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ABSTRACT

A remote-sensing system for continuously profiling the troposphere is discussed; the prototype Profiler
utilizes radio wavelengths, thereby achieving essentially all-weather operation. Designed for unattended op-
eration, the Profiler employs radiometric and Doppler radar technology. Design, construction and calibration
of the instruments composing the Profiler system are described along with some of the physics and math-
ematics upon which their operation is based. Examples of profiles and other variables of meteorological
interest are given, and comparisons are made with simultaneous data from colocated operational (NWS)
sondes. An algorithm based on climatological statistics of measurements by radiosonde is used in the ra-
diometric retrieval process, but there is no reliance of the products of the Profiler upon any current radiosonde
data. The role of the Profiler in mesoscale and synoptic weather forecasting and its relationship to systems
employing sounders on satellite platforms are also discussed.

1. Introduction

There is a move afoot within the various services
that provide measurements of the temperature, wind,
and humidity in the troposphere toward automated
instrumentation, and questions justifiably arise re-
garding the reliability, accuracy, and complexity of
the automated instruments. It is desirable that the
new instruments provide additional measuring ca-
pabilities that may be beneficial to weather forecast-
ing. For the Profiler system discussed here, perhaps
the most significant new feature is continuity in time
in measurement of profiles and integrated quantities
such as total precipitable water vapor. This capability
is especially pertinent to mesoscale meteorology
where knowledge of atmospheric changes that occur
more rapidly than those resolved by twice-daily ra-
diosondes is important. Examples of these rather
rapid temporal changes in the temperature, wind, and
humidity are given in the following sections.

Regarding reliability, there are two factors: reli-
ability in the sense of low maintenance on the hard-
ware and software of the instrument, and reliability
in accurate measurement of the atmospheric vari-
ables during all weather conditions. The former is
addressed by designing the Profiler using primarily
solid-state technology, and by requiring that there be
no moving mechanical parts in the system. The re-
quirement for operation during almost all weather
conditions is addressed by utilizing remote-sensing
instruments that operate at radio wavelengths. Since
clouds, fog, snow, and light rain are semi-transparent
to these waves, reliable measurements are obtained
almost all the time.

The question of economics is addressed in part by
designing the Profiler for unattended operation; man-
power requirements are therefore minimized. The
Profiler utilizes both passive (radiometric) and active
(radar) remote sensors. Experience over more than
two years has shown that the radiometric sensors can
indeed be relied upon in unattended operation; the
component requiring most attention has been an as-
sociated computer. The Doppler radars in the pro-
totype Profiler (for measurement of wind, and inten-
sity profiles of back-scattered signals) are of two
types—one operating at VHF, the other in the UHF
band. The former, although operated continuously,
was initially built for experimental purposes, and not
designed for high reliability; the latter is solid-state
throughout and is designed to require little attention
over the years. It is estimated that the capital cost of
a Profiler designed for unattended operational use
would be defrayed in about seven years, when com-
pared with the costs of labor and expendibles incurred
by a radiosonde station launching two units per day.
The surface instrumentation used with the Profiler
has been found by experience to be least reliable, the
surface humidity sensors being particularly trouble-
some.

The questions of accuracy and complexity are dis-
cussed in the body of the text. Briefly, it is found that
the Profiler measurements of total precipitable water
vapor, and wind measurements, are believed more
accurate than obtained by conventional radiosonde
and rawinsonde. Profiler measurement of the 500 mb
pressure height is at least as accurate as radiosonde.
Vertical winds and zenith-integrated cloud liquid,
two variables not routinely measured by sonde, are
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believed accurate to about 0.1 m s! and 0.1 mm

respectively. However, the Profiler measurements of
temperature and humidity profiles do not, at present,
faithfully reproduce inversions that have sharp gra-
dients. This behavior, which exists because passive
radiometric instruments are integrating devices, can
be remedied considerably by use of additional in-
formation from active sensors such as radars and
ceilometers. For this reason the Profiler is referred to
as a system; information from one sensor comple-
ments the performance of another. This joint profil-
ing method is discussed in some detail in Section 7,
along with examples of measured data.

2. Radiosondes of the present upper-air system

The standard for comparison of new instruments
measuring the behavior of the upper air, is the ra-
diosonde. It is therefore worthwhile to address briefly
the nature and accuracy of the reference used in eval-
uating Profiler measurements.

In both time and space, radiosonde and rawin-
sonde measurements differ significantly from those
of the Profiler. Radiosondes are launched twice daily
by the National Weather Service (NWS) of the United
States. Point measurements are taken according to
the rules set forth in the Federal Meteorological
Handbook No. 3, Radiosonde Observations. The
measurements are taken at instants in time so it is
not possible to compute a time average of some vari-
able (for example wind at a given altitude) over some
desired interval of time (e.g., an hour). The radio-
sonde takes about half an hour in ascent to tropo-
pause altitude; thus since conditions are usually
changing with time, “snapshot” profiles may not be
obtained. Spatially, the balloon may drift many tens
of kilometers from the zenith of the launch site
whereas the Profiler is fix-pointed in the vertical; this
often makes meaningful comparisons of rawinsonde
and Profiler data at high altitudes difficult.

