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A FIELD EVALUATION OF REMOTE SENSOR MEASUREMENTS

OF WIND, TEMPERATURE, AND MOISTURE
FOR ARM INTEGRATED SOUNDING SYSTEM RESEARCH

B.E. Mariner, E.R. Westwater, R.G. Strauch, B.B. Stankov,
D.B. Wuertz, W.L. Ecklund, K.S. Gage, D.A. Carter, J.B. Snider,

J.C. Churnside, J.A. Shaw, K.P. Moran, and J.C. Reynolds

ABSTRACT. Remote sensing systems were operated in
Colorado in February and March 1991 to obtain detailed
profiles of the kinematic and thermodynamic structure of
the atmosphere for the U.S. Department of Energy's
Atmospheric Radiation Measurement (ARM) research program.
The instruments included wind profilers, Radio Acoustic
Sounding Systems (RASS), microwave and infrared
radiometers, an infrared spectrometer, ceilometers,
radiosondes, surface meteorological stations, and other
equipment. A mesoscale data assimilation model will be
used to combine the data into dynamically consistent
four-dimensional fields as part of an integrated data
assimilation sounding system.

This report evaluates the performance of the NOAA
remote sensors used in the 1991 field data collection.

These included five different wind profilers, each
equipped with RASS capability for temperature profiling,
and microwave radiometers for measurements of path-
integrated water vapor and liquid water content. The
design and initial testing of a Fourier-transform
InfraRed Sounder (FIRS) for humidity profiling is also
described. The ranges of height coverage and measurement
accuracies for each wind profiler/RASS are examined.
Specific recommendations for optimizing the design and
configuration of similar instruments are made for the ARM
Cloud And Radiation Testbed (CART) sites, based on
results of the 1991 field work and earlier tests.

Examples of routine processed data products are presented
for three intensive operating period studies to further
illustrate the remote sensors' capabilities.
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I, INTRODUCTION

The U.S. Department of Energy's Atmospheric Radiation
Measurement (ARM) program seeks to improve general circulation
models (GCMs) for predicting global and regional climate changes
that will be caused by the increasing concentrations of greenhouse
gases in the atmosphere. The program's primary emphasis is on
improving radiative transfer aspects of GCMs through a combined
measurements and modeling approach. Remote sensing will play a
central role in the measurements facet of the program, which will
attempt to accurately assess all features of the atmosphere that
significantly influence the radiative budget at a few climatically
strategic sites (DOE, 1990). Long-term continuous measurements of
the atmospheric structure and radiative fluxes will be conducted at
these sites, known as Cloud And Radiation Testbeds (CART).

The ARM goals are ambitious and its schedule is demanding.
The first CART is scheduled to begin phased-in operations in 1992.
Many of the instruments proposed for use in CART operations
represent emerging technology and exist only as specialized
research prototypes. Therefore, an important preparatory step for
ARM was an intensive field project in Colorado in 1991 to assess
the suitability and readiness of instruments and techniques far
profiling the thermodynamic and kinematic structure of the
troposphere and lower stratosphere. The field work was designed to
provide ARM with a head start by gathering practical information
for the design and operation of the CART sites. Additional longer
term research, also fundamental to ARM goals, will use 1991 data to
design an optimized combination of diverse profiling instruments
and to extrapolate single-site data to dynamically consistent,
four-dimensional fields at GCM sub-grid scales using a data
assimilation mesoscale model. The result will be an integrated
system for atmospheric profiling tailored to ARM's requirements.
The research is being conducted by a cooperative partnership that
includes the National Oceanic and Atmospheric Administration's
(NOAA) Wave Propagation Laboratory (WPL) and Aeronomy Laboratory
(AL), the National Center for Atmospheric Research (NCAR), and the
University of Wisconsin (UW). An overview of the research plan is
given by Dabberdt et al. (1991).

This report summarizes measurements obtained with the NOAA

remote sensors during the 1991 field project and evaluates the
performance of these instruments. Recommendations for CART
instrumentation are presented, based on the results of the field
project and the considerable experience of NOAA scientists and
engineers with designing and operating these instruments and their
predecessors. The research is ongoing and the results are not
final, but the urgency of the ARM schedule requires preliminary
assessments and recommendations at this time.

The important task of integrating measurements from all the
instruments into a cohesive and dynamically consistent, four
dimensional data set is an ongoing cooperative endeavor of the



NOAA/NCAR/UW research. The measurements obtained by the ARM
Colcrado field experiment and related concurrent field projects
provide a rich data set for testing the integration techniques.

2. FIELD OPERATIONS

The first quarter of 1991 was an extremely active time for
atmospheric measurements in the Denver area. As shown in Table I,
four projects were conducted with overlapping schedules and area
domains between mid-January and mid-April. This report addresses
the research conducted for the ARM Integrated Data Assimilation
Sounding System (ARM/IDASS), which is referred to here as ARM-91
for brevity. Most of its instrumentation was located at the WPL
Platteville site northeast of Denver, Colorado, with additional
instruments at other locations, as shown in Fig. 1.

The ARM-91 field work was conducted during February and March
within the more extensive Winter Icing and Storms Project (WISP)
experimental area, which is shown in Fig. 2 (Politovich, 1991).
Close coordination was maintained between these two projects, and
arrangements have been made for exchanging data that may be useful
to scientists of both experiments. The second Cloud Lidar and
Radar Exploratory Test (CLARET-II) was another ARM project
conducted during this period at the WPL Erie-1 site north of
Denver. The ARM-91 project focused on thermodynamicand kinematic L
profiling measurements, whereas CLARET-II emphasized observations
of clouds and their radiative effects. In addition, the
Atmospheric Studies in COmplex Terrain (ASCOT) program conducted a
winter validation field experiment in the Denver area. Together,
these projects represented an unprecedented concentration of
instrumentation for profiling the structure of the atmosphere.

Many of the instruments in the ARM-91 project, such as the
wind profilers and radiometers, were designed to obtain continuous
measurements with little or no operator intervention. Others, such
as the radiosonde systems, require operator attention and consume
expendables; these instruments must be operated in an episodic
manner to conserve labor and money. Therefore, ARM-91 operations
used a strategy of continuous, unattended operation for some
sensors, and short (about 24-36 h) intensive operating periods
(IOPs) for all instruments.

ARM-91 conducted full operations for one month beginning on 15
February 1991. Seven IOPs were declared during this period (Table
2). The IOPs included a wide variety of weather, ranging from snow
an_ rain showers to variable cloudiness to clear skies. However,
the NOAA remote sensors operated continuously except for down time
_o_ maintenance, calibrations, and unscheduled problems Many of
the NOAA %nstruments were operated from mid-January to mid-April
and their data are archived for that entire period. Most
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Table i. Field Projects Conducted in Denver Area in Early 1991

ARM/IDASS ,'ARM-91', (Atmospheric Radiation Measurement/Integrated
Data Assimilation and Sounding System) research

_ose:'''fieli'test''an'ad'hoc''integrated'sounding system and
evaluate its performance for the design of ARM Cloud And Radiation
Testbed (CART) sites

Period: 15FEB91-15MAR91

Area: Platteville site (primarily)
Data'Catalog: of NOAA data only, available from NOAA/WPL

ARM/CLARZT-II (Cloud Lidar And Radar Exploratory Test)

clouds with combinations of remote sensors and evaluate the clouds'
radiational effects

Period: 15FEBgl-31MARgl
Area: Erie-i site

Data Catalog: available from NOAA/WPL

WISP-91 (Winter Icing & Storms Project)

_ose: .... ££udy "'tffg'me't2o;olo'gi'cai" conditions which produce
hazardous aircraft icing, and conduct basic research on winter
storms

Period: 15JANgl - 31MAR91

Area: Northern Colorado plains adjacent to the Front Range
Data Catalog: Available from NCAR/RAP

ASCOT-91 (Atmospheric Studies in COmplex Terrain)

_ose_''study'local'nocturnai'flows'from'canyons and slopes and
transport and dispersion around Rocky Flats

Period: intensive period: 3FEBgI-19FEBgl
Front Range Air Quality Study: 15JANgl-20APRgl

Area: Front Range and plains centered around Rocky Flats
Data Catalog: Available from TRC, Inc.
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Figure i. Map of the locations of instrumentation used in the

ARM-91 field project. Platteville was the primary site; other

instruments were located at Stapleton Airport, Erie-l, and Adams

County.



Figure 2. Map of instrumentation used in the WISP-91 field
experiment. The concentration of ARM instruments at Platteville i,'_
shown by the square box northeast of Denver (courtesy of NCAR
Research Applications Program).
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data examined in this report are based on the complete period of
data collection, not just the IOPs. WPL's routinely processed data
products for three of the IOPs are presented in Appendix B.

, .

Table 2. ARM-91 Intensive Operating Periods

....... 15 February 1991 - 16 March 1991 .......

I. 17 FEB (1200 GMT) - 19 FEB (0100 GMT)
variable cloudiness (with WISP)

2. 24 FEB (1200 GMT) - 25 FEB (1300 GMT)
light snow (with WISP)

3. 28 FEB (0300 GMT) - 1 MAR (0400 GMT)
clear sky turning to broken and overcast

4. 5 MAR (1800 GMT) - 7 MAR (0100 GMT)
cold front rain to variable cloudiness (with WISP)

5. 8 MAR (2100 GMT) - 9 MAR (2200 GMT)
clear sky

6. iI MAR (2100 GMT) - 12 MAR (2200 GMT)
cold front showers, then clear (with WISP)

7. 14 MAR (1200 GMT) - 16 MAR (0300 GMT)
variable low and high clouds (with WLSP)

, iii,,i ,i,, i, _ i

3. DATA STATUS

An inventory of measurements obtained with the NOAA
instruments in ARM-91 is available from WPL, as is a similar
inventory for the CLARET-II experiment. These catalogs document
the time periods when data were recorded by each NOAA instrument.

Currently, the data from the NOAA remote sensors are archived

locally at WPL and AL. Following the field experiment, various
quality checks and post-processing refinements were applied to the
data. All WPL wind profiler data were been processed wi_n an
automated editing algorithm that recognizes and removes outliers
(Wuertz and Weber, 1989). The AL data archive includes Doppler
spectra measurements recorded on optical disks. The microwave
radiometer data were reprocessed to remove periods when the data
were contaminated by the presence of li_lid water on the reflector
surfaces (Stankov et al., 1991).

6
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The edited data sets are now being provided to NCAR for
inclusion in the comprehensive ARM-91 data archive. NCAR

scientists will reformat the data and place it on the Mass Storage
System of the NCAR Cray computer. Both netCDF and ASCII format
versions of the data will then be available, through NCA_R, to all
participants of ARM and WISP (Martin, 1991).

4. INSTRUMENTATION

The primary instruments operated for ARM-91 are listed in
Table 3. Together, the instruments represent an ad hoc, integrated
data sounding system composed of available research components, it
is a prelude to the more extensive and sophisticated CART site
systems. This report is concerned with evaluating the performance
of the NOAA remote sensors and offering recommendations concerning
the design and use of similar instruments at CART sites.
Instruments operated by NCAR and UW are not discussed here. ARM-91
was the first experiment where three different frequency wind
profilers were operated side by side for comparison. Each of these
profilers at Platteville was specially equipped for ARM with Radio
Acoustic Sounding System (RASS) capability for measuring profiles
of virtual temperature. The data allow the accuracies and ranges
of height coverage to be examined for the individual profilers and
for combinations of them. Different microwave radiometars were
also operated side by side at the Platteville site and the data
have provided valuable verification of their measurements.

