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ABSTRACT
Employing a new approach based on combined Raman lidar and millimeter-wave radar measurements and a
parameterization of the infrared absorption coefficient s a (km 21 ) in terms of retrieved cloud microphysics, a
statistical relation between s a and cirrus cloud temperature is derived. The relations s a 5 0.3949 1 5.3886 3
10 23 T 1 1.526 3 10 25 T 2 for ambient temperature T(8C) and s a 5 0.2896 1 3.409 3 10 23 T m for midcloud
temperature T m (8C) are found using a second-order polynomial fit. Comparison with two s a-versus-T m relations
obtained primarily from midlatitude cirrus using the combined lidar–infrared radiometer (LIRAD) approach
reveals significant differences. However, it is shown that this reflects both the previous convention used in curve
fitting (i.e., s a → 0 at ;2808C) and the types of clouds included in the datasets. Without such constraints,
convergence is found in the three independent remote sensing datasets within the range of conditions considered
to be valid for cirrus (i.e., cloud visible optical depth less than ;3.0 and T m less than ;2208C). Hence, for
completeness, reanalyzed parameterizations for a visible extinction coefficient s e-versus-T m relation for midlatitude cirrus and a data sample involving cirrus that evolved into midlevel altostratus clouds with higher optical
depths are also provided.

1. Introduction
Understanding the radiative effects of clouds on the
earth–atmosphere system is of crucial importance to improving the accuracy of general circulation models
(GCM) to predict our current climate and to better comprehend climate change issues (Stackhouse and Stephens 1991). The chief radiative properties of clouds
are expressed in terms of their visible cloud optical
depth t and infrared absorption emittance «. Although
these parameters depend on cloud microphysical content
by way of variations in particle phase, size, and shape,
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or as expressed in many models by mass content and
effective particle size, it is ambient temperature that, to
a large extent, governs radiative transfer because of the
strength of the adiabatic process. Thus, temperature is
a basic factor in the parameterization of cloud radiative
properties, and relations describing these temperature
dependencies can be used to help to validate model
calculations.
One important element in this endeavor is related to
the component of cirrus clouds inhabiting the upper troposphere (Liou 1986). The essential radiative properties
of these ice clouds are that they are optically thin (t ,
;3.0) in the visible and are gray emitters (« , ;0.85)
in the infrared (Platt et al. 1987; Sassen 2002). Nonetheless, cirrus clouds are globally widespread and are
well positioned in the upper troposphere to modulate
the fluxes of incoming shortwave and outgoing longwave radiation (Wylie et al. 1994). Because of this,
uncertainties related to the manner in which their radiative properties are treated in GCMs have become an
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important issue. Stephens et al. (1990), for example,
related the relevance of the radiative properties of clouds
to climate feedback, and Lohmann and Roeckner (1995)
used a GCM to illustrate how different cirrus cloud
emissivity parameterizations could have a large impact
on the predicted global climate and sensitivity to climate
change.
The infrared absorption coefficient s a is a basic cloud
property from which the radiative transfer of infrared
flux through a cloud can be calculated. It is convenient
and most accurate to measure the cloud vertical emittance, and thus absorption coefficient, in a narrow band
of wavelengths in the atmospheric window region. This
value can then be related to broadband flux emittance
and various reflectance considerations through theoretical or experimental values of spectral variation and
diffusivity calculations (e.g., Platt and Dilley 1981).
In this study, we concentrate on the parameterization
of the temperature dependence of s a in the midinfrared
(9.25–12.0 mm) window, which is the basic term in
computing «. That is, in terms of cloud height Z and
physical depth DZ,

[E

« 5 1 2 exp 2

0

DZ

]

sa (Z ) dZ .

(1)

Although scattering may also have an effect on cirrus
cloud radiative transfer in the thermal infrared, particularly from satellites, cirrus clouds radiative forcing is
mainly affected by cloud absorption (Fu et al. 1997).
Here we present results from an extensive remote
sensing dataset based on combined Raman lidar and
millimeter-wave radar measurements of cirrus and using
a newly developed algorithm to infer cirrus cloud content (Wang and Sassen 2002a). Our results are compared
with similar parameterizations developed from combined lidar and infrared radiometer (LIRAD) datasets
from Platt and Harshvardhan (1988) and Sassen and
Comstock (2001). Although the equations are significantly different, we show how they can be reconciled
by addressing the numerical form of curve fitting and
confining the datasets to proper cirrus clouds [as defined
in Sassen (2002)].
2. The lidar–radar dataset
As described in detail in Wang and Sassen (2002b),
the current parameterizations are based on about 1000
h of combined Raman lidar (0.355-mm channel) and
millimeter-wave (8.7 mm) cloud radar data from cirrus
clouds obtained between 1996 and 2000 at the Southern
Great Plains Clouds (SGP) and Radiation Test Bed
(CART) site in north-central Oklahoma. The method
relies on combining the measurements of equivalent radar reflectivity factor Z e and lidar visible extinction coefficient s e to estimate vertical profiles of cirrus cloud
ice water content IWC and general effective size Dge
(Fu 1996). As shown by Ansmann et al. (1992) and

