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ABSTRACT

Lidar and high spectral resolution infrared radiance observations taken on board the ER-2 on 28 October
1986 are used to study the radiative properties of cirrus cloud in the 8-12 um window region. Measurements
from the High-spectral resolution Interferometer Sounder (HIS) indicate that the spectral variation of the
equivalent blackbody temperature across the window can be greater than 5°C for a given cirrus cloud. This
difference is attributed to the presence of small particles.

A method for detecting cirrus clouds using 8 um, 11 um, and 12 um bands is presented. The 8 pm band is
centered on a weak water-vapor absorption line while the 11 um and 12 um bands are between absorption
lines. The brightness temperature difference between the 8 and 11 pm bands is negative for clear regions, while
for ice clouds it is positive. Differences in the 11 and 12 um channels are positive, whether viewing a cirrus
cloud or a clear region. Inclusion of the 8 um channel therefore removes the ambiguity associated with the use
of 11 and 12 um channels alone. The method is based on the comparison of brightness temperatures observed
in these three channels.

The HIS and lidar observations were combined to derive the spectral effective beam emissivity (€) of the
cirrus clouds. Fifty percent of clouds on this day displayed a spectral variation of e from 2-10%. These differences,
in conjunction with large differences in the HIS observed brightness temperatures, indicate that cirrus clouds
cannot be considered gray in the 8-12 um window region.

The derived spectral transmittance of the cloud is used to infer the effective radii of the particle size distribution,
assuming ice spheres. For 28 October 1986 the effective radius of cirrus cloud particle size distribution (7.g)
was generally within the 30-40 um range with 8% of the cases where 10 < rg < 30 gm and 12% of the cases
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corresponding to r.g > 40 um.

1. Introduction

The 8-12 um spectral region is an important at-
mospheric window for radiometric studies of the earth’s
surface and clouds. Selective gaseous absorption in this
window occurs in the 9.6 um ozone band with the
remaining absorption dominated by water vapor. This
spectral window is also very important for climate
studies since most of the earth-atmosphere longwave
radiative loss to space occurs in this spectral region.
Cirrus clouds have a large impact on the attenuation
of radiation in this atmospheric window region (Platt
1973; Liou 1974; Stephens 1980; Wu 1984). Under-
standing the interaction of cirrus clouds with the ra-
diation field is critically important for climate studies
and in interpreting satellite radiometric measurements.
This understanding is hampered by the large variability
of cirrus optical properties, making it difficult to de-
termine their presence, let alone their radiative impact.
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This study focuses on observations of the radiative
properties of cirrus clouds within this window region.
Lidar and radiometric observations are employed for
detecting the presence of cirrus and describing their
radiative properties. The instrumentation that achieved
the spectral radiance observations used in the study is
described. Results are presented for the 28 October
1986 FIRE case study day in terms of brightness tem-
perature differences, cirrus effective emissivities and
the gross microphysical characteristics of the observed
clouds.

2. Instrumentation

During the First ISCCP Region Experiment (FIRE),
simultaneous lidar and high spectral resolution infrared
radiance observations of cirrus clouds were taken from
the NASA ER-2. The radiometric observations were
conducted with the High-spectral resolution Interfer-
ometer Sounder (HIS). The HIS (Smith et al. 1986)
is a Michelson Interferometer with a spectral resolving
power (A/AX) of approximately 2000 covering the
spectral range from 3.7-17.0 pm. The HIS spectra have
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a resolution of approximately 0.5 cm ™! from 600-1100
cm ™! (9.1-16.7 um), and 1.0 cm ™' resolution from
1100-2700 cm ™! (3.7-9.1 um). The ground resolution
of the HIS nadir observations is approximately 2 km
from an ER-2 altitude of 19.8 km. Detection in each
of three spectral bands is performed using liquid helium
cooled arsenic doped silicon detectors contained in a
single detector-dewar assembly. Three detector-filter
systems are used to optimize the signal-to-noise ratio
of the observations throughout the broad spectral re-
gion measured. High emissivity, temperature-con-
trolled reference blackbodies are used for an absolute
calibration. Each group of HIS interferograms consists
of two cold blackbody views, two hot blackbody views,
and six earth views for each scan direction of the mirror.
The four blackbody views are used for the calibration
of the six earth views. The noise equivalent temperature
and calibration accuracy are both about 0.1°-0.2°C
over much of the spectrum. A detailed description of
the instrument and its calibration is given in Rever-
comb et al. (1988).

