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Improvements and Complications Involved with
Adding an 85-GHz Channel to Cloud Liquid Water

Radiometers
Justin P. Bobak, Member, IEEE,and Christopher S. Ruf, Senior Member, IEEE

Abstract—The improvement in cloud-liquid estimates by a mi-
crowave radiometer with the addition of measurements at 85 GHz
is quantified. Atmospheric emission is simulated from radiosonde
data at frequencies commonly used by ground-based water-vapor
radiometers (22.235 and 31.65 GHz) and also at 85.5 GHz. Re-
trieval algorithms are developed from opacities based on full Mie
extinction by cloud droplets and under an assumption that ice ef-
fects are not significant for downwelling emission. The algorithms
use either three frequencies or only the lower two. The inclusion of
85-GHz information significantly improves liquid-water path esti-
mates at all levels of integrated liquid water. The Rayleigh approxi-
mation is shown to be valid for most cloudy conditions. Uncertainty
in the calculated opacities due to varying cloud droplet-size distri-
butions and liquid-water content profiles is quantified. The accu-
racy of a retrieval algorithm trained by Rayleigh approximation
opacities and including the additional uncertainty is shown to pro-
vide estimates with error levels similar to those from the algorithm
trained with full Mie opacities.

Index Terms—Clouds, microwave measurement, radiometry.

I. INTRODUCTION

M ICROWAVE radiometry has been a tool for atmospheric
research since the 1940’s [1]. By the mid-1960’s, the

possibility of estimating the condensed cloud water integrated
over an antenna-beam column was being discussed [2]. The
techniques of cloud-liquid estimation by microwave radiometry
are well documented [3]–[6]. Frequencies of 19.0 and 32.4 GHz
for simultaneous estimation of integrated water vapor and inte-
grated cloud liquid were suggested in [2]. While the choice of
the lower frequency has been modified since that time [7], [8],
the use of one (or two) channels on the water-vapor line cen-
tered at 22.235 GHz, and one channel in the atmospheric-trans-
mission window near 31 GHz has become standard for ground-
based water-vapor radiometers.

Liquid-water extinction increases monotonically with
frequency in this portion of the microwave spectrum, so
a frequency higher than 31 GHz, in conjunction with the
standard frequencies, has potential for improving estimates
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of liquid-water path (LWP) [9]. Though higher frequency
channels are common on satellite and airborne radiometers
[10]–[12], their use in ground-based radiometers has been
more limited [13]–[15]. This study has been undertaken in an
attempt to quantify the benefits arising from the addition of a
higher frequency channel to a ground-based radiometer and to
examine some of the uncertainties arising from the modeling
of cloud parameters. Modeling choices takes on greater im-
portance at higher frequencies because of the relatively larger
electrical size of the droplets.

In order to examine the effect of including higher frequency
information in an LWP estimation algorithm, radiative-transfer
calculations were made from radiosonde (RaOb) data. Since ra-
diosondes cannot directly measure condensed liquid in clouds, a
value was calculated based on assumptions that the liquid water
in clouds behaved in a modified adiabatic fashion. A strictly adi-
abatic calculation of cloud-liquid water results in liquid-water
contents that are greater than those actually observed in nature.
This is due to the assumption (in adiabatic calculations) that air
parcels are closed systems. This is inaccurate especially near
the tops of clouds, where dry air is being entrained into the
system [16]. However, the adiabatic approximation provides a
good starting point. The adiabatic liquid-water content was cal-
culated from RaOb-measured quantities [17]. This calculated
value was then adjusted to provide a more realistic liquid-water
profile. The details are presented in the Appendix. The integral
over height of this calculated liquid-water content (LWC) was
taken as the “true” LWP. Atmospheric opacities simulated from
RaOb data were used to develop two LWP retrieval algorithms.
The first algorithm includes two frequencies commonly used for
LWP retrieval, 22.235 and 31.65 GHz. The second algorithm
adds a third channel at 85.5 GHz. This latter retrieval provides
a significantly improved fit to the true LWP, as calculated from
RaOb data.