Additional NOAA remote sensors operated at Denver's Stapleton
Airport, Erie, Roggens, Adams County, and Eibert also provided
useful information for designing an optimum ensemble of instruments
for the CART sites.

4.1. Wind Profilers and BASS

Wind profilers are Doppler radars designed primarily for
measuring winds in the clear atmosphere by using wavelengths longer
than those employed by "weather" radars. These profilers are able
to sense atmospheric motions by detecting signals backscattered
from refractive index perturbations created by turbulence on scales
of half of the radar wavelength. These eddies drift with the mean
wind speed and their translational velocity therefore provides a
direct measure of the wind.

The RASS combines acoustic sources with wind profilers to
obtain measurements of the profile of virtual temperature. The
wind profiler's Doppler radar measures the speed of refractive
index perturbations induced by the acoustic waves (approximately
matched with the radar's half-wavelength) as they ascend at the
local speed of sound, which is directly related to the virtual
temperature at each height.
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. Tal_le 3. Primary Instruments Operated for ARM-91

* = primary systems addressed in this report

At Plattevillez

* 50 MHz wind profiler (NOAA/WPL)
* +RASS (NOAA/WPL)

* 404 MHz "UNISYS" wind profiler (NOAA/FSL)
* +RASS (NOAA/WPL)

* 915 MHz "boundary layer" wind profiler (NOAA/AL)
* +RASS (NOAA/AL)

* microwave radiometer (NOAA/WPL)

other' radiometers (Jet Propulsion Lab)

High resolution Interferometer Sounder (Univ. Wisconsin)

CLASS radiosondes (NCAR/SSSF)

ASTER (NCAR/SSSF)

Doppler sodar (NCAR/SSSF)

PAM surface mesonet stations (NCAR/SSSF)

ceilometer (NWS)

At Denver 8tapleton Airport:

* 915 MHz wind profiler (NOAA/WPL)
* +RASS (NOAA/WPL)

At Nrie-I sites

* 404 MHz RASS system (NOAA/WPL)

At Adams County:

* 915 MHz "boundary layer" wind profiler (NOAA/WPL)
* +RASS (NOAA/WPL)

Om-going field work (after WISP/ARM-91):

- 915 MHz wind profiler/RASS comparisons with BAO tower
- Field tests of Fourier InfraRed Sounder (FIRS)

L II,LJl , , _,, J,, T .... ,
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Balsey and Gage (1982) reviewed design consideration for wind
profilers and showed that different frequencies have advantages and
limitations. Thus, a combination of profilers using different
frequencies may be required to maximize the availability of wind
and temperature profile data for a wide range of heights and
conditions. ARM-91 used three different frequencies to obtain
overlapping height coverage and differing vertical resolutions.
These included a VHF system of 50 MHz (l t 6.0 m), and UHF systems
of 404 MHz (75 cm) and 915 MHz (33 cm).

WPL operated wind profiler systems equipped with RASS at
Platteville, Denver's Stapleton Airport, and Erie. The basic
characteristics and operating parameters for these systems are
shown in Tables 4-7. One of the systems was a NOAA Wind Profiler
Demonstration unit manufactured by Unisys, Inc., and operated by
the NOAA Forecast Systems Laboratory (FSL) as part of a 31-station
network emerging across the central United States. WPL added RASS
capability to this profiler for the ARM research. For each of
these systems, the speed of the RASS acoustic waves and the
vertical wind were not simultaneously measured.

The Aeronomy Laboratory installed and operated a small 915 MHz
"boundary layer" wind profiler (Ecklund et al., 1988) at
Platteville and equipped it with RASS capability. This profiler
used a fixed beam flat microstrip antenna (approximately 2 m x 2 m)
on a mechanical positioner. Basic parameters for this system are
given in Table 8. The profiler used a single height resolution of
i00 m for ARM-91, although resolutions of 60 m have also been used
on this profiler. In addition to the winter observations, the same
system was used for summertime observations at Platteville.

The AL boundary layer profiler was operated with new software
which switches between wind and temperature profiling and uses a
new RASS technique. This technique, described by Angevine et al.
(1991), uses a 2048 point Fast Fourier Transform to measure both
the acoustically generated signals at the local speed of sound as
well as the simultaneous vertical wind speed. This allowed the
observed sound speed to be corrected by the observed vertical wind
speed. This correction reduces the variance in the derived
temperatures. In addition to recording two averaged wind and
temperature profiles per hour, all of the basic 30-s average
Doppler'spectra for each height were recorded on optical disk. The
spectra are useful for post-processing refinement of the wind and
temperature measurements and for examination of other parameters
such as signal-to-noise profiles and hydrometeor fall-speed
profiles.
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Table 4. 50 MHz Wind Profiler/RASS at Platteville

System Characteristics

Wlnd Profiler: RASS:

Frequency: 49.82 MHz (VHF) Acoustic frequency: ii0 Hz

Wavelength: 6.0 m Beamwidth (i way): 60 °

Antenna size: I0,000 m 2 Acoustic power: 2400 W
(total electrical input)

Beamwidth (i way) : 3"

Mean power: 200 W

Sampling time (1 profile) : 1 min

Operating parameters for ARM-91

No. of

Recorded Profiles Typical Range
Observations Averaged (AGL) Resolution

" mmmm_mmmmmmm*mm mmmmmmmmmm mmmmlimmllm(Iml mm mmmn em)I I ! i I mm

horizontal

winds i per" hour 12 1.8 - 8.4 kln 300 m
& 4.2 - 17.3 kln 870 m

vertical

winds 1 per hour 12 1.85-12.7 km 350 m

virtual

temperature 1 per hour 6 2 - 6 km 300 m

i0
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Table 5. 404 MHz Wind Profiler/RASS at Platteville

The 404 MHz Unisys wind profiler at Platteville is one of the NOAA
Demonstration Network profiling radars which are being installed at
31 locations across the central United States. The wind data are

processed and archived by the NOAA Forecast Systems Laboratory.
The NOAA Wave Propagation Laboratory added RASS capability to this
wind profiler for the ARM-91 project.

System Characteristics

Wind Profiler: RASS:

Frequency: 404 MHz (VHF) Acoustic frequency: 900 Hz

Wavelength: 0.74 m Beamwidth (1 way): 18 °

Antenna size: 170 m 2 Acoustic power: 125 W
(total electrical input)

Beamwidth (I way): 4 °

Mean power: 2220 W

Sampling time (i profile): 1 min

Operating parameters during ARM-91

Recorded Profiles Typical Range
Observations Averaged (AGL) Resolution

horizontal

winds I per hour 12 0.5 - 16.5 km 250 m

virtual

temperature 2 per hour 1 0.5 - 3.5 km 250 m

Ii



Table 6. 404 MHz Wind Profiler/RASS At Erie-i

WPL operated a 404 MHz PASS system at the Erie-I site to obtain
profiles of virtual temperature. Horizontal winds were not
measured with this system which only used a vertical beam. This
research system is much less sensitive than the NOAA Demonstration
Network 404 MHz systems such as the one at Platteville.

System Characteristics

Wind Profiler: RASS:

Frequency: 404.37 MHz (UHF) Acoustic freq.: 900 Hz

Wavelength: 0.74 cm Beamwidth (I way): 19"

Antenna size: 57 m 2 Acoustic power: 125 W
(total electrical input)

Beamwidth (i way): 6'

Mean power: 45 W

Sampling time (1 profile): 30 s

Operating parameters for ARM-91

• No. of

Recorded Profiles Typical Range
i Observations Averaged (AGL) Resolution

virtual

temperature i per 3 hours 6 0.4-2.5 km 200 m
and vertical
wind

1 per hour 2
for special
events

12



Table 7. 915 MHz Wind Profiler/RASS at Denver Stapleton Airport

WPL continued its long-term operation of a high power 915 MHz wind
profiler with RASS capability at Stapleton Airport for ARM-91.
This system uses a more powerful transmitter, and a larger and
different style antenna than is employed in the "boundary layer"
915 MHz profilers, such as the one operated at Platteville by the
AL. It therefore produces wind and virtual temperature profiles
which extend to greater heights than the boundary layer profiler,
but the minimum measurement height is also higher.

System Characteristics

Wind Profiler: P_SSx

Frequency: 915 MHz (UHF) Acoustic frequency: 2000 Hz

Wavelength: 0.33 m Beamwidth (1 way): 8"

Antenna size: 100 m2 Acoustic power: 200 W
(total electrical input)

Beamwidth (1 way): 2"

Mean power: 145 W

Sampling time (i profile): 1 min

Operating parameters for ARM

No. of

Recorded Profiles Typical Range
Observations Averaged (AGL) Resolution

m m _ mR mm _m m_ m _.

horizontal &

vertical winds 3 per hour 12 0.3-6.5 km 200 m

virtual

temperature 1 per hour, 6 0.3-1.5 km 150 m
3/hr for
special
events

i,,, ,,,, i l , i i i r i, L __
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Table 8. 915 Mhz Wind Profiler/RASS at Platteville
mmlmm mmmmmmmmlmm mm m mmm mm wmm mm 4m m m m mm m m m mm m N N m mmmm m m mm m m _ .-_ m m w4mm m Im w imJ m m m m ,m_ _m m

The NOAA Aeronomy Laboratory installed and operated a small 915 MHz
"boundary layer" wind profiler with RASS capability at Platteville
for _-91. The 915 MHz profiler was operated with a new software
program which switches between wind profiling and temperature
profiling and use a new RASS technique. The new RASS method uses
a 2048 point Fast Fourier Transform to observe both the
acoustically generated signals at the local speed of sound as well
as the simultaneous vertical wind speed in the same volume.

System Characteristics

Wind Profile=: BASS:

Frequency: 915 MHz (UHF) Acoustic Freq.: 2000 Hz

Wavelength: 0.33 m Acoustic power: 50 W

Antenna Size: 4 m 2 (total electrical input)

Beamwidth (i way): 9"

Mean Power: 7 W

Sampling time (i profile): 30 s

Spectral points: 64 (winds), 2048 (temperature)

Operating Parameters for ARM-91 ,

sampling vertical spacing: i00 m

horizontal & vertical winds: 2 profiles per hour
from 25 minute consensus

(30 s spectra recorded)

temperature: 2 profiles per hour
from 5 minute consensus

14



4.2. Nio:owave Radiomete:s

WPL operated three dual-channel microwave radiometers during
the ARM-91 and WISP-91 experiments. The dual-channel instruments,
located at Platteville, Denver, and Elbert measure downwelling
radiation in the zenith-direction at 20.6 and 31.65 GHz. The

emission at 28.6 GHz is more sensitive to water vapor; the emission
at 31.55 GHz is more sensitive to cloud liquid water. From a
simple retrieval algorithm, precipitable water vapor (PWV) and
integrated cloud liquid water (CLW) are derived (Hogg et al.,
1983). Similar radiometers of independent design were also
operated at Platteville during _M-91 by the Jet Propulsion
Laboratory (Keihm, 1991).