The Cloud and Aerosol Lidar (CALS) on board the
ER-2 consists of a Nd:YAG laser that transmits polar-
ized light at a frequency-doubled mode at 532 nm and
at a rate of 5 Hz, or approximately every 41 meters
along the flight line. CALS measures the total atten-
uated backscatter coefficient, B'(Z ), of the atmospheric
constituents below the ER-2 as a function of height.
To determine B’(Z) the return power received by the
lidar must be calibrated in terms of the backscatter
coefficient and range. This calibration of the CALS is
carried out for each shot profile using a vertical segment
of the upper atmosphere where the backscatter coef-
ficient for Rayleigh scattering is known. Final calibra-
tion constants are then derived from a large number
of lidar shot profiles. Cloud top heights were derived
in a manner described by Spinhirne and Hart (1990)
for each lidar profile. For optically thin clouds, ground
returns can be seen in the lidar shot profiles and are
used to discriminate “thin” cirrus clouds from “thick”
cirrus clouds. Cloud bases for the thin clouds were de-
termined based on a simple threshold method. This
threshold was also applied to the thick clouds although
it is not representative of the actual cloud base. Cloud
integrated attenuated backscatter, v, corresponding to
each HIS observation was determined by integrating
the attenuated backscatter profiles throughout the
depth of the cloud.

There were a total of 173 concurring HIS and CALS
data points for the time period 1640-1820 UTC. The
flight track of the ER-2 during this time covered south—
central Wisconsin. A discussion of the synoptic con-
ditions is given by Starr and Wylie (1990).

3. Data analysis

Figure 1 is an example of four HIS spectra (clear,
altocumulus, and two cirrus) over the spectral range
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FiG. 1. Four HIS spectra (clear, altocumulus, and two cirrus) over
the spectral range 8-13 um observed during the 28 October FIRE
case-study day. The dotted, dashed, and dot-dashed lines are theo-
retical calculations discussed in the text.

8-13 um observed during the 28 October FIRE case
study day. While the HIS measures the radiance in the
9-10 um band for retrieval of O, it has been omitted
in Fig. 1. The individual gaseous absorption lines, pri-
marily due to water vapor, are evident in the clear and
low-level cloud cases (i.e., highest brightness temper-
atures ) depicted in Fig. 1. The effect of the water-vapor
continuum 1is seen as a trend of decreasing equivalent
blackbody temperature with increasing wavelength in
the 10-13 um window. The high thick cirrus case also
depicts a decreasing trend with a blackbody tempera-
ture difference of 5°C between wavelengths of 10 and
12 um. This change is due to cloud radiative properties
and is consistent with the absorption coeflicient of ice
(k = 4wn;/\), which changes by a factor of 9 (Fig. 2)
between these two wavelengths. The maximum change
in the absorption coefficient of ice is between 10 and
11 um, a feature consistent with the maximum changes
in the equivalent blackbody temperatures of Fig. 1.
The spectral signature observed by the HIS (Fig. 1)
is also related to the cloud particle size distribution. In
Fig. 1, the dotted and dashed lines depict theoretical
radiative transfer calculations using a 16 stream dou-
bling-adding model and assuming a surface temper-
ature of 279 K and a cloud top temperature of 230 K
with an ice-liquid water path of 70 gm 2. The cloud
is assumed to have a lapse rate of 6°K km ™', and gas-
eous absorption within the cloud is neglected. The
cloud particles are assumed to be spheres with a gamma
size distribution (Hansen and Travis 1974). The
dashed-dotted curve in Fig. 1 assumes a cloud ice par-
ticle size distribution with an effective radius (defined
as the ratio of the third moment of the size distribution
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FIG. 2. The absorption coefficient of ice
over the spectral range 8-13 um.

ABSORPTION COEFFICIENT (10

to the second moment) of 7. = 25 um and a variance
b = 0.25. The dashed curve assumes an ice particle
size distribution of 7.y = 13 um, b = 0.25. The dotted
curve shows a water particle size distribution of 7. = 13
um, b = 0.25. These calculations show that the ice
cloud with the smaller 7. displays the spectral signature
observed by the HIS, while the ice cloud with the larger
reg displays little spectral variation in the equivalent
blackbody temperature. These theoretical calculations
demonstrate that the HIS observed spectral signature
is related to the particle size and to the particle index
of refraction.