discussed in Wang and Sassen (2002b), no major assumptions, such as specifying the backscatter-to-extinction ratio, are required to retrieve the cirrus cloud extinction coefficient with this Raman lidar method. Based
on the treatment of the radiative properties of cirrus
clouds developed by Fu (1996), s e can be parameterized
as a function of IWC and Dge as

s e 5 IWC(a 0 1 a1 /Dge ),

(2)

where a 0 and a1 are constants at visible wavelengths,
and Dge is defined in terms of the ice crystal width D,
length L, and concentration N by

Dge 5
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Mitchell (2002) has recently discussed the approaches
and limitations of determining an effective size for populations of nonspherical particles in radiative transfer
calculations: such terms are an artifice involved in computing the scattering and absorption coefficients in
clouds as a function of wavelength, not a representation
of the physical size of an actual ice crystal.
Using the same assumptions concerning the hexagonal column shape of ice crystals as in Fu (1996), and
further assuming that the Rayleigh approximation is valid and the radar reflectivity of the ice crystals is equal
to that of an equivalent volume solid ice sphere (Liao
and Sassen 1994), water-equivalent Z e can be parameterized approximately as
b
Z e 5 C9(IWC/r i )Dge
,

(4)

where C9 is the radar constant, b is a constant based on
the use of a modified gamma size distribution, and r i
5 0.92 g cm 23 is the density of an ice particle (assumed
to be solid).
Having retrieved vertical IWC and Dge profiles according to this parameterization, we can then solve for
the infrared absorption coefficient s a , which, according
to Fu et al. (1998), can be expressed as

sa 5

IWC
(b 1 b1 Dge 1 b 2 Dge2 1 b 3 Dge3 ),
Dge 0

(5)

where the coefficients b n are taken from Table 1b of Fu
et al. (1998) for the midinfrared window region.
Figure 1 provides the results of this analysis in terms
of the dependence of s a on ambient temperature T in
1.08C intervals. For this first result, we show the standard deviations for each data value, which indicate the
considerable variability that exists in s a at all cloud
temperatures. Frequency distributions of the s a at four
selected temperatures (within 3.08C temperature bins)
are given in Fig. 2 to further illustrate this point. The
distributions broaden with increasing temperature in a
manner very similar to that reported for the visible ex-
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FIG. 1. Dependence of 1.08C-average infrared absorption coefficients on ambient temperature derived from approximately 1000 h
of combined Raman lidar and millimeter-wave radar data from the
SGP CART site. Bars give the standard deviations for each point,
and the solid curve shows the result of our parameterization.

tinction coefficient in Wang and Sassen (2002b). A basic
property of scattering and absorption in cirrus, then, is
their strong variability even at a given temperature,
which reflects the action of cloud microphysical process
involving ice particle nucleation, growth, and vertical
transport. Factors such as the cirrus cloud generating
mechanism and the cloud-top temperature and relative
position within the cloud (Sassen et al. 2002), also have
impacts. As shown in Platt et al. (1987), the standard
deviation of experimental uncertainties is typically
much smaller than the natural variability of s a in clouds.
In Fig. 3, the dependence of s a on midcloud temperature T m is shown, also in 1.08C intervals. As in Fig.
1, the expected gradual decrease in average s a with
decreasing temperature is clearly in evidence. Note that
since both radar and lidar data are needed in the analysis,
less accurate data occur at less than 2658C because of
the bias in the radar measurements to sense only the
densest cold cirrus (Wang and Sassen 2002b). In addition, anomalously high s a are found at the warmest
T m because this cloud sample appears to have included
some relatively dense midlevel clouds (Sassen et al.
2001a; Sassen and Comstock 2001).