Several potential difficulties in the use of 85-GHz information
are considered. Cloud-modeling choices assume increased im-
portance as observation frequencies increase. Because the elec-
trical size of cloud droplets increases with decreasing wave-
length, the Rayleigh approximation for droplet extinction may
no longer be valid, especially for clouds in which larger droplets
are present in moderate numbers. Previous authors [14], [18]
have ignored scattering by liquid droplets at 90 GHz, and the
current work confirms that this is a valid assumption for clouds
with integrated liquid of up to several hundred micrometers.
However, the droplet-size distribution (DSD) (the statistical dis-
tribution of liquid in clouds as a function of droplet radius) has
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the potential to be significant at these frequencies. While mul-
tiple models for DSD exist in the literature [16], [19], [20], the
actual DSD can vary widely from cloud type to cloud type, from
cloud to cloud of the same type, and even from point to point
within a single cloud [16], [21], [22].

Another cause for concern arises in choosing a form for the
vertical distribution of liquid in a cloud, known as the LWC pro-
file. Higher frequencies will suffer relatively greater attenuation
over a given physical path length through a cloud due to droplet
extinction, which as mentioned previously, increases monotoni-
cally in this portion of the spectrum. This deserves consideration
when thicker clouds are present. In thick clouds, the temperature
of the water, and thus its dielectric constant and extinction prop-
erties, can change significantly between the bottom and the top
of the cloud. Unfortunately, the LWC profile is also quite vari-
able [16].

Descriptions of pertinent cloud measurements and models are
available in the literature [23]–[30]. Since neither the DSD nor
the LWC profile may be assumed to follow any one model due
to the variability in these quantities, they must be considered to
be additional sources of uncertainty in the estimation of cloud
liquid.

Section II discusses key points of the radiative-transfer calcu-
lation and includes an introduction to the different cloud models
tested. Statistics of the RaOb data set are also presented. Sec-
tion III describes the development of initial-retrieval algorithms
and shows the improved retrieval accuracy that can be achieved
through the addition of 85-GHz information. Section IV inves-
tigates the conditions under which the Rayleigh approximation
can be used with confidence. In Section V, the uncertainty in
calculated atmospheric opacity that arises from lack of knowl-
edge of the appropriate DSD and LWC profile is quantified.
Section VI shows the retrieval accuracy when the retrieval is
trained with Rayleigh approximation opacities and includes the
additional noise contributions from Section V. A summary and
conclusions follow in Section VII.

II. RADIATIVE -TRANSFERCALCULATIONS

Radiative transfer code developed at the Pennsylvania State
University, University Park [31] was modified to include
a variety of different DSD and LWC profile models. The
code uses RaOb data to calculate atmospheric opacities and
brightness temperatures for all possible combinations of these
cloud parameters using both the Rayleigh approximation and
the full Mie solutions. Clouds are assumed to be present at
heights where the RaOb-measured relative humidity exceeded
94%. The dielectric constant of condensed water in the droplets
was calculated according to [32], which provides equations for
estimating the dielectric constant at a given water temperature.
Multiple scattering and ground reflections are ignored, and
clouds are assumed to be comprised of only water in liquid
state (no ice).

The Rayleigh approximation, which neglects scattering,
is commonly used for radiative-transfer calculations in
water-vapor radiometer (WVR) retrieval algorithms [33]–[35].
The specific form of the DSD is inconsequential because
Rayleigh extinction is only a function of the mass quantity of

liquid water present and is independent of the size distribution
of droplets. The LWC profile could, however, affect results.
Droplet-size limits of the Rayleigh approximation for 85-GHz
radiation has been discussed in [35].

