud and surface temperatures. In
actual cases of extended cirrus clouds of low optical
depth, neither the cloud nor the surface temperature
can be estimated accurately using radiance observations
from a single channel.

The aim of this paper is to make a preliminary as-
sessment of a method, based on the principles of ra-
diative transfer, to derive the optical depth of thin cirrus
cloud from bispectral radiance data routinely available
from meteorological satellites. The method described
here uses the radiances measured in the 3.7 um near
infrared (NIR) channel of the Advanced Very High
Resolution Radiometer (AVHRR ) aboard the NOAA-
9 and NOAA-10 satellites. The method was proposed
previously by Stephens (1981), Arking and Childs
(1985), Kidder and Wu (1984 ), and Wu (1987). These
studies demonstrate the potential of using the 3.7 um
channel (or similar NIR channel), particularly when
contrasted against an IR window channel, not only for
differentiating between water and ice clouds but also
for estimating optical depths of thin cirrus.

Unlike previous studies, the study reported here at-
tempts to provide an assessment of cloud optical depth
retrieval using two independent estimates: one derived
from the combined analysis of ground-based lidar and
radiometric (LIRAD) and radiosonde data, and the
other derived from the coincident measurement of NIR
and IR satellite radiances. The focus of the study is
confined to the simplest cases for which a single cirrus
cloud layer drifts over an observing site. More complex
and perhaps more important issues like broken and/
or multiple overlapping cloud layers are not consid-
ered. Estimates of the cloud heights and temperatures
were obtained through the combined analyses of lidar
and radiosonde data. The ground-based and satellite
.infrared radiances are used independently to derive
cloud emissivities and subsequently equivalent ab-
sorption optical depths, and finally total infrared cloud
optical depths 7, making simple assumptions about the
cloud microphysical properties. A multiple scattering
radiative transfer model is employed, assuming hy-
pothetical cloud models, to simulate relationships be-
tween NIR~IR radiance differences (expressed in terms

of equivalent blackbody or brightness temperature dif- -

ferences AT') and 7.
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The results for two such case studies are described
in this paper. The experimental setup used to obtain
the data for these studies closely resembles that pro-
posed for the Experimental Cloud Lidar Pilot Study
(ECLIPS) program scheduled for the latter part of 1989
(World Climate Programme 1988). It is hoped that
the ECLIPS program will provide opportunities to carry
out many more analyses similar to those described here,
but for selected sites around the globe representing a
variety of situations. Data collected during Intensive
Field Observations (IFOs) planned for FIRE Phase II
(FIRE Project Office 1989) should also be a rich source
of data for such investigations.

A third example using GOES-6 NIR and IR imagery
is presented to demonstrate how the spectral differ-
encing method can be used to obtain cirrus optical
depth when only routine satellite and nearby radio-
sonde data are available.

2. The theoretical method

The radiances measured by satellite depend on the
optical thickness of the cloud layer, the known solar
and view geometry, the temperature and microphysical
properties of the cloud, and the surface temperature.
The geometric thickness and temperature of the cloud
and the surface temperature are obtained from the
combined analyses of ground-based observations.
These boundary conditions are subsequently used in
a multiple scattering radiative transfer model to sim-
ulate the upwelling radiances within the satellite’s field
of view (FOV) and to derive theoretical relationships
between the NIR-IR radiance differences and the IR
cloud optical depth (AT, 7). The specific single scat-
tering information needed in the calculations obviously
cannot be supplied by the available observations and
is approximated by using microphysical models [as
Arking and Childs (1985) did]. These models are ref-
erenced in this study by microphysical indices (MP
numbers). The model results that provide the most
consistent comparison with the observed relationship
between AT and 7 then form the theoretical basis for
estimating 7 from the observed spectral differences.

a. Microphysical models

The true characterization of cirrus microphysical
properties and the determination of the optical prop-
erties associated with these parameters may be impos-
sible, even with the most sophisticated experimental
design. The theoretical problem is further complicated
by the complex shape and preferential orientation of
the ice particles that constitute cirrus (e.g., Platt 1978
and Stephens 1980b). Given these unresolved com-
plexities, we chose to keep the problem simple and, for
the lack of a suitable single scattering theory, we as-
sumed model clouds to be composed of equivalent
spherical ice particles distributed according to
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TABLE 1. Microphysical parameters and optical properties for spherical ice particles with a size distribution characterized
by the different MP numbers for the wavelengths of the NOAA-9 AVHRR channels.
MP Te A Kexs . wC
index (um) (um) (cm™) @o g (gm™)

