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Abstract. Observational data regarding the properties of cirrus clouds are needed to aid in the
development of accurate, physically based parameterizations in climate models. The
Atmospheric Radiation Measurement (ARM) program, sponsored by the U.S. Department of
Energy, is providing continuous observations of cirrus clouds with a suite of instrumentation at
several locales. In this paper, we describe an algorithm to derive the microphysical properties of
optically thin cirrus clouds. This algorithm uses radar reflectivity and infrared emission spectra
from an interferometer and is tailored for the specific instruments at the ARM sites. We present

in situ validation of the technique and examine a cirrus case study to illustrate the sensitivity of
the algorithm. In the case study, solar fluxes calculated from the retrieved microphysical
parameters are compared to observed fluxes to build confidence in the algorithm results.
Comparison of the retrieved quantities to microphysical parameters retrieved from satellite data

is also presented.

1. Introduction

Because of their frequency of occurrence and location in
the cold upper troposphere, cirrus clouds are an integral
component of the global climate system. These clouds,
composed of ice crystals of variable habit [Dowling and Radke,
1990}, form in association with many atmospheric dynamical
processes such as jet streams, frontal systems and deep
convection [Liou, 1986] and often demonstrate organization on
mesoscale to synoptic spatial and temporal scales [Starr and
Wylie, 1990; Mace et al., 1995]. Since sublimation of cirrus
crystals is a slow process relative to the evaporation of cloud
water droplets and crystal terminal velocities tend to be
substantial (~1 m s™), cirrus can perturb diabatic heating rates
many kilometers below and tens to even hundreds of kilometers
downstream of the primary generation region.

While it is certain that cirrus are important to the global
climate, the nature of this effect has been a topic of scientific
research for more than two decades. Studies have shown that
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the effect of the infrared greenhouse due to cirrus (warming)
dominates over the effect of the cirrus on the solar radiation
(cooling) in situations where the clouds are optically thin and
occur over a warm surface [e.g., Ackerman et al., 1988]. This
effect tends to reverse as cloud optical thickness increases.
Stephens et al. [1990] showed, however, that these effects are
strongly modulated by the microphysical properties of the cloud.
Whatever the sign of the radiative effect, modeling studies have
shown that the atmospheric general circulation is very sensitive
to cirrus occurrence and cirrus properties [Lohman and
Roeckner, 1995].

Given the sensitivity of the global climate to cirrus, it is
important that global climate models used to simulate climate
and climate change correctly incorporate the effects of cirrus.
However, given the extreme variability of cirrus microphysical
properties [Dowling and Radke, 1990] and the complex
interaction between solar radiation and the nonspherical
particles composing cirrus clouds [Takano and Liou, 1989, it is
a virtual certainty that current climate models do not treat cirrus
correctly. As a result, the calculated response of climate models
to changes in cirrus properties are certainly questionable. This,
in turn, impacts their sensitivity to changes in internal and
external forcing.

A number of issues can be raised pertaining to the
shortcomings of cirrus parameterizations in climate models.
However, the principal shortcoming rests largely with a paucity
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of observational data that relate cirrus macrophysical,
microphysical, and radiative properties to the atmospheric state
resolved by a large-scale model. While a number of intensive
observing programs directed at cirrus have been conducted in the
last decade and the results emanating from these studies have
greatly increased our knowledge, those results represent a few
instantaneous samples in a broadly distributed continuum and,
thus, have somewhat limited applicability to parameterizing
cirrus in climate models. The broad gaps in the observational
database can be treated in a number of ways. Perhaps the most
obvious approach would be to combine cloud properties
retrieved from satellite data [Minnis et al. 1993a; Wylie and
Menzel, 1989] with meteorological data from observational
models. A second approach is to instrument very heavily a
number of surface sites strategically located in climatically
significant regimes and to record data continuously for many
years. This latter approach has been adopted by the Department
of Energy (DOE) Atmospheric Radiation Measurement (ARM)
program [Stokes and Schwartz, 1994].