The full Mie extinction is not commonly calculated in
ground-based, water-vapor radiometry, because scattering
effects are minimal at frequencies at which ground-based
WVR’s typically operate. Calculation of full Mie extinction is
more computationally intensive than calculation of Rayleigh
extinction and also requires the assumption of a DSD. As noted
previously, droplet-size distribution is a difficult parameter to
model, and it has potential importance at higher frequencies.
Atmospheric emission was calculated using the full Mie
solution for five different DSD models. Each has a unimodal,
modified-Gamma distribution. The models include distribu-
tions with mode radii fixed at 5, 10, or 15m, one with linearly
varying mode radii (5 m at the bottom of the cloud to 15m at
the top), and one with cloud type-dependent distribution-shape
parameters [16], [19], [20], [36], [37]. The appendix contains
more detailed information about these DSD models.

One way that this work departs from previous work is in the
evaluation of calculations involving the DSD. Noa priori limits
were set on the maximum radius attainable by cloud droplets.
For nonprecipitating clouds, 100m has been a commonly
assumed upper limit for radii [38]. However, measurements
of supercooled cloud drops with radii of several hundred
micrometers have been reported [39], and quite often, rain is
present within clouds, though no precipitation may be reaching
the ground. It is important to include the effects of these large
drops, which scatter radiation out of proportion to their small
number concentrations. Therefore, for each cloud pixel, the
cloud extinction [40]

(1)

where (cloud extinction), (scattering cross-section), and
(droplet-size distribution) were integrated over increasing

droplet radii until it converged.
For both the Mie and the Rayleigh calculations, opacities and

brightness temperatures were calculated based on three different
LWC profile models. The LWC profile models included adia-
batic liquid water multiplied by a factor that decreased verti-
cally through the cloud, adiabatic liquid water multiplied by a
constant factor, and constant liquid water throughout the cloud
[22], [37], [41], [42]. See the Appendix for more details on these
models.

The different combinations of the LWC profile models and
DSD models result in fifteen different calculated emissions for
Mie extinction, while the LWC profiles lead to three different
emissions for Rayleigh extinction. Brightness temperatures
were calculated at 22.235, 31.65, and 85.5 GHz. Earlier work
had shown that 23.8 GHz quantities behaved similarly to those
at 22.235 GHz for our purposes. Information at 50.4 GHz had
been found to provide only minimal improvements in LWP
estimation, probably because this frequency does not show
the level of sensitivity to cloud droplets necessary for our
purposes. The cloud-structure signatures that were sought are
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Fig. 1. Number of database radiosondes as a function of liquid-water path.

quite small in some cases. Since cloud extinction increases as
the square of the frequency, signatures at a higher frequency
are significantly more pronounced. The specific choice of
85.5 GHz was made to coincide with the SSM/I channel and
because 90-GHz channels on upward-looking radiometers are
currently of interest [14], [18]. The 90-GHz channels should
behave similarly to the 85-GHz results presented here.

The RaOb data originated from 19 launch sites in the Western
Pacific, Southern Atlantic, and Indian Oceans. All of the sites
are located between30 and 30 latitude. The radiosonde
launch dates were from 1992 to 1997. RaOb’s with integrated
liquid amounts calculated to be from 1–2500µm were used
in the study. Approximately 10 300 RaOb’s had LWP’s in this
range. For these RaOb’s, the standard deviation of the calculated
LWP’s is 374 m. The LWP distribution is shown in Fig. 1.

III. M OTIVATION

In order to quantify the benefits of including 85 GHz informa-
tion in a LWP retrieval algorithm, two algorithms were trained
and tested on opacities resulting from what was considered to be
the most realistic combination of DSD and LWC profiles (ac-
cording to measurements as presented in the cloud literature).
This combination was the exponentially decreasing fraction of
adiabatic liquid water for the LWC profile model with the lin-
early varying mode radius DSD model.

Of approximately 10 300 RaOb’s available, 500 were
randomly chosen. Random noise with zero mean and the
appropriate standard deviation as given in Table I was added
to the opacity calculated at each frequency for each of these
500 RaOb’s. This corresponds to uncertainty arising from
the calculation of opacity based on a fixed value of effective
radiating temperature and from radiometric precision () of
0.1K. Increasing to 0.5K did not substantially change the
error levels, so 0.1K was used in the rest of this work.