0.69 1.1937E-6 0.999998 0.843755

1 4 3.73 1.6776E-6 0.934408 0.772376 2.655E-4
10.82 5.4273E-7 0.208766 0.744374
0.69 3.0724E-6 0.999997 0.864351

2 8 3.73 3.4494E-6 0.850004 0.783163 1.416E-3
10.82 2.2141E-6 0.336256 0.898088
0.69 6.0115E-6 0.999994 0.876846

3 16 3.73 6.4857E-6 0.762376 0.864643 5.664E-3
10.82 5.5984E-6 0.430838 0.951485
0.69 4.7432E-6 0.999987 0.884314

4 32 373 4.9758E-6 0.659754 0.913918 9.062E-3
10.82 4.8216E-6 0.479032 0.970133
0.69 9.4046E-6 0.999975 0.888603

5 64 3.73 9.6946E-6 0.577796 0.947356 3.625E-2
10.82 9.6936E-6 0.502951 0.977084

n(r) = cr'=30% exp(—r/ab) (1) tral wavelengths A that correspond to each of the sat-

(after Hansen 1971). In this expression n(r) is the
number density of particles in the size range from ra-
dius r to r + dr, a is related to the effective radius 7,
(a = 1/r.), b is related to the dispersion and is set to
0.1 in this study and ¢ is a normalization constant that
is related to total particle concentration. Five different
MP models were selected to represent a wide range of
distributions, Tables 1 and 2 include the optical prop-
erties, derived from Mie scattering theory, for the cen-

ellite channels used in this study. These properties are
listed by MP number corresponding to the specific val-
ues of r, and ice water contents (IWCs) listed in the
tables, and are defined in the context of their use in
the radiative transfer equation given below.

b. The radiative transfer model

Radiances emerging from cloud base and top were
modeled using the monochromatic radiative transfer

TABLE 2. Microphysical parameters and optical properties for spherical ice particles with a size distribution characterized
by the different MP numbers for the wavelengths of the GOES-6 VISIBLE and VAS channels.

MP r. A Ko ) IWC
index (um) (um) (cm™) @Wo g (g m™)
0.65 1.1885E-6 0.999999 0.846124
3.94 1.7438E-6 0.928954 0.806763
1 4 10.82 5.4273E-7 0.208766 0.744374 2.655E4
12.66 1.0908E-6 0363152 0.669144
0.65 3.0656E-6 0.999998 0.865524
5 g 3.94 3.4824E-6 0.831526 0.789130 L416E.3
10.82 22141E-6 0.336256 0.898088 '
12.66 3.5607E-6 0.445900 0.836737
0.65 6.0030E-6 0.999996 0.877276
3.94 6.5185E-6 0.734791 0.875587
3 16 10.82 5.5984E-6 0.430838 0.951485 5.664E-3
12.66 6.9534E-6 0.481718 0.899611
0.65 4.7388E-6 0.999992 0.884436
3.94 4.9903E-6 0.632908 0.925130
4 32 10.82 4.8216E-6 0.479032 0.970133 9.062E-3
12.66 5.2702E-6 0.512960 0922728
0.65 9.3991E-6 0.999984 0.888586
3.94 9.7117E-6 0.561697 0.955140
5 64 10.82 9.6936E-6 0.502951 0.977084 3.625E-2
12.66 1.0116E-5 0.535438 0.931124
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equation appropriate for an absorbing, emitting and
scattering atmosphere. The equation used in this study
is

dh(7; 1, ¢) _
p 2 =

dT _-I)\(T; M ¢)
&’O 27 +1
+ f Plu, & ', )T ', & )du'd
v JO —1

. F _
+ @y *“‘4(»‘ P(u, ¢; wo, do)e "/
vy

+ (1 — @) B\(T), (2
where plane-parallel geometry is assumed. In this
equation, I,(7; u, ¢)is the diffuse monochromatic in-
tensity at some optical depth 7 along the direction de-
fined by the angle pair (u, ¢) where u = cosf and where
6 and ¢ represent the zenith and azimuth angles, re-
spectively. The optical properties of the cloud layer are
the single scattering albedo &, the phase function P(p,
¢; 1, ¢') defined in terms of the incident (u, ¢) and
scattered (u’, ¢') angles and approximated here by the
analytic Henyey-Greenstein function expressed in
terms of the asymmetry parameter g, and 7 = kAz,
where k., is the total volume extinction coefficient and
Az is the geometric cloud thickness. The third term in
(2) represents the sources of diffuse intensity due to
the single scattering of the collimated solar source
F,, along the direction specified by the solar zenith
and azimuth angles (1, ¢o). The last term is the source
of radiation associated with Planckian blackbody
emission by the cloud particles. Both of these source
terms are included when NIR transfer is modeled
whereas only the thermal emission term is retained for
IR simulations or for nighttime NIR simulations.