In anticipation of the installation of an operational cloud
radar at the southern great plains (SGP) ARM site, Mace et al.
[1997] examined cirrus cloud properties derived from a 3 month
cloud radar data set observed by the Penn State 94 GHz cloud
radar. While this study revealed a number of interesting results,
it was limited by the short duration of the data set and a lack of
supporting observations. The cloud radar at the SGP site
provides an opportunity to extend this methodology to longer
time periods and to examine a wider range of parameters.
However, to compile statistics of cirrus microphysical properties
and examine relationships between cloud properties and
meteorological variables, algorithms must be implemented that
combine remote sensing observations to retrieve the cloud
properties of interest. In this paper, we describe one such
algorithm that is being implemented operationally on the ARM
data streams and present a comparison of the results of the
algorithm with in situ data. A cirrus case study is also examined
to illustrate the response of the retrieval algorithm to a cirrus
event that persists for several hours over the SGP site

2. Algorithm Description

A number of algorithms have been published recently
which combine radar reflectivity observations with downwelling
infrared radiances to derive cirrus cloud microphysical
properties [Matrosov et al., 1992, 1994; hereinafter referred to
as M92 and M94, respectively). The technique of M94 is an
extension of M92 and retrieves ice water content (IWC) and
characteristic particle size in each radar range gate by applying a
statistical technique to deconvolve the Doppler velocity into
mean air motions and particle terminal velocities. Our approach
is to use the general ideas of M92 and calculate the layer-
averaged properties of optically thin cirrus using the particular
mix of observational platforms at the ARM sites. For instance
M92 and M94 use a narrow filed of view infrared radiometer
that has a relatively rapid response (~30 s) and wide spectral
band pass (9.94-11.43 pm). No such instrument suitable for
cirrus observations is currently operational at the ARM sites.
Therefore we use, for the first time, infrared radiance spectra
observed by the atmospheric emittance radiance interferometer
(AERI) [Smith et al., 1993] combined with radar reflectivity
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observations to derive the microphysical properties of cirrus
layers. We also seek to incorporate into the algorithm research
results that were not available to M92.

Our initial goal is to derive accurate layer-averaged
cloud properties to evaluate the effect of optically thin cirrus on
the radiation field at the surface and top of atmosphere. Since
the vertically resolved technique of M94 requires the
deconvolution of the Doppler velocities, the M94 technique
requires a rather homogeneous cirrus layer that persists for
several hours; the techniques for deriving layer-averaged
properties have no such requirement and are therefore more
generally applicable. The approach discussed in this paper is
also described briefly by Mace et al. [1998] as part of the
Subsonic Aircraft: Contrails and Clouds Effects Special Study
(SUCCESS) section in Geophysical Research Letters. In the
following, we expand on Mace et al. [1998] and present
additional results.

The primary assumption we employ is that the layer-mean
particle size distribution (PSD) can be described adequately by a
modified gamma function [Dowling and Radke, 1990] in the
form presented by Gossard [1994]:

" D-D
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where B is a constant of proportionality, D, is a length
parameter, and « is the order of the distribution. We express
this function in terms of the modal diameter by solving
dN(D)/0D=0 for Dg, substitute the result into equation (1) and
solve for . The resulting equation is

ND)=N, exp(oz{DA ]exp[— b a] @)

X DX

where D is the modal diameter and N; 1s the number of particles
per unit volume per unit length at the functional maximum.
Analysis of in situ data [Dowling and Radke, 1990] suggests that
for cirrus a0 < 2. We therefore set a=1 and use observations to
estimate D, and N.

A radar measures the backscatter cross section per unit
volume, and this cross section can be expressed in terms of the
liquid equivalent radar reflectivity factor Z,. Assuming the
Rayleigh approximation is valid [Schneider and Stephens, 1995]
and neglecting differences in the refractive indexes of ice and
water for the moment, Z, is identical to the radar reflectivity
factor

Z=[TND)D%D. 3)
By using (2) in (3), we can write
6+a)!
Z =N,e”D] ( . @)
X X a7+a
Similarly, the water content can be expressed in terms of (2);
T
IwWC = piENxDl' C))
Using (4) in (5) we can write,
=a (3+a)'
wp = ([WC hh = p, £Z%_ ! A 6)
6 D G+a)

where IWP is the ice water path, Ah is the layer thickness and
the overbars represent layer averages. Other parameters of
interest can be derived similarly. For instance, the layer-mean
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total particle concentration (N7) and the effective spherical
radius (r.; defined in terms of the total volume of the distribution
to the total area) can be written as

= a_=2
N7 =D.N,e e
!
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The two unknown parameters of the modified gamma
distribution can be determined from the observed downwelling
radiance and the radar reflectivity using an expression for the
layer emittance

& = 1-exp|(1-@0)BA%| ®)

