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ABSTRACT

A method to determine cirrus cloud effective radii remotely using lidar and radar backscatter data is presented.
The difference in backscattered returns from instruments widely separated in wavelength holds information on
the characteristic sizes of the scatterers. The method compares theoretically expected backscatter coefficients to
observed backscatter returns from NOAA’s 3.2-cm and 8.6-mm radars and the 10.6-um lidar. Measurements
were taken during a two-phase cloud experiment held in northeastern Colorado from 6 September to 5 October
1989 and 15 February to 31 March 1991. It was found that the particle sizes estimated from the lidar-radar
method agree closely with in situ aircraft measurements. Case studies are presented to demonstrate the method
and the potential for multiwavelength remote sensing of cirrus cloud radiative properties.

1. Background

The possibility of global climate change is a major
scientific and societal issue (CES 1989). Not only are
there uncertainties about the magnitude of a change
in global surface temperature, but more important,
even the sign of this change is somewhat questionable
(e.g., Lindzen 1990). General circulation models
(GCM) are believed to be one of the best means to
predict future climate trends accurately, but they are
beset with uncertainties. Although GCMs address the
question of how clouds modulate atmospheric radia-
tion and how they in turn feed back to alter any climate
change, we do not yet understand how well they do it.

. Cessetal. (1989), in a comparison of 14 major GCMs,
showed that the models are in general agreement, in
terms of global temperature change, under clear sky
conditions using a change of sea surface temperature
to simulate CO, doubling. After the inclusion of clouds,
however, the model’s sensitivity to climate forcing var-
ied by a factor of three. The disagreement is attributed
to the differences in the treatments of clouds and the
coupling to other processes in the models. Present un-
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certainties in cloud parameterization can be directly
linked to the current scarcity of quantitative cloud ob-
servations. Accurate cloud descriptions are essential if
model predictions are to be cccurate, In light of this,
the Committee on Earth Sciences (CES) has established
clouds and cloud feedback mechanisms as the highest
priority research topic among global climate studies.

Cirrus clouds are recognized as having an important
influence on climate (Stephens and Webster 1981).
Because these high clouds are the most temporally per-
sistent and spatially extensive (Wylie and Menzel
1989), they play a significant role in modulating the
atmospheric radiation budget by transmitting solar ra-
diation downward as well as absorbing, transmitting,
and emitting terrestrial (infrared ) radiation upward and
downward.

Cirrus clouds are complex because they are com-
posed of ice particles in myriad shapes and sizes. Be-
cause of unsampled regions in the size spectrum, there
remain uncertainties in cirrus particle sizes, which is a
factor in properly assessing the sign of cirrus feedback
during a global temperature change (Stephens et al.
1990). There is substantial disagreement between ob-
served cloud microphysical properties and those de-
rived from radiative transfer models. One explanation
for these discrepancies is the possibility of very small,
undetected ice crystals (Sassen et al. 1990). Particle-
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measuring probes on aircraft have not been able to
provide complete size distributions adequately, es-
pecially at diameters less than 30 pym, thus creating the
uncertainty about the numbers of small particles
(Heymsfield et al. 1990). Even if aircraft instruments
could obtain the essential size distribution information,
they are limited in their spatial coverage of highly vari-
able cirrus clouds. A method to determine the vertical
profile of the cirrus particle size distributions could
greatly enhance our knowledge about these clouds and
how to parameterize them properly in climate models.

Present satellite-based remote-sensing methods are
also fraught with difficulty. For example, particle sizes
derived from satellite radiance data were much smaller
than the sizes measured in situ (Spinhirne and Hart
1990). Satellites are the ideal observing system to
characterize clouds on the global scale, but, optically
thin cirrus clouds cannot be unambiguously detected.
Both technological advancements of in situ instruments
that can better characterize the small end of the ice-
crystal size distribution, and development of advanced
remote sensing techniques are required to help under-
stand the microphysical, radiative, and dynamical
properties of cirrus clouds.