The WPL radiometers operated continuously during the period 15
January to 31 March, and provided high-quality data, except for

i occasional periods they suffered performance degradations from
melting snow and ice on the reflector surfaces. Data presented in
this report have been edited to remove these effects. In addition,
data missing because of conunication outages were transferred from
backup recorders at the field sites to the WPL central data base.

The microwave receivers are enclosed in shelters whose

internal temperatures are strictly controlled. The offset
paraboioid antennas of the radiometers view, through a window that
is nearly transparent to microwave radiation, a flat reflector
located outside the instrument shelter. This reflector is oriented
at 45' and thus reflects zenith radiation onto the offset

paraboloid. A schematic view of the radiometer antenna arrangement
is shown in Fig. 3. The major characteristics of the dual-channel
radiometer are given in Table 9.

WPL also operated a three-channel steerable instrument at
Roggins (15 January to 13 February) and at Erie (18 February to 2
April) for the WISP and CLARET-II experiments. The characteristics
of this instrument are similar to those given in Table 9, except
that it also has a 90 GHz channel for more accurate measurement of

small amounts of liquid. At Roggins, the instrument was operated
in the zenith-vlewing mode. Much of the time at Erie, the
radiometer scanned in synchronization with a WPL dual-wavelength
radar system (Mariner et al., 1991).

4.3. Infrared Radiometers

Two infrared radiometers were operated by WPL durin,_ the
experiment: one at Denver and on_ at Elbert. The instruments use

Barnes PRT-5 systems with custom optical filters (9.95-11.43 ,m)
and 2' fields of view (Shaw, 1991). These instruments have been a
very reliable source of information about clouds, and, when
supplemented by microwave radiometers, they can measure cloud-base
temperature of optically thick liquid-bearing clouds to within 1'C.

15
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Figure 3. Schematic of WPL dual-channel microwave radiometers.
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Table ). Characteristics of WPL Dual-channel Radiometers

Operating frequencies 20.6 and 31.65 GHz
(wavelen_chs) (1.46 and 0.95 cm)

Viewing Zenith

Antenna half-power beam width 2.5' (Denver)
. 5.0' (Platteville, Erie)

Total bandwidth i GHz

(double side band)

Integration time 2 man

Radiometric sensitivity 0.05 K, rms
(for 2-min integration time)

Estimated absolute 0.75 K
radiomstric accuracy

,i ,_,_ ,,,,,,,,,,,,iiii .HII iii . i ,i i ii ]u ii lllnl]],L : : :_.... i i i, i, i l],J,u, if,,,i

16



4.4 Ceilometers

The National Weather Service (NWS) routinely operates alidar
ceilometer at Denver; a similar instrument was operated at
Platteville for ARM-91 from 15 February to 31 March. This
instrument provides cloud base height every 30 s with an accuracy
of about S0 m up to an altitude of 3.7 km. Joint operation of the
ceilometer and infrared radiometer at Denver has shown excellent

agreement between the instruments, except when the radiometer
senses clouds that are above the operating range of the lidar
ceilometer.

4.S. 7ouzier Trtnsfo_ Infrared Sounder (FIRS)

Remote sensing of humidity profiles has proven to be a very
difficult problem. One promising new technique for this task uses
infrared spectrometers. These instruments obtain highly resolved
measurements of atmospheric emissions across the infrared spectrum
and convert these using retrieval techniques to render profiles of
temperature, water vapor, and other gases. One such instrument,
the High-resolution Interferometer Sounder (HIS), was operated by
UW at Platteville during ARM-91. A similar instrument, called a
Fourier-transform InfraRed Sounder (FIRS) is being developed for
ARM by WPL. Its design is describQd in detail in Appendix A, and
its field performance will be reported in the future.

S. PJMOTB ORNOOR PBRTORMANCB

Evaluating the performance of the research-grade remote
sensors used in ARM-91 basically involves assessments of accuracies
and height coveraq_, rather than studies of factors such as mean
time between failures (which are more appropriate for operational
systems). For some of the sensors, such as most of the wind
profilers and microwave radiometers, earlier tests and several
years of research operations have established this kind of
performance information with confidence. For others, such as the
UHF RASS, these are some of the first extensive assessments. A
special effort is made in this section to combine and summarize
performance information of earlier studies and the A.RM-91 results.

5.1. _88

As described in the previous section, WPL operated four RASS
and the Aeronomy Laboratory operated one during the ARM-91 field
experiment. The RASS principles are well understood (May et el.,
1990) and the technique used to implement RASS on wind profiler
radars has been described previously (Strauch etal., 1988).
Implementation of RASS on the NOAA wind profiler demonstration
network radars has been successfully demonstrated (Moran et el.,
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1991b) and the accuracy of RASS has been established by
comparisons with radiosondes (May et al., 1989).

For this experiment the WPL RASS systems used the offset
frequency method that allows the profiler radar to observe the

Doppler shift of the speed of sound (C,) near 320 m s"I, but while
doing so, it cannot also measure the vertical wind (w) near zero
velocity. Thus, slmultaneous measurements of the speed of sound
and vertical wind were not possible. Therefore, in the analysis
of the RASS data, the effect of vertical wind has been neglected.
After the experiment, the WPL research radars at Platteville (50
MHz), Erie (404 MHz), and Stapleton (915 MHz - high power) were
all equipped with new PC-based data systems, developed by the
Aeronomy Laboratory, that allow simultaneous measurement of C
and w. The processors do this by performing 2048-point Fourier
transforms over a Nyquist velocity interval of about ± 400 m s "I,
as explained by Angevine et al. (1991). This enables the radar
to measure the spectra of both signals with good frequency
resolution. Therefore, the effects of vertical wind can
henceforth be corrected for in the WPL RASS signals. It was
found previously (May et al., 1989) that the largest RASS errors
occurred with vertical winds associated with gravity waves. The
major limitation with the new PC system is that it can handle
only 14 heights, a limitation that can be removed with digital
signal processing (DSP) boards with more memory. As a result of
successful test demonstrations, including the _A_M-91 experiment,
RASS capability will be added in 1992 to the NOAA Demonstration
Network profiler at Platteville by the manufacturer, Unisys, Inc.

Although the technique used will be different from the long i
transform method, the result should be the same: both C. and w
can be measured simultaneously with good resolution.

The vertical wind correction can sometimes be made by using
the vertical wind measurements made before and after the RASS

measurements. However, the 915 MHz and 404 MHz 8ISS are lower
tropospheric measurement systems where complex boundary layer
flows usually require simultaneous measurements. In contrast,
RASS measurements at 50 MHz extend well above the boundary laye3:
and, when gravity waves with periods longer than the observation
time of the radar are observed, the vertical wind correction can
be made with the nearest measurement in time.

The correction required for vertical wind implies that RASS
measurements are limited during precipitation to nonconvective
situations. The reason for this is that the radar reflectivity
of precipitation particles dominates clear air radar reflectivity
for UHF frequencies, so the observed mean vertical Doppler
velocity is the mean fall speed of the particles. This can vary
from less than 1 m s"! (snow and light rain) to greater than
7 m s"I in heavy rain and even higher velocities in hail. Thus,

'cany automated vertl al velocity correction scheme must be able to
recognize when precipitation echoes are present so that the
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vertical correction is not used. The vertical wind must then be
assumed to be zero, which restricts UHF RASS to nonconvective
precipitation. Although the S0 MHz profilers do not always
observe rain echoes, care must also be used in precipitation
because these radars can detect rain in some cases.

6.1.1. _kSS height oovezage

Of particular interest to instrument designers is the
altitude coverage of the various RASS systems. We examined the
height coverage during _-91 for all five RASS, and the results
are consistent with those obtained in preliminary studies in 1988
(May et el., 1989). Temperature height coverage statistics for
each system from the present experiment are shown in Fig. 4.

For the S0 _z system, coverage started about 2.1 km above
ground level (AGL) and extended to above 6 km, where data were
reported about 50% of the time. With this system the height
coverage in determined primarily by the horizontal winds (which
advect the acoustic waves away from the antenna), the size of the
vertically pointing radar antenna (100 m x 100 m), and the
placement of the acoustic sources, shown in Fig. S.

Figure 4 also shows the NOAA network 404 _z (Unisye) RASS
height coverage for February and March 1991. The first
measurement height is S00 m AGL (the same as for wind
measurements), and the coverage extends to about 3.5 km at 50%
availability. Note that this radar was inoperative for about 2
weeks during the experiment; the height statistics are computed
for those times the radar was operating. For this radar,
acoustic attenuation can be a significant limitation. Therefore,
somewhat higher coverage is expected in seasons and locations
where acoustic attenuation is reduced by higher humidities.
Nonetheless, the results have been favorable enough to prompt the
installation of RASS on five network profilers by the end of
1992. One will be at Platteville and two in the central United
States, probably in Oklahoma or Kansas. Perhaps the greatest
limitation with thls radar is the lack of a high-resolution
boundary layer mode. The beet height resolution is about 350 m,
which is too coarse to resolve many temperature inversions.

Figure 4 also shows RASS results for another 404 MHz WPL
research profiler at Erie, whose sensitivity is about 20 dB less
than the NOAA network profiler. In this case, RASS data start
about 400 m AGL and extend to about 2 km half of the time. The
height resolution used was 200 m, but the radar is capable of !00
m resolution. Note the fall-off in coverage for the first
height, which is caused by radar recovery time.

The "high-power" 915 MHz RASS at Denver's Stapleton Airport
had height coverage that is also shown in Figure 4. Here the
minimum height is about 260 m AGL, with coverage to about 1.5 km
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Figure 4. Height coverage statistics for temperature
measurements obtained with five RASS operated by NO_J_ in Colorado
during AP._-91. The curves show the percent of time that the
measurements extended to _he indicated heights.
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Fiqure @. Location of acoustic sources (*) for the 80 MHz RASS.
Solld line shows the optimum location for an acoustic source as a
function of height for a measured profile of northeasterly winds.
Height increases outward from _he antenna along the line. Signal
loss occurs when no fixed source is wi_2_in one radar an_.nna
radius of optimum source location.
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AGL about 50% of the time. Height resolutlon was 150 m, although
the radar can be operated with 100 m resQlution or better. This
915 MHz system should not be confused with the much smaller
"boundary layer" systems of the same frequency that are now
becoming available conercially. The Stapleton 915 system has a
much larger antenna (100 m • versus about 4 mZ), and much greater
transmitted average power (145 W versus about 10 W) than the
boundary layer systems such as the one operated at Platteville by
the Aeronomy Laboratory. Nevertheless, the RASS height coverage
is not greatly different for the two systems. This is because
acoustic attenuation, which is typically 20 dB km "i, and can be
as great as 45 dB km "i in very dry conditions, often dominates
other helght-limitlng factors at this frequency.