In equation (8), € is the cloud layer emittance, @y is the single-
scatter albedo, and P is the extinction coefficient. Fu and Liou
[1993, hereinafter referred to as FL93] present third-order
polynomial expressions for @y and B in terms of an effective
size, D, and IWC. The FL93 D, is the equivalent width of a
distribution of hexagonal columns. Since we are formulating the
retrieval in terms of spherical particles, we use regression
analysis and the aspect ratios of Auer and Veal [1970] to recast
the FL93 parameterization in terms of the radius that hexagonal
columns would have if converted to spheres [Ebert and Curry,
1992]. This relationship takes the form

D, = iZ:Ciré ©

and is shown in Figure 1. The constants C, of Equation 9 are
listed in Table 1. The expression for @y and B are then written
in terms of r. as in FL93,

B=IWCX =L 1l-ay= Ib, .

n=0 T n=0
a, and b, are listed in Table 2. These results are substituted into
equation 8 which takes the form,
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Figure 1. Particle maximum dimension (dashed) and particle
width as a function of effective radius. Relationships assume
hexagonal ice crystals and the aspect ratios of Auer and Veal
[1970]
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Table 1. Constants of Polynomial
Expression Relating D, and . .

CoefTicients
Co -1.0615 x 10
C 3.2419 x 10°
C, -2.197x 1072
Cs 6.515 x 10°

In(1-€)= _rwc(c J12 +Cor2 +Cyr+ Csry! + Cgr? )Ah (10)

The constants C, depend on a, and b,:

C; =agb;

C; =aghby +a;b;

C3 =a0b1 +a1b2 + a2b3
Cy=agby +a;b; +azb,;
Cs =a;by +a;b,

Cs =ayby.

Before deriving an expression for the layer emittance in
terms of Z, and D,, two other factors that influence the
relationship must be considered. The effective density of ice
crystals has been shown to be a strong function of particle size
due to internal air pockets that form during crystal growth
[Brown and Francis, 1995]. We use the parameterization
presented by Brown and Francis [1995], equation (8), and the
aspect ratios of Auer and Veal [1970] to develop a relationship
for the bulk density of low-order, modified gamma distributions
of ice crystals in terms of r.. The parameterized relationship

takes the form,
n=3p
- (1)

n=0T,

pi,eﬁr =

and is shown in Figure 2 for o=1. The constants B, are listed in
Table 3. The departure of bulk density from solid ice also
affects the radar reflectivity through the refractive index [Atlas et
al., 1995]. We therefore adopt the approach outlined by Atlas et
al. [1995] to express Z,. in terms of a distribution of ice spheres
that obey the bulk density formulation of equation (11). This
allows us to write equation (5) as follows:

2

WC:% piete [ Ki_ z p3ra)! (12)
Dx Pi,solid Kw 6 (6+a)!

Finally, we use equations (11), (12), and (7) in equation (10) to

express D, in terms of the layer emittance and layer-mean radar

reflectivity,

Table 2. Constants of Polynomial Expressions Relating
B and r. (a,) and a0 and r. (ba)

9.1-10.2 pm

10.2-12.5 ym

+0.3217 x 107

+0.5108 x 10

2]

a +0.1707 x 10*! +0.1067 x 10*!
a +0.1105 x 10%2 +0.7083 x 10*!
bo +0.2595 x 10° +0.5517 x 10°
b +0.7275 x 10?2 -0.2667 x 102
b, -0.8006 x 10* +0.3021 x 10*
bs +0.2453 x 10 -0.9306 x 107
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Figure 2. Relationship between effective radius and the bulk
density of a first-order modified gamma distribution of ice
crystals
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where

Using the observed reflectivity and the layer emittance
determined from the downwelling radiance as described below,
equation (13) is solved numerically for D, and D, is used in
equation (4) to determine N;.

The response of equation (12) to typical values of
emittance and radar reflectivity is shown in Figure 3. It is
encouraging to note that the retrieved parameters depend to a
nearly equal degree on the input parameters, and the retrieval
results tend to remain within the ranges typical of cirrus
[Dowling and Radke, 1990]. For a given radar reflectivity the
water content, number concentration, and visible optical depth
increase while the effective size decreases for increasing beam
emittance. Holding the beam emittance constant, all parameters
increase with increasing radar reflectivity. This is especially
notable for particle size, which is, as expected, somewhat more
sensitive to the radar reflectivity than to beam emittance. This
figure also suggests that the visible optical depth and water
content are most sensitive to observational error at larger values

Table 3. Constants of Polynomial
Expression Relating p; rand r, .