TABLE I
UNCERTAINTY IN ATMOSPHERICOPACITIES ARISING FROM RADIOMETRIC

PRECISION OF0.1K AND FROM USING A CONSTANT VALUE FOR EFFECTIVE

RADIATING TEMPERATURE

After the addition of noise, opacities from the 500 training
RaOb’s were used to calculate LWP retrieval coefficients
through an MSE regression fit with LWP. Both a two-frequency
and a three-frequency retrieval were developed. The resulting
coefficients are

2 Frequency:

LWP (2)

3 Frequency:

LWP (3)

where LWP is the estimated liquid-water path (micrometers),
and is the opacity at frequency (Nepers). A correction
which was a function of the initial LWP estimate LWPwas
added to remove a residual error in the estimates

2 Frequency:

LWP m LWP LWP

LWP LWP LWP (2a)

3 Frequency:

LWP m LWP LWP

LWP LWP LWP (3a)

where LWP ia the corrected estimate of liquid-water path mi-
crometers
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Fig. 2. Rms and bias errors as a function of liquid-water path for a two-frequency and a three-frequency retrieval, showing the improvement possible with the
addition of 85-GHz information.

These retrievals were tested on the other approximately 9500
RaOb’s. The resulting error statistics are

2 Frequency:

rms error m

average bias m

3 Frequency:

rms error m

average bias m

The rms error and bias for each retrieval are shown in Fig. 2
as a function of LWP, where the results are cut off at 1300µm
due to small sample size above this level of LWP. Clearly, in-
cluding information from the 85-GHz channel substantially im-
proves the retrieval at all LWP levels. This increase in accuracy
is particularly pronounced for large LWP, where the rms errors
resulting from the three-frequency retrieval are one-fourth the
size of those resulting from the two-frequency retrieval. Another
positive result is the constant level of the three-frequency re-
trieval error with LWP. Large LWP’s are retrieved with as much
accuracy as small LWP’s. The same is not true for the two-fre-
quency retrieval.

The physical basis for the retrieval improvement is additional
sensitivity of the 85-GHz channel to cloud liquid. The sensi-
tivity of this channel is about five times greater than that of the
32-GHz channel [9] due to the relatively greater electrical size
of cloud droplets at the higher frequency.

The benefits of including 85-GHz information are clear.
However, these results were based on opacities calculated from
the full Mie solution and with perfect knowledge of the DSD
and LWC profiles. In the next section, the applicability of the
Rayleigh approximation is investigated.

IV. RAYLEIGH APPROXIMATION

It is desirable to ascertain the conditions under which the
Rayleigh approximation is valid. In order to do this, the differ-
ence between opacities calculated using the full Mie solution
and those based on the Rayleigh approximation will be illus-
trated.

The question of LWC profile is not directly related to the
Mie–Rayleigh question. Therefore, the response of calculated
opacities to LWC profile was removed from consideration by
comparing Mie opacities with Rayleigh opacities calculated
using the same LWC profile model. In order to remove the
effects of DSD uncertainty (which is also not of primary
concern at this stage), only Mie opacities calculated from one
model were used. The model chosen was the same as that used
for Fig. 2.

The results are shown in Fig. 3. As expected, the 85-GHz
opacities show the most departure from Rayleigh behavior.
The error levels of the opacities (See Table I) are around 0.015
for each frequency. The worst errors occur at about 1000m
integrated liquid for 85 GHz. Errors at the lower frequencies
do not exceed this size, even for 2500m of integrated liquid
(which would usually indicate rain). There is a small bias,
since the Rayleigh opacities are almost always larger than the
corresponding full Mie opacities, but this is small enough to be
ignored under most circumstances.

For extremely thick clouds, the error induced by neglecting
scattering at 85 GHz may become important. This situation will
be discussed later, following a discussion of the uncertainty in
opacities due to cloud parameters and a presentation of results
of a retrieval for less extreme liquid-water paths using Rayleigh-
calculated opacities.