The need for cloud measurements and the untapped
possibilities to remotely observe cirrus cloud properties
using ground-based active remote sensors motivated
this study. This study introduces a method for esti-
mating an integrated measure of the ice-crystal size
distribution in terms of an effective particle size. The
method makes use of the Wave Propagation Labora-
tory’s (WPL) CO, lidar (10.6 um) combined with an
X-band (3.2 cm) or a K,-band (8.6 mm) radar (Intrieri
et al. 1991). The data used to test the method were
collected during a two-phase cloud experiment con-
ducted by the National Oceanic and Atmospheric Ad-
ministration (NOAA). The two main objectives of the
research described in this paper are 1) to describe the
method developed to estimate the effective radii of cir-
rus particles from simultaneous surface-based lidar and
radar backscatter measurements, and 2 ) to obtain pro-
files of the effective radii of cirrus cloud particles from
such data.

2. The Cloud Lidar and Radar Exploratory Test

The NOAA Wave Propagation Laboratory con-
ducted the Cloud Lidar and Radar Exploratory Test
(CLARET) to assess the utility of multiwavelength
measurements to detect cloud properties using its in-
house suite of remote sensors (Eberhard et al. 1990).
CLARET instruments operated about 30 miles east of
the Rocky Mountains near Erie, Colorado (elevation
1677 m), from 6 September to 5 October 1989
(CLARETI) and from 15 February to 31 March 1991
(CLARET II).

The CLARET instruments included the CO, lidar,
a depolarization ruby lidar, X-band (CLARET I) and
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K.-band (CLARET II) radars, a microwave radiome-
ter, a narrow-field infrared radiometer, and solar ra-
diation instruments. The instruments were clustered
near the Boulder Atmospheric Observatory (BAO) and
primarily pointed vertically to observe the same region
of cloud simultaneously. The intensive measurement
periods were episodic, dictated by the presence of de-
sired cloud conditions, and were often synchronized
with satellite overpasses. Many different cloud types
were observed during the two CLARET phases in-
cluding stratus clouds, midlevel mixed-phase clouds,
and cirrus clouds. The following sections describe only
the CLARET I and II instruments that were used in
this study.

a. The CO; lidar

The NOAA Doppler lidar is a mobile, pulsed, co-
herent, CO; laser radar system (Post and Cupp 1990).
During these measurements the lidar operated at its
usual wavelength of 10.6 um, but it can also operate
on many of the numerous lines between 9.3 and 11.2
pm. The lidar measures radial wind velocities in op-
tically clear air to accuracies of better than 1 m s™! and
backscattered signal intensity to ranges as great as 30
km. In general, the backscatter intensity data were pro-
cessed using 12 beams averaged over 3 s and 75-m
range gates.

b. The 3.2-cm Doppler radar

The NOAA X-band scanning Doppler radar is ca-
pable of measuring effective reflectivity factor as well
as many other parameters that are not a part of this
study. To effectively utilize this relatively long-wave-
length radar to observe the typically weak signals from
cirrus, additional sample averaging was performed in
the postprocessing (Uttal et al. 1990). A total of 5120
samples were averaged over 4 s and 37.5-m range gates
were averaged to match the 75-m range gates from the
lidar.

¢. The 8.6-mm Doppler radar

The WPL K,-band scanning Doppler radar used in
CLARET 11 is more sensitive to cirrus cloud particle
sizes than the 3.2-cm radar used during CLARET 1.
This radar has been described in detail by Kropfli et
al. (1990). A total of 6000 samples were averaged over
3 s (primarily to compress the dataset) and 37.5-m
range gates were averaged to match the 75-m range
gates from the lidar.

d. Radiometers

The microwave radiometer remotely senses inte-
grated amounts of water vapor and liquid water on a
path through the atmosphere (Hogg et al. 1983). Vapor
and liquid amounts are measured simultaneously by
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three channels at 20.6, 31.6, and 90.0 GHz. Statistical
retrieval methods are employed for nonprecipitating
conditions, and an adaptive form is then used to handle
higher attenuation due to the presence of rain. The
radiometer recorded data at 30-s intervals during
CLARET.