Coefficients
Bo -0.7076 x 10"
B +0.5775 x 10*
B, -0.1078 x 10"
By +0.6396 x 10"
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of reflectivity and beam emittance, while effective size is most
sensitive to error at the larger particle sizes.

The infrared emittance of an optically thin cirrus layer
must be computed in order to implement equation (13). The
primary observation used to determine £ is the downwelling

‘radiance measured by the AERL. The AERI is a zenith-viewing

instrument that measures the downwelling radiance in a 1.3°
field of view at 0.5 cm™ spectral resolution. The instrument
provides an emission spectrum valid over a 3 min atmospheric
dwell time once every 8 min. We consider the spectral region
between 800 and 1000 cm’ and average the 0.5 cm’
observations to 5 cm™ to reduce uncertainty in the observations.
We use the intervals that contain no significant gaseous emission
lines in calculating &. Our ability to choose well-characterized
narrow spectral bands is a distinct advantage of using the AERL
Narrow field of view radiometers, as used by M92, have
relatively wide spectral band passes and are therefore quite
sensitive to uncertainties due to trace gas emission. Since
scattering of IR radiation from the cloud and surface cannot be
neglected in determining € [Platt and Stephens, 1980], we have
developed an iterative approach based on the MODTRAN?3
radiance algorithm [Berk et al., 1989] which includes a multiple-
scattering implementation of the DISORT program [Stamnes et
al., 1988].

We first identify a period when no clouds are present in
the AERI field of view that is temporally near the cirrus cloud
event. Using a radiosonde profile, we then calculate the
downwelling radiances in 5 cm™ intervals between 800 and 1000
cm™. The clear sky calculations are compared to the AERI
observations at the clear time, and those wavenumber bins that
can be modeled accurately (to within 10% of the observed
radiance) are used in the retrieval. Typically, several dozen
spectral intervals are used. Since the AERI is believed accurate
to within 0.5% [Smith et al., 1993], errors in the clear sky
calculation are due to errors in the MODTRAN spectroscopic
database or to errors in the thermodynamic profile. A correction
factor for each spectral interval is then determined following
Smith et al. [1993]. If the calculated clear sky radiances at the
clear time and the cirrus time differ by more than one tenth of
the clear sky offset we do not perform the retrieval unless the
radiance observed at the cirrus time is more than 100% greater
than the cirrus time calculated clear radiance corrected by the
clear sky offset.

To perform the retrieval, we require that cirrus be present
over the instrument, as determined by the radar, during the
entire dwell time of the AERL For a particular AERI
observation containing cirrus, the radar reflectivity is corrected
for gaseous attenuation by water vapor and oxygen using the
algorithm of Schroeder and Westwater [1991] and are then
averaged temporally and vertically through the depth of the
cloud layer. In the first iteration, € is specified to 0.5, and
equation (13) is solved in each spectral interval. The ice water
path and particle size are calculated using equations (5) and (6)
and the IR single-scattering properties of the layer are
determined in each spectral interval using the FL93
parameterization. The single-scattering properties are used as
input to the MODTRAN3 algorithm, and the downwelling
radiance in each spectral bin is computed and then compared to
the observations. On the basis of the comparison, € is adjusted,
and the process is repeated using the adjusted €. The iteration
continues until the radiance averaged over the spectral bins
converges on the observations. The number of iterations
required for convergence depends on the radar reflectivity and
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the amount the cirrus increase the downwelling radiance over
the calculated clear sky amount. The algorithm typically
converges in fewer than five iterations for cirrus that have a
significant layer-mean reflectivity (> -30 dBZe) and radiance at
least twice the calculated clear sky value. Occasionally, the
algorithm does not converge for very tenuous cirrus.

This procedure results in individual retrievals in each
spectral interval, and the individual retrievals generally agree to
within 10% for cirrus layer parameters such as water path and
effective particle size. The differences in the spectral retrievals
are most likely due to the coarse spectral resolution of the FL93
parameterization in the thermal infrared portion of the spectrum.
The reported properties of the cloud are taken to be the average
of the individual retrievals. Since the AERI observations are
valid over a period of time (~3 min) that may be long with
respect to changes in the cloud properties, we perform the
retrieval several times using the standard deviations of the
AERI radiance and radar reflectivity added and subtracted to the
temporally averaged radiance and radar reflectivity, respectively.
The results of the four extreme permutations of the mean case
are taken to be the observational uncertainty of the spectrally
and temporally averaged retrieval. M94 present additional
analyses of sensitivity for radar-radiometer retrievals in cirrus
clouds.