Particle shape also plays a role in the spectral vari-
ability of the HIS observed radiances. Similar calcu-
lations assuming size distributions of cylindrical ice
crystals yielded similar results: small particles are re-
quired for large brightness temperature differences
across the window region. The 7.5 used in this study
corresponds to spherical ice particles that simulate the
radiative features of the cloud within the spectral band
considered. Ice clouds are not composed of spherical
particles and thus the derived r.g may not reproduce
radiometric observations at wavelengths far from this
region, such as the visible and near infrared.

a. Brightness temperature differences and cirrus cloud
detection

To further investigate the spectral variation of the
equivalent blackbody temperatures in the “window”
region, four spectral bandwidths were considered: 8
pm (8.3-8.4), 10 um (10.07-10.17), 11 pm (11.06-
11.25), and 12 pm (11.93-12.06). These bandwidths
are depicted at the top of Fig. 1 as boxes. The 10, 11,
and 12 yum windows were chosen to minimize gaseous
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absorption effects. The 8 um band was chosen to in-
clude the effects of a weak water-vapor absorption line.
The mean brightness temperatures in these bands are
referred to as BTg, BTy, BT, and BT,,. Figure 3
depicts brightness temperature differences for the 1700-
1720 UTC time period (solid line is BT ;;~BT;, dot-
dash line is BT ;p-BT;,, and dotted line represents the
BTg-BT,;). Also shown at the bottom of the figure is
the integrated cloud attenuated backscatter [y = |. Zz;
X B'(z)dz] measured by the CALS. In addition, if the
lidar receives a return signal from the ground, then an
s is marked above the v and is referred to as a thin
cloud. An x denotes a thick cirrus, where no return
signal from the ground was received. The CALS ob-
servations of this case study day are presented by Spin-
hirne and Hart (1990). The lidar indicated a thick cir-
rus cloud with a top between approximately 10-11 km
during the period 1710-1715. Between 1707-1710 the
lidar received signals from a cloud located between 7
and 11 km as well as from the surface. The lidar mea-
surements also indicated the presence of a cloud near
4 km during the period 1718-1719. When the HIS was
viewing a cirrus cloud, as determined from the CALS
measurements, the three brightness temperature dif-
ferences were positive, whether the cloud was thick or
thin cirrus. In addition, for the cirrus clouds BT y-
BT,, and BT3-BT,, were similar in magnitude and
ranged from 1.5° to 7°C. The brightness temperature
differences BT (—~BT, and BT 3-BT;, are larger than
BT ,~BT,. For the cloud near 4 km the BT (-BT;
tends to follow the BT,,-BT,, varying between 1°
and 2°C with BT 3-BT |, being slightly negative. In the
cloud free case, BT ;—-BT ;5 is also similar to the BT ;-
BT ,;, both being positive, while BTg~BT |, is negative.

Differences in the brightness temperatures observed
in these channels suggest a potentially useful technique
for detecting the presence of cirrus clouds. The cloud-
free regions have negative differences in BT 3-BT;, due
to absorption by near surface water vapor, while cirrus
clouds have positive differences owing to the optical
properties of ice. This relationship is further demon-
strated in Fig. 4, which is a scatter diagram of the BT g—
BT ,; versus BT | ,-BT, for observations made during
the period 1640-1820 UTC. Each symbol in Fig. 4
represents a range in altitude of the CALS measured
maximum attenuated backscatter coefhicient, B'(Z).
The solid triangles are CALS determined clear regions;
one can see that a threshold of BTz-BT,; < —0.4°C
classifies all the cloud free regions correctly. This
threshold may vary as a function of the water content
of the atmosphere, but will always be negative. The
negative values of BT 3-BT,, appearing with midcloud
altitude ranges of greater than 9.5 km, signify very thin
cirrus clouds with thicknesses less than 200 m and an
integrated backscatter of less than 0.005. The clouds
with a maximum backscatter between 8.0 and 8.5 km
tend to fall into two groups. In the first, BTg-BT;
> BT, BT, (points lying above the dotted line) and
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FIG. 3. Brightness temperature differences for the 1700-1720 UTC ti

me period (solid line is BT {,-BT ,, dot-dash line is BT ;(-BT,;, and

dotted line represents the BT;—~BT),). Also shown in the bottom of the figure is the integrated cloud attenuated backscatter measured by

the CALS. The s denotes a thin cloud where the surface was seen by
receive a signal from the surface.