V. SENSITIVITY OF EMISSION TOCLOUD MODELS

There were a total of fifteen opacities calculated using the
full Mie solution for each frequency and each RaOb in the data
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Fig. 3. Difference between opacities calculated using the full Mie solution and those calculated by using the Rayleigh approximation.

set. This corresponded to all possible combinations of five DSD
models and three LWC profile models. The uncertainty due to
each of these models will be dealt with separately. First, the
sensitivity of opacity to DSD will be examined.

To remove effects from the LWC profile, only opacities cal-
culated using the same model for the LWC profile were directly
compared to one another. Then the maximum of the three values
(corresponding to the three LWC profiles) was saved. The sta-
tistics calculated were the standard deviation of the five opaci-
ties and the difference between the maximum and the minimum
of the five. The standard deviations are shown in Fig. 4. The
maximum differences are shown in Fig. 5. Two branches are
evident for each frequency. These correspond to the presence of
one (or two) different cloud types and arise from the DSD model
that was cloud-type dependent. The radiative-transfer code had
a filter that loosely identified clouds as either stratus or fair-
weather cumulus. Clouds were identified as stratus if a temper-
ature inversion existed above the cloud, while most clouds not
meeting the stratus definition were classified as fair-weather cu-
mulus. The stratus clouds were responsible for the upper branch
of each frequency in the figures, while the fair-weather cumulus
lead to the lower branch. Compared to the noise levels in Table I,
the standard deviation is significant at 85 GHz for LWP’s of 500
µm or greater. For the two lower frequencies, the standard de-
viation is below the noise floor out to 2500m and beyond. As
for the maximum differences between calculated opacities, this
is still below the noise floor at all LWP for 22 GHz. However,
at 32 GHz, it becomes significant around 1500m, and for 85
GHz, it is a cause for concern even at 200µm.

The process for evaluating the effects of the uncertainty in
the LWC profile was similar, but statistics were calculated over
consistent DSD models, and the largest of the five resulting
values (corresponding to five DSD’s) were saved. The results
are shown in Figs. 6 and 7. The uncertainty is insignificant for
22 and 32 GHz, but becomes important for LWP’s of about 1000
µm or more when dealing with the 85-GHz opacities.

From these results, the effect of LWC profile model is rela-
tively small and should not normally be a cause for concern. On
the other hand, the DSD is a source of uncertainty that must be
considered for all but the thinnest clouds when higher frequen-
cies are used.

VI. RESULTS FOROPERATIONAL RETRIEVAL

In previous sections, we have shown that the Rayleigh
approximation is valid for cloud-extinction calculations at 85
GHz, even for clouds that are quite thick. The uncertainty in
calculated atmospheric opacities that results from a lack of
knowledge regarding the DSD and LWC profile has also been
shown. In this section, the results from a potential operational
algorithm are presented. The retrieval was trained with opacities
calculated using the Rayleigh approximation. The LWC profile
used was the same as that used in the algorithm presented
in Section III. The training opacities were modified by the
addition of DSD and LWC profile uncertainty, in addition to
the uncertainty arising from and lack of specific effective
radiating-temperature information. The standard deviation of
all 15 Mie solution opacities for each RaOb was calculated.
Then the maximum values, corresponding to the assumed
presence of only stratus clouds, were fit by a linear function of
LWP to provide an estimate of opacity uncertainty that was a
function of LWP. The relationships between the uncertainty in
opacity and the LWP are as follows:

22 GHz:

LWP (4a)

32 GHz:

LWP (4b)

85 GHz:

LWP (4c)

where is the uncertainty in opacity due to cloud modeling
(Np).
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(a)

(b)

(c)

Fig. 4. Standard deviation of full Mie solution opacities over five DSD models. The points in the graphs are the maximum values out of three calculated standard
deviations for each RaOb, corresponding to three different LWC profile models: (a) 22 GHz, (b) 32 GHz, and (c) 85 GHz.
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(a)

(b)

(c)

Fig. 5. Maximum differences between Mie solution opacities over five DSD models: (a) 22 GHz, (b) 32 GHz, and (c) 85 GHz.
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(a)

(b)

(c)

Fig. 6. Standard deviation of Mie solution opacities over three LWC profile models: (a) 22 GHz, (b) 32 GHz, and (c) 85 GHz.
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(a)

(b)

(c)

Fig. 7. Maximum differences between Mie solution opacities over three LWC profile models: (a) 22 GHz, (b) 32 GHz, and (c) 85 GHz.
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Fig. 8. Rms and bias errors as a function of liquid-water path for a three-frequency retrieval. The retrieval was trained with Rayleigh approximationopacities
that had additional noise added to account for cloud-structure uncertainty.