VOLUME 60

FIG. 2. Frequency distributions of the infrared absorption coefficient for four selected ambient temperatures, showing strong variability at any given temperature.

latitude cirrus clouds (Platt 1973; Platt and Dilley 1981;
Comstock and Sassen 2001). (Note that, because this
approach combines range-resolved lidar with path-integrated infrared radiometer measurements, it is only
possible to provide information with respect to T m .)
With this method, simultaneous coaligned measurements of narrow-field-of-view infrared brightness temperature and lidar backscatter cross section are com-

3. Current cirrus cloud s a parameterization
Using a second-order polynomial function to fit the
extended datasets in Figs. 1 and 3, the results of our
parameterizations of s a (km 21 ) in terms of T and T m
(both in degrees Celsius) are shown by the solid lines
in Figs. 1 and 3, respectively. The fitted equations are
s a 5 0.3949 1 5.3886 3 10 23 T 1 1.526 3 10 25 T 2
and s a 5 0.2896 1 3.409 3 10 23 T m .
4. Comparison with LIRAD parameterizations
The LIRAD method has been used previously to derive the relation between s a and T m in primarily mid-

FIG. 3. Comparison of midcloud temperature vs absorption coefficient parameterizations from the current study (solid curve and
1.08C-average s a ), Platt and Harshvardhan (1988), and Sassen and
Comstock (2001).
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FIG. 4. Comparison of data points from the current study at the
SGP CART and FARS sites for midlatitude cirrus clouds. Also shown
are the new parameterized results for the two datasets.

bined to estimate t and «. The derived lidar cloud backscatter coefficient b c , which is strongly dependent on
the backscatter-to-extinction ratio k and multiple scattering parameter h, is related to s a by assuming s a (z)
5 zb c (z). Final values of s a (z) are obtained by iterating
z and the combined parameter k/2h until measured and
model radiances agree. Cloud emittance is then calculated directly from s a (z), and t is calculated using the
final value of k/2h and integrating b c between cloud
base and top. The LIRAD method computes « with an
uncertainty of about 10% (Platt and Dilley 1981).
The LIRAD method, as described in Platt and Dilley
(1981), provides values of « and improved estimates of
t by assuming a single value of k/2h for the entire cloud
system, which is obtained from the integrated attenuated
backscatter as « tends to unity (Platt 1973). The ratio
k/2h can also be obtained for each individual lidar profile by comparing the average backscatter coefficient
above the cloud to the expected molecular signal, as
described Comstock and Sassen (2001). This method
produces an uncertainty of about 24% in t. The results
given here from the University of Utah Facility for Atmospheric Remote Sensing (FARS; Sassen et al. 2001b)
dataset are calculated using this new LIRAD approach.
Figure 3 compares the results of the parameterization
from our radar–lidar analysis of cirrus clouds from the
SGP CART site (solid line) with those from midlatitude
and tropical cirrus in Australia [dotted line; from Platt
and Harshvardhan (1988)] and the total cirrus cloud
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FIG. 5. Absorption coefficients from Platt and Dilley (1981) and
Platt et al. (1987) plotted against midcloud temperature, as compared
with the current SGP CART parameterization and a new exponential
fit to the Southern Hemisphere data (dashed line) considered to be
appropriate for high-level clouds that evolve into midlevel clouds.