A study (Hoehne, 1980) of the relative precision
of rawinsondes was recently undertaken at the Test

~and Evaluation Division of NWS. Two electronic
packages were launched on a single balloon, on¢ the
operational sonde for Washington, D.C., and the sec-
ond, a “test” sonde which utilized a different tele-
metering frequency (and therefore a different tracker)
than the operational sonde. The sondes had the same
temporal resolution. Fifty weekly sonde-pair flights
were made during a year. This type of comparison
provides the functional precision (relative readings for
a given variable, say temperature) of the two sonde
packages; it is not a measure of absolute accuracy.
The numbers that result can, however, be considered
representative of the maximum accuracies to be ex-
pected using operational sondes. A bias in tempera-
ture and humidity is caused in part by the heat of the
upper package affecting the lower package.

JOURNAL OF CLIMATE AND APPLIED METEOROLOGY

VOLUME 22

Table 1 shows the results obtained in the compar-
ison when data for the two sondes at the same pres-
sure heights are used; the “upper” sonde is the test
package, and the “lower” sonde the operational pack-
age. In all cases, the rms for the relative precision was
found to be closely equal to the standard deviation
of a fitted Gaussian. These functional precisions will
be referred to in the Profiler-sonde comparisons that
follow, recognizing that they are the only published
computations of precision of operational sondes
known to us.

There are bases other than accuracy upon which
comparisons between sondes and the Profiler can be
made, for example timeliness of forecasts. Since syn-
optic models are updated from radiosonde data ob-
tained at specific times, as mandated by worldwide
agreement, the forecasts are not optimal with respect
to local time. With continuous profiling, the updating
could be done at times most suitable for producing
the best and most timely forecast for the public living
at a given location.

3. Profiler design

Several criteria govern the design (Hogg er al.,
1980a) of the Profiler system. These requirements in-
clude: operation during essentially all weather con-
ditions, including snow, fog, cloud and light rain;
unattended operation; high reliability; and conser-
vative design in the data system.

Within the constraints of those criteria, several as-
sociated conclusions are reached; these include: use
of radio wavelengths; fully automatic operation nec-
essary; remote sensors must have no mechanical
moving parts, e.g., fixed multiple beams are required
for the antenna of the wind-profiling Doppler radar;
solid-state electronics should be used; error correction
must be incorporated in the data system.

A block diagram of the prototype Profiler is shown
in Fig. 1; the following subsystems are included: a
six-channel temperature/humidity profiling radiome-
ter, two operating near 20 and 30 GHz, and four
between 50 and 60 GHz, instruments for surface
measurements, including pressure, temperature, hu-

TABLE 1. Functional precision of NWS radiosondes; data apply
to two sondes at the same calculated pressure height (see Hoehne,
1980); data taken at Sterling, VA, near Washington, DC.

Dew- Precip-
Tem- point itable
pera-  depres-  water Wind  Pres-
ture sion vapor  vector  sure
(°C) O (mm) (ms™') (mb)
Bias upper
— lower sonde -0.19 +0.38 -0.53 0.0 —0.1
Root mean
square +0.86 +3.44 +1.39 +3.1 +0.7
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HIG. 1. Subsystems of the Profiler located near the NWS WSFO, Stapleton Airport,
Denver, Colorado; | and 2 are passive (radiometric) remote sensors; 4 and 5 are

active (Doppler radar).

midity, wind, and rain rate; wind-profiling Doppler
radar, one operating in the VHF (50 MHz), the other
in the UHF (915 MHz); data system, including a host
computer that provides an accessible data base, and
auto-dial equipment.

The details of these subsystems, their interacting
roles, and the techniques of profile retrieval from the
remotely sensed data are discussed in the following
sections. Although design of the instruments is em-
phasized, typical examples of measured data are also
presented. Note that integrated liquid water in the
vertical direction, a measurement not provided by
radiosonde, is available from the Profiler. A com-

panion paper in this issue (Hogg ¢t al., 1983) contains
discussion of the design and implementation of a re-
lated instrument, a steerable-beam radiometer with
20- and 30-GHz channels; this is used in research on
water vapor, and on supercooled liquid in clouds.
The building for housing much of the electronics
of the Profiler (Fig. 2), is located on the same property
as the Weather Service Forecasting Office (WSFO),
Stapleton Airport, Denver, Colorado; the radiosonde
launch site is also located there. There were several
reasons for choosing this location, the most signifi-
cant being that comparisons can be made routinely
with twice-daily NWS radiosondes. It was also rec-

