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Estimation of Ice Cloud Parameters From Ground-Based
Infrared Radiometer and Radar Measurements
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A technique is presented to estimate ice cloud particle characteristic sizes and concentrations as
well as the integrated ice water path from simultaneous ground-based radar and infrared radiometer
measurements. The approach is based on the theoretical consideration of infrared thermal radiative
transfer within a cloud and can be applied to clouds that are semitransparent in the infrared *‘window"’
and horizontally extensive. The suggested technique is applied to radar and infrared radiometer data
collected during the Cloud Lidar and Radar Exploratory Test (CLARET-I) experiment. Retrieved
values of ice cloud microphysical parameters are in general agreement with results obtained by other

methods.

1. INTRODUCTION

Knowing parameters of ice clouds is very important for
many climate change studies [Stephens et al., 1990). The
problem of estimating various optical and microphysical
parameters of such clouds with different remote sensors both
from space and the ground has been addressed in a number
of papers [e.g., Intrieri et al., 1991; Parol et al., 1991; Platt
et al., 1989; Wu, 1987; Stone et al., 1990]. In this paper we
propose a technique to estimate ice cloud particle character-
istic sizes and concentrations from simultaneous ground-
based radar and infrared radiometer measurements.

Infrared radiometers, operating in the atmospheric “‘win-
dow"” of 10-12 um, are often used to measure the tempera-
ture of clouds. However, the measured brightness tempera-
tures coincide with the cloud effective thermodynamic
temperatures only if the optical thickness of the emitting
clouds is great enough to make them opaque for the radiation
at the atmospheric window frequencies. The brightness
temperatures of semitransparent clouds, when measured
from the ground, are always lower than the thermodynamic
temperatures.

Ice clouds (e.g., cirrus clouds) are often optically thin at
the infrared window frequencies, even though the imaginary
part of the complex refractive index of ice has a local
maximal value in this particular wavelength region. Hence
the infrared thermal radiation of such clouds depends not
only on the temperature distribution within them but also on
other cloud parameters. This property of optically thin ice
clouds can be used to infer some cloud microphysics char-
acteristics from infrared measurements if the temperature
profile is known from radiosonde or other independent data.

This paper shows that cloud optical thickness, which can
be obtained from ground-based infrared measurements of
downwelling thermal radiation, depends on cloud particle
characteristic size and concentration. The two-stream ap-
proach for describing the thermal radiation transfer within a
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cloud was used to obtain a theoretical basis for the retrieval
of these two parameters of cloud microstructure, which are
important to different climate and general circulation model
studies. However, it is impossible to distinguish the effects
on optical thickness of particle sizes from those of concen-
tration using brightness temperature measurements alone.

It is well known that radar reflectivities also depend on the
same parameters of cloud microstructure: scatterer size and
scatterer concentration. Simple analysis shows that infrared
brightness temperatures and radar reflectivities depend in
different ways on particle characteristic size and concentra-
tion. This fact gives us a means to estimate these parameters
of the cloud microstructure from combined ground-based
radar/radiometer measurements. However, radiometers, un-
like radars, do not give the vertical structure as a function of
range, and retrieved values thus refer to the parameters
averaged through the cloud.

It is also shown here that we can estimate another impor-
tant integral parameter of ice clouds, the ice water path (the
vertically integrated mass of ice particles per unit area), from
combined infrared radiometer and radar measurements.

Simultaneous vertically pointed infrared radiometer and
radar measurements were obtained during the Cloud Lidar
and Radar Exploratory Test (CLARET) [Eberhard et al.,
1990] carried out by NOAA’s Wave Propagation Laboratory
(WPL). The first part of this research (CLARET-I) took
place in the fall of 1989 near Boulder, Colorado, using
WPL's Doppler 3.22-cm radar, modified Barnes narrow-
angle (2°) infrared radiometer (PRT-5), CO, Doppler lidar
and microwave radiometer system (working frequencies 90,
31.65, and 20.6 GHz). Radar and infrared radiometer mea-
surements were used to estimate values of ice water path and
cloud particle characteristic sizes and concentrations.