Layer Emittance

20 10

Radar Reflectivity (dBZe)

Layer Emittance

20 10
Radar Reflectivity (dBZe)

23211
3. Case Study Results
3.1 April 24, 1997

Since we retrieve layer-mean quantities with the algorithm
described above, in situ validation requires representative cirrus
microphysical observations averaged over an entire cirrus layer.
On April 24, 1996, the NASA DCS8, based in Salina, Kansas, as
part of SUCCESS deployment, conducted a mission over the
SGP site and performed a slow spiral descent through a uniform
cirrus layer. This case is described in more detail by Mace et al.
[1998]. Figure 4 shows the results of the comparison between
the particle size distribution observed by the Particle
Measurement Systems 2DC microphysical probe with the results
of the retrieval algorithm described above. In the retrieval we
assume the order of the modified gamma distribution to be unity
and integrate the retrieved distribution over the 2DC size bins
after converting the equivalent spherical radii to the maximum
dimension of hexagonal columns using equation (8) and the
aspect ratios of Auer and Veal [1970]. In the smallest size range
(10-100 pm) the 2DC reported no particles, while the retrieval
results suggest concentrations near 200 L. Between 100 and
200 pm, the 2DC reports concentrations near 180 L, while the

20 -10 0
Radar Reflectivity (dBZe)

Radar Reflectivity (dBZe)

Figure 3. Response of the reflectivity-radiance algorithm to typical values of layer emittance and radar
reflectivity. The assumed cloud depth is | km. (a) Layer-mean ice water content (mg m™). (b) Effective radius
(um). (c) Particle concentration (l'l). (d) Visible optical depth derived from the Fu and Liou [1993]
parameterization using the water content and effective size as input.
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Figure 4. Comparison between the retrieved particle size

distribution using the reflectivity-radiance algorithm discussed
in the text and the measurements made by the 2DC
microphysical probe on the NASA DC-8. The solid line shows
the retrieved distribution, and the error bars are calculated from
the standard deviations of the radiance and radar reflectivity
during the retrieval period. The 2DC measurements are shown
by the dot.

retrieval results are somewhat lower. In the remaining size bins,
however, the agreement between the 2DC and the retrieval is
quite good and remains within the range of the observational
uncertainty of the retrieval results. The slope of the observed
distribution is somewhat greater than the retrieved distribution
and suggests that o slightly less than 1 may be more valid for
this case.

Two explanations are possible for the discrepancy at
the smallest two size bins. Since the radar responds to the sixth
moment of the particle distribution and the radiance depends, to
first order, on the integrated ice mass (third moment of the
distribution), we are particularly insensitive to the smallest
particles. We thus rely on the distribution of the larger particles
to predict the distribution of the smaller. Our analysis has shown
that for typical cirrus particle distributions, the bulk of the radar
reflectivity is contributed by particles with effective radii
between 80 and 200 um. Therefore the retrieval accuracy of the
smallest size particles depends on the correlative relationship
between the larger and the smaller particles. Analysis of
microphysical probe data has shown that this relationship is
often tenuous; bimodal distributions are frequently observed, in
which case there may be no relationship. Since we are
effectively integrating over the depth of the layer, however, it is
possible that these phenomena will be less important for layer
averages.  Further analysis is required to confirm this
speculation.

An alternative explanation to the discrepancy in the
smallest bins is related to the well-known difficulty of the 2DC
to accurately observe the smaller end of the particle distribution.
Since the 2DC observed no particles between 10 and 100 pum
and, relative to the retrieval, counts too many particles in the
100-200 pm bin, it is possible that some of the smaller particles
have been improperly counted in the larger bin. Certainly,
additional analysis is required to confirm both of these
possibilities, and it is likely that the discrepancy results from
some combination of both effects. The overall agreement shown
in Figure 4 is, however, quite encouraging. In the following
section we explore an alternative means to validating the
retrieval by comparing the observed solar flux at the surface
with the solar flux calculated from the retrieved layer properties.
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Since the visible extinction is sensitive to the presence of
smaller particles [Ramaswamy and Detwiler, 1986], the
comparison allows us to gauge the overall accuracy of the
technique for the case we consider.