represents the case of an ice cloud. The other group
falls below the dotted line, such that BT 3-BT;; < BT ;-
BT ,,. This is representative of liquid-water clouds as
the absorption coefficient for liquid water (Fig. 2) has
a greater increase from 11 to 12 um than from § to 11
um. This results in the brightness temperature differ-
ences between 11 and 12 um being greater than the
brightness temperature differences between 8 and 11
um in liquid-water clouds. Thus, the HIS and CALS
combined observations indicate the presence of liquid

the lidar, while an x denotes a thick cloud where the lidar did not

water in a cloud between 8.0 and 8.5 km. This is con-
sistent with the microphysical observations of Heyms-
field and Miller (1990).

Bispectral measurements near 11 and 12 pm have
been developed for remotely sensing the presence of
cirrus clouds (e.g., Inoue 1985 and Prabhakara et al.
1988). A draw back of a bispectral technique at these
wavelengths is that the brightness temperature differ-
ences between 11 and 12 um are always positive,
whether viewing a cloud or a clear region. Detecting
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FIG. 4. Scatter diagram of the BTg—BT), versus BT ,,-BT ;. Each symbol represents a range
in altitude for which the CALS received the maximum B'(Z).

cirrus using an 8 um and an 11 um channel is a more
powerful method as water-vapor absorption results in
a negative difference in the brightness temperatures,
while this difference is generally positive for ice clouds.
A three channel cloud detection technique using spec-
tral measurements near 8, 11, and 12 um poses the
greatest potential for separating clear regions, cirrus
clouds, and liquid water clouds, as demonstrated in
Fig. 4.

b. Variability of cirrus emittance in the infrared window
region

The equivalent blackbody radiative temperatures
depicted in Figs. 1 and 3 indicate that cirrus clouds are

not generally “gray bodies” in the 8-12 um atmo-
spheric window; the radiative properties of cirrus clouds
may display a strong spectral dependency. In this sec-
tion the CALS and HIS data are combined to derive
the spectal effective beam emissivity (Platt and Ste-
phens 1980) of cirrus clouds.

The radiances observed by the HIS can be expressed,
neglecting scattering processes, as

I(Z4) = B(T5)7(Z4, 0)

24 dT(ZA,Z)
+J; B[T(Z)]—dz—'dz (1)

where B(Tys) is Planck radiance of the surface, 7(Z4,
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0) is the transmittance of the total atmosphere, and Z 4
is the altitude of the aircraft (approximately 19.8 km).
Separating (1) into above cloud (Z,4, Z7), cloud (Z,
Zg), and below cloud (Z3, Zg) layers yields:

I(Z4) = B(Ts)7(Z4, 0)

dT(ZB, Z)
— dz
Zr dr(Zr, Z)dz

+1(Zas Zr) | BT =

Z4
+ B[T(Z)]d—T(——Zdi;—Z—)dz (2)

Zr

Zp
t (Za, zB)f0 BIT(2)]

where Zg and Z7 are the height of cloud base and top
respectively and are defined from the B'(Z) profiles
measured by the CALS (Spinhirne and Hart 1990).
The temperature at the cloud boundaries are deter-
mined from temperature profiles measured by a nearby
radiosonde. Denoting the radiance at cloud base as

1(Zp) = B[Ts]7(Zp, 0)

dr(Zp, Z) dz

Zp
+ B[T(Z)] p (3)
0 yA

and using the mean value theorem to represent the
mean cloud radiance as
Bc = [l = 1(Zr, Zp)]™'

dr(Zr, Z) dz

Zr
<[ srren B e )

the cloud layer transmittance is defined as
(Zr, Z)

Za dT ZA,Z
I(Z,) — ; B[T(Z)]—(‘—iz———)dz .
- (24, Z7) ~Be
X [I(Zg) — Bc1™'. (5)

An initial spectral transmittance of the cloud is de-
rived by first assuming a value for B¢, in this case the
Planck radiance at the midcloud temperature. The at-
mospheric transmittances above the cloud, 7(Z4, Z7),
are computed based on the temperature and moisture
profiles measured by a radiosonde launched at 1800
UTC at Greenbay WI. The above cloud contribution
to the HIS observation,