2. THEORETICAL CONSIDERATIONS

2.1. The Two-Stream Approximation

Clouds are an important source of the thermal radiation.
Radiative transfer within clouds is a complex process involv-
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ing absorption, emission, and multiple scattering of radia-
tion. Using the full integrodifferential radiation transfer
equation to describe this process is very laborious and
computer intensive. Thus different approximate solutions
are widely used [Liou, 1980]. One commonly used approach
in the infrared region is the two-stream approximation. All
versions of this approximation assume a certain angular
distribution of the radiation intensity and are used for
plane-parallel models. The general two-stream approxima-
tion solutions for upward flux F ' and downward flux F
are [Toon et al., 1989]

F1(7) =k, exp (A7) + Tky exp (A7) + C (1)

F(7) =Tk, exp (A7) + ky exp (—A1) + C (1), M

where 7 is the optical thickness within the cloud increasing
from the top to the bottom, C ¢ () and C T (7) describe the
thermal source, the coefficients k; and &, are determined by
boundary conditions, and the coefficients A and I" can be
expressed in terms of v, and vy,:

A R iy R
(yi— 2 @)
I'=yof(y, + A).

where <y, and y, depend on a particular version of the
two-stream approximation. For the quadrature two-stream
approximation used here,

=0.866[2 — w(l +
i [2 - w(l+g)] 3)

¥, =0.866w(1 —g),

where @ and g are the single scattering albedo and the
scattering asymmetry parameter, respectively. The intensi-
ties of the upwelling and downwelling radiations [7 T(4)(7))
within the cloud can be estimated from

F1(r) = 2mp g 1)), 4)

where u; is the mean value of the zenith angle cosine. In the
quadrature version of the two-stream approximation model,
oy = 05?7.

The thermal source terms can be shown to be [Toon et al.,
1989] '

CT (1) =2mu,{By + By[7 + Uiy, + v} )

CY(r)=2mp\{By+ B[t = U(y, + )]},

where By = B(T,), By = [B(T},) — B(T,)l/7y, B( ) is the
Planck function, and T, and T, are the temperatures of the
cloud top and bottom, respectively. The optical thickness To
of a vertically homogeneous cloud is related to its geomet-
rical thickness H, by means of the extinction coefficient,
a.(tg = a.H.).

2.2. Boundary Conditions

We assume ice clouds to be vertically homogeneous and
horizontally infinite. We also assume, after Platt and Dilley
[1979], that the infrared radiation of gaseous constituents of
the atmosphere above and within the cirrus clouds can be
neglected in comparison with the radiation of the clouds
themselves. However, we account for the radiation and
transmittance of the atmosphere below the cloud bottom. In
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this case, the boundary conditions at the top (= = 0) and at
the bottom (v = 7,) of a cloud are

Ftoy=o0
(6)
Fl(1g) = 2p \B(T)P, + 2mp 1],

where T, is the underlying surface temperature, P, is the
transmittance of atmosphere between the cloud bottom and
the ground, and 7,/ is the upwelling radiation intensity of the
atmosphere between the ground and the cloud bottom.

In our model calculations, we are primarily interested in
the brightness temperatures of the downwelling infrared
radiation. At the cloud bottom level, these temperatures
(T4, can be obtained from the downwelling intensities:

14(rg) = B(T}). )

However, intensities Igl (or brightness temperatures beg)
measured at the ground differ from those at the cloud bottom
level. The corresponding relationship is given by

1) =1}P,+1}, (8)

where Ial is the ground level thermal radiation intensity of
the atmosphere, 7, is the optical thickness of the atmosphere
confined between the cloud bottom and the ground, and
I(.l = (79). The equations for I,,' , which appears in the
boundary conditions (6), and !al are

1] = f B[T(7)] exp [~ (7, — 7)] d7 )
(1]

1} = f B[T(7)] exp (~1) dr, (10)
0

where T(7) is the air temperature. Using the mean value
theorem, one can obtain

1] =B(T*)(1 - P, (11)

1} = B(T**)(1 - P,), (12)
where P, = exp (—7,) and T* and T** are the effective
temperatures of the atmosphere for the upwelling and down-
welling radiation, respectively.