The Aeronomy Laboratory's boundary layer 915 MHz profiler
RASS coverage was severely limited by acoustic attenuation and
strong low-level winds during ARM-91. Most often temperature
data were obtained only to about 0.5 or 0.6 km AGL with
occasional coverage ex_ending to about 1.0 km (Fig. 4). The

height coverage could have been improved by a better deployment
of the acoustic sources with regard to positions and increased
drive power to the speakers. Height coverage in summer
conditions at Platteville was substantially better than during
_he winter AP_-91 experiment (Fig. 6).

The acoustic sources for all of the UHF RASS were similar:
four or five acoustic transducers located around the radar

antenna (about one antenna diameter from the center) with one
source located northwest (the typical upwind direction) of the
radar antenna by about one radar antenna diameter from the edge.
Each acoustic source was excited with about 25 W electrical input
(near 900 Hz for the 405 MHz profilers) or 40 W (near 2 kHz for
WPL 915 MHz profiler). The four acoustic transducers used for
the 50 MHz RASS (shown in Fig. 5) each had 600 W electrical input
near I00 Hz. The AL 915 MHz RASS sound source consisted of four

speakers squally spaced around the antenna perimeter; all were
driven by a single amplifier with 50 W total electrical output.
The audio modulation was generated by a DSP card installed in the
PC-based profiler. The modulation consisted of 25 ms sine wave
segments randomly switched in frequency (phase continuous) over
the required frequency range near 2000 Hz.

Figure 7 summarizes the height coverage statistics for all
five RASS operated during ARM-91. _ions of height overlaps and
gaps for different combinations of RASS are easy to examine in
this diagram. As previously discussed, the upper helghU limits
are primarily determined by strong winds aloft for the 50 MHz
system and by acoustic attenuation for the higher frequency
systems. From this diagram we note that the usual temperature
coverage which could be obtained with a combined 915/50 MHz RASS
would extend from about 0.2 to 6.0 km AGL (and even higher in
light winds). However, there would also usually bn a data gap
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Figure 6. Height coverage statistics for temperature
measurements obtained with the AL boundary layer 915 MHz RASS in
winter (solid lane) for ARM-91 and in summer (dashed lAne).
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Figure 7. Summary of height coverage statistics of temperature
measurements obtained in ARM-91 with five RASS operated by NOAA
in Colorado. For comparison purposes, the vertical scale is the
same as that used in Fig. 16 for wind data.
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from about 0.7 to 2.1 km for this combination. It may be
possible to reduce or eliminate this gap by lowering the 2.1 km
minimum height of the 50 MHz system with a bistatic antenna
configuration. A separate receiving antenna would eliminate the
need for a T/R switch with its associated transients, would be
much less susceptible to transient ringing on the large antenna,
and would be less likely to saturate from nearby ground clutter
echoes. This idea will be tested at Platteville. It should also

be noted that other researchers have succeeded in reducing the
minimum height of a VHF system to below I km using a small (i0 m
x i0 m) antenna (Crochet et al., 1991).

5.1.2. RAgS a==uza=y

Figure 8 shows a comparison of simultaneous virtual
temperature profiles measured by various RASS systems with
radiosonde data from the ARM-91 experiment. The impressive
agreement is reiterated in additional similar plots from the ARM-
91 IOPs shown in Appendix B.

May et al. (1989) conducted detailed comparisons of RASS
virtual temperature measurements with radiosondes using the 915
MHz profiler at Denver's Stapleton Airport. RMS differences of
about 1"C were obtained during a variety of meteorological
conditions. Figure 9 shows data from this study. Of particular
note are the lines of data points showing temperatures too warm
and too cold. These outliers were primarily from two comparisons
made when significant vertical wind was present (as verified by
profiler's vertical wind measurements). Even without the
vertical wind correction the RMS difference was about I°C; data
obtained when vertical wind was negligible showed a much lower
RMS difference. When the vertical wind correction is made we
expect RMS differences between RASS and radiosonde to be about

0.5°C. This is similar to the RMS temperature differences
between radiosondes themselves (Hoehne, 1980).

Figure i0 shows a comparison between the virtual temperature
measured with a 404 MHz and a 50 MHz RASS. The offset of the

best fit line indicates that the height calibration of one (or
both) of the systems was incorrect. The 404 MHz radar has been
calibrated using a delay line and its calibration should be
accurate to within 60 m. The mean and RMS differences (after
correction for the height offset) are shown in Fig. 11. In both
figures, data from the lowest height of the 50 MHz system may
have greater errors because of the radar recovery time. RMS
differences of about 0.5"C are observed. Figure 12 shows a
comparison of the 404 MHz network profiler with 12 Cross-chain
Loran Atmospheric Sounding System (CLASS) radiosondes launched by
NCAR on 15 March 1991 during an ARM IOP. With no height
correction, the RMS difference in the two instruments is ' 0.9°C.

There appears to be a bias at the coldest measurement points;
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' Figure 8. Example comparison of temperature profiles measured by
various RASS (points) with NWS radiosonde temperature and dew
point profiles (solid lines).
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RASS/Sonde Comparison
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Figure 9. Virtual temperatures measured by radiosondes and by
RASS using the Denver 915 MHz wind profiler. The results of
about 50 soundings are included in this figure with an overall
RMS difference of about 1.0"C.

27



I

'_ Pt

Figure 10. Virtual temperatures measured by 50 MHz RASS and 404
MHz RASS. Measurements are compared at neares_ heigh_ and time.
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RASS Comparison
50MHz - 404MHz Wind Profilers
Piatteville, CO.
March 15-16, 1991
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Figure ii. Mean and P/_S temperature difference of 50 MHz PASS
and 404 MHz RASS measurements after correcting for height offset.

The number of data points for each height are shown left of the
zero difference line.
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Figure 12. Virtual temperatures measured by CLASS radiosondes
and 404 MHz RASS. Data taken for 12 soundings show an RMS
difference of 0.9"C.
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however, these points were measured when the radiosonde packages
had drifted fa_hest from the radar. The warmer points were
obtained close to the radar and no bias is evident.

Figure 13 illustrates a second cause of temperature
differences when comparing RASS and radiosondes. The height
resolution of the 404 MHz profiler is too coarse to resolve the
temperature structure between 3.0 and 3.5 k_, illustrating the
need for a high-resolution boundary layer mode for this radar.
This type of inversion is resolved very well by the 915 MHz
profilers with 100-150 m height resolution, but the measurements
are generally limited to below 1 km for the boundary layer 915
MHz systems.

During the next year WPL and AL will study the accuracy of
P_%SS with recital wind corrections. Improved algorithms will be
developed to recognize and deal with precipitation effects. Just
as with wind profilers, the accuracy and limitations of PASS will
gradually become firmly established as the technology is more
widely utilized. The ARM-91 measurements have provided a large
step foreward in this assessment process.

S.2. Wind P:ofilers

Wind measurements were obtained in _J_M-91 with the same NOAA
wind profiler systems mentioned in the RASS performance section.
Unlike RASS, however, wind profiler performance has been examined
in detail in several earlier studies. The wind measurement
height coverage i8 documented by Frisch et el. (1986) for various
profilers, and by Weber et el. (1990) for the NOAA Demonstration
Network (Unisys) profilers. Reinking (1991) discusses
performance of a boundary layer 915 MHz profiler that used three
I m x 2 m antennas in winter conditions. Wind data height
coverage statistics reconstructed from these studies are shown in
Figs. 14-15. Figure 16 summarizes these data and can be used to
examine regions of overlap and gaps for various combinations of
profilers.

As more of the 31 network profilers come on line, their
height coverage will quickly become better established. These
radars will provide hourly wind profiles from 0.5 to 9.25 km AGL
with 375 m resolution and from 7.5 km to 15.25 km AGL with 1000 m
resolution a very high percentage of time. Because their
sensitivity is higher than the WPL 50 MHz profiler at
Platteville, these radars do not experience data loss because of
low signal-to-noise ratio in the laminar flow of jet streams
nearly as often as does the 50 MHz profiler. Figure 17
illustrates a case where the 50 MHz system had such a dropout,
whereas the 404 MHz system shown in Fig. 18 did not. The 404 _{z
profiler will not have adequate sensitivity to measure winds in
every meteorological situation, but the performance to date
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Figure !3. Virtual _emperature profile measured by CLASS
radiosonde (solid line) and PASS (*) of 50 MHz and 404 MHz.
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NOAA WIND PROFILING
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Figure 14. Statistic= of height coverage of wind measurements
obtained with wind profilers operated by NOAA in the high-
altitude sampling mode. Data foc the WPL 50 MHz, 405 MHz, and
high-power 915 MHz systems are from Frlsch etal., (1985). The
Unisys 404 MHz data are from Weber etal., (1990). The WPL
boundary layer 915 MHz data are from Reinklng (1991). Years,
seasons and duration of data collection varied.
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Figure 15. Aa in Fig. 14, except _or the low-aiCiCude aamplinq
modes of the wind proEilers.
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WIND PROFILERSYSTEM
t

Fi_4re 16. Summary of heigh_ coverage statistics for wind
measurements obtained with wind profilers operatid by NOAA in
hlqh al_itude end low altitude sampling modes. All data were
obtained An Colorado except for the 915 MHz boundary layer system
data, which are from New York. Years, seasons, and duration of
da_a collection varied from system to system.
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Figure 18. Same time period shown in Fig. 1'7,but these data
were measur,ld by the Unisy_ 404 MHz radar and do noU have a
dropout. Speeds are shown in m s"I.
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indicates the sensitivity is about as predicted and about as
desired for most meteorological purposes. Experience based on
ARM-91 and earlier studies suggests optimized 50 MHz profilers
for CART sites would need about 7 dB more sensitivity than that
of the WPL 50 MHz profiler at Platteville. The Plattevi!le 50
MHz profiler has a 50 m x 50 m antenna for horizontal wind
measurements with about 200 W average transmitted power. A radar
with the same antenna and I kW average power, or a radar with a
70 _ x 70 m antenna and about 500 W average power, should be
installed at the first CART site.

Experience with 915 MHz boundary layer profilers shows that
these radars will not always measure winds to the minimum height
of the 50 MHz systems, though they will much of the time. Moran
et al. (1991b) show comparisons of various UHF wind profilers for
lower tropospheric measurements. Using the 915 MHz profiler at
Stapleton Airport as a test system, the performance of lower
sensitivity systems can be evaluated. Figure 19 shows a test
case. A boundary layer radar with 2 m x 2 m antenna panels would
approach the performance shown on the curve labeled -13 dB. This
curve is reproduced on Fig. 14 for comparison with other
profilers.

The AL boundary layer 915 MHz profiler at Platteville had
limited sensitivity in ARM-91 because it was designed prlma, lly
for work in the tropics where atmospheric reflectivity is higher.
There were some periods during the ARM winter experiment when the
wind data extended only to 500 m AGL. However_ depending on
atmospheric conditions, there were also frequent occasions when
measurements reached to several kilometers. Ground clutter

problems at Platteville were caused by wires strung _tween tall
towers. The wires swayed in the wind and increased the spectral
width of the return near zero velocity. This made it difficult
to obtain good wind measurements in the lowest levels when
surface winds were strong. Similar problems were encountered
with another boundary layer 915 MHz profiler in New York
described by Reinking (1991). Clutter reduction fences designed
to combat this problem have shown some success (Russell and
Jordan, 1991). The height coverage of boundary layer wind
profilers is significantly better in warmer and more humid
climates, as shown for example by Neff et al. (1991) for central
California where summer wind measurements usually extended to 4
km AGL.