sample from the FARS site in northern Utah [dashed
line; from Sassen and Comstock (2001)]. The FARS
dataset has been restricted to only visually identified
cirrus clouds. There are obviously significant differences in the s a-versus-T m predictions offered by these cirrus
cloud parameterizations.
5. Discussion
To help to evaluate the reasons for the differences in
the curves in Fig. 3, we first provide, in Fig. 4, a comparison of the original data points composing the FARS
and SGP CART datasets (see inserted key). Although
the parameterized results are divergent, it can be seen
that the data values are in very good agreement over
the 2208 to 2708C midcloud temperatures appropriate
for these midlatitude cirrus clouds (Sassen and Comstock 2001).
Similarly, Fig. 5 compares the individual data points
from Platt and Harshvardhan (1988) to the lidar–radarbased parameterization (solid line) from the SGP CART
site. In this case, data corresponding to T m , ;2308C
are in reasonable agreement with the SGP and FARS
parameterizations, although at warmer temperatures the
Southern Hemisphere data increase considerably faster.
Thus we conclude that the significant differences in
the parameterized curves in Fig. 3 are primarily a result
of the earlier convention used to fit the LIRAD datasets.
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In addition, because of the inclusion of relatively warm
cloud data in Platt and Harshvardhan (1988), which violates our working definition of cirrus clouds (Sassen
2002), this particular parameterization has also been affected during curve fitting by the relatively high s a values at the warmer temperatures. It is clear that if the
use of a minimum cirrus cloud temperature (of
;2808C) for s a 5 0 is avoided, then the two LIRADderived datasets appropriate for midlatitude cirrus
clouds are in good correspondence with our current lidar–radar data based on a different approach. As a matter of fact, the dashed line in Fig. 4 represents the reanalysis of the FARS LIRAD dataset using a linear fit:
the result is practically indistinguishable from the current curve.
It is of interest to note that the southern midlatitude
LIRAD data from which the Platt and Harshvardhan
(1988) parameterization was drawn included some cirrus cloud systems that evolved into deep altostratus
clouds with greater optical depths. Such clouds at higher
temperatures can be expected to contain larger ice crystals and their aggregates and thus to have higher absorption coefficients. This common evolution in cloud
type, then, has been captured in this dataset and can be
used to parameterize the development of high cloud
systems into midlevel cloud systems. The dashed line
in Fig. 5, which clearly curves away from the FARS
and SGP results at warm temperatures, provides the following parameterization appropriate for these conditions: s a 5 2.6282 exp(0.064T m ).
Last, note that the same concerns regarding minimum
cirrus temperature constraints also apply to the parameterization of other cirrus cloud radiative properties such
as t or visible extinction coefficient s e , as was recently
pointed out in Wang and Sassen (2002b). We therefore
provide the following new parameterization of cirrus
cloud s e versus T m based on the extensive LIRAD data
reported in Sassen and Comstock (2001): s e 5 0.49 1
0.0052T m . This equation is based on a linear curve fit
but reflects the growth of cirrus clouds at temperatures
,2808C and produces results that are very similar to
the second-order polynomial function developed in
Wang and Sassen (2002b) using the same lidar–radar
dataset as here.
6. Conclusions
The accurate parameterization of the visible extinction and infrared absorption coefficients versus cirrus
cloud temperature is crucial for modeling the radiative
effects of these upper-tropospheric clouds. Unfortunately, recent analyses of remote sensing datasets have
generated significantly different relations.
However, we have been able to show that what appeared to be an inharmonious set of cirrus cloud s aversus-T m parameterizations is in effect mainly a consequence of the data curve fitting approach used in each
case. The s a data derived previously from the LIRAD
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approach, which were stated to be valid over the range
of observed temperatures, were assumed to go to zero
at the frigid (i.e., for midlatitudes) temperature of about
2808C. Of course, the adiabatic process continues to
produce ice mass at colder temperatures, as is especially
clear in the occurrence of tropical cirrus clouds down
to temperatures as cold as about 2908C (Sassen et al.
2000). Because of the drawbacks associated with minimum temperature constraints, we have provided a reanalyzed cirrus cloud s e-versus-T m relationship based
on extended LIRAD data from FARS.
It is also indicated that care must be taken to properly
identify cloud type (e.g., cirrostratus versus altostratus)
in the creation of parameterizations from extended measurements (Sassen 2002). In the case of the data from
Platt and Dilley (1981) and Platt et al. (1987), the cloud
sample included cirrostratus that developed into altostratus over the observation period. However, the Platt
and Harshvardhan (1988) parameterization remains valid for these prefrontal cirrus/altostratus clouds observed
at midlatitudes, and a new exponential s a-versus-T m fit
describing this common transition is offered here, with
the following caveat. These clouds contained frequent
layers of high backscatter and low depolarization (Platt
et al. 1987), pointing to the presence of horizontally
oriented ice crystals that could cause a larger emittance
than for equivalent particles with random orientations
using zenith lidar measurements.
We believe that additional research is needed to determine whether other types of cirrus clouds, particularly those derived from tropical deep convection, will
need to be treated as distinct from the midlatitude cirrus
considered here. Although the relatively small sample
of tropical cirrus clouds from northern Australia in Platt
et al. (1987) appears to be consistent with the midlatitude data presented in Fig. 5, because differences in
radiative properties as a function of cirrus cloud generation mechanism have been identified in Sassen and
Comstock (2001), it may prove useful for GCMs to
stratify their treatment of cirrus clouds according to latitude or other factors. Recent observations of tropical
clouds in Papua, New Guinea (Platt et al. 1998), for
example, have indicated higher values of s a at the lower
temperatures as compared with midlatitude clouds. We
stress that the basic cirrus cloud generation process to
a large extent controls the cloud microphysical conditions that ultimately determine their radiative properties.
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