We performed numerical modeling of 7, and I} for
typical values of P, ranging from 0.7 to 0.9 [Platt and Dilley,
1979] using (9) and (10) and assuming that the absorption of
the atmosphere at the window frequencies is mostly due to
the water vapor. In this case, dt = «,, (k) dh, where a,, is
the volume water vapor absorption coefficient and # is the
vertical coordinate. The vertical profile of «, can be as-
sumed to be exponential:

a(h) = a,0) exp (—h/h,,), (13)

where k,, is the water vapor scale height. Usually 4,, = 2 km
[Khrgian, 1978].

Model calculations using the linear temperature gradient
showed that T# = T** within an accuracy of about 1.5 K and
also that the effective temperatures do not significantly
depend on atmospheric transmittance P, if P, = 0.75.
Depending on the cloud bottom height, T* and T** are equal
to the air temperature at altitudes of 1.1-1.4 km. A more
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accurate estimation of T* and T** can be made for every
particular case of cloud bottom height and the temperature
and water vapor stratifications.

2.3. Microphysical and Observational Parameters
of a Cloud

Cirrus cloud particles were modeled as solid ice spheres
with diameters varying from 5 pm to 2 mm. A review of the
literature on cirrus cloud microstructure was made by Dowl-
ing and Radke [1990), who showed that ice particle size
probability density functions usually have a single peak with
respect to particle diameter. This implies that description of
ice particle size distribution by a simple exponential func-
tion, N(D) = Ny exp (—bD), is inadequate, so in this work
we used the first-order gamma distribution:

N(D) = NyD exp (—4.67DID,,), (14)

which meets the requirement for a single peak with respect
to the particle diameter. D, is the median diameter, which
splits the distribution into two equal volume parts. The
median diameter for this type of distribution is approxi-
mately 2.3 times greater than the mean diameter D if D, is
defined in the following usual way:

D max max
Dy = j DN(D) dD/J‘D N(D) dD,
D in D i
Figure 1 shows the extinction efficiency, single scattering
albedo, and asymmetry factor for an ice particle computed
using the Mie theory (for details see, e.g., Bohren and
Huffman [1983]). All optical characteristics shown here were
computed for a wavelength of 11 pum, which is in the middle
of the window region of interest. The complex refractive
index of ice at this wavelength, m = 1.0925 + i0.248, was
adapted from Warren [1984]. It can be seen from Figure 1
that all three characteristics are close to their asymptotic
values when D = 20 pum. These values are 2 for the
extinction efficiency, 1 for the asymmetry factor, and 0.5 for
the single scattering albedo. This result suggests a means for
an efficient calculation of different optical characteristics of
ice clouds at window frequencies, thus avoiding the labori-

(15)
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Fig. 1. Curve 1, ice sphere extinction efficiency; curve 2, asym-

metry factor; and curve 3, single scattering albedo as a function of
particle diameter at A = 11 pum.
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Fig. 2. Comparison of ice particle extinction coefficients calcu-

lated by using the Mie theory, @,, and those calculated using (17),
al. Curve 1, D, = 20 pm; curve 2, D,, = 500 pm.

ous computations inherent in the Mie theory. For the extinc-
tion coefficient, the corresponding simple equation will be

Dlnill
a,‘,_’:(wfz)J‘ D2N(D) dD. (16)
1

D tmin
Our computational analysis shows that using zero and
infinity as the integral limits instead of D;; = 5 pm and
D .« = 2 mm produces changes in « B of only a few percent
when the median particle size D,, varies from 20 to 600 pm.
Taking the integral (16) from zero to = results in a straight-
forward equation for &

a’=~0.02N,D} cm™. a7

Figure 2 shows the comparison of the extinction coeffi-
cients calculated using the Mie theory («,) and from (17)
(a?) for two different cloud particle median sizes (D,, = 20
pm and D, = 500 um). For D,, = 20 um, the difference
between a, and «! is about 8%; however, it swiftly dimin-
ishes as D, increases. For D,, = 500 um, it is less than 2%.

In a similar manner we can obtain simple equations for
radar reflectivity Z;, cloud ice mass content w;, and cloud
particle concentration Cy:

Z;= r DON(D) dD =~ 0.0223ND¥ = 0.487C,DS cm?
0
(18)

w; = (wl6)p; J D3N(D) dD =~ 5090N,D), = 1.11
0

x 10°CyD3 gm™ (19)

Cp= r N(D) dD = 0.0458NyD2% cm™, (20)

]

where Ny is in cm °, D,, is in centimeters, and the ice
density p; is assumed to be 0.9 g cm 3.

