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ABSTRACT

Since October 1987, the University of Utah Facility for Atmospheric Remote Sensing (FARS) has been applied to
the probing of the atmosphere, concentrating on the study of high-level clouds. Regular FARS measurements, which
currently total ~3000 h of ruby lidar polarization data, have been directed toward basic cloud research, remote sensing
techniques development, and to improving satellite cloud property retrieval methods and GCM predictions by provid-
ing climatologically representative cloud datasets and parameterizations. Although the initial studies involved mainly
the ruby lidar, the facility has steadily evolved to include a range of visible, infrared, and microwave passive remote
sensors, and state-of-the-art, high-resolution dual-wavelength scanning lidar and W-band Doppler radar systems. All
three active systems display polarization diversity. In this paper are reviewed the specifications of FARS instrumenta-
tion and the research programs to which they have been applied. Four multiple remote sensor case studies of various
cloud systems are presented to illustrate the research capabilities. Like a handful of similar sites elsewhere, such re-
search centers dedicated to extended time observation programs have great potential for contributing to atmospheric

monitoring and climate research.

1. Introduction

In recent decades the utility of remote sensing in-
strumentsfor studying the state of the atmosphere has
without question been demonstrated. In addition to
satellite-borne passive remote sensors, which began as
simple gray-level television cameras orbited in the
early 1960s, the capabilities of ground-based active
remote sensors have a so steadily improved. Currently,
avariety of lidar optical and radar microwave measure-
ment technologies are available for atmospheric re-
search. Particularly promising for aerosol and cloud
research are polarization lidar and millimeter-wave
radar, which are both planned for deployment soon on
orbiting platformsfor the purpose of climate-oriented
global research.

Theresearch capabilities of modern remote sensors
have been illustrated in several recent field research
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campaigns, such asthose designed to study cirrusand
stratuscloudsinthe First International Satellite Cloud
Climatology Program (ISCCP) Regional Experiment
(FIRE; Cox et al. 1987). The climatic impact of both
types of clouds is not rigorously understood, even
though their role in maintaining the global radiative
balanceislikely to be significant. In such experiments,
groups of mobile passive and active remote sensors
and supporting aircraft have been assembled to gen-
erate highly synergistic datasets.

On the other hand, in view of the advantages in
some respects of extended time atmaospheric monitor-
ing, many permanent field sites now exist that support
onhe or more remote sensing instruments, such as the
global and regional networks of aerosol lidars. Only a
few facilities, however, can fully take advantage of the
principal of remote sensor synergy by deploying the
typesof diverseinstruments gathered together at mgjor
field experiments. Asfirst demonstrated using comple-
mentary multiple remote sensors in winter mountain
storms (Sassen 1984), in which each sensor was shown
to have both unique capabilitiesand limitations, com-
bined passive—active, visible-infrared—-microwavere-
mote sensing leads to the best characterization of the
cloudy atmosphere. This fact is at the foundation of
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the design of the Clouds and Radiation Testbed
(CART) sites supporting the Department of Energy’s
Atmospheric Radiation Measurement (ARM) pro-
gram (Stokes and Schwartz 1994) and the University
of Utah Department of Meteorology Red Butte field
site described here.

2. The Facility for Atmospheric Remote
Sensing

A meteorological field station was established in
1978 at the mouth of Red Butte Canyon on the east-
ern edge of the University of Utah campus to house
the mabile cloud polarization lidar (CPL) (anditspre-
decessor), which participated in several aerosol and
cloud research programs, and an M-33 radar (Sassen
1980). The site is located at 40° 49'00"N and 111°
49'38"W at the base of the Wasatch Mountains at
1.52-km MSL (all heights are given above mean sea
level), overlooking the Salt L ake Valley and southern
Great Salt Lake. It lies~12 km west of the Salt Lake
City (SLC) National Weather Service (NWS) station,
which providesupper air sounding profilestwice daily.

A permanent research station designed to house the
CPL and accommodate additional instrumentation, the
Facility for Atmospheric Remote Sensing (FARS) was
constructed in 1987 with joint funding from the Na-
tional Science Foundation and the University of Utah.
Thisfacility was equipped with arooftop parapet for
mounting radiometers, a porch for radar studies, and
apaved areafor mobile instrument vans, which were
to be gradually added. As described below, these ad-
ditionsinclude asuite of visible, infrared, and micro-
wave radiometers; photographic and video all-sky
imagery; and state-of-the-art 3.2-mm Doppler radar
and dual-wavel ength scanning polarization diversity
lidar (PDL) systems. The radar and PDL are mobile
units that have participated in several aircraft-
supported cloud research programs at the Southern
Great Plains (SGP) ARM CART site. Each system has
acomputer controller—data acquisition unit, which is
linked to the main campus viathe internet. The speci-
ficationsof theseinstrumentsare providedin Table 1.