The accuracy of wind profilers has been reported by Strauch
et al. (1987), Wuertz et al. (1988), and Weber and Wuertz (1990).
We have not attempted to duplicate these studies for the ARM-91
field experiment. Being satisfied with the accuracies
established in the earlier studies for these same profilers, we
have archived the 1991 WPL profiler data after editing to remove
outliers, using a time-height continuity algorithm developed by
Wuertz and Weber (1989).
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Figure 19. Height coverage of wind measurements with a 915 MHz
profiler with normal sensitivity and with reduced sensitivity.
During each hour the radar measured winds with normal sensitivity
and with average power decreased by I0 and 13 dB. The percentage
of time that a 20-min average wind was reported to a given height
is plotted for the three conditions (250 events each).
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5,3 Mia=owave Radiometers

Figure 20 shows time-series plots of precipitable water
vapor measured by the WPL microwave radiometers, annotated for
comparison, with collocated measurements by routine NWS
radiosondes and NCAR radiosondes for one of the ARM-91 IOPs. The

agreement is excellent and the figure illustrates the vastly
superior temporal resolution (2 min) of the radiometer
measurements. Similarly impressive comparisons are shown for
other IOPs in Appendix B.

Westwater etal. (1985b) showed that precipitable water
vapor measured with the WPL radiometers had an RMS difference of
only 1.7 mm from NWS radiosondes, based on a full year of data at
Denver. An important feature of ARM-91 was the frequent
launching (every 3 h or more often) of NCAR's CLASS rawinsondes

at Platteville during IOPs. The WISP experiment also frequently
launched CLASS sondes near the Elbert radiometer site. The CLASS

uses a different humidity sensor and routinely records data with
finer vertical resolution than the NWS sondes. In preliminary
comparisons for ARM-91 at Platteville, the precipitable water
vapor measurement differences between the WPL microwave
radiometer and the CLASS sondes appear to be smaller than for the
earlier comparisons with NWS radiosondes (Fig. 21). During the
period of 15 February to 31 March, RMS differences were 1.1 mm;
this approaches the 0.7 mm RMS error theoretical accuracy of the
radiometers. (For these comparisons, the CLASS surface humidity
data appear to be erroneous in sub-freezing conditions, and were
replaced with surface humidity measurements made by WPL
instruments at the radiometer sites.) A comprehensive and more
precise comparison is being made for the entire ARM-91 and WISP-
91 sets of radiosonde data at all three radiometer sites.

Similar comparisons of integrated liquid water content of clouds
are not possible because the balloon-borne NWS and CLASS sondes
do not have a liquid water sensor. The accuracies and
comparisons are summarized in Table 10.

Of course, the vapor and liquid contents are derived from
the radiometer's baaic measurement of brightness temperature for
the detected frequencies. Keihm (1991) shows that the brightness
temperatures measured by the WPL and Jet Propulsion Laboratory
radiometers at Platteville during ARM-91 agreed within 0.1"K for
clear sky conditions.

The radiometers do suffer data contamination when liquid
water from rain or melted snow accumulates on the reflector
viewing surfaces. This can be a problem for unattended
operations and occurred on about 11% of the hours at Platteville

during ARM-91 IOPs as shown in Table 11. Strategies to remedy
this problem are being tested at WPL (Stankov etal., 1991).
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Figure 20. Precipitable water vapor measured by WPL's microwave
radiometers (small dots) and computed from radiosonde data
(circled crosses) at three sites during an ARM-91 lOP.
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Table 10. RMS accuracy of WPL Dual-channel Radiometers in
Inferring Precipitable Water Vapor (PWV)
and Integrated Cloud Liquid Water (CLW)

PWV (ms) CLW (ms)
_woii waD im qmmpIm im mm inmu _ mm al mm, im i i- ammi i mm _ i _

Theoretical absolute accuracy 0.7 0.03

Measured absolute accuracy,
RMS difference:

from NWS radiosondes 1.7 ....
from CLASS at Piatteville 1.1 ....

Sensitivity (2imin integration time) 0.07 0.005

Table 11. Radiometer Data Losses During ARM-91 IOPs
_ ..... - IIIIII II II I I IIIIIIill III!l ,11 III i IIIIlllilllllillllI III II I , _,,,JJJn

Platteviiie Denver Blbez_

Period I Hours C E C I E C E

17 Feb. 12 UTC 42 0.09 62.7 0.00 6.40 0.00 3.97
19 Feb. 12 UTC

24 Feb. 12 UTC 24 0.00 0.73 0.00 1.37 0.00 2.30
25 Feb. 12 UTC

28 Feb. 12 UTC 34 0.00 4.13 0.27 4.87 0.00 3.17
1 Mar. 12 UTC

5 Mar. 12 UTC 30 0.07 5.17 1.27 9.23 0.00 4.87
7 Mar. 12 UTC

8 Mar. 12 UTC 24 0.00 2.27 0.00 0.80 0.00 1.30
9 Mar. 12 UTC

Ii Mar. 12 UTC 24 0.00 4.27 0.00 4.93 0.00 4.83
12 Mar. 12 UTC

14 Mar. 12 UTC 39 0.00 0.70 0.00 1.67 0.00 3.23
16 Mar. 12 UTC

i i [ i i i lull u i i i i uinni

All IOPs (hrs) 217 0.16 23.54 1.54 29.27 0.00 23.67

(percent) 100 0.07 10.85 0.71 13.49 0.00 10.91ttt iiiini ifi tt ii ii

C - Communication outage, E = Editing removal of spurious data
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6. It_OO)OLIND&TIONS 1OR _ C_tT SXT_S

Based on preliminary results from the ARM-91 field
experiment and lessons acquired from years of experience with
remote sensors, we offer here some recommendations to DOE for the
design and implementation of certain profiling equipment. The
suggestions are confined to the NOAA remote sensors used for
wind, temperature, and moisture measurements which were studied
in the WPL & AL research for ARM. The recommendations do not
cover remote sensors such as lidars and millimeter radars that

are specifically intended for monitoring clouds, aerosols, and
radiatively important trace gases. These are subjects for other
ARM research projects. The integration of profiling data from
various diverse instruments is a longer term topic of the ongoing
cooperative research with NCAR and UW that will be reported
later.

The ARM-91 results indicate a 404 MHz Unisys-type wind
profiler with RASS capability could provide excellent height
coverage for wind and temperature profiling, except in the lowest
(and possibly crucial) 500 m layer of the atmosphere. Problems
with frequency allocation, however, may prevent wider use of such
a system (Berth, 1989). Since DOE has already chosen to use 50
MHz and 915 MHz systems at the first CART site, we confine our
profiler/RASS recommendations to features and characteristics
that these systems should have at a U.S. Southern Plains
location. The recommendations take account of the short time

allowed for deploying operational systems at the first CART.
Different recommendations may be appropriate for CARTs in other
climates or for longer lead times.

6.1. Wind Profilers

6.1.e. Boundary layer 915 MHs wind profiler

A "standard" version of this system can be procured from
private industry. We recommend that the sensitivity of the
standard profiler be increased to allow measurement of wind

profiles from near the surface to the lowest height measured by
the 50 MHz radar for a higher percentage of time. Increased
sensitivity can be obtained most economically by adding pulse
compression and a larger antenna; doing both would give this
radar a comfortable margin for sensitivity. However, based on
time considerations, it is recommended that pulse compression be
added at a later date. There are a variety of antenna choices.
A 3 m x 3 m phased array is recommended over separate antennas
for each pointing direction because more than three pointing
directions would be desirable to test heat and momentum flux

measurement concepts as well as to measure wind profiles in more
complex dynamical regimes. The larger antenna also helps RASS

44



t i t

height coverage. The radar should operate with at least two
height resolution modes, 100 and 300 m. Data measured in the two
modes should have significant height overlap. Therefore, we
recommend the purchase of the standard 915 MHz profiler, but it
should be equipped with a 3 m x 3 m phased array antenna_ pulse
compression should be added when it is developed.

6.1.b. d0 )(Ha wind profiler

The 50 MHz profiler is not a commercial product so care must
be exercised in the procurement process to obtain a truly
operational system. We recommend a 70 m x 70 m antenna with at
least 0.5 kW average power to obtain the sensitivity desired to
measure winds into the lower stratosphere. A two-mode radar
range resolution system with significant height overlap should be
procured with resolution of 300 m to 10 km altitude and 1 km
resolution to 20 km altitude. The data processor/radar
controller should be the same as that used in the 915 _z

systems. Other radar hardware must be baaed on existing 50 MHz
systems if the radar is to be ready in 1992.

6.Z. RASS

Automated RASS control and data processing of the type used
by the Aeronomy Laboratory at Platteville are built into the 915
MHz standard boundary layer wind profiler that is available
commercially. This will allow RASS temperatures to be corrected
by the simultaneous measurement of the vertical air speed.
Multiple acoustic sound sources are recommended for this system
to achieve good height coverage in various wind conditions.
These sources are available commercially for 915 MHz RASS. They
are based on sodar designs. Sound baffles must be specified. We
recommend that at least five acoustic sources be procured with
the 915 MHz radar, and at least one of these should be mobile.

We expect that improved height coverage will be a_tained if an
acoustic source is positioned upwind (based on the measured wind
profiles), though this has not been tested. Acoustic power
should be at least 25 W (continuous) for each source.

The 50 MHz RASS should be able to measure at least 24

heights. This requires a change in the type of data processor
used on WPL's unit, which is limited to 14 heights. (The range
gates could also be stepped.) At least three acoustic sources
are recommended, and one of these should be mobile. The radar

antenna for the vertical beam should be 70 m x 70 m or larger.
Acoustic power should be at least 200 W (continuous) for each
source.

6.3. Microwave Radiometers and Complementary Instruments

Measurements of PWV during both clear and cloudy conditions
may be important for CART development because (a) PWV can be
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inserted into dynamic assimilation models to derive water vapor
profiles1 (b) PWV can be combined with other sensors (PASS, FIRS,
ceiiometars, and millimeter-wavelength radars) to derive profiles
during cloudy conditions; (c) P_J can be used between special
radiosonde launches to derive time series of water vapor
profiles; (d) PWV is of intrinsic interest in radiative transfer
parameterizationt and (e) the coarse vertical resolution of
radiometrloally inferred profiles alone may be adequate for many
kinds of radiative transfer calculations.

Since CLW is also commonly used in cloud radiative transfer
parameterization, its unique measurement by microwave radiometers
may be useful for radiative transfer studies. For example, CLW
measurements were extremely valuable in the FIRE stratus cloud
experiments. If CLW is used in combination with cloud
measurements made by active sensors, such as lldars or short-
wavelength microwave radars, at least crude profile information
can be derived (Sha_, 1991).