32 April 5,1997

The algorithm described in section 2 has been designed for
operational implementation at the DOE ARM sites so that the
layer-averaged microphysical properties of optically thin cirrus
layers can be monitored continuously. While comparison of the
retrieved results with in situ data is the preferred means of
validation, in situ data are available only during infrequent
intensive observing periods. Given the known variability of
cirrus properties, it would be incorrect to assume that sporadic
validation with in situ data confirms the validity of our results
over the broad continuum of cirrus characteristics that will
certainly be observed. We therefore investigate means by which
individual cases can be examined independently and some
measure of confidence in the retrieval results determined. Since
the ultimate goal of this undertaking is the characterization of
the effect of thin cirrus on the radiation field, we attempt to use
the observed radiation field to validate the results. Since the
cirrus-layer properties derived from the retrieval algorithm are
guaranteed to produce the correct downwelling radiance in the
thermal infrared portion of the spectrum, we compare, when
possible, the downwelling solar flux observed at the surface with
calculations of the solar flux which use the derived
microphysical  properties as inputs to  radiative
parameterizations. We also compare the retrieval results with
those calculated from geostationary satellite observations. K we
can show that the retrieved cloud properties lead to reasonable
estimates of the solar flux at the surface and compare well with
cloud properties derived from top of atmosphere radiances, then
we can be confident that our results attain a sufficient level of
accuracy.

In this section we present results from a cirrus event that
occurred at the SGP site on April 5, 1996. While this is an
interesting cirrus event in its own right, we use this case as an
illustration of the products that will be generated operationally
and the techniques we will use to validate the results. The
cirrus shield that formed over the SGP site on April 5 occurred
in association with a vigorous low-pressure system centered over
southwest Texas. After middle and low-level cloudiness cleared
just before 1800 UTC, an overcast cirrus layer persisted for
many hours and during this time appeared visually to be quite
uniform; very little horizontal structure in the overcast was
apparent to ground observers. The radar reflectivity observed by
the Pennsylvania State University 94 GHz cloud radar
[Clothiaux et al., 1995] confirms this observation (Plate 1a).
While structure is evident in the time-height cross section, this
structure evolved over temporal periods of 30 minutes to an
hour. Before 2100 UTC, cloud base remained near 6.5 km,
while radar cloud top was more variable and ranged between 8.5
and 10 km. After 2100 UTC, the layer thinned considerably and
the layer-mean reflectivity decreased. These features, evident in
the reflectivity cross section, can also be identified in the 11 pm
radiance time series from the AERI (Plate 1b). For instance, the
minima in radiance near 1900 UTC and 1945 UTC occur in
conjunction with decreases in the reflectivity. During these
radiance minima, the peak reflectivity values drop from peaks
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Plate 1. April 5, 1996, case study. The overcast cirrus deck was observed at the Southern Great Plains
Atmospheric Radiation Measurement (SGP ARM) site in north central Oklahoma. (c-g) Solid lines show results
from the radar-radiance algorithm, the horizontal tick marks show the uncertainty determined from the standard
deviations of the radar reflectivity and atmospheric emitted radiance interferometer (AERI) radiance, and the
circles show results derived from geostationary satellite radiances. (a) Time-height section of radar reflectivity
observed by the PSU 94 GHz radar, (b) 11 pm radiance measured by the AERI, (c) Effective radius, (d) Retrieved
particle concentration, () Ice water path, (f) Visible optical depth, and (g) Comparison of the observed solar flux
(dashed line) with the solar flux calculated using the retrieval results in Plates le and lc. The flux is expressed
as the fraction of the clear sky flux removed by the cloud layer.
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near -3 dBZe at 1835 and 1925 UTC to values near -15 dBZe.
The 11pum radiance decreases substantially when the cloud thins
after 21 UTC. Note, however, that between 2200 and 2300
UTC, the character of the cloud layer changes. During this time
the radiance increases to values observed during the thicker and
more radar-reflective periods observed earlier in the period,
while the radar reflectivity between 2200 and 2300 UTC does
not show a corresponding increase. The peak radar reflectivity
values remain at or below -15 dBZe. The only notable change in
the radar data during this hour is a thickening of the cloud layer
from approximately x during the previous hour to x between
2200 and 2300 UTC.