A common feature of the three active remote sens-
ing systemsis polarization diversity (Sassen 2000). As
isreflected in theinstrument designs, our data collec-
tion philosophy has stressed examining the extrain-
formation content inherent in measuring the changein
the state of polarization of the backscattered energy.
Thisresearch tool becomes even more useful in view
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of the principle of exploiting basic particle scattering
differences over the large 0.532-1m to 3.2-mm range
of wavelengths, where hydrometeor scattering spans
the geometric opticsand Rayleigh domains. Inal three
devices, linear depolarization ratios, or 6 values, are
derived from the backscatter when transmitting lin-
early polarized pulses (see Table 1 for pulse planes).
The s valueisthe ratio of the energy returned in the
perpendicular-to-parallel polarization planes, after
corrections are made for differences in the receiver
channel gains.

a. Instrumentation

1) THE CLOUD POLARIZATION LIDAR

As can be seen from the photograph of theinterior
of FARS in Fig. 1, the CPL is mounted on a (manu-
aly) scannable table and yoke located beneath a sky-
light, and, with component replacements, has been
continually in use since 1987. Some components of
this “turnkey” lidar can be traced back to one of the
earliest systems developed in the mid-1960s at New
York University (Schotland et a. 1971). The design
of the dual-polarization receiver is based on the use
of avariablefield stop diaphragm, laser line interfer-
encefilter, Glan-air polarizing prism, and two photo-
multiplier tubes (PMTs) to simultaneously measure
the energy returned from the vertically polarized laser
inthe horizontal and vertical planes (Sassen 2000). The
ovalueiscomputed after adjusting for differencesin
el ectronic gainsand optical misalignment. Calibrations
are performed with the use of a randomly polarized

Fic. 1. Interior view of FARS showing the zenith-pointing
cloud polarization lidar and coaligned midinfrared radiometer
benesath the observation skylight, a ong with some of the computer
controllers and video systems.
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TasLE 1. University of Utah Fecility for Atmospheric Remote Sensing (FARS) instrumentation.

1) Passive remote sensors
(a) Net flux pyradiometers
(b) Narrow-beam (0.14°) 9.5-12.5-xm radiometer (coaligned with lidar)
(c) Precision infrared radiometer
(d) Pyradiometer, 0.3-2.8-xm broadband visible
(e) Multiple frequency RSR (6 channels, 0.415-0.94-m, 10-nm bandpass)
(f) Pyrheliometer (0.63-2.8 1m) with solar tracker
(g) Sun photometer (10 channels, 0.38-1.03-xm, 10-nm bandpass)

(h) Dual-channel (31.4 and 23.8 GHz) microwave radiometer

(i) All-sky 35-mm photography
(i) All-sky video time-lapse imagery
2) Active remote sensors

(a) Cloud polarization lidar (CPL) two channels
» vertical polarization transmitted
* manually “tiltable” +5° from zenith
* 0.1-Hz PRF, 7.5-m max range resolution
* max 2K per channel datarecord length
» 1-3-mrad receiver beamwidths
e 25-cm diameter telescope—

* 0.694-.m wavelength, 1.5 maximum output

(b) Polarization diversity lidar (PDL)
e Four channels

e Vertical (0.532 xm) and horizontal (1.06 xm) polarizations

* Fully scannable, 5° st

e 10-Hz PRF, 1.5-m maximum range resolution

» 2-8K per channel datarecord length

e 0.2-3.8-mrad variablereceiver beamwidths

o 35-cm diameter telescope (two)

e Simultaneous 0.532- and 1.06-.m wavel engths, 0.45-J outputs

(c) 95 GHz polarimetric Doppler radar
Six channels (two Doppler)

» Vertical and horizontal polarizations transmitted

* Fully scannable, 5° st

* 10 Hz-80 KHz PRF, 7.5-m max range resolution

* 600 range gates

* 0.25° beamwidth

* 90-cm diameter dish, 57-dB gain

o 3.2-mm wavelength, 1.2-KW peak power

light source positioned at the minimum telescope fo-
cusdistance.

Note from Table 1 that thisrelatively high-power
ruby lidar system hasalow pulse repetition frequency
(PRF) and is normally digitized with a maximum
record length of 2048 8-bit samplesat arange resolu-
tionof 7.5m(i.e., 16.17-km MSL maximum altitude).
In other words, it generates a manageable amount of

Bulletin of the American Meteorological Society

data, which facilitates the devel opment of an extended
remote sensing dataset. On the other hand, the sensi-
tivity of the unit is sufficient to treat each pulse asin-
dependent (i.e., no averaging is required for most
tropospheric targets). Over theyearsasteady improve-
ment in CPL data acquisition has been made by up-
grading (fromtheoriginal Applelle) tofaster PCs, but
a common format for data archival has been used
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Fic. 2. Photograph of the polarization diversity lidar deployed
at FARSfor scanning operations on the mobile platformsrear tail-
gate, depicting the laser transmitter, dual telescopereceivers, and
safety radar unit dish.

throughout. A two-channel digital oscilloscope, with
apretrigger capability to obtain background light lev-
€ls, has served asthe returned signal digitizer for this
low-PRF lidar.

Also visible at upper right on the lidar table in
Fig. 1 isacoaligned narrow beam midinfrared radi-
ometer (see Table 1) for combined lidar—radiometer
(LIRAD) cloud studies (Platt et a. 1987; Barnett 2000).
Not visibleinthis photograph, but important for safety
purposes and to facilitate the preparation of field notes,
isavideo camera also coaligned with the lidar.