These opacities were used to calculate retrieval coefficients.
The new coefficients are

LWP

(5)

A residual correction is also applied, given by

LWP m LWP LWP

LWP LWP LWP (5a)

When tested on Mie opacities calculated from the same model
combinations as in Section III, the rms error is 43m, and the
bias is−6 m. The errors are shown in Fig. 8 as a function of
LWP.

The error levels arising from the algorithm are insignifi-
cantly different from the errors arising from the algorithm in
Section III, which assumed perfect knowledge of cloud DSD
and LWC profile, and which was trained with Mie solution
opacities. Thus, it is usually not necessary to be concerned with
the cloud-modeling issues raised in this paper when frequencies
are limited to 85 GHz or lower. However, the great majority of
clouds in this database have small values of LWP (see Fig. 1).
This can hide effects that arise only in the thicker clouds. The
next section examines these thicker clouds.

VII. T HICKER CLOUDS

As alluded to in an earlier section, the situation in which
extremely thick clouds occur will now be discussed. The re-
sults shown in Fig. 3 indicate that the simulated 85-GHz opac-
ities suffer a substantial departure from Rayleigh behavior for
clouds containing at least 1000m LWP. In order to examine
the potential effects this departure can have on liquid estima-
tion, retrieval algorithms were developed using only clouds with
LWP’s of 1000µm or more. These algorithms were tested on
RaOb data that included only stratus clouds, as identified by
the radiative-transfer code. The algorithms were tested on only

this data because the stratus clouds showed the greatest depar-
ture from Rayleigh behavior and therefore, estimates of liquid
in these clouds would be most affected by the presence or lack
of knowledge regarding cloud structure.

The process for the first retrieval was like that in Section III.
Full Mie solution opacities were used to train the algorithm, and
then it was tested on full Mie solution opacities from RaOb’s not
in the training set. The resulting retrieval had an rms error level
of 40 m and a bias of−2 m.

The second retrieval was trained with Rayleigh approxima-
tion opacities that included the extra noise term representing
contributions from cloud-structure uncertainty. This was tested
on the Mie RaOb’s with greater than 1000m of LWP. This re-
trieval resulted in an rms level of 57m and a bias of−3 m.

The rms error in the second case is almost 50% worse, illus-
trating the importance of DSD and LWC profile information in
thiscase.Theseeffectsmayalsobeevident incloudswithsmaller
LWP’s. All of the clouds modeled for this work had unimodal
distributions.Quite often,bimodalDSD’s havebeenmeasured in
clouds.Forafixedamountofliquidwater,thebimodaldistribution
would have a greater number of droplets with larger radii, as the
secondpeakofabimodaldistribution isusuallyat largerradii than
the peaks in the distributions included in this work. These larger
droplets would, of course, be more apt to show departure from
Rayleighbehavior thanthesmallerdroplets.

VIII. C ONCLUSIONS

The potential improvement in cloud-liquid estimates that re-
sults from the inclusion of higher frequency information has
been discussed before [9]. However, the difficulties that may
arise due to the greater sensitivity of higher frequencies to cloud
structure had not been previously addressed. This paper con-
siders the effects that droplet-size distribution and liquid-water
content profile have at the higher frequency.
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TABLE II
PARAMETERS OF THEDROPLET-SIZE DISTRIBUTIONS TESTED

Reductions of 50% or more in the rms errors associated
with liquid-water path estimates have been demonstrated.
This improvement in error levels due to the addition of an
85-GHz channel is evident at all levels of liquid-water path.
The improvement was shown based on atmospheric opacities
calculated using the full Mie solution for droplet extinction.
Typically, scattering effects have been ignored, even at 90
GHz. When atmospheric opacities at 85 GHz were examined,
however, significant departures from Rayleigh-approximated
behavior occurred for clouds with liquid-water paths of 1000
µm or greater.