Retrieved particle size, concentration and ice water
path are shown in Plates lc and 1d. For the purpose of
discussion, we divide the case into three sections based on the
changing layer thickness. From 1800 UTC until approximately
2030 UTC the layer maintains a thickness of 2.5-3 km, and from
near 2100 UTC until 2215 UTC the layer thickness decreases to
1.5-2km. During the final period, 2230-2300, the layer
thickness increases to approximately 2.5 km. During these
periods the variations in the IWP correspond roughly to changes
in the layer-averaged ice water content since layer thickness
remains roughly constant. Ice water paths during the early
period (1800-2030 UTC) are quite variable and range from 40-
90 g m, and the variability in the ice water path follows closely
the evolution of the reflectivity and radiance. Water paths
during the middle period (21-2215 UTC) decrease markedly.
This decrease appears to be due, primarily, to a decrease in the
layer thickness. Effective particle sizes range from near 120 pm
during the early period maximum in reflectivity to approximately
70 pm at 2115 UTC during a local minimum in IWP. Particle
concentrations during the early and middle periods are fairly
steady and range between 30 and 60 L.

The final 30 min period is characterized by smaller
particles and much higher concentrations relative to the earlier
times. While sizes decrease to about 60 um during this time,
concentrations increase by nearly a factor of 5 from 25 L' at
2215 UTC to 120 L at 2300 UTC. The average reflectivity of
the layer increases only slightly during this time, however, the
downwelling radiance doubles from 15 to 30 w m® cm™ sr’.
This increase in radiance appears to be driven primarily by the
larger number of smaller particles present over the instruments
although a thickening of the layer is also partially responsible.

Plates 1c, le and 1f show comparisons of the cloud
properties derived from the radar-interferometer technique with
results retrieved from geostationary satellite observations. The
visible-infrared-solar-infrared (VIST) technique, described by
Minnis et al. [1995] was used. The VIST technique, as applied
here, uses data collected at 4 km resolution at channels centered
at 0.65 um, 3.9 pm, and 10.9 pm. The data are averaged over an
area centered on the SGP site that extends 0.6° in latitude and
0.8° in longitude. The 0.65 um radiance data were converted to
reflectances as in the work of Minnis and Smith [1998]. The
reflectance and emittance parameterizations described by Minnis
et al. [1997] were used to retrieve the effective diameter, IWP,
and visible optical depth. The effective diameters were
converted to effective radius using the parameterization shown
in Figure 1. The IWP comparison (Plate 1e) shows quite good
agreement and captures well the evolving nature of the cirrus
layer. The particle sizes retrieved from the satellite data, on the
other hand, are consistently much smaller than retrieved by the
radar-interferometer technique. Since the radar is most sensitive
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to the largest particles, while the VIST is more sensitive to
smaller particles near cloud top, these results are not surprising.
However, since the radar-interferometer algorithm allows for a
bulk density that depends on the particle size (see Figure 2), the
discrepancy may be partially explained by the difference in
crystal density assumed by the two techniques; with particle
sizes in the 90 pm range, we would infer a bulk density near 0.5
g m?, while the VIST algorithm assumes solid ice crystals. In
essence the two retrieval algorithms sense the same amount of
ice mass, but the algorithms distribute the mass differently.

It is evident from the preceding discussion that the
radar-interferometer algorithm diagnoses subtle as well as
substantial changes in the cloud microphysical properties.
However, given the assumptions in the mathematical derivation
of the algorithm, there is no guarantee that the retrieved
properties are correct. As partial validation of the results, we
therefore use the derived water path and effective size as input
to the visible spectrum radiative parameterization of FL93 and
then use the parameterized single scattering-properties of the
layer as input to the radiation transfer model of Toon et al.
[1989] as modified by Kato et al. [1997]). Plate 1f shows the
visible optical depth of the cirrus layer. The close agreement
between the optical depths derived from GOES data and those
derived from the reflectivity-radiance algorithm is evident.
During this case, the visible optical depth ranges from
approximately 1 during the period when the layer was
geometrically thin to about 3.5 during the maxima in IWP

Plate 1g shows the comparison between calculated and
observed downwelling solar fluxes at the surface. These fluxes
are expressed in terms of the fraction of the clear sky flux at the
surface removed by the cloud layer. The clear sky fluxes were
derived using the technique of Long [1996]. The close
agreement between calculations and observations is evident.
The overcast and rather uniform nature of this layer lends itself
well to testing the validity of the retrieval in this way since the
assumption of a plane paralle] layer is reasonably approximated.
The poorest agreement occurs near the end of the case (after
2200 UTC) when the solar zenith angles are becoming large (>
70°). However, even though the absolute agreement is poor, the
trend of increasing cloud forcing is accurately characterized.
The microphysical properties of the layer changed markedly
from earlier periods with concentrations significantly higher and
effective sizes somewhat smaller. It is possible that a region of
active ice crystal generation was advecting over the site at this
time and the retrieval algorithm captures the evolution of the
cirrus layer. If our interpretation is correct, then it is equally
likely that low-reflectivity regions near the actual cloud top were
below the detection threshold of the radar, and the total ice mass
in the column is underpredicted, while the effective size is
overestimated [Mace et al., 1998]. This is consistent with our
overestimation of the solar transmittance during this period.