2) THE POLARIZATION DIVERSITY LIDAR

Based on a commercial Nd:YAG laser, the PDL
was designed to be atestbed of lidar polarization tech-
niques for cloud and aerosol research (Sassen 1994).
Permanently truck mounted, this unit replaced the
mobile CPL for field research, making itsfirst appear-
anceinthe 1991 FIRE second Intensive Field Observ-
ing campaign in Coffeyville, Kansas. The lidar table
can be either pointed out a roof hatch for zenith mea-
surements and +10° zenith scans, or positioned on a
rear tailgate for range-height indicator scans (see

1122

Fig. 2). This 10-Hz PRF lidar has simultaneous four-
channel, two-color (0.532 and 1.06 xm) linear polar-
ization capabilities at rangeresolutionsdown to 1.5 m,
making it a uniquely high resolution scanning lidar.
Each wavelength has its own steerable telescope re-
ceiver using the same dual-channel design asthe CPL,
except light detection at 1.06 zm usesapair of silicon
avalanche photodiodes instead of PMTs. The receiv-
ers are also equipped with computer-controlled dia-
phragms for variable field-of-view (FOV) multiple
scattering studies.

Because of scanning laser eye safety concerns, also
mounted on the PDL tableis amodified X-band ma-
rine radar unit (Fig. 2), which with a PC controller
serves as a laser interrupt device if aircraft encroach
within ~2.5° of thelidar FOV. It has been fully tested
during CART research involving various aircraft, in-
cluding the high-flying National Aeronautics and
Space Administration (NASA) ER-2.

3) THe W-BAND PoLARIMETRIC DoPPLER RADAR

The National Science Foundation Academic Infra-
structure Program and the University of Utah provided
funding for aresearch grade 95-GHz (3.2 mm) radar
to join the FARS instrumentation suite in order to
evaluate the cloud research potential of such emerg-
ing millimeter-wave technologies. The radar was
manufactured in 1994 by Quadrant Engineering, Inc.,
of Amherst, Massachusetts and has been applied to
basic cloud research and teaching at FARS and dur-
ing SGP CART campaigns (Sassen and Chen 1995).
Figure 3 showsthe radar on a scanning pedestal posi-
tioned on the FARS porch during recent instruction of
aRadar Meteorology class.

Fic. 3. The 95-GHz Doppler radar deployed on the FARS
porch during the instruction of a Radar Meteorology class. Com-
puter and transmitter component rack is partially seen at right.
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This scannable radar is powered by a 1.5-kW
Klystron transmitter, with the 0.9-m diameter dish al-
lowing for a 0.25° beamwidth (Table 1). The radar
providessix datachannels, including horizontally plus
vertically polarized co- and cross-polar radar reflec-
tivity factors, and Doppler radial velocities. Recent
computer hardware and software upgrades allow the
collection of full Doppler spectrainstead of the stan-
dard pulse-pair estimated values.

Radar calibrations have previously been obtained
through comparison with radar reflectivities derived
from stratus cloud in situ data, and through intercom-
parisonswith other cloud radars at the SGP CART site.
We now have the ability to perform absolute calibra-
tions through the use of a corner reflector mounted
near FARS. Relative radar calibration is tracked us-
ing aninternal signal loop that monitorschangesinthe
transmitting and receiving subsystems.

4) PASSIVE REMOTE SENSORS

Asshownin Table 1, a variety of hemispherical,
solar tracking, direct and diffuse, and zenith radiom-
eters operate in the visible, infrared, and microwave
spectral regions. Cloud and aerosol visible optical
depth 7 can beretrieved using several of these devices,
downwelling cloud layer infrared emittance ¢ with the
narrowbeam midinfrared radiometer, and precipitable
water vapor and liquid water depths with the dual-
channel microwave radiometer (MWR). Theserange-
integrated data quantities areimportant adjunctsto the
analysis of the active remote sensing data. All-sky
color and red-filtered, black-and-white, 35-mm
fisheye photographs are regularly collected, as well
as occasional all-sky and zenith time lapse video

imagery.

b. FARSresearch objectives

Since FARS was established in 1987, it has been
applied to the regular study of high-level clouds in
support of basic cirrusresearch, and the polar-orbiting
and Geostationary Operational Environmental Satel-
lite (GOES) cloud property validation effort of the
Project FIRE Extended Time Observation (ETO) com-
ponent. Additional foci that have contributed to the
scope of our research have included an emphasis on
thin/subvisual cirrus studies from 1988 to 1989, two
Experimental Cloud Lidar Pilot Study program cloud
study periods (Platt et al. 1994), enhanced contrail re-
search from 1993 to 1996, and since 1998 an aircraft-
supported Earth Observing System (EOS) Terra
satellite cloud property validation program. Figure 4
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Fic. 4. Bar graph depicting the monthly totals of FARS CPL
cloud and aerosol data collected from Oct 1987 to Dec 2000.
Concentrating on cirrus cloud research, the monthly distribution
of measurements agrees well with the local NWS reports of high
cloud amounts (Sassen and Campbell 2001).

showsthe monthly totals of ETO measurement hours
since theinception of FARS, which, although concen-
trating on cirrus cloud observations, also contains
many intentional and unintentional opportunities for
studying aerosols and other cloud types (Campbell
1997). As of December 2000, more than 3000 h of
ruby lidar data and nearly 12 000 two-color fisheye
photographs have been collected, largely in accordance
with the ephemeris of National Oceanic and Atmo-
spheric Administration (NOAA) polar-orbiting satel-
lite overpasses. M ost measurements haveinvolved the
afternoon and evening hours corresponding to local
polar orbiter imagery. Wetypically attempt to obtain
~3 h observation periodsin order to encompass mul-
tiple satellite overpass opportunities, and to obtain
records corresponding to the passage of mesoscalefea
tures of advecting cirrus cloud systems.