WPL's microwave radiometers have been successful in
accurately measuring PWV and CLW because (a) they are accurately
aalibrated_ (b) their calibration is stable over periods of
weaker and (c) they have equal beamwidths at both operating
frequencies, which allows the same atmospheric volume to be
observed simultaneously at both frequencies. Also, since
significant water vapor and cloud changes occur over periods of a
few minutes, a sampling interval of less than 5 min is highly
recommended.

In terms of CART deployment, we recommend that dual-channel
radiometers be placed at five locations around a site: one at
the central location, and four around the perimeter. At the
central site, the radiometer could be used as a valuable
supplement to other sensors that are being considered for
deployment, such as RASS, microwave radars, Raman lidars,
infrared spectrometer or interferometer devices such as the UW
HIS and the WPL FIRS. At perimeter locations, the dual-channel
radiometers, in addition to measuring PWV and CLW, could be
operated with 915 MHz boundary layer profilers to derive
horizontal water vapor fluxes, following the techniques of Uttal
et el. (1990). At the central location, we recommend that all
the potential water vapor and cloud sensing instruments be
collocated, such that all-weather water vapor profiles can be
derived from measurements of an integrated system. We also
believe that the comJ_ination of dual-channel radiometers,
ceilometers, and FIRS to derive water vapor profiles should be
seriously considered for perimeter locations. This could be a
low-cost extension to an expensive Raman iidar system at a
central facility.

WPL now has about 2 years of experience with the
simultaneous operation of NWS lidar ceilometers and _PL infrared

46



radiometers. Usually, theee inet_entm provide complementary
information on cloud base height and cloud base temperature.
However, the upper altitude range of the NWS cellometer is about
3.7 ks. In many cases, we have observed cloud signatures with
the infrared radiometer from clouds that are above the upper
range of the lidar. We suggest, mince many CART activities are
focused on the radiative properties of clouds, that a verticaily
pointing, low-coat lidar that will probe to at least I0 km AGL,
would be a valuable addition to CART instrumentation. Another
inerrant that could provide extremely valuable cloud
information is a ver_ically pointing 8 m= wavelength radar, which
could supplement a lidar for cloud-base measurements, but could
ales measure most cloud tops and the height characteristics of
multiple layer clouds. Unlike lidars, such a radar is not
blocked by liquid water clouds and can operate in precipitation.
If such an instrument could be built at a reasonable cost, it
would have a large impact on future cloud studies.

RASS-derived temperature profiles will have a minimum range
below which a temperature measurement will not be possible. Thlm
lowest range is about I00 m, 300 m, and 2.0 km for 915 MHz, 404
MHZ, and 50 MHz systems, re|pest!rely. The temperature profile
in this radiativaly iapor_ant region from the surface to about
500 m could be accurately be reconstructed from FIRS-type
measurements. Zt is reocnended that combined RASS/FZRS
temperature profiling be teated and evaluated. FIRS radiances
might also be used to control the quality of wind-contaminated
RASS data.

It iS also clear that, even with 50 _z Profilers, RASS-
derived temperatures will be limited at upper altitudes to ranges
of about 7 km AGL. To derive profiles above these altitudes,
several remote sensing techniques, combined with four-dimensional
data assimilation modeling, may be required. Reflectivity
profiles from S0 MHz profilers have been used to derive
tropopauee height (Gage and Green, 1979); measurements of
tropopauae height, in turn, can be comblned with PASS to derive
upper altitude temperature profiles. In addition, soundings from
polar orbiting satellites can add useful upper-altitude thermal
information (Westwater etal., 1985b; $chroeder et el., 1991).
We reascend the development of algorithms to combine these

; available additional sources of information.

6.4. Instrument Modeling

The evaluations of the NOAA remote sensors reported here
have relied almost entirely on empirical methods. Instrument
behavioral models offer another complementary approach to the
problem. An accurate model can be used to theoretically define
an instrument's capabilities and provide valuable quantitative
predictions of how it should perform in untested environmental
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conditions. Inst_ent models can also _aantity the relative
impotence of various hardware and environmental factors for
specified conditions. Modeling ot microwave radiometers As
relaClvely advanced. IC has led Co the optimum choice o_
operating tre_enciee for _ and CLW measurements, and has
influenced the development of profile retrieval algorithms for
these instruments.

In examining the height coverage limitations of the much
more complex PJ_SB,it is clear that several factors are important
including radar transmitter power, acoustic power, speaker
locations, antenna sise, wind speed, and aooustlc attenuation.
_B cperatlon ham now been evaluated fairly well for Colorado
conditions, but its performance in other climate regimes is
largely unknown. Using P.kSSas an obvious example of need, we
recommend that incident system modeling, such as has been
sta_ed by NOAA and DOt/ARM scientists, be pursued. When
designing integrated systems for !ong-term operational use, as is
intended for CART, it is desirable to have a model for each
component instrument to heip predict performance in various
envlronmentai and physical oonfiguratlons.
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APPENDIX A. FIRS

The WPL infrared spectrometer system is known as FIRS
(Fourier-transform InfraRed Sounder). Its central component is a
Michelson interferometer manufactured by Bomem, Inc. Figure A1
is a diagram of the system; the Michelson interferometer
comprises a beam splitter (BS) and two corner-cube mirrors (CC).
Scanning the mirrors to create a varying optical path difference
between the beam splitter and corner-cube mirrors creates an
interferogram that is equivalent to the autocorrelation of the
input radiance; the Fourier transform of the iIlterferogram is the
emission power spectrum. As a dual-emission device, the
spectrometer has two complementary input ports into which
external sources emit thermal radiation. The detected signal is
the difference of the radiation from the two external sources.

At one port we have a liquid-nitrogen reference that provides the
dynamic range to allow measurements of low-radiance sources. At
the other port is a beam-steering mirror (M1) that selects one of
three sources: the sky, a warm blackbody simulator (BB1), and a
cold blackbody simulator (BB2). These three sources are viewed
sequentially and the atmospheric-emission spectrum is calibrated
from the spectra of the two blackbody simulators using a two-
point complex calibration scheme (Revercomb et al., 1988).

Radiation from the interferometer is focused by'off-axis
parabolic mirrors (M3, M4), through a variable field stop (FS),
onto a mercuryycadmium-tellurium detector (Det) with a peak
detectivity (D') approximately equal to 1.8 x I0 i° cm Hz U2 W "I at
15.4 ,m. The detector half-power cutoff wavelengths are roughly
6.5 ,m and 20.8 ,m. At locations where removal of alignment-
critical optics is necessary to replace the window, we used ZnSe
windows; in other, more accessible locations, we used KBr
windows. Though the hygroscopic KBr windows will occasionally
require replacement, their higher infrared transmissivity is
desirable for low-radiance atmospheric measurements.

FIRS measures spectral radiance between 550 and 2000 cm "l
(5.0-18.2 ,m) with spectral resolution variable from i cm "I to
128 cm "I. We anticipate operating the system usually at near-
maximum spectral resolution to resolve the various temperature-
and humidity-dependent emission features in the spectra. A
variable-diameter field stop provides a variable full-angle field
of view from 3.6 to 46 mrad. Normally, 35 mrad (2 °) will be used
to match the angular field of view of the WPL microwave and
single-channel infrared radiometers so that the radiance from a
common atmospheric volume will be measured with several
complementary sensors.

Signal-to-noise ratios of about 1000 are achievable with 2-
min integration times. Ground-based operation allows such long
dwell times if the atmospheric remains thermodynamically stable
during the measurement. If clouds are present, this will not be
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Figure A1. Diagram of the WPL FIRS system. See text for
details.

Figure A2. Inner-cone blackbody simulator geometry (dimensions
in ram).
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true, because clouds may drift in and out of the beam within two
minutes. However, if clouds are present, other questions
regarding the usefulness of FIRS for atmospheric profiling arise.
We are studying the effects of clouds, especially cirrus, on FIRS
measurements.

Absolute radiometric calibration will be necessary for
retrieving accurate temperature and humidity information from
atmospheric emission spectra. FIRS uses two calibration sources
at near-ambient and liquid-nitrogen temperatures (- +300 K and 77
K) to bracket the expected range of equivalent blackbody
temperatures in atmospheric spectra. In order to obtain uniform,
high-emissivity calibration sources, two black-anodlzed aluminum
inner-cone cavities with annular lids shown in Figure A2 are
incorporated (Bedford etal., 1985, Berry 1981, and Chu etal.,
1980). Though these cavities are larger and heavier than flat-
plate blackbody simulators, they have higher emissivity and less
chance of reflecting interfering radiation into the instrument.
Furthermore, weight and size are secondary concerns for ground-
based operation. The cavities have a large thermal mass to
reduce thermal gradients. We are studying the thermal stability
of these cavities and will consider reconstructing them from
copper if higher thermal conductivity is needed. Aluminum rather
copper was chosen for the prototype cavities because it is easier
to machine.

To determine the emissivity of our calibration cavities, we
used the results of Bedford etal. (1985) for the dimensions
indicated in Fig. A2. These results indicate that the effective
emissivity on the surface of our inner cones varies from
approximately 0.9994 at the base to 0.9985 at the cone's tip.
With its widest field of view, our spectrometer sees only the top
two-thirds of the inner cone; thus, the effective emissivity seen
by the spectrometer varies between approximately 0.9990 and

i 0.9985. These results are for a perfectly isothermal cavity, so
the actual emissivity of our cavities, though still high, is less
ideal than these numbers suggest.

WPL is in the midst of implementing and evaluating an
absolute radiometric calibration scheme for FIRS. The design
goal for the FIRS calibration is to have an absolute error no
greater than 1.0 K (WPL's microwave radiometers achieve this in
the lower atmosphere). Absolute radiometric calibration
requires determination of two unknown factors: the complex
instrument-response function and the spectral radiance emitted by
the optics. The radiance bias, or offset, caused by emission
from the system is especially important in the measurement of
weak-signal sources such as atmospheric emission. In other
interferometer-spectrometer applications, where the source
radiance is much greater than the instrument's self-emission, the
offset can be neglected. The calibration technique being
implementing will use complex spectra to compensate for both
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magnitude and phase errors.

WPL has recently completed construction of the prototype
FIRS system and we are beginning to examine data collected with
it. Figure A3 shows a raw, uncalibrated emission spectrum of a
clear sky collected with FIRS. Figure A4 is a spect_lm taken
moon afterward but with cirrus clouds in the beam. The cirrus
clouds increase the radiance in the 1000-cm "I (lO-_m) window
region, but do not significantly affect other, more opaque
spectral regions. The long-wave cutoff of the detector is
evident below 700 cm "I (beyond 14.3 _m) in both spectra.
Observable atmospheric emission features in Figures A3 and A4
include water-vapor emission from roughly 1250 to 2000 cm "I (5 to
8 _m), carbon dioxide emission in the 600-720 cm "I (14-16 _m)
region, and water vapor emission again below 600 cm "I (above 17
_m). Also, the window region of 770 to 1100 cm "I (9-13 _m) is
visible, with many small carbon dioxide and water vapor emission
features enclosed within it.