4. Summary and Future Work

In order to develop a continuous record of the
characteristics of optically thin cirrus using the operational ARM
data streams, we have developed a retrieval algorithm that uses
layer-averaged radar reflectivity and observations of
downwelling radiance observed by an interferometer to retrieve
the layer-averaged microphysical properties in terms of an
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assumed low-order modified gamma size distribution. This
technique uses ideas similar to those presented by M92 and M94
except that we have reformulated the scheme in terms of the
F193 radiative parameterization and constructed the algorithm to
use AERI-observed infrared spectra. The retrieval algorithm is
incorporated into an iterative scheme based on the MODTRAN3
radiance algorithm that accounts for scattering of radiation by
the surface and cloud layer. The sensitivity of the algorithm to
input data (Figure 3) reveals that the retrieved parameters
depend to a nearly equal degree on the IR radiance and radar
reflectivity. Observational uncertainty leads to larger errors in
optical depth and water content as the radar reflectivity and
beam emittance increase. We used in situ data to validate the
algorithm (Figure 4) and demonstrated good agreement between
a retrieved particle size distribution and a distribution collected
by the PMS 2DC probe on the NASA DC8 during the SUCCESS
field exercise. We also presented a case study (Plate 1) from
which we retrieved the microphysical properties and used these
propertics to calculate the downwelling solar fluxes.
Comparisons with observed fluxes and comparison with cloud
properties derived from GOES data showed good agreement.
We have also conducted comparisons between results from the
algorithm described in this study and the M92 technique [S. Y.
Matrosov, personal communication, 1998]. Water contents,
effective particle sizes and particle concentrations showed quite
good agreement.

The April 5, 1996 case study is a fortuitous example of a
uniform cirrus overcast and the comparison between observed
and calculated solar fluxes provide an excellent means of
examining the validity of the retrieval algorithm in this case. In
other cases, however, this validation approach will present some
difficulties. Cirrus clouds typically have much more spatial
inhomogeneity than the April 5 case, and a point-by-point
comparison of observed and calculated fluxes will provide only
limited information. Such a case is examined by Mace et al.
[1998] where event-averaged solar fluxes are compared and
shown to provide reasonable agreement. Other sources of
validation are also possible. To remove the ambiguity of plane
parallel flux calculations, we require validation data sufficiently
independent of the data used as input to the retrieval algorithm,
and this validation data must sense some property of the zenith
sky. For instance, we are investigating means of comparing
computed and AERI-observed scattered solar radiances in the 3
pm atmospheric window region as well as comparing with solar
radiances observed by the whole sky imager. We also plan to
use the retrieved microphysical properties in a forward
calculation of GOES and AVHRR solar and IR radiances.
Comparison of optical depths derived from sun photometer,
shadow band radiometer, and lidar data will also be used for
validation when these products are available. It may also be
possible to use some of these observations as additional input
data to the retrieval algorithm. Applying confidence limits on
data collected at night will be developed as we gain additional
experience with daytime cases. From a radiative point of view,
the only requirement for the night data is that they provide the
correct downwelling and upwelling radiances. The downwelling
radiance is guaranteed, and we will perform a forward
calculation of the upwelling radiances for direct comparison to
satellite measurements.

Preliminary calculations using data from the operational 8
mm radar at the SGP site are encouraging, and development of a
long-term climatology of thin cirrus microphysical properties is
ongoing. We are also developing algorithms that treat more
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general situations. The algorithm described in this paper as well
as the techniques of M94 and M92 require optically thin cirrus
with no lower clouds. Preliminary calculations with SGP radar
data indicate that of all cirrus events, lower-level cloud layers
were present 27, 29, and 36% of the time during April, May and
June 1997, while this statistic was 58% for the Autumn 1994
data examined by Mace et al. [1997]. We are therefore
developing algorithms that combine various data sources in
order to increase the fraction of cirrus cases that have estimated
microphysical properties.
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