Z4 dr(Z,,2Z)
——dz

. BIT(Z)] — ;

is also theoretically determined. The clear-sky HIS ra-
diances are used to define the spectral radiance at the
cloud base after subtracting the effects of the above
cloud atmosphere. The measured HIS spectra are then
used to calculate the transmittance from (5). These
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first guess cloud spectral transmittances, 7(Zr, Zg),
are then used to solve the integral in (4). Assuming
that the Planckian emission is linear in optical depth,

B[T(Z)] = BIT(Zr)]
B[T(Z5)] — B[T(Z1)]

S nr(Zz, Z) (6)
and
Zr
f B[T(Z)] —df(?’ 2) 4,
Zg z
= B[T(Z7)] — B[T(Zp)17(Z1, Zp)
 BUITEN = BITED] o s (o

ln'r(ZT, ZB)

Equation (7) and the initial estimate of 7(Zr, Z) are
then used to calculate a corrected value of B¢, and a
new cloud transmittance is determined from (5). This
iterative procedure is continued until the change in
7(Zr, Zg) is less than 0.003.

The results of this analysis are presented in terms of
the spectral effective beam emissivity,

«Zr, Zg) = 1 — 1(Zr, Zp). (8)

This effective emittance is larger than the true “ab-
sorption” emittance as it includes the effects of multiple
scattering within the cloud and reflection at the cloud
base (Platt and Stephens 1980). The difference between
the effective emittance and the absorptance emittance
is a function of the viewing angle, the particle size and
shape, and the absorption component of the optical
depth (4,). For nadir measurements at 11.5 um (Platt

10 —————————————————

0.6 -

0.4 -

EMITTANCE

0.2 - B

10 11 12
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FIG. 5. Spectral effective beam emittance of five cirrus clouds.
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and Stephens 1980) the difference is negligible for thin
cloud, ¢, < 0.1, and increases to a maximum of ap-
proximately 0.1 (15% error) at 6, = 1.0. The effective
emissivity is used in this study to demonstrate the vari-
ability of cirrus clouds in the window region.

An example of the effective beam emissivity of five
cirrus clouds is depicted in Fig. S as a function of wave-
length. Two clouds appear gray with average beam
emissivities of 0.8 and 0.06. The other three display a
strong spectral variation, with a trend of increasing
emissivity with increasing wavelength. These five ex-
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amples are representative of the variability observed
during FIRE. To investigate this spectral variation the
four spectral regions discussed previously are analyzed
in more detail. The frequency of occurrence of the
spectrally-averaged beam emissivities for intervals of
0.1 is given in Fig. 6 for the 173 HIS and CALS coin-
cident observations made on 28 October 1986. All four
spectral regions have the greatest occurrence of effective
beam emissivities between 0.4-0.9. Less than 30% of
the cases studied have beam effective emissivities less
than 0.4.
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FI1G. 6. The frequency of occurrence, in percent, of derived effective beam emissivities,
at intervals of 0.1, for the four spectral bands discussed in the text.



2384

50 v T T T T T T T — J
40 . “
1
S s0 |
Z
= L -
-
o
B 20 |
[ast
=3
10 r
0 N l
-.1 —~.06 —.02 .02 .06 1
E12-£10

FIG. 7. A histogram of the percent occurrence of the difference in
the effective beam emissivity at 12 and 10 gm.

To demonstrate the spectral variability of the emis-
sivities, a histogram of the difference in the emissivity
at 12 and 10 um, Ae'?719 is shown in Fig. 7. The his-
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togram is skewed towards positive values of Ae'?710,

with approximately 50% of the clouds having Ae!2~10
> +0.02. The skew in the frequency distribution of
Ae'?710 results from the microphysical characteristics
of the cloud as demonstrated by the theoretical cal-
culations depicted in Figure I. The skew in Fig. 7 and
the brightness temperature differences depicted in Figs.
3 and 4 demonstrate that cirrus clouds cannot be con-
sidered gray in the 8—12 um window region.