Comparing (17) and (19) shows that the specific extinction
coefficient behaves as D,;'. This is illustrated by Figure 3,
where however, the specific extinction coefficients were

calculated using the Mie theory.
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Fig. 3. Specific extinction coefficient in ice clouds as a function of
ice particle median size D, at A = 11 pm.
3. RESULTS OF MODEL CALCULATIONS
3.1. Input Parameters

Downwelling radiation fluxes were calculated using the
quadrature two-stream approximation described above.
These fluxes were then converted into brightness tempera-
tures using (4) and (7). The input conditions were taken from
the averages for a 2-hour cloudy period on October 4, 1989,
during the CLARET-] experiment, when simultaneous ver-
tically pointed radar and infrared radiometer measurements
were performed. Between 1900 and 2100 UTC the observed
cirrus cloud was semitransparent in the window region and
horizontally extended with relatively stable top and bottom
heights. Figure 4 shows the cloud bottom and cloud top
heights over time as determined by the radar. During gaps in
the data shown, the radar performed another type of mea-
surements.

This case was unique because even though the cloud had
almost stable geometrical boundaries for more than 2 hours,
a broad range of infrared brightness temperatures and radar
reflectivities was observed. The brightness temperatures of
the downwelling infrared radiation measured by the modified
WPL PRT-5 radiometer varied from 206 to 255 K and were
significantly colder than the thermodynamic cloud bottom
temperature measured by radiosonde. Knowing the vertical

(a}

: (b)
L~ H ad

Height ( km)
Is

0 1 I | ] |
1830 1900 1930 2000 2030 2I00

Time (UTC)

Fig. 4. Time dependencies of (a) cloud top and () cloud bottom
heights at the experimental site on October 4, 1989.
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Fig. 5. Brightness temperatures T;}r and brightness temperature
differences AT, versus ice cloud optical thickness at different
particle median sizes. Curve 1, T;,{.(D,,, = 40 um); curve 2, AT,
TA(D, = 40 um) — T,L.(D,, = 300 pm); and curve 3, AT,
T AD,, = 40 pm) — Tp(D,, = 600 pum).

temperature and humidity profiles from the same data, we
found the effective temperatures of the atmosphere to be
T# = T#* = 283 K.

At 1928 UTC the cloud radar echo became very weak for
several minutes. This almost clear sky interval gave us the
opportunity to estimate the atmospheric radiation Ial and
therefore the atmospheric transmittance P, from (12). The
brightness temperature T, corresponding to I,/ was about
199 K, and the P, was found to be 0.87. Vertically averaged
radar reflectivities Z, inside the cloud were in the interval
from about —19 to —5 dBZ. The measured equivalent water
radar reflectivity Z, relates to the equivalent ice radar
reflectivity for spherical particles Z; introduced in (18) in the
following way:

2

2

Z,~5.3Z,,

2o

my, = m‘-2+2

Zi= 21

mﬁ, + 2 m;z -1
where m,, and m; are the complex refractive indices of water
and ice, respectively, at the radar wavelength (A = 3.2 cm).

Temperatures at cloud altitudes were estimated from
National Weather Service radiosonde launches at 1100 and
2300 UTC. The radiosondes were released from Denver,
Colorado, about 30 km from the remote sensors. The vertical
temperature profile within the cloud was approximately
stationary. We used these values in the model calculations:
mean cloud bottom temperature T,, = 260 K, mean cloud
top temperature T, = 245 K, mean cloud thickness H = 2.5
km, and surface temperature 7, = 291 K.

Curve 1 in Figure 5 shows how the brightness tempera-
tures of downwelling radiation T;,‘L{. depend on cloud optical
thickness 7, for the median particle size D,, = 40 pm.
Calculations represent averaged radiation values in the
wavelength region of 9.95-11.43 um, where the PRT-5
radiometer used in the CLARET-I experiment operated.
Curves 2 and 3 in Figure 5 show how the brightness
temperatures for D,, = 300 and 600 pm differ from those for
D,, = 40 pm at the same values of ;. One can see that the
differences are less than 2 K for this considerably large range
of characteristic size parameter variation. This implies that
the brightness temperatures of the downwelling radiation are
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Fig. 6. Differences between brightness temperatures obtained
from the two-stream model T,,{,_. and from (22) T,,{] for different
particle median sizes. Curve 1, D, = 40 pm; curve 2, D, = 300
pm; and curve 3, D, = 600 pm.

primarily determined by the cloud optical thickness; how-
ever, for different median sizes D,,, different particle con-
centrations are necessary to maintain a fixed value of the
optical thickness.