e. Aircraft sizing probes

Aircraft microphysical data were gathered by the
University of North Dakota (UND) Citation aircraft
during CLARET II. Particle size spectra were measured
using the forward-scattering spectrometer probe (FSSP)
and a two-dimensional cloud (2D-C) probe manufac-
tured by Particle Measuring Systems. For this study,
data from the FSSP are not used for verification because
the probe has been shown to overcount and undersize
ice particles (Cerni 1983 ). The 2D-C probe has proven
to be more reliable and the data obtained with it are
used for ice crystal sizing and number concentration.

The 2D-C probe sizes the maximum dimension in
diameter of an ice particle in the region from approx-
imately 70 to 1000 um. In this study the radius deter-
mined by the lidar-radar method is compared to the
aircraft measured radius and is defined as half the
maximum crystal dimension. The sampling area used
to image the particles consists of a He-Ne laser and a
photodiode array. As a particle passes through the
sampling area, slices of the particle image are obtained
and recorded onto magnetic tape along with infor-

mation on airspeed and direction. The particle area -

is determined by summing the number of 2D-C grid
points that the particle obscures as it passes through
the array. The spacing between elements in the array
is 33 ym and due to electronic lag the minimum de-
tectable size that can be measured by the array is 66
#m in diameter. The data is processed using a sizing
algorithm from Heymsfield and Parrish (1978).

3. Method

This section describes the method used to remotely
estimate the cirrus cloud particle effective radius. Ini-
tially, a range of cirrus size distributions are used to
calculate the backscatter from the two different sensor
wavelengths. These theoretically expected returns are
then compared to the observed radar and lidar values
to yield estimates of effective radii in the cirrus clouds.

a. Theoretical backscatter coefficient calculations

Radiation scattered from ice particles is a function
of several factors: particle size, number density, the
wavelength of the incident radiation, particle shape,
particle index of refraction, and viewing geometry. In
this study, Mie theory is used to quantitatively describe
the far-field backscattered radiation from a plane elec-
tromagnetic wave incident on a sphere (Mie 1908).

Previous investigators have demonstrated both ex-
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perimentally (Sassen and Liou 1979) and theoretically
(Takano and Liou 1979) that randomly oriented non-
spherical ice particles produce more side scattering than
ice spheres in the geometric optics regime. The differ-
ence in this scattering phase function indicates that
less scatter is produced in the backward direction by a
certain unknown amount according to the shape of the
crystal. Because it is uncertain what shapes and sizes
are within the sample volume it is not clear that more
complicated theories accurately represent the scattering
properties of irregularly shaped particles. Also, oriented
plates have been shown to produce greatly enhanced
backscatter when observed by lidar pointed very close
to zenith (Platt 1978). We recognize the pitfalls of
modeling the backscatter in terms of spheres, however,
more data is necessary to determine what adjustments
to the method may be needed in order to correct for
nonspherical scattering effects.

A Mie-scattering program, adapted from Bohren and
Huffman (1983), was used to calculate backscatter ef-
ficiencies Qpsar as a function of particle radius. The
indices of refraction for each instrument wavelength
are listed in Table 1 and were obtained from Warren
(1984) based on a temperature T = —20°C for the
radar wavelengths and T = —7°C for the lidar wave-
lengths. This is also based on assuming a solid ice bulk
density p = 0.9 g cm™3,

The index of refraction is

m=n-—in, (1)
where # is the real part and n’ defines the absorption
inside a particle. For example, at the ruby lidar and
radar wavelengths, #’ is negligibly small; however, it
becomes quite significant in the infrared, where the
absorption due to rotational oscillation is stronger.
The distribution of particle sizes, n(r), is the number
of particles per unit volume in the radius range between
rand r + Ar. A modified gamma distribution, defined

as
I‘(p)r 7 ¥, 3

is used, where N, is the number density, p is the dis-
persion factor, and r,, is the characteristic radius of the
distribution (Flatau et al. 1989). Equation (2) is a
convenient parameterization of n(r) and other inves-
tigators (i.e., Dowling and Radke 1990; Kosarev and

(2)

n(r) =

TABLE 1. Instrument wavelengths and associated indices
of refraction used in the Mie calculations.