Many carbon dioxide emission features have a strong
temperature dependence, making them good temperature-sensing
channels. Similarly, the numerous water vapor lines in the
spectra provide humidity-profile information. For example, at
some wavelengths, such as near 8 _m and 17 _m, water vapor
emission (or absorption) is quite high (see Fig. A4), while at
other wavelengths, such as near 9 _m, water-vapor emission is
moderately low. Measurements of thermal emission at wavelengths
with high emission are effectively measurements of water vapor
near the ground for a ground-based sensor. Conversely,
measurements of thermal emission at wavelengths with moderately
low emission correspond to water vapor higher in the atmosphere.
Many of the water vapor emission lines in the 9-11 _m window are
weak enough that a measurement of their emission reflects column-

integrated vapor amounts rather than the vapor density at any
particular height. This is because the vapor in the lower
atmosphere is not opaque, and therefore the sensor "sees" a small
contribution from the water vapor at all heights within the beam.
This explanation, though not precise, describes the concept of
how thermal emission spectra are used to derive profiles of water
vapor and temperature.

' eAs soon as the FIRS system and calibration technlqu are
completely operational, WPL will begin testing various techniques
of retrieving atmospheric profiles from its spectra. We are
studying FIRS spectra of laboratory sources and of the atmosphere
in order to implement and evaluate the radiometric calibration.
Calibration methods and the overall system design will be
refined, as necessary. The effects of clouds on FIRS spectra and
profiles will be studied using the complementary suite of sensors
available at WPL, including microwave and infrared radiometers,
radars, lidars, and radiosondes. Unattended and continuous
operation of FIRS is a longer term goal.
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Figure A3. Example of the infrared emission spectrum measured by
FIRS for a clear atmosphere.
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Figure A,. Example of the infrared emission spectrum measured by
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APPENDIX B. DATA PRODUCTS FOR SELECTED IOPS

There were seven IOPs during the month-long ARM-91 field
experiment (Table 2). Routine processed data products from the
NOAA remote sensors are presented in this appendix for three of
these cases. Wind profiler, RASS, and radiometer data are
featured in these plots. The purpose is to more fully illustrate
the kinds of data that can be obtained with the remote sensors,
to compare their measurements with those of in situ sondes, and
to highlight the superior temporal resolution of the remote
profiling methods. The figures also demonstrate the consistency
of the remote sensor measurements with one another and with the

large-scale meteorological conditions documented by conventional
upper air synoptic network of the NWS. Furthermore, the
collection of figures provides a convenient starting point for
detailed case study analyses. The three cases selected span the
gamut of weather conditions sampled in ARM-91, ranging from cold
frontal rain to clear skies.

B.I. IOP #3z 28 FEBRUARY - I MARCH 1991 (VARIABLE CLOUDINESS)

This third ARM-91 IOP began with clear skies followed by
broken to overcast altostratus and cirrus cloud cover over the
project area. Figures B1-B3 show NWS surface, 700 mb, and 500 mb
maps for selected times during the IOP. They show a weak ridge
of high pressure over the Midwest and a weak trough entering
western Colorado. The patterns aloft indicate veering winds and
weak warm air advection over Colorado. At the surface there was

south-southeasterly flow advecting warmer air into Colorado and a
cold front moving southward through Montana.

Figures B4-B6 show time series of measurements obtained with
WPL's microwave radiometer systems at Platteville, Denver, and
Elbert. The surface meteorological observations at all three
sites show a slight warming trend superimposed on the diurnal
oscillation, a fairly steady rise of dewpoint temperature, and
steadily falling pressure. The radiometer measurements of
precipitab!e water vapor show an overall increase by a factor of
2-3 during the period, with the most rapid rise occurring around
1500 GMT on 28 February at Denver and Platteville and slightly
earlier at Eibert, the most southerly station. The vertically
integrated liquid water content measurements reveal the presence
of water or mixed-phase clouds over Platteville for about 12 h
starting at 1500 GMT on 28 February. Much smaller amounts of
liquid were detected by the radiometers at Denver and Elbert
during this period. The ceilometer measurements at Denver show
that an altostratus cloud layer appeared near 3.5 km AGL at 1600
GMT on 28 February and lowered to about I km in the next ii h.
The infrared radiometer at Denver showed the cloud-base

temperature had risen to about -10°C by the end of this ll-h
period. The infrared radiometer data at Elbert show colder cloud
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bases, indicating higher (or thinner) clouds, probably cirrus,
were present there.

Figure B7 shows time series of precipitable water vapor
measured by the three radiometers. These plots are annotated
with radiosonde measurements obtained with NCAR CLASS sondes
launched at Platteville and Elbert and the routine NWS launches

at Denver. The computed PVW values shown for the radiosondes
used the high-resolution, 6-s recording interval measurements.
The CLASS surface measurements at Platteville and Elbert were

apparently erroneous and have been replaced in the calculations
by surface measurements at the nearby radiometer sites. The
resulting agreement between radiometers and sondes is excellent,
and small-scale details revealed by superior temporal resolution
(2 min) of the radiometer data are evident.

The next five figures show time-height cross sections of
wind data from various wind profilers operated in _-91. Figure
B8 is a composite of data from WPL's 50 MHz profiler at
Platteville and the 915 MHz high-power WPL profiler at Denver.
Both the high and low sampling mode data are incorporated as well
as data from a surface anemometer at Denver. The data shown have

been passed through the automated time-height continuity editing
algorithm of Wuertz and Weber (1989) to remove outlier points.
Figure B9 shows the same data after being smoothed with the
4253HT median filter described by Velleman and Hoaglin (1981) and
then linearly interpolated to a grid. The low-level data reveal
a shift in the boundary layer flow from westerly to southerly
winds; this layer grew from near the surface to almost 4 km MSL
during the daylight hours (from 1400 GMT on 28 February to 0300
GMT on 1 March). Above 5 km there is clear depiction of a wave
and its ridge axis passing the area at about 1500 GMT on 28
February. This is consistent with the synoptic situation shown
in 500 mb map of Fig. B3. A jet stream core of 100 knots was
evident in the profiler measurements near 250 mb at about 0700
GMT on 28 February.

The westerly component of the winds (in units of m s"I) is
shown in Fig. B10. The time-height location of the jet stream
core is apparent. Figure Bll shows the southerly component speed
pattern. The zero line clearly reveals the passage of the ridge
aloft at 1200-1700 GMT on 28 February. The 1-h temporal
resolution of the profiler data is excellent for revealing
mesoscale features that would be lost in the standard NWS 12-h
radiosonde data.

Figure B12 shows high-resolution wind data in the low levels
measured by the Aeronomy Laboratory's 915 MHz boundary layer
profiler. (Note that time increases toward the right for this
wind diagram, unlike the others.) It shows quite variable height
coverage during the period. Low-level circulations are revealed
by this profiler that the other profilers missed because of their
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higher minimum heights and coarser vertical resolution. For
example, note the convergence between initial westerly and
subsequent easterly flow in the lowest 0.5 km at about 0930 GMT
on 28 February, and divergence in the same layer around 0100 GMT
on 1 March.

Figures B13-B14 show skaw-T log-P diagrams of temperature
soundings obtained with RASS at P!atteville and Denver and with
CLASS radiosondes at Plattevilla for two times separated by 12 h
during the IOP. The temperature agreement is very good. The
weak warm air advection shown on the upper air synoptic weather
maps is reflected in the slight warming detected by both RASS and
CLASS in this 12 h interval. The CLASS sondes also show that the
middle troposphere became much more moist; this is consistent
with the radiometer data shown earlier. Time-height cross
sections of temperature and potential temperature derived from
the PASS measurements (augmented by surface in situ temperature
measurements) are shown in Figs. B15 and B16, respectively. They
show the history of an inversion near the surface that dissipated
in the morning, at about 1800 GMT on 28 February. The
temperature it_Jcture aloft shows the weak warming that occurred
during the day.
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Surface

28-FEB- 1991 2200 UTC

Figure BI. Surface weather map during IOP-3. Solid lines are
isobars; dashed lines are isothe_s.
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700 mb

0000 UTC 0 I-MAR- 1881

Figure B2. A 700 mb map showing conditions alof_ during IOP-3.
Helgh_ contour lines are solid and isotherms are dashed.
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500 mb
0000 UTC 01-MI_- 1991

Figure B3. A 500 mb map showing conditions aloft during IOP-3.
Helght _contour lines are solid and isotherms are dashed.
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Figure B4. Data from the radiometsr mite at P!attsville during
IOP-3, Panels from top to bottom are: precigltable water vapor
(v), path-integrated liquid water content (I), surface

temperature (t), surface dewpoin_ temperature (_=), and surface
pressure (P).
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Figure Be. Data from _he radiometer slte at Denver for IOP-3.
Panels from top to bottom are: cloud base height measured by
ceilome_er (Z), cloud base brightness temperature measured by
infrared radiometer (IR), precipita_le wa_er vapor (v), path-
integrated liquid wa_er ¢on_en_ (I}, surface _empera_ure (_),
surface dewgoin_ temperature (_d), and surface pressure (P).
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Figure B6. Data from the radiometer site at Elbert for 1::0P-3.
Panels from top to bottom are: cloud base brightness temperature
measured by infrared radiometer (IR), precipitable water vapor
(v) , path-integrated liquid water content (I) , surface

temperature (t), surface dew point temperature (td) , surface
pressure (P).
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Figure BT. Precipitable water vapor measured by microwave
radiometers (small dots) and radiosonde (circled crosses) at
three sites during IOP-3.
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Figure B8. Time-height cross section of wind data composited
from the 50 M_z wind profiler at 91atteville and the high power
915 MHz wind profiler at Denver for IOP-3. Surface data are from

an anemometer at Denver. Speed indicators are: short barb = 5

knots, long barb - l0 knots, flag = 50 knots.
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Figure B9. Wind data from the previous figure after smoothing

and interpolation.
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Figure B10. Time-height cross section of the westerly component

of the wind data shown in the previous figure. Westerly

component wind isotachs are positive (solid contours) and

easterly are negative (dashed).
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Figure BII. Time-height cross section of the southerly component

of the wind data shown in the previous figures. Southerly

component wind isotachs are positive (solid contours) and

northerly are negative (dashed).
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Figure BI3. Temperature profiles measured by the 915 MHz RASS at
Denver (solid dots) and 50 MHz RASS at Pla_teville (stars) for

IOP-3. CLASS rawinsonde temperature and dewpoint data fro_

Platteville are shown by the heavy dashed lines.
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Figure BI4. Same as for previous figure, except at a later time.
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Figure B15. Time-heigh_ cross section of _empera_ure from
composite of RASS measurements a_ Denver and Pla_eville and
using Denver surface _empera_ure da_a during IOP-3. Temperatures
above freezing are shown wi_h solid isotherms and _hose below
freezing have dashed isotherms.
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Figure B16. Time-height cross section of potential temperature
derived from the RASS temperature data of the previous figure.
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|8. ZOP #4t 5 14]LRL_H- 7 N.s.RCH iJgl (COLD FRONTAL lqXZN)

The fourth ZOP was conducted an a cold front swept southward
through the region and brought low clouds and rain. Figurem BI7-
B32 present the same sequence of data products that _ere shown
for the previous case. The synoptic weather maps (Figs. BIT-BIg)
show that • surface cold front extended from Wisconsin to
Colorado. An upper air trough that tilted westward with altitude
was passing over the High Plains and Rocky Mountains at 00o0 GMT
on 6 March. The winds backed with height, and strong cold air
advection was occcuring beneath 500 mb.