3.2. Technique for Cloud Parameter Estimation

One can see that the brightness temperature of the down-
welling radiation at the cloud bottom level (curve | in Figure
5) asymptotically approaches the thermodynamic tempera-
ture of the cloud bottom as the optical thickness 7, in-
creases. This suggests a method to match the brightness
temperature curves using a simple exponential function:

B(T}y) = B(T,)[1 — exp (—aor")], (22)

where

°=alH, (23)
and the Planck function B is calculated at a wavelength of
10.7 um, which is the middle of the PRT-5 radiometer
wavelength band.

It can be easily shown that for a predominantly absorbing
medium, @, = 1. From the statistical analysis of results
obtained from the two-stream approximation model and
from (22), we found that for our case, when volume scatter-
ing processes are as important as absorption, the best fit
value for the coefficient a in (22) is 0.7. Figure 6 shows the
differences between the model brightness temperatures T,,l(.
and those, Tblh, calculated from (22) using (17) and (23). The
differences are within the range +3 K for the wide range of
values assigned to D,,. We note also that though (22) was
obtained for a particular temperature profile, it is generally
valid for a broader range of meteorological conditions.

It was established that different versions of the two-stream
approximation (e.g., the Eddington and the hemispheric
mean versions) give brightness temperature values that can
differ by 2-3 K from those obtained here, using the quadra-
ture two-stream approximation. Considering this fact, one
can assume that the very simple equation (22) can be
successfully used for estimating the brightness temperatures
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of downwelling radiation of ice clouds in the wavelength
region 9.95-11.43 pum.

The simplicity of (22) also gives us an opportunity to
estimate the optical thickness of a semitransparent ice cloud
in a very simple way if the cloud brightness and thermody-
namic temperatures are known. If we also know the geomet-
rical cloud thickness H ., we can estimate the product of the
cloud particle distribution parameter Ny and the median
particle size D,, raised to the fourth power from (17):

NoDi = =72 In[1 - B(TL)B(T,))H,., (24a)

or in terms of the median particle size and concentration

CoD2 = =33 In[1 — B(TL)/B(T,,)|/H,,

m

(24b)

where the brightness temperature at the cloud bottom level
T,,l{. is obtained from the brightness temperature measure-
ments at the ground level Tbt., in the following way:

(25)

If infrared measurements of the clear sky are not avail-
able, the brightness temperature of the atmospheric thermal
radiation T,,lu and the atmosphere transmittance P, can be
estimated a priori from data about the water vapor content in
the atmosphere. For (23), we assumed vertical homogeneity
of the cloud microstructure parameters; otherwise retrieved
from the brightness temperatures product, NoD 2 (or CoD2)
refers to the effective values characterizing the whole cloud
layer.

As shown above, infrared brightness temperatures mea-
sured at the ground respond to the cloud optical thickness,
and it is impossible to distinguish between the effects of
particle sizes and those of concentration. However, as seen
from (18), the radar reflectivities also depend on the combi-
nation of Ny and D,,. By combining measurements of radar
reflectivity and infrared brightness temperatures, we can
estimate the vertically averaged cloud particle median size:

B(Tj) = [B(Ty) — B(TL)(1 — PYVP,.

D, ~1.35{-ZH/in [1 = B(TR)/B(Tp)}**,  (26)

where the overbar means the value of radar reflectivity
averaged through the cloud thickness. From (20) and (24a),
one can obtain the corresponding value of particle concen-
tration, Cy.

Equation (26) obtained from (18) and (244) implies the
spherical model for cirrus particles. A nonspherical particle
with a horizontally oriented major dimension will give some-
what stronger backscatter echo than that of an equivalent-
volume sphere if the radar is pointing vertically. This will
lead to overestimation of product CoDf,. At the same time,
particle geometrical cross sections which are proportional to
their extinction cross sections will also be greater. This will
result in an overestimation of product CyD2. Both these
overestimation effects will partially cancel out when estimat-
ing the median particle size from (26). However, we ac-
knowledge that careful consideration of nonspherical effects
is an important topic of future research.