¢. HIS emissivity versus CALS integrated backscatter’

The relationship between the integrated attenuated
backscatter of the CALS, [y = [Z, B'(z)dz] and the
cloud emissivity in the 10 um band (¢'°) is depicted
in Fig. 8. Similar relationships are seen for emissivities
in the other three bands. A large amount of scatter is
exhibited in the relationship between v and €' as the
observations cover a variety of cloud types and the
fields of view of the two instruments-are not perfectly
coregistered. The primary parameter that controls this
variation is the midcloud temperature as demonstrated
by Platt and Dilley (1981). The value of v is a function
of, first, the optical thickness of the cloud and second,
the ratio of lidar backscatter to extinction. As the cloud
thickness, and thus the emissivity, increases, the value
of v becomes determined primarily by the extinction
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FI1G. 8. The integrated backscatter of the CALS and the cloud beam emissivity in the 10 pm
band. The solid triangles denote midcloud altitudes of less than 9 km, while the open triangles

are for midcloud altitudes greater than 9 km.
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to backscatter ratio. The extinction to backscatter ratio
is a function of the particle size and shape, which are
a function of the cloud temperature (Heymsfield and
Platt 1984). To demonstrate this dependency, the val-
ues of v and ¢'® were grouped as a function of whether
the midcloud altitude is above or below 9.5 km. The
lower, warmer clouds are depicted in Fig. 8 as solid
triangles while the higher, colder clouds are represented
by open triangles. In general, the colder clouds tend to
have a smaller value of v for a given emissivity; how-

. ever, in the present study there are too few cases to
firmly establish this temperature dependency. A similar
dependency on temperature was observed by Platt and
Dilley (1981).

d. Inference of cloud microphysical properties

The dependency of the spectral variations in the HIS
observed blackbody temperatures and effective emis-
sivities 1o the effective radius of the size distribution is
demonstrated in Fig. 9 where Mie calculations of the
volume absorption coeflicient (K,s) are plotted as a
function of reg. This relationship is depicted at the four
window wavelengths discussed previously. The open
symbols are for a size distribution where b = 0.1, while
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the solid symbols are for » = 0.25. The volume ab-
sorption coeflicients at 8 and 10 um are similar while
the 11 and 12 um K, tend to follow each other. K
is primarily determined by the effective radius of the
distribution with the variance, b, playing a secondary
role. This makes the effective radius a very useful pa-
rameter for radiative transfer calculations and param-
eterizations, as previously demonstrated by Hansen and
Travis (1974) and by Ackerman and Stephens (1988).
The utility of an effective radius in cloud microphysics
is somewhat limited, as two size distributions with very
different shapes can have the same effective radius. In
addition, the effective radius assumes a distribution of
ice spheres, while cirrus clouds are generally composed
of nonspherical particles. The 7.4 is still a useful pa-
rameter if it can simulate the radiative effects of non-
spherical particles.

As the spectral structure in the 10-12 ym window
is related to cloud particle size distribution, suggested
by Figs. 1 and 9, high resolution spectral measurements
from the HIS may be used to glean information re-
garding the variability of the bulk cirrus microphysical
properties. For example, one may “best fit” the ob-
served variation in the equivalent blackbody temper-
atures to theoretical calculations. This was done in Fig.
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1, in a comparison of HIS observations of thick cirrus
clouds to model calculations. This comparison indi-
cated that an effective radius of 13 um would produce
the spectral signature observed by the HIS. Another
method to infer an appropriate effective radius, re-
quiring fewer computations, is to neglect scattering.
The spectral transmittance is then

Tx = eXP[— Ky asl WC(Z1 — Zp)] 9

where IWC is the ice water content of the cloud. Using
the HIS transmittance measurements discussed in the
previous section, the ratio of K;o/K;, can be derived
by use of (9). The ratio of K,o/K;, from Mie calcu-
lations is shown in Fig. 10. The open symbols designate
b = 0.1 while the solid symbols are for b = 0.25. For
regs less than approximately 30 um, Ky < K, and the
ratio is smaller for larger b. This ratio goes to I for an
. between 30 and 40 um, depending on the variance.
This ratio is greater than 1 where r.g is greater than
approximately 40 gm.

The HIS derived parameter K¢/ K, can be used with
Fig. 10 to estimate an effective radius. For the thick
cirrus case presented in Fig. 1, this ratio method esti-
mates an effective radius of between 15 and 20 pm.
While this method is not as accurate as that used in
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Fig. 1, it can be used to distinguish between clouds
consisting of large r.q from those with small 7. The
frequency of occurrence of the ratio of K at the 10 and
12 pm bands is depicted in Fig. 11 for this case study
day. For 80% of the cases 0.85 < Kjo;12 < 1.0, which
would suggest effective radii between 20 and 40 pm.
Eight percent of the cases have 0.65 < Ko/, < 0.85,
which corresponds to a range of 7. between 10 and 20
pm, while 12% of the observations have Kjo,;2 > 1, or
an reg > 40 pm.