As aresult of the ETO activities based firmly on
the visual identification of cloud type (Sassen 2001a),
we have been able to develop climatologically repre-
sentative characterizations of the essentia properties
of the midlatitude cirrus cloudsinhabiting the eastern
Great Basin of the United States. Studies of frequent
aircraft condensation trails (contrails) in our areaare
described in Sassen (1997). The mean and monthly
variabilitiesin macrophysical cirruscloud properties,
and an analysis of their associated synoptic weather
patterns, are given in Sassen and Campbell (2001). In
Sassen and Benson (2001) are described cloud micro-
physical propertiesinferred from lidar depolarization,
including the basic temperature dependencein cirrus
particle shape and orientation. Finally, the fundamen-
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Fic. 5. SLC NWS sounding for 0000 UTC 26 Aug 1998, show-
ing southwesterly monsoonal flow conditions associated with
summertime thunderstorm activity. Wind barbsin thisand follow-
ing soundings are given in 2.5, 5.1, and 25.6 m st intervals.

tal radiative properties of rand & for cirrus generated
by various mechanisms (i.e., synoptic, deep convec-
tive, and orographic) are characterized in Sassen and
Comstock (2001) using the LIRAD method. Additional
parameterizations of these quantities in terms of

Fic. 6. NOAA-12 polar-obiter infrared image of the western United States from 0107
on 26 Aug 1998 of the thunderstorms devel oping just to the southwest of FARS (x symbol).
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midcloud temperatures and physical cloud thicknesses
of high and midlevel cloudsare offeredin Sassen et al.
(2001).

In addition to these climatological findings, there
have been numerous opportunities to describe case
study and limited climatological results. These have
included the properties of corona-producing cirrus
clouds (Sassen 1991), thin/subvisual cirrus (Sassen
and Cho 1992), contrails (Khvorostyanov and Sassen
1998), and vol canic (Sassen and Hordl 1990; Sassen et dl.
1994) and free-tropospheric (Sassen 2000, 2001b)
aerosols.

While our research has emphasized cirrus clouds
(with visible optical depths < ~3.0), we have also
taken advantage of the capabilities of the millimeter-
waveradar and MWR to perform case studies of other
clouds. Whereas high, cold cirrus clouds are most
completely observed using lidar, combined micro-
wave and light measurements become a necessity in
midlevel, mixed phase, and precipitating cloud sys-
tems. In such clouds optical attenuation can become
asevererange-limiting factor for lidar. Aswewill il-
lustrate herefor clouds ranging from cirrusto precipi-
tating nimbostratus, the combined use of visible,
infrared, and microwave sensing techniquesyields a
unique synergy in revealing the nature of clouds. As
far as aerosol research is concerned, opportunitiesto
use lidar and solar radiometric observations have
emerged to study the evolution of volcanic strato-
spheric aerosols following
the June 1991 Mount Pinatubo
eruptions, smoke layers from
local and regional forest fires,
local pollution as part of the Oc-
tober 2000 Vertical Transport
and Mixing Experiment, and the
remnants of dust storms from
as far away as the Mongolian
Desert (Sassen 2001b).

3. FARS case studies

To demonstrate the capa-
bilities of this remote sensing
ensemblefor researching tropo-
spheric clouds and aerosols, we
provide four FARS case studies
comprising various atmospheric
conditions. In each case we uti-
lize datafrom those remote sen-
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sors that contribute most to comprehending the spe-
cific atmospheric conditions.

a. Cumulonimbus cloud
Asshown in the 0000 UTC (all times are univer-

sal time coordinate) SLC NWSsoundingin Fig. 5, the
thunderstorm studied on 26 August 1998 by the CPL

12.0
10.0

8.0

Height, MSL (km)

0.15 0.25 0.35

0.45 0.55

and PDL units was associated with southwesterly
monsoonal flow. The polar-orbiter satellite image in
Fig. 6 depicts this cumulonimbus as it developed in
an area enclosed by a severe thunderstorm warning
box over the West Desert of Utah, and advected over
FARS. Thetwo fisheye photographs at thetop of Fig. 7
depict the anvil approaching from the southwest at

0130

T

0200

T

0230 0300

Time, UTC

Fic. 7. Time-height displays of CPL relative returned (i.e., not attenuation corrected) energy (top, based on a logarithmic gray
scale), and &-values (see color key) from athunderstorm asit advected over FARS, bringing rain by 0310 on 26 Aug 1998. At top are
two fisheye photographs of all-sky cloud conditions obtained at the times stamped, and at bottom the record of the midinfrared col-

umn brightness temperature T,.
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Fic. 8. Consecutive £10 zenith elevation angle scans of returned energy collected by
the PDL from 0225:36 to 0228:38 on 26 Aug 1998 at a 1.0° s* scan rate, showing high-

resolution dlices through anvil mammatta.

0144 (notethetill-clear skiesto the north, at top), and
the darkening anvil and large mammatta (center) at
0210. The CPL displaysof relative returned energy(in
arbitrary units based on alogarithmic gray scale) and
laser linear depolarization (see color key) below cap-
ture the developing cloud for a~3 h period, from the
initia thin anvil cirrus to the start of rainfall. These
displays reveal the typical progressionin lidar cloud
returnsunder such increasingly attenuating conditions.
It is probable that the anvil cloud top remained at
~12 km, even though the strong optical attenuation
produced by the thickening anvil after ~0200 usually
limited the range of lidar probing to ~1.0 km. Notethe
corresponding increasein infrared column brightness
temperature T, over this period (bottom panel). Anvil
mammattafirst appeared at ~0135, where they can be
seenin Fig. 7 to penetrate severa hundred metersinto
the subcloud air.