4. EXPERIMENTAL ExaMPLE oF CiIrrUS CLOUD
PARAMETER DETERMINATION

4.1,

The cirrus cloud measurements taken on October 4, 1989,
during CLARET-I were chosen to illustrate the technique

Particle Sizes and Concentrations
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Fig. 7. Time dependencies of (a) measured brightness temper-
atures T;;L and (b) circular polarization radar reflectivities Z,
averaged through the cloud during CLARET-I on October 4, 1989.

suggested here for determining ice cloud particle sizes and
concentrations. Figure 4 shows the geometrical boundaries
of the observed cirrus cloud. The brightness temperatures of
the downwelling radiation measured by the infrared radiom-
eter and the radar reflectivities vertically averaged through
the cloud thickness are shown in Figures 7a and 75,
respectively. Radar reflectivities were also averaged in 30-s
intervals.

The number of experimental points collected between
1900 and 2100 UTC for the following analysis was 75. These
points corresponded to the pure ice phase cloud particle
case. A number of points between 2006 and 2030 UTC were
excluded from the analysis because the collocated micro-
wave radiometer [Hogg et al., 1983] indicated the presence
of liquid water in the cloud.

Regions of higher values of T,,ly and Z, (e.g., between 1900
and 1927 UTC and between 2010 and 2048 UTC) corre-
sponded to more dense cloud with the optical thickness 7,
from 0.6 to 1.9 as determined from (22) and the information
about the atmospheric transmittance. The region of lower
values of T}, and Z, (between 1950 and 2006 UTC) corre-
sponded to more transparent cloud with 7, from 0.1 to 0.6.

Figures 8a and 86 show the vertically averaged particle
median sizes D, and concentrations C, retrieved using (25),
(26), and (20), where actual measured values of Tg;t,, T;,la
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(T;,lr, = 199 K), Z,, and H, and the value of P, estimated
from (12) (P, = 0.87) were used. Values of D,,, character-
izing the whole vertical extent of the cloud, vary between
125 and 225 wm. The mean value of D,, between 1900 and
2100 UTC is about 170 um. The retrieved values of particle
concentration show greater dynamic range of variability.
The maxima of C, at 1925, 1953, and 2015 UTC resulted
from the increase of measured brightness temperatures when
the radar reflectivities did not change notably. This can be
explained by the growing number of small particles that did
not considerably contribute to the radar echo but signifi-
cantly increased the optical thickness of the cloud. The local
maximums of D, at 1959 and 2042 UTC accompanied by the
minimums of C, could be caused by a local increase in the
fraction of large particles with a simultaneous decrease in the
total particle concentration, resulting in the reflectivity peak
and the decline of the brightness temperatures.

Realizing that the measurements of clear-sky radiation
with the PRT-5 infrared radiometer are subject to possible
errors [Shaw, 1991], we performed the retrieval process with
a theoretically estimated colder value of T;,lu = 193K (P, =
0.9). As a result, the mean value of D,, decreased by 5%,
and the mean value of C; increased by 18%. These varia-
tions of retrieved parameters due to changes in the back-
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Fig. 8. Time dependencies of (a) retrieved particle median size
D, and (b) concentration Cy during CLARET-I on October 4, 1989.
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ground sky radiation are relatively small because, for this
experimental case, the cloud thermal radiation was of suffi-
ciently greater intensity than that of the sky.

The retrieved particle median sizes are within a reasonable
range for cirrus cloud particles [Pruppacher and Kletr, 1978;
Dowling and Radke, 1990]. Unfortunately, there were no in
situ aircraft measurements that could be compared to the
obtained data. However, we can compare our particle size
data to values obtained from the same experimental case
using another technique based on the comparison of lidar
and radar backscattering coefficients [Intrieri et al., 1991].
This technique gives for the effective radii of cloud particles
values from 70 to 190 um for the same experimental case.
The effective radius is defined as [Hansen and Travis, 1974]

— r PN dr/r *IN(r) dr.
1] ]

When the particle size distribution is the gamma function of
the first order, r g = 0.43D,,, and thus the sizes reported by
Intrieri et al. [1991] are in reasonable agreement with ours.
This agreement is encouraging because the quantitatively
similar results were obtained by different techniques.