Equation (2) is applied to a single cloud layer irra-
diated from below by an emitting surface and from
above by a collimated source. The effects of the inter-
vening atmosphere between the cloud base and the
ground, and above the cloud are assumed to be neg-
ligible. The basis for this assumption is that the at-
mospheric attenuation is relatively small at the window
wavelengths considered in this study (at least compared
with cloud attenuation) and that any small effect will
be further reduced when spectral differences are com-
puted. Likewise the effects of surface reflection are
considered to be small, since this study focuses mainly
on cloud layers over water surfaces, and the albedos of
water at the two window wavelengths are not only small
but are also not significantly different from each other
(McClatchey et al. 1971).

In this study, simulations are made by using the
standard method of doubling and adding (e.g., Ste-
phens 1980b) and by using numerical quadrature to
represent the zenith angle dependence in the form of
2n discrete u angles. The standard Fourier cosine ex-
pansion is used to represent the azimuthal dependence
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[refer to Stephens (1988a) for a general discussion of
this approach]. The use of 16 quadrature angles was
necessary to adequately resolve the radiation field for
the distributions of large anisotropically scattering par-
ticles considered in this study, thereby defining a 32-
stream model.

A final assumption was made to reduce the com-
plexity of the problem by reducing (2) to an azimu-
thally independent form. Several tests were conducted
to determine the sensitivity of solutions to variations
in azimuth angle. Simulations made for a range of solar
angles, optical depths and MP models were analyzed
and compared with calculations made retaining 12
terms of the Fourier expansion (determined by trial-
and-error to be the “exact” solution). We found that
for the scattering geometries pertinent to our analyses,
errors introduced by assuming azimuthal independence
are typically less than 0.2%, which is equivalent to an
error in the NIR brightness temperature of about
0.5 K.

3. Theoretical model results

The five particle size distributions described in sec-
tion 2a were incorporated into a Mie scattering pro-
gram to determine the cloud radiative properties at the
satellite wavelengths listed in Tables 1 and 2. The re-
fractive indices used in the Mie calculations were taken
from the compilation of Warren (1984). Figure 1
shows the single scattering albedo &g as a function of
effective radius r, for the 3.7 um NIR and the 10.8 um
IR AVHRR channels. It is important to note that par-
ticle absorption at 3.7 um (represented by 1 — &) in-
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FIG. 1. The behavior of the single scattering albedo as a function
of effective radius for the NIR wavelength of 3.7 um (dashed) and
10.8 um IR wavelength (solid). MP index numbers are also noted
above their respective radii.
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creases with increasing effective radius, as predicted by
the arguments of Ackerman and Stephens (1987),
whereas the reverse applies for the more strongly ab-
sorbed IR radiation. Obviously any retrieval method
based on NIR-IR spectral differences is likely to be
sensitive to particle size because of the opposing be-
havior of particle absorption at these respective wave-
lengths.

Figure 2a shows an example of the theoretical re-
lationships between optical depth and the NIR-IR ra-
diance differences for a daytime situation. In this par-
ticular example the radiative transfer model was used
to simulate 3.9 um NIR and 12.7 um IR radiances
which match two channels of the GOES-6 VAS in-
strument [the VISSR ( Visible Infrared Spin-scan Ra-
diometer) Atmospheric Sounder]. The number ref-
erencing each curve refers to the particular MP model
assumed for calculating the equivalent channel bright-
ness temperatures or the NIR-IR brightness temper-
ature differences expressed in this case as

AT = T(3.9 um) — T(12.7 um). (3)
Calculations were made assuming a vertically homo-
geneous cloud temperature of 245 K. The surface tem-
perature was set to 289 K, the satellite viewing angle
was set to 37° to correspond with one of the quadrature
angles of the model, and the solar angle was set to u,
= (0.914. Model results in each case were fitted using
cubic splines. The upper sets of curves are the 3.9 um
NIR (solid) and 12.7 um IR (dashed) brightness tem-
peratures relative to the ordinate on the left of the dia-
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gram, whereas the lower, long-dashed curves are the
AT values relative to the ordinate scale defined on the
right. The 3.9 um brightness temperatures tend to be
quite sensitive to the assumed microphysical model
owing to the dramatic sensitivity of reflected sunlight
on particle size and are greatest for the small particle
distribution of MP1. The radiation emitted by clouds
at 12.7 um, on the other hand, is much less sensitive
to microphysics, as is apparent in the set of curves for
the 12.7 um brightness temperatures. This difference
in spectral sensitivity to microphysics is exploited in
the following analyses.