Instrument Wavelength Index of refraction

Ruby lidar 0.69 pm 1.307 — (2.62 X 1078)i
CO, lidar 10.6 pm 1.109 — (1.22 X 107%)i
K,-band 8.66 mm 1.784 — (1.89 X 1073)i
X-band 321 cm 1.784 — (5.69 X 107%)i
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Mazin 1989) have used power-law-exponential forms
like Eq. (2) to describe a typical cirrus cloud. The ef-
fective radius r, is defined as

f n(ryr*dr

Ye =

S E— (3)
fn(r)rzdr

which is the ratio of the volume of the size distribution
to its geometrical cross-sectional area (Hansen and
Travis 1974). Values of r,, and p can be related to r.
by

re=(p+2)r,. 4)

This single parameter facilitates inversion of the mea-
surements to yield information on the scattering par-
ticles. If the cloud particles are randomly positioned
and separated by a distance greater than the size of the
particle, we can assume they backscatter energy inde-
pendently of each other. Individual backscattering
coefficients for each specific radius range can be
summed to obtain the volumetric backscatter coefh-
cient for a polydisperse cloud as

Obscat(lidar,radar) — f Qbscat,l'n(ri)"rr%dri (m-l Sl'—l)-

(5)

b. Observed backscatter coefficient

The 10.6-um lidar backscatter coefficient, 3, is cal-
culated from the recorded CO, lidar signal using an
algorithm that accounts for attenuation from atmo-
spheric absorption, system range factors, and calibra-
tion constants found from returns from a target of
known reflectivity (Weickmann 1991). The round-trip
atmospheric absorption factor corrects for the molec-
ular absorption of lidar radiation by H,0, CO,, N,O,
CH4, O3, O,, and CO. The Air Force Geophysical
Laboratory HITRAN database (Rothman et al. 1987)
was used to compute the atmospheric attenuation using
their midlatitude summer (CLARET 1) and winter
(CLARET II) seasonal atmospheric models.

Attenuation of the CO; laser radiation by the cloud
should be accounted for, especially if the cirrus has an
optical thickness greater than = = 1. Estimates of 7 can
be derived from infrared radiometer measurements to
correct for loss of signal. Because the cases presented
here are only used to illustrate the method, no analysis
of microphysical correlations were made and therefore
attenuation was not taken into account. We intend to
incorporate attenuation analysis in future analyses.

The processing software for the WPL radars similarly
uses calibration and system factors to calculate the ef-
fective reflectivity factor Z,. We converted these data
back to radar backscattering coefficient 5 according to
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1‘,5

n = Z.K* N (m™), (6)
where A is the radar wavelength, and
mt—1
K= 7
m+2 7

is determined by the dielectric constants of ice (Battan
1973). It is customary to express radar backscattering
(m™") in terms of a radar cross section, whereas lidar
backscatter (m sr~!) is usually described by the differ-
ential backscatter cross section. The relationship be-
tween differential backscatter coefficient 8 and back-
scatter coefficient 7 is

n = 4=np. (8)

Theoretical and observed backscatter coeflicients are
compared in this study, and it is useful to define the
following ratios:

O'radar
v, = Oradar (9)
Olidar
for theory and
Nradar
= (10)
e 47r:81idar

for observation. Thus +, and +, are directly comparable
and, in principle, are independent of total number
density Nj.