(27)

4.2. Estimation of Ice Water Path

One of the important parameters in cloud microstructure
is ice mass content w; (see (19)) and its path integral, usually
called the ice water path (IWP):

IWP = J’ wi(h) dh, (28)
where the integration is carried out over the vertical extent
of a cloud.

Knowing the particle median size within the cloud D,, and
the particle concentration C as a result of the retrieval, and
knowing the cloud thickness H. from the direct radar
measurements, we can estimate IWP using (19). The IWP
values were retrieved for all 75 experimental points with
their individual measurements of T;,lﬂ, Z,, and H.. As
before, we assumed that the cloud was vertically homoge-
neous and the atmospheric brightness temperature T4, and
the atmospheric transmittance P, remained constant for the
whole period of observations (T;,I; =199 Kand P, = 0.87).

Figure 9 shows IWP data retrieved by the proposed
technique and those (IWP,) obtained from the empirical
equation derived by Sassen [1987]:

w; = 0.037Z25%. (29)

This equation, obtained as a result of analyzing experimental
data, relates the radar reflectivity and the ice mass content of
ice clouds.

One can see from Figure 9 that both techniques give very
close results. The average values of ice water path obtained
by our technique and Sassen’s equation for the period from
{900 to 2100 UTC are 42.7 and 47.4 g m 2, respectively. The
correlation coefficient between IWP and IWP, is about 0.9.
The agreement is surprisingly good, given the fact that our
technique uses the individual values of particles’ character-
istic sizes and concentrations to obtain IWP, in contrast with
(29), which is an empirical relationship. We can anticipate
many other experimental situations where agreement will
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Fig. 9. Time dependencies of ice water path retrieved (a) using
the empirical equation by Sassen [1987] and (b) by the proposed
technique.

not be so good because (29) represents only an average
relationship without taking into consideration independent
changes in particle sizes and concentrations.

We also performed the sensitivity analysis, which showed
that errors in the brightness temperature measurements (or
errors in estimation of the cloud bottom temperature) of 3 K
could cause errors of the retrieved particle median sizes,
concentrations, and IWP of about 8%, 25%, and 11%,
respectively. The 2-dB errors in radar reflectivity measure-
ments could result in uncertainty of D,,, Cy, and IWP of
about 12%, 25%, and 12%, respectively.

5. CONCLUDING REMARKS

In this paper we proposed a technique to estimate the
characteristic sizes and concentrations of ice cloud particles
from the combined ground-based measurements of down-
welling infrared thermal radiation and radar reflectivities.
The technique is based on a theoretical consideration of
cloud thermal emission and reflectance and can be applied to
horizontally extended ice clouds that are semitransparent at
the infrared window frequencies. The radiation correction
for atmospheric water vapor can be done either by measur-
ing clear-sky brightness temperatures or theoretically from
the radiosonde or microwave radiometer data.
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This technique also allows us to estimate the integral ice
water path within the cloud. The suggested approach was
applied to process a data set obtained during one experimen-
tal period. The retrieved values of ice cloud particle charac-
teristic sizes and cloud ice water path are in general agree-
ment with data obtained by other methods.

Among the uncertainties inherent to our technique, we can
name the approximate character of the two-stream radiation
transfer model and assumptions made concerning the shape
of particle size distribution and sphericity of particles. Con-
sideration of effects caused by the nonsphericity of cirrus
cloud particles deserves separate research. To estimate the
extinction coefficients for nonspherical particles using (16),
we will have to use more realistic geometrical cross sections
rather than those of spheres. Likewise, we have to account
for particle shapes when considering radar reflectivities. In
theory, the technique suggested in this paper can be adjusted
to the case of nonspherical particles if in the basic equations
(16)-(19) we use different modified characteristics of particle
sizes rather than the same median size D,,. Leaving the
detailed study of particle shape influences for further inves-
tigations, we only note here that characteristics of scatterer
shapes can be inferred from the radar polarization measure-
ments [Matrosov, 1991a, b]. Experimentally, particle shape
characteristics could be studied with the WPL Ka-band
radar upgraded with a new offset Cassegrain antenna having
good polarization properties [Kropfli et al., 1990].
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