Thelidar depolarization datafirst indicate rainfall
beginning at ~0300. In contrast to the 5~ 0.4 through
most of theicecloud, the sintherain vary from<0.05
to ~0.2 in response to raindrop-shape oscillations in
rain shafts containing differently sized particles, and
perhaps to melting graupel or hailstones. The liquid
cloud layer that appeared briefly from 0304 to 0307
at 3.7 kmisidentified by both the very strong optical
attenuation it produces and the near-zero dat cloud base,
followed by a rapid increase due to multiple scatter-
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ing induced depolarization. Just
after thistime, alidar dark band
isvisbleat 3.9 kmwherethe de-
polarization decreasesrapidly (see
alsothefourth case study), some-
what below the 4.5-km freezing
level (Fig. 5). This feature was
first described in Sassen and
Chen (1995), and was attributed
to the decreasein lidar backscat-
tering caused by the inhomoge-
neous particlesformed just after
severely melted snowflakes col-
lapse into raindrops. Finally,
note that the aerosol in the

-1.5 0.0 1.5

boundary layer, whichincreases
as the thunderstorm outflow
winds affect the area, produce
6<0.05, indicative of spherical
or (morelikely) relatively small
nonspherical particles.
Although W-band radar data,
which would have been useful in
quantifying the range-limited optical conditions, are
unavailable, the PDL was utilized after 0200 to col-
lect (0.532 pm) parallel-polarized +10° elevation angle
scans from the zenith direction. These north—south
scans represent cross sections approximately orthogo-
nal to the mean cloud-level wind direction (Fig. 5),
such that the cloud structural variability across the
prevailing winds can be assessed. The high- (1.5-m
range by 0.1-s time) resolution example provided in
Fig. 8 shows eight consecutive dlices through anvil
mammatta advecting through the scanning plane (see
Fig. 7 fisheye at upper right). At this unique resolu-
tion, mammattaare revealed as optically dense, down-
ward-penetrating cloud masses that shed eddies of
various scales during mixing with the dry subcloud air.

b. Aircraft condensation trails and elevated
aerosols
On 5 March 1999 the passage of a mesoscale cir-
rus cloud band with contrails particularly evident

Fic. 9. FARS dataset for the 5 Mar 1999 case study of triple
lidar wavelength depolarization from cirrus, contrails, and an
Asian dust layer. Shown from top to bottom are representative
fisheye photographs, CPL returned energy and Stime-height dis-
plays, traces of the broadband visible PSP and infrared PIR hemi-
spherical fluxes, T, and expanded PDL displays of contrailsfrom
near the end of the period.
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Fic. 10. Comparison of 5-min averaged (1854-1859) &-value
profiles for the three lidar wavelengths during a period when the
backscattering from the elevated aerosol layer was relatively
strong. Theinserted table givesthe S values at the 5.25-km aero-
sol peak in terms of combined molecular and aerosol ¢ and esti-
mated aerosol-only o, values. Notethat the pulse averages varied
from 30 to 3000 shots for the CPL and PDL, respectively.

along its leading and trailing edges was studied with
backscatter depolarization at the three CPL and PDL
wavelengths. Figure 9 compiles the basic active and
passive remote sensing data for this lidar case study.
Although the W-band radar was not activated, expe-
rience has shown that persisting contrails (and very
thin cirrus) generally havereflectivities below the de-
tection threshold of millimeter-wave radars because of
the relatively small ice particle sizesin contrails (see
Sassen and Khvorostyanov 1998).

At the top of Fig. 9 are shown representative
fisheye photographs of the persisting linear contrails
and thin cirrus cloud, which produced a colorful 22°
halo. It can be seen from these images and the CPL
displaysthat the contrails occurred just abovethecir-
rus cloud top at the beginning (missing the contrails
leading edge) and at the end of the period, when two
contrails passed overhead in succession. The contrails
can beidentified in thelidar display by the narrow, but
strongly backscattering, convective-appearing layers
lying above crystal fallstreaks (Sassen 1997). These
contrails were estimated to be on the order of 1 h old
when sampled in the zenith. Analysis of theradiative
effects of the contrails is complicated by the effects
of the background cirrus layer, but their impact does
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not appear to be significant in the infrared spectral
region [note the precision infrared radiometer (PIR)
and T traces] in agreement with an earlier FARS case
study (Khvorostyanov and Sassen 1998). Thisfinding
implies the presence of relatively small ice particles.

More light is shed on thisissue by the 0.532- and
1.06-um PDL displays at the bottom of Fig. 9.
Although the returned energy displays of thetwo trail-
ing contrails at the two wavelengths are similar, the
ovaluesarenot. Thesignificantly lower contrail oval-
ues at the longer wavelength at right impliesthe pres-
enceof small (i.e., relative to theincident wavel ength)
nonspherical particles, asassessed in Mishchenko and
Sassen (1998). Note that the 6 values in the thin cir-
rus are, asistypicaly the case, quite similar. (Some
discrepancies, however, can be expected dueto differ-
encesin detector noise, frequency response, digitizer
gain setting, and scattering volumes sampled.) Using
atypical T-matrix scattering theory prediction for
nonspherical particles form Mishchenko and Sassen
(1998), we can estimate from the depolarization dif-
ferencesthat the effectiveice particle sizesin the con-
trails are ~2.0 um diameter, despite the fact that the
contrails were about 1 h old.