Figure 1 shows theoretical ratios for both K,-band
and X-band radars as a function of effective radius for
two values of p and a range of r, via Eq. (2). The
difference between the two curves is due to the differ-
ence in wavelength of the two radars. The two sets of
curves for each ratio represent two values of p, equal
to 2 and 5, which were chosen in order to have a range
of values that reflected broad and narrow distributions.
The values of the ratios v, range from 107'° to 10°

=
8 —=— K, radar/CO, Lidar
10 —— X radar/CO, Lidar |
-12 A i - A i -
0 50 100 150 200 250 300 350

Effective Radius (um)

FIG. 1. Log of the radar-lidar backscatter coefficient ratios versus
effective radius for a modified gamma distribution specified by p = 2
and p = § for the K,-band radar (squares) and X-band radar (crosses)
over CO, lidar,
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from the small to the large end of the range in effective
radius. Distributions characterized by small values of
r, are associated by low ratios and the larger values of
r. by higher ratios. Large changes in v, for small
changes in 7, suggest the method is robust to inaccu-
racies in either n or 8 measurements. Because of in-
strument limitations and their necessary dynamic
ranges there is an upper and lower bound of r, that can
be determined by this method. The smaliest effective
particle size that can be determined is limited by the
radar sensitivity and corresponds to approximately 30
um. The largest particle radius that can be determined
is approximately 350 um:; this is due to the combination
of effects resulting from lidar attenuation from very
large particles and also because the v, curves become
almost flat when r, > 350 um. Comparison of the ratios
v, obtained by simultaneous radar and lidar field mea-
surements to the curves in Fig. 1 yields the experimental
effective radius.

4. Field observations and analysis

In this section, the theoretically derived ratios, v,,
are compared to v,, the ratios obtained from lidar and
radar backscatter measurements. As described in sec-
tion 3, these comparisons provide a way of estimating
the effective radii. Two case studies are presented that
utilize the lidar-radar method. The first case (from
CLARET 1) utilizes the X-band radar and is separated
into two distinct periods that were chosen to highlight
different cirrus cloud characteristics. The second case
(from CLARET II) utilizes the K,-band radar and
provides a direct comparison of the derived effective
radii and the particle sizes as measured by an in situ
aircraft probe.

The synoptic and local meteorological scenarios as-
sociated with each case are briefly presented. Although
the large-scale environment is not specifically addressed
here in terms of the small-scale observations, the
weather conditions and the specific cirrus cloud mi-
crophysics may be correlated.

a. CLARET I case study—4 October 1989

On 4 October 1989 a variety of cloud types were
present over northeastern Colorado; altocumulus, cir-
rus undulatus, altostratus, and cirrostratus were visually
observed from the CLARET site. Layers of cirrus be-
tween 5.2 and 8.2 km above mean sea level (MSL)
were detected by the X-band radar and the ruby and
CO, lidars during the entire day. Between 2000 and
2100 UTC the cloud contained no appreciable amounts
of liquid water, as indicated by the microwave radi-
ometer. Cloud temperatures obtained from a balloon
launched from the experiment site during this time
revealed cloud-base and top temperatures of —16.8°
and —37.4°C, respectively. Ruby lidar depolarization
ratio, defined as the ratio of the parallel and perpen-
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dicular components of backscatter, are low for spherical
water drops while higher ratios are indicative of more
complex ice-crystal shapes (Sassen 1991). The WPL
ruby lidar depolarization ratios, which were fairly uni-
form throughout the entire depth of the cloud, mea-
sured 0.57 indicating that the primary scatterers were
ice particles.

Two examples of effective radius profiles from this
case study cloud are illustrated in Figs. 2a and 2b. The
two different symbols correspond to two beams or pro-
files, separated by approximately 20 s, of observed
backscatter ratios. Each individual data point repre-
sents an X-band radar reflectivity value over a CO,
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FIG. 2. Profiles of effective radii (gm) for (a) 2035 UTC and (b)
2100 UTC 4 October 1989. Effective radii are derived from backscatter
ratios via Fig. 1. The pluses and squares, represent effective radii
values for two consecutive beams of radar-lidar backscatter data.