Figure 2b presents the same relationships between
brightness temperature and optical depth for the night-
time case {up = 0.0); all other inputs to the radiative
transfer model are held the same to permit comparison
with the daytime simulations. At night, the sensitivity
of the 3.9 um temperatures to microphysics is still sig-
nificant but is reduced in comparison to the daytime
case. The AT values are also large at night due to the
different absorption (emission) properties of cloud
particles at the respective wavelengths (e.g., compare
the single scattering albedo for the different MP models
at each of these wavelengths in Table 2). This points
to a potential advantage of the spectral differencing
method as proposed here, since it can be applied to
either daytime or nighttime satellite observations. At
night, the NIR radiation from thin clouds is dominated
by the upwelling radiation emitted from the ground
and subsequently transmitted through the cloud. By
comparison, IR radiation emitted from the surface is
more strongly attenuated by the cloud.
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FI1G. 2. Composite plots of NIR and IR brightness temperatures and AT values vs 7 for model cirrus clouds for (a) daytime and (b)
nighttime situations. Numbers relate to the MP models listed in Table 2. Solid curves are for the 3.9 um NIR channel and short-dashed
curves are for the 12.7 pym IR channel and relate to the left-hand scale. Long-dashed curves relate to the AT values (right scale). Other

information is contained in the text.
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For the particular cases shown in Figs. 2a and 2b,
the maximum values of AT occur for a range of 7 be-
tween about ! and 3; AT approaches zero as 7 tends
to zero and also decreases for larger values of 7. At
night, AT decreases to zero as the clouds reach their
blackbody limits (i.e., for large optical depths). During
the day, however, the values of AT tend toward a fixed
nonzero value as 7 increases because both the NIR
reflection and IR emission approach limiting values
for optically thick clouds. In either case, the clear-sky
simulations of AT equal zero, since by definition 7 = 0.
In reality, the clear-sky difference is more like 0.5 K
(Stephens 1981). Both this error and that associated
with the assumption of azimuthal independence are
small compared with the magnitude of the temperature
differences demonstrated in Fig. 2 for clouds with
72 0.3.

The infrared brightness temperatures calculated for
each MP model and shown in Figs. 2a and 2b are more
sensitive functions of cloud optical depth for thin
clouds than are the near infrared brightness tempera-
tures. Thus, the satellite emissivities derived from IR
radiances in the window region (e.g., the 10.8 um or
12.7 um channels) provide a way of deducing the total
infrared optical depth of the cloud, as will be discussed
in section 4.

4. The experimental method

Two case studies are described in sections 5a and
5b for which simultaneous satellite, LIRAD, and ra-
diosonde data were obtained. The data were collected
during 1986 by the Commonwealth Scientific and In-
dustrial Research Organization (CSIRO) Satellite Im-
aging Data Acquisition (CSIDA) and LIRAD systems
(Platt et al. 1987), both situated at Aspendale, Aus-
tralia. Analysis of a third case (section 5¢) is based on

the use of GOES-6 VAS bispectral data obtained for a
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FIG. 3. The configuration of the Aspendale Cirrus Experiment
showing the scanline orientation view of NOAA-9’s AVHRR instru-
ment in its ascending orbit on 21 July 1986. The radiosonde station
and extrapolated cloud motion are also indicated.
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FIG. 4. Vertical cross section along the 38°S latitude line of Fig.
3 showing the geometrical considerations in matching the satellite
and lidar data used in this study.

region off the west coast of California and is presented
to demonstrate the potential use of the spectral differ-
encing method for deriving maps of cirrus cloud optical
depth using only operationally available data.

The design of the CSIRO experiments involved col-
lecting coincident satellite and ground-based data as
cirrus clouds drifted over the Aspendale site. Radio-
sondes were launched at Laverton (50 km distance)
to provide profiles of temperature, moisture and wind
speed and direction at times before and after the
NOAA-9 satellite overpass. Figure 3 shows the location
of the LIRAD site, the radiosonde station, the ascend-
ing track and scanline orientation of NOAA-9, and the
extrapolated motion of the cloud for the case reported
in section 5a.

Considerable care was taken to match the satellite
data with the ground-based observations. Among the
steps taken were the following:

(i) Correction for the differences in the FOVs of the
satellite radiometer and the LIRAD instruments, ob-
tained by averaging the latter over a period of time
determined from the known FOV of the satellite ra-
diometer and the advection speed of the cloud.

(ii) Correction for the “mislocation” of the cloud
volume observed by the slant-angle of the satellite rel-
ative to the vertical FOV of the LIRAD instruments.

(iii) Conversion of the slant optical path to vertical
reference optical depth in determining the satellite pixel
emissivities used in comparison with the LIRAD-de-
rived emissivities.

A schematic of these effects is presented in Fig. 4
corresponding to a vertical section along the 38°S lat-
itude line shown in Fig. 3.

a. The CSIRO LIRAD system and analysis

The vertically pointing LIRAD system measured
backscattered intensity of a calibrated ruby lidar op-
erating at a wavelength of 0.694 um, and simulta-
neously measured downwelling IR radiation by a cal-
ibrated narrowbeam radiometer with a spectral re-