Since only small differencesin depolarization are
foundinthecirruslayer at thethreelidar wavelengths,
it can be concluded that contrailsare unique, for clouds
that is, in their ability to generate and maintain the
sufficiently minuteice particlesto manifest a scatter-
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Fic. 12. Infrared channel image obtained during the NOAA-14 satellite overpass of

FARS (x symbol) at 2210 on 29 Mar 1999.

ing dependence in the Rayleigh—Mie transition zone.
An additional subject of interest in this regard is the
depolarizing behavior of the elevated aerosol layer
centered at ~5.3kmin Fig. 9. Thisaerosol wasaprod-
uct of thetranspacific trangport of dust from Asian dust
storms (Husar et al. 2001), which is not infrequently
observed over FARS in the spring. As more clearly
shown in the 5-min average profiles in Fig. 10, the
o values at the three wavelengths revea differences
that arerelated to the impact of the combined molecu-
lar (i.e., wavelength to the fourth-power dependent)
and nonspherical dust particle backscattering, with
maximum ¢ ranging from 0.08 to 0.16. The inserted
table shows the corresponding aerosol-only peak &,
when the molecular contributions are approximately
removed using a range-squared signal filter. In this
case, o, are ~0.20, which are similar to the Kosa
dust-dominated ¢ values measured in Japan from
supermicron-sized particles (Sassen 2000).

c. Cirrostratus-to-altostratus cloud transition

On 29 March 1999 a synoptic-scale arc of high-
and middle-level clouds preceding amaritime Pacific
storm system swept over northern Utah. Given in
Fig. 11 isthe 30 March Salt Lake City (SLC) radio-
sondedata, and in Fig. 12 the NOAA-14 infrared image
of the cirrus over the western United States obtained
at 2210. Theirradiance recordsin Fig. 13 provided by
the Multiple Frequency Rotating Shadowband Radi-
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ometer (MFRSR) areillustrative
of the cloud conditions over the
daylight period. The passage of
an initial band of cirrus from
~1600t0 1930isrevealed by the
decreasein direct norma and in-
creasein diffuse horizontal solar
irradiances. Following a rela-
tively cloud-free period, agradu-
ally thickening cirrus layer
caused astrong reductionin the
direct normal solar radiation un-
til by ~2300 the cloud effec-
tively blocked the direct beam.
CPL observations began at
1803 as the initial band of thin
cirrusexited theregion, and just
in advance of the gradually
deepening cirrostratus. The
fisheye photographs at the top of
Fig. 14 follow this cloud evolu-
tion, which is further described
by the CPL height versustime plotsof relative returned
energy and depolarization given just below. After the
initial cirrus at ~9 km departed, the next cirrus layer
with cloud topsto near the 12-km tropopause (Fig. 11)
gradually thickened and eventually produced optical
attenuation strong enough to cause range-limiting ef-
fects at ~2230 and again at 2300. By this time, the
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Fic. 13. Solar irradiances displays in the indicated 0.673-xm
channels of the MFRSR on 29 Mar 1999.
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cloud layer had thickened sufficiently to be classified
asaltostratus (i.e., the solar disk had become visually
indistinct, as shown in the final fisheye photograph).

The laser depolarization display in this cirrus,
which generated various optical displays, is particu-
larly interesting. Theinitial decaying cirruslayer con-
tains low & ~ 0.2 values, perhaps indicating the
rounded crystal forms associated with particle evapo-
ration effects. The strongly scattering and nondepolar-
izing cloud element sampled briefly at ~1955 at ~9 km,
however, represents a persistent contrail composed of
horizontally oriented plate crystals (see lower part of
the 2005 UTC fisheye). (Thiswas confirmed by scan-
ning the lidar afew degrees off the zenith direction to
identify the backscattering anisotropy.) The highest
(6~ 0.55) depolarization in the higher cirruslayer oc-
cursat thetop of theinitial mesoscale generating cloud
mass (see also the bottom-left display in Fig. 15). At
2005 athree-ringed solar coronawas noted in connec-
tion with this cloud feature. On the other hand, con-
siderably lower svaluesarefound between ~2130 and
2230, when a 22° halo was often observed (see the
2122 UTC fisheye). That the special shapes and ori-
entations of theice crystals generating coronas and ha-
los is reflected in different lidar 6 values has been
firmly established by recent FARS research (Benson
1999). Finally, strong depolarization at the bottom of
the altostratusis observed, likely indicating the pres-
enceof icecrystal aggregates. The nature of theweakly
scattering, low-depolarizing subcloud layer at 8 km
is discussed below.

A comparison between the broadband visible pre-
cision solar pyradiometer (PSP), and infrared PIR
hemispherical flux and T, tracesin Fig. 14, showsthe
typical inverse relation between the solar and terrestrial
fluxes. That is, increases in cirrus cloud visible optical
depth reduce the solar transmittance, but at the same
timeincreasetheinfrared emittance. Thisisespecialy
apparent in the PSP versus PRT-5 records, but can also
be seen to alesser extent in the broadbrand PIR data,
which isdominated by gaseous emissions under these
conditions. The MWR reveals small water vapor depth
variationsin phasewith the presence of thecirrus (note
the minimum at ~1900). Finally, the r and ¢ derived
using 2-min ruby lidar and midinfrared radiometer
data averages with the LIRAD method follow the
variationsin cirrusradiative properties (Barnett 2000).
Note the typical graybody (&< 1.0) nature of the cir-
rus, and how thelight extinction and infrared emission
propertiesvary in phase with one another. By theend
of the period, 7 approaches 3.0 and ¢ approaches 1.0,
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characteristics of the cirrostratus-to-altostratus cloud
transition (Sassen 2001a; Sassen et a. 2001).