The radiometer system data (Figs. B20-B23) showed that the
preaipitable water vapor decreased steadily during the
observation period at all three sites. High values of integrated
liquid water content were detected near the time of frontal
passage, and lower values occurred sporadically afterwards. The
surface pressure and temperature data indicate the front passed
on 5 March around 1800 GMT at Platteville, 2000 GMT at Denver,
and 2100 GMT at Elbez_. Low cloud bases were detected until late
in _he _pisode by the ceilometer and infrared radiometer at
Denver and by the infrared radiometer at Elber_. As in the
previous IOP, agreement between the radiometer and radiosonde-
derived precipitable water vapor content was excellent.

The time-height cross sections of wind profiler data (Figs.
B24-B27) do not include the high-altitude sampling mode data from
the 50 MHz profiler for this case. The location of the frontal
surface aloft is indicated on these cross sections by a line of
sharp backing from westerly to more northerly flow. This
boundary reached the low levels around 2000 GMT on 5 March and
the 5 km MSL level by 0500 GMT on 6 March. The boundary layer
profiler wind data (Fig. B28) extended almost 5 km above ground
during precipitation early in the episode. However, the
persistent northwesterly low-level winds indicated by this
profiler are not consistent with those of the other profilers.
The reason for the discrepancy is unknown.

The temperature profiles of Figs. B29-B30 show good
agreement between the composite RASS from Platteville and Denver
and the CLASS soundings at Platteville. The sonde dswpoint
profiles show the drying aloft that occurred over 3 hl this

supports the radiometer observations that showed a stead_ .decrease of precipitable water vapor. The temperature time
height cross section (Fig. B31) shows the strong cooling t_at
occurred at all levels until about 1700 GMT on 6 March. The
location of the frontal boundary aloft is indicated by the large
gradient of potential temperature near _he 299' K contour in Fig.
B32.
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Surface
6-MAR- 1991 0500 UTC

Figure BI?. Surface weather map during IOP-4. Solid lines are
isobars l dashed lines are isotherms.

78



t |

700 mb
0000 UTC 06-____R-1991

Figure BIB. A 700 mb map showing conditions aloft during IOP-4.
Height contour lines are solid and isotherms are dashed.
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500 mb

0000 UTC 06-1v£AR-1991

Figure BI9. A 500 mb map showing conditions aloft during IOP-4.
Height contour lines are solid and isotherms are dashed.
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Figure B20. Data from the radiometer site at Platteville during
IOP-4. Panels from top to bottom are: precipitable water vapor
(v) , path-integrated liquid water content (1) , surface •
temperature (t), surface dewpoint temperature (td), surface
pressure (P).
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Figure B21. Data from the radiometer site at Denver for IOP-4.

Panels from top to bottom are: cloud base height measured by

ceilometer (Z), cloud base brightness temperature measured by

infz'ared radiometer (IR), precipitable water vapor (v) , path-

integrated liquid water content (I) , sure, ace temperature (t),

surface dewpoint temperature (td) , surface pressure (P).

82



Elbert (-_o,._. 39_) 2_.oo=

1Z Z b ' I it,j,__' ' ' I ' I ' 1'" I ' t ' I ' i ' I ' I ' I ' I_ '.... .... I ' 1

- 10 0 _ _. .;'v!,_.:,_,.""'''%
r_ -30 0 F _'_" "" "., _..

"--70 0
-90 0 F I ! , I , ! , i , I , I , ! , L , i , i i , ! ,k i , i.,...K,

1.5 I. " ,' ...... ,' ,' i' ,'...... 'i ,' , i..... ,'' ,' i' '' " ...." ' ' ' ' .I........
1.2 I,- .,4

,--, 0.6 --J -_l_ .....
_' Z.3

0.0 I" , I _ ! , I , I , I , I , I ..i ! , I i. I. , I , I i,, I...i

0.9 Ll_ l, ,, i' ,, i, i, i ,....... ..... .........i ', / i_ , , i , i , i , , , , , ..1.... ....
,_, 0.7

_. ._ 4
0.5

,,_ 0 3 I" ".: • " -4
' r..'-.,;, '" " .4• e@_ee •

-o.1 !"_,_1 ,"I_,, , , , , , , , . , , _,-__ i ,_, , ,:'::,1
15.0 ii_..tI ...." I ' i ' I ' I ' I " I " I" ' i ' i ' i ' "I ' i ' 'I ' _i

1Z.0 _

'_ 5 0

.,.i 0.0 .... __

-10.0 I , t , I , !
5.@ I...' I " I' i '"1 ........i I' I " I' I' 'i ' I' ....i'......... 'i' I' I ' ..1
0.0 _l.z.-

.i,i
-15.0
-20.@ r, I , i , I , I I J. I....., I , i , , i , i , q

• .... i
778 Z " -i L_'A'",.' .......
778 .Z

,'_ 774.0772.0

t-T"q" I ', I I I i '1 ' ! I I

V

I_, 770.0

768.0 _ I.......i J i I , I , I , I , I , :i
18 20 22 Z 2 4 6 8 10 12 14 16 18 20 22 0

05-MAR- 1991 Time UTC _ 07-_- 1991
r,

i,

Figure B22. Data from the radiometer site at Elbert for IOP-4.

Panels from top to bottom are: cloud base brightness temperature
measured by infrared radiometer (IR), precipitable water vapor
(v), path-integrated liquid water content (I), surface

temperature (t), surface dew point temperature (td) , surface
pressure (P).
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Figure B23. Precipitable water vapor measured by m1'crowave
radiometers (small dots) and radiosonde (circled crosses) at
three sites during IOP-4.
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?-MAR-t991 <--- TJ.z_e UTC 5.-M.A_-t99t
Fiqure B24, Time-height cross section of wind data composited
from the 50 MHz wind profiler at Platteville and the high power
915 MHz wind profiler at Denver for IOP-4. Surface data are from
an anemometer at Denver. Speed indicators are: short barb = 5
knots, long barb = 10 knots, flag = 50 knots. Dashed line shows
approximate location of cold front boundary aloft.
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Figure B25. Wind data from the previous figure after smoothingand interpolation.
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Figure B26. Time-height cross section of the westerly component
of the wind data shown in the previous figure. Westerly
componen_ wind isotachs are positive (solid contours) and
easterly are negative (dashed).
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Figure B27. Time-height cross section of the southerly component
of the wind data shown in the previous figures. Southerly
component wind isotachs are positive (solid contours) and
nor_:herly are negative (dashed).
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Figure B29. Temperature profiles measured by the 915 MHz RASS at
Denver (solid dots) and 50 MHz RASS at Plattaville (stars) for
IOP-4. CLASS rawinsonde temperature and dewpoint data from
Plattaville are shown by the heavy dashed lanes.
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Figure B30. Same as for previous figure, excep_ a_ a la_er _ime.
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Figu=a B31. Tima-hai_h_ cross section of _empera=ure from
composi_ of RASS measurements at: Denver and Pla_aville and

using Denver surface _ampera_ure da_a during IOP-4. Temperatures
above freezing are shown wi_h solid isotherms and _hose below
freezing have dashed isotherms.
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$TAPLETON and PLATTEVILLE

Figure B32. Time-helgh_ cross section of potential temperature
derived from 1:he RASS _empers_ure da_a of !:he previous figure.
Dashed line shows approxima_ location of _he cold fron_ boundary
aloft.
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B3. IOP #5: 8 MARCH - 9 MARCH 1991 (CLEAR SKIES)

The fifth IOP was a case of almost cloudless skies. Figures
B33-B48 present the same sequence of data products that were
shown for IOPs #3 and #4.

The synoptic weather maps (Figs. B33-B35) show that a dome
of high pressure was located over southeastern Colorado, and a
strong ridge was moving into the western part of the state. The
radiometer site data (Figs. B36-B38) show the building surface
pressure and a strong diurnal temperature cycle under the clear
sky conditions. Except for a brief period near the beginning of
the observations, the precipitable water vapor measured by the
radiometers was much lower than in the other two IOPs. The

presence of cloud was detected at Platteville and Elbert only
before 0000 GMT on 9 March. Clear skies prevailed thereafter.
The precipitable water vapor comparisons between radiometers and
radiosondes (Fig. B39) are not quite as good in these very dry
conditions as they were for the other two IOPs.

The time-height cross sections of wind profiler data (Figs.
B40-B43) are consistent with the synoptic weather situation.
This time, the low-level wind data of the 915 MHz boundary layer
profiler (Fig. B44) are in good agreement with those of the other
profilers. RASS temperature profiles (Figs. B45-B46) again show
excellent agreement with radiosonde data. Time-height cross
sections of temperature and potential temperature (Figs. B47-B48)
show the gradual warming aloft by subsidence and the diurnal
temperature cycle near the surface.
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Surface

9-MAR-1991 1200 UTC

Figure B33. Surface weather map during IOP-5. Solid lines are
isobars; dashed lines are isotherms.
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700 mb
1200 UTC 09-MAR- 1991

Figure B34. A 700 mb map showing conditions aloft during lOP-5.
Height contour lines are solid and isotherms are dashed.
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500 mb

1200 UTC 09-MAR- 1991

Figure B35. A 500 mb map showing conditions aloft during IOP-5.
Height contour lines are solid and isotherms are dashed.
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Figure B37. Data from the radiometer site at Denver for IOP-5.

Panels from top to bottom are: cloud base height measured by

ceilometer (Z), cloud base brightness temperature measured by

infrared radiometer (IR), precipitable water vapor (v), path-

integrated liquid water content (i), surface temperature (t),

surface dewpoint temperature (td) , surface pressure (P).
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Figure B38. Data from the radiometer site at Elbert for IOP-5.
Panels from top to bottom are: cloud base brightness temperature
measured by infrared radiometer (IR), precipitable water vapor
(v), path-integrated liquid water content (I), surface
temperature (t), surface dewpoint temperature (td), surface
pressure (P).
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Figure B39. Precipitable water vapor measured by microwave
radiometers (small dots) and radiosonde (circled crosses) at
three sites during IOP-5.
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Fiqure B41. Wind data from the previous figure after smoothingand interpolation.
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Figure B42. Time-height cross section of the westerly component
of the wind data shown in the previous figure. Westerly
component wind isotachs are positive (solid contours) and
easterly are negative (dashed).
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Figure B43. Time-height cross section of the southerly component
of the wind data shown in the previous figures. Southerly
component wind isotachs are positive (solid contours) and
northerly are negative (dashed).
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Figure B45. Temperature profiles measured by the 915 MHz RASS at
Denver (solid dots) and 50 MHz RASS at Platteville (stars) for
IOP-5. CLASS rawinsonde temperature and dewpoint data from
Platteville are shown by the heavy dashed lines.
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Figure B47. Time-height cross section of temperature from
composite of RASS measurements at Denver and Platteville and

using Denver surface temperature data during lOP-5. Temperatures
above freezing are shown with solid isotherms and those below
freezing have dashed isotherms.
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Figure B48. Time-height cross section of potential temperature
derived from the RASS temperature data of the previous figure.
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