The uncertainty in atmospheric opacity that arises from a
lack of knowledge regarding the droplet-size distribution and
the liquid-water content profile in observed clouds was exam-
ined. At 85 GHz, this uncertainty becomes significant for clouds
as thin as 200µm. A linear fit for this uncertainty as a function
of liquid-water path was provided for 22, 32, and 85 GHz. This
should be used as an additional error term, in addition to other
noise sources, such as .

A retrieval algorithm was developed using opacities that were
calculated by ignoring scattering effects and with this additional
noise term. The errors in liquid-water estimates were shown to
be small in general. However, for very thick clouds, these errors
were more significant.

The results presented here show that at higher frequencies, in
addition to questions about the validity of the Rayleigh approxi-
mation, one should be concerned about the modeling of clouds.
In order to keep errors in retrieval algorithms as low as possible,
it may be necessary to include information about the specific
cloud types and droplet-size distributions that are expected.

APPENDIX

DROPLET-SIZE DISTRIBUTION AND LIQUID-WATER CONTENT

PROFILE MODELS

For the simulations detailed in this paper, a unimodal, modi-
fied-gamma distribution has been used

(A1)

In this equation, is the number concentration of drops of ra-
dius , and and can be calculated from the characteristic pa-
rameters and mode radius. This is a common DSD model
equation [16], [19], and the shape parameters of the distribution
are easily modified to represent various types of clouds.

Three different LWC profile models were used in this study.
Two of them are based on adiabatic liquid-water content [17].
The third has a constant liquid-water density throughout the ver-
tical extent of the cloud.

The five DSD models used are described in terms of their
parameters in Table II. The first three models were included be-
cause a variety of droplet mode radii have been measured [21].
Also, in general, maritime clouds have a wider DSD than conti-
nental clouds [16]. The fourth model is included because mea-
surements have indicated that the radius of droplets tends to in-
crease with height within a cloud [36], [37]. For this model, the
mode radius increases linearly from 5 to 15m from the base to
the top of the cloud. The fifth model has DSD shape parameters
and mode radii that vary from cloud to cloud, as in the widely
used models of Deirmendjian [19]. In contrast to Diermend-
jian’s results, Khrgian [36] found that a wide range of clouds
could be modeled with the same shape parameters, which are
the ones used for models 1–4.

For model 5, a simple algorithm for classifying clouds was
created. This algorithm first checked for air-temperature inver-
sions of at least 2K per vertical kilometer occurring within one
kilometer of cloud top. If a suitable inversion was found, the
cloud was classified as stratus. If no inversion was found, and if
the vertical cloud extent was less than 2 km, the cloud was clas-
sified as fair-weather cumulus. If there was no inversion, and the
vertical extent was greater than 2 km, the cloud was classified
as cumulus congestus. Unfortunately, there was a problem cal-
culating the DSD parameters for the cumulus congestus clouds,
and RaOb soundings containing cumulus congestus clouds had
to be discarded.

The three LWC profile models that were used are now de-
scribed. The first is that in [41], which models LWC as

(A2)

where is the liquid in the cloud at the height with air pres-
sure (millibar), is the predicted adiabatic liquid at that
height, and is the air pressure at cloud base. This model is a
fit to an average of several measured profiles. The second model
has an LWC profile that is a fixed fraction of the adiabatic LWC
profile. This fraction is chosen such that the integrated liquid
water is the same as that for the first model. The third model
has a constant LWC throughout the vertical extent of the cloud,
similar to that in [42]. The difference between this model and
that of [41] is that here the constant is chosen such that the in-
tegrated liquid water is consistent with the first two models.
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