Additional components of this case study include
the PDL and radar height-time displays in Fig. 15
during the thickening of the cirrostratusinto altostra-
tus. Shown arethe PDL returned energy, and W-band
equivalent radar reflectivity factor (Z, with lidar-de-
rived cloud boundariesindicated by the dot symbols)
and mean Doppler velocities V. It is clear that quite
different images of the cloud are generated in the op-
tical (0.532 xm) and microwave (3.2 mm) regions.
Although the lidar generally detects the cirrus cloud
top at 11.8 km, theradar isinsensitive to the smallest
ice crystals generated in the upper cloud region. In-
stead, the radar has detected only those cloud portions,
generally associated with generating regionsand crys-
tal fallstreaks, containing relatively large and/or nu-
merous particles. As amatter of fact, the strongest Z,
correspond tothe“holes’ inthelidar returns produced
by strong optical attenuation. The mean Doppler ve-
locities provide additional information. The dense
cloud mass at ~2230 isrevealed to contain a series of
aternating up- (as high as 0.5 m s'!) and downdrafts
indicating active growth from cloud base. The next
pulse of atostratus cloud displays somecellularity, but
is often dominated by strong downward motions in
excess of 1.0 m s, indicating the fallspeeds of ice
particle aggregatesin this optically dense cloud.

Finally, depicted in the bottom of Fig. 15 are
higher-resolution PDL returned power displays of
details of the cloud structure. (Note that the 6 values
at the PDL wavelengths are again very similar to the
ruby values, although some differences dueto contri-
butionsfrom molecular scattering and noise effectsare
evident.) Thefirst display (left) showsthe initial co-
rona-producing mesoscale cirrus generating/fall streak
structure, where cloud-topped generating cells have
produced a ~2 km deep cirrus mass. a relatively
strongly scattering thin cloud layer (perhaps of oro-
graphic origin) is also present at 9.7 km.

The second detail of thelower cloud region corre-
spondsto aperiod of strong penetrative fall streaks, or
cirrus mammatta (see Sassen 2001a). These structures

Fic. 14. FARS data from the 29 Mar 1999 cirrus cloud case
study, showing from top to bottom fisheye photographs; CPL re-
turned energy and ¢ value displays; plots of the hemispherical
visibleandinfrared fluxes; T,; MWR water vapor depth (in mm);
LIRAD-derived visible optical depth z; and infrared layer emit-
tance &.
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have penetrated into dry subcloud air (Fig. 11), which
also containsrelatively weakly scattering aerosol. As
evident in the top of Fig. 15, this sloping layer re-
mained separated from the cirrus until the altostratus
layer lowered intoit. The source of thiselevated aero-
sol can aso betraced to an Asian dust storm. Reliable
o vaues obtained at the 0.532- and 0.694-.m wave-
lengths show depolarization of ~0.04-0.06, which are
indicative of nonspherical dust particles somewhat
smaller than the wavel engths (Mishchenko and Sassen
1998). Based on Langley plots of the morning (cloud
free) MFRSR data, the combined molecular and aero-
sol rranged from 0.485 at 0.416 xmand 0.305 at 0.614
4m, to 0.145 at 0.870 xm, indicating arather signifi-
cant aerosol loading. A silver aureole was observed
during the morning, and again at ~1920, dueto thefor-
ward scattering from this aerosol. Such passive data
can clearly complement the lidar depolarization data
when collected in a coordinated fashion.

d. Precipitating mixed phase cloud system

A very different type of cloud system was studied
from FARS afew months later, on 1 June 1999. This
multilayered cloud system evolved from a midlevel
cloud with overlying cirrus into a mixed phase nim-
bostratus layer that generated a trace amount of rain
over the~4 h FARS observation period. Although this
case study had in situ support from a SPEC Incorpo-
rated L earjet research mission as part of our EOS sat-
ellite studies, the detailed analysis of the aircraft data
will await future research.

The SLC radiosonde datain Fig. 16 reveal adeep
moist layer from ~5 to 10 km, which was water satu-
rated at ~5.5 km. Figure 17 provides fisheye photo-
graphs, CPL relative returned energy and linear
depolarization, and W-band radar Z_ and V height-time
displays, along with selected passive remote sensing
plots. The lidar data show initially a midlevel ice
cloud, followed by the brief appearance of a cirrus
layer at ~10 km at ~2000, and, later, intermittent ice
cloud returns at intermediate levels. The radar data
show that the lidar returnswere often restricted by sig-
nal dynamic range limitations and increasing optical

Fic. 15. Additional data displays of the thickening cirrostra-
tus studied on 29 Mar 1999 of 0.532-xm PDL returned energy,
W-band equivalent radar reflectively factor in dBZ,, and mean
Doppler velocity V (m s, whereblueto black isupward). At bot-
tom are shown expanded PDL displays of amesoscale cirrus gen-
erating mass, and cirrus mammeatta penetrating into dry subcloud
air containing an Asian dust layer.
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Fic. 16. SLC NWS sounding for 0000 UTC 2 Jun 1999.

extinction at midlevels, but are otherwise in reason-
able agreement. Starting at ~2030, however, therange
of lidar operations was severely restricted by adense
mixed phase nimbostratus cloud, such that the upper
cirrus layer detected by the radar from ~8 to 10 km
could no longer be sensed optically. The presence of
embedded supercooled liquid water clouds is identi-
fied both by the lidar & values, which are <0.05 at
cloudbase (followed by rapid increases al oft dueto the
effects of multiple scattering), and the MWR liquid
water depths that reach in excess of ~0.2 mm.
Intercomparisons of the passivedatain Fig. 17 revea
the expected inverse relation in visible and infrared
radiation fluxes, and a gradual increasein MWR va-
por depth accompanying the lower-level cloud
development.