4. Conclusions

Measurements from the HIS radiometer and CALS
lidar taken on board the ER-2 on 28 October 1986 are
used to study the radiative properties of cirrus clouds
in the 8—12 um region. HIS observations demonstrate
that cirrus clouds cannot be considered gray in this
window region. The HIS measurements show that for
a given cirrus cloud, spectral variations in equivalent
blackbody temperatures can be greater than 5°C.
Theoretical calculations indicate that the magnitude
of the spectral variation in brightness temperature ob-
served by the HIS is related to the effective radius of
the size distribution of spherical ice particles (7.g). The

RATIO OF 10.12/12 um FOR ICE SPHERES

1.2 B S B B T‘l’ T T lj T 1 T T l T T T T fT T 1# LI N S
2 ]
1.1 m
S I . _
= m]
< 1.0 n -
~ I ]
m} | ]
< .9 .
| |
E I ]
. —
D-’ a8
m ~ O m] NARROW DISTRIBUTION 8
% 7k . =  BROAD DISTRIBUTION -
aa] F i
< 6t . ]
0" L . |
w0
< 5 -
=T w
4 -
» ]
3 FRSSN YARS SRS WY JRNE TN TR WA WU (NN WA SN VAN U VN SHS U TR SR S WY N U SN U S S SR
10 20 30 40 50 60

EFFECTIVE RADIUS (um)

FIG. 10. The ratio of Ky, at 10 um band to that of the 12 um band. The open symbols are for
a size distribution with & = 0.1, while the solid symbols are for b = 0.25.



NOVEMBER 1990

ACKERMAN, SMITH, SPINHIRNE AND REVERCOMB

2387

40 T l )

I T 1 N J
I “~20<royy<40—
| ] |
30 + .
> - 1
O | ]
Z
m r 3
= 20 | .
g i 4
A
e i |
Py - ] .
10 -
Totg<20uM—» e———— g >40M ———— -
oL L [P H b
.6 .8 1. 1.2 1.4
Kto/12

FiG. 11. The frequency of occurrence, in percent, of the ratio
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smaller r.¢ are associated with larger brightness tem-
perature differences.

A method of detecting cirrus clouds in terms of
brightness temperature differences between 8, 11, and
12 um bands is presented. The 8 um band is centered
on a weak water-vapor absorption line, while the 11
and 12 pm bands are between absorption lines. The
brightness temperature difference between the 8 and
11 pm bands is negative for clear regions due to dif-
ferences in water-vapor absorption, while for ice clouds
it is positive. Differences in the 11 and 12 gum channels
are positive, whether viewing a cirrus cloud or a clear
region. The 8 um channel, therefore, removes the am-
biguity associated with the 11 and 12 um channels.
Inclusion of measurements in the 12 um band distin-
guishes the cirrus cloud from lower layer liquid-water
clouds. '

The HIS and CALS observations were combined to
derive the spectral effective beam emissivity of the cir-
rus clouds. The cirrus cloud beam emissivities were
primarily limited to between 0.4-0.9, with less than
30% of the cases studied having beam emissivities less
than 0.4. Fifty percent of the clouds on this day dis-
played a difference in the beam emissivity between 10
and 12 um of greater than £0.02. The temperature
dependency of the effective beam emissivity on the in-
tegrated cloud attenuated backscatter, vy, was similar

to that observed by Platt and Dilley (1981): colder
clouds had a smaller value of vy for a given emissivity.

The derived spectral transmittance of the cloud was
used to infer a range in the effective radius, 7., of the
particle size distribution. While the effective radius is
only a gross representation of the microphysical prop-
erties of the cloud, it is extremely useful for radiative
transfer calculations and parameterizations of cloud
radiative properties. For 28 October 1986, the analysis
of HIS observations in the 10 to 12 pm region indicates
that effective radii of the cirrus clouds were generally
within the 20-40 um range with 8% of the cases being
for 10 < r.g < 20 um and 12% of the cases correspond-
ing to reg > 40 um. These radiometrically derived 7.
values are smaller than the in situ microphysical mea-
surements made during this day (Heymsfield and
Miller 1990). These differences may be attributed to
the presence of small particles (r < 25 uym) not mea-
sured by the in situ observations, and/or due to the
effect of particle shape on the radiative observations.
The magnitude of this latter effect is presently being
studied.
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