It can also be seen that after 2100, shafts of virga
and rain became increasingly common, and at times
very light rainshowerswere noted at the surface. The
radar V in the devel oping lower cloud layer show rela
tively small up- and downward vertical motions, ex-
cept during the preci pitation episodeswhenV>3ms?
dueto raindropsare evident near the surface. Although
not aclassic case, adlight reflectivity bright band and
Vincreases are found at aheight of 3.2 km where the
snow changesto rain, particularly at ~2300.

In Fig. 18 are provided detailed views of the
0.532-m channel PDL data, which more clearly show
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Fic. 18. Detailed views of 0.532-um PDL backscattering and depol arization displays as preci pitation devel oped on 1 Jun 1999. At
bottom are shown expanded images of the precipitation shaft at ~2300.

Fic. 17. The FARS case study for 1 Jun 1999 following the development of a precipitating nimbostratus cloud layer. From top to
bottom are shown representative fisheye photographs, time-height displays of CPL returned energy and depolarization, W-band ra-
dar dBZ_ and V, and plots of broadband fluxes, T,, and MWR liquid water and vapor depths.
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the 6 < 0.05 found at the liquid cloud base, followed
by arapid multiple scattering-induced depolarization
increase. Although 6 < 0.05 are a so sometimes present
at about the same height due to the presence of ori-
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ented planar crystals, the SLW clouds sporadically
present between 2243 and 2253 are distinguished by
the strong attenuation from the numerous cloud drop-
lets, which produce obvious range-limiting effects.
ThePDL returned energy and depolarization displays
of the precipitation shaft at ~2300 at the bottom of
Fig. 18 reveal at high (1.5 m by 0.1 s) resolution the
form of thevirgaand precipitation. The detail ed struc-
tures within the rainshafts may defy current categori-
zation, but at aheight of ~3.0 km can be seen thelidar
dark band, where lidar backscattering is quite weak.
Lidar depolarization in the rainshafts is up to ~0.2
which may reflect the drop shape oscillationsinduced
by aerodynamic drag forces and turbulence effects, or
large melting ice particles. Near the surface, o values
reach 0.10-0.15 in a boundary layer containing
nonspherical aerosols.

Finally, given in Figs. 19a and 19b are examples
of thetypesof ice crystals sampled in situ by the new
laser-based Cloud Particle Imager probe (Lawson et dl.
2001) aboard the supporting L earjet. Figure 19a shows
the particles typical of the upper cirrus layer: bullet
rosettes, columns, and small plate crystals. The par-
ticlesin Fig. 19b from the lower precipitating cloud
layer, however, represent a portion of alarge stellar
crystal, rimed crystals, and minute ice and perhaps
water particles. The type of planar ice crystal shown
in Fig. 19b is capable of horizontal alignment during
fall, and could account for thelow lidar Svaues some-
times observed in the lower cloud.

4, Conclusions

The foregoing description reveals FARS to be a
unique university-based facility for atmospheric re-
mote sensing research, education, and the training of
anew generation of professionals. This site exempli-
fiesthe synergistic application of the multiple remote
sensor approach for studying aerosols, clouds, and pre-
cipitation. Its makeup approachesthe variety of remote
sensorsthat composethe core of ARM program CART
central facilities, although FARS active remote sens-
ing data collection is limited to selected case studies,
but with much greater focus. This hasits advantages
in that each study period has comprehensive support
in terms of detailed field notes and photographic
records, and the real-time monitoring of data quality.
Unattended observations, despite their more continu-
ous nature, often suffer from ambiguitiesin the com-
position of the atmospheric targets being sensed (i.e.,
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what constitutes aerosol versuscloud layers), and from
the compromises in instrument operational modes
designed to maintain sufficient dynamic rangeto cap-
ture most situations.

In the future, we hope to continue to support the
satellite validation efforts connected to polar-orbiter—
GOES platforms, new-generation EOS Terra/Aqua,
and the planned W-band radar CloudSat and lidar Path-
finder Instrumentsfor Cloud and Aerosol Spaceborne
Observations—Climatol ogie Etendue des Nuages et des
Aerosols (PICASSO-CENA) satellite missions. We
intend to update our submissions to the NASA Lan-
gley Distributed Active Archive Center to archivethe
entire FARS ETO dataset, in order to increasethe use-
fulness of the observationsfor satellite validation, and
testing weather and climate model predictions. We
anticipatethat agreater emphasiswill be givento aero-
sol research, and to characterizing in particular mixed
phase and preci pitating cloud systems, using the var-
ied FARS instrumentation. We also look forward to
developing the means to investigate the utility of ad-
ditional lidar Stokes—circular polarization methods,
Raman nitrogen and water vapor channel additionsfor
improved scattering parameter determination and
cloud/aerosol formation studies, joint lidar—radar vol-
ume scanning methods, and W-band radar Doppler
spectrastudies.
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