F1G. 2. The Profiler building near the NWS WSFO at Denver. Note the flat 45°
millimeter-wave reflector and canopied window of the radiometric antenna; on the right
is the triple-beam UHF antenna and transmitter building; the Profiler building houses
the radiometers, UHF radar receiver, the host computer and peripherals, and some of
the surface instruments. The flat ground just visible on the far left is the launching area
for NWS radiosondes.
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ognized that the adequacy of the Profiler could be
tested by long-term comparison with the sondes, and
that cooperation with the operational forecasters
would be fostered (see, e.g., Hogg et al., 1980b). It
must be emphasized, however, that real-time upper-
air measurements provided by the Profiler are com-
pletely independent of any current radiosonde data.

The VHF wind-profiling radar is located at Platte-
ville, Colorado, about 50 km north of Denver. This
instrument was designed and built by the Aeronomy
Laboratory of ERL, NOAA, for research purposes
(sec e.g., Gage and Balsley, 1978). Antenna beams of
width 3.5° pointed 15° from vertical, to the north
and east, allow measurement of high-altitude hori-
zontal winds routinely (Section 6a); these data are
auto-dialed by the host computer (Section 8) at the
WSFO, Denver, for transmittal to the users. Vertical
winds and tropopause heights are measured by a sep-
arate VHF antenna that generates a vertically point-
ing beam.

4. Surface measurements

A commercial microprocessor-based data-logging
system (Campbell Instruments, model CR121) is
used in measurement of the surface temperature, rel-

ative humidity, pressure, wind speed, wind direction, -

and rain rate. Sensors for pressure and rain rate have
been added to the CR121. It has an assortment of
internal programs that control not only the timing
of the sampling of the sensors but also scaling of their
outputs to the required engineering units. There are
programs that take averages, keep track of minimum
or maximum values within a specified time, and
transmit the requested values to other devices via a
standard RS232 serial interface. OQur unit operates
with a basic sampling period of 2 minutes. Ten 2-
minute samples are averaged and transmitted to the
Profiler host computer (see Section 8) as well as to
a teletype terminal for display. The 20-minute av-
eraging is for display; it is not mandated by host-
computer considerations. Table 2 lists the accuracies

TABLE 2. Surface instrumentation and accuracies.

Sensor Type Range Accuracy
Temperature Thermistor -20 to +35°C +0.4°C
Relative Hygristor 10 to 97% +3%

humidity
Wind speed Cup 0.25 mph
anemometer or +1.5%
Wind direction Vane 0 to 360° +5°
Pressure Aneroid +50 mb +0.5 mb
Rain rate Tipping 0-200 mm h~! > +0.5%

bucket
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TABLE 3. Center frequencies for channels used in the
radiometric system.

Atmospheric constituent  Bandwidth
Channel  Frequency most effective (GHz)
1 20.60 water vapor 1.0
2 31.65 liquid 1.0
3 52.85 temperature 0.1
4 53.85 temperature 0.1
5 55.45 temperature 0.1
6 58.80 temperature 0.1

specified by the manufacturer for the sensors, includ-
ing the effect of linearization of scaling by the CR121.

The surface measurements of temperature, humid-
ity and pressure are incorporated in retrieval of the
temperature and humidity profiles (see Section 3).
The surface wind information is for use as the initial
data point for the wind profiles (see Section 6b). The
rain rate is used primarily for correlation with the
zenith-integrated liquid measured by the radiometers
(see Section 5).

5. Microwave radiometers for measurement of tem-
perature, vapor, and liquid

a. Selection of frequencies

Choice of microwave frequencies appropriate for
remotely sensing the temperature and humidity is
governed by the wavelengths of oxygen and water
vapor absorption lines. Oxygen absorbs over a band
of frequencies from roughly 50 to 70 GHz, and also
at 118 GHz, whereas water vapor has absorption lines
near 22 and 183 GHz. Absorption by liquid water,
on the other hand, increases monotonically with fre-
quency over the entire microwave band (Hogg and
Chu, 1975). Since a large amount of liquid (i.e., rain),
limits the capability of radiometers, it is preferable,
for all-weather operation, to utilize the lowest micro-
wave frequencies possible. In the prototype Profiler,
a frequency near 22 GHz is used primarily for vapor,
and the 50-60 GHz band for temperature. Oxygen,
with its constant mixing ratio, is an ideal gas for ra-
diometric measurement of temperature. A frequency
near 30 GHz, well removed from the oxygen and
vapor absorption lines, is used primarily for mea-
surement of zenith-integrated liquid. Ice particles and
dry snow have negligible absorption, and therefore
produce no effect on the microwave radiometers.
Table 3 shows the center frequencies for each of the
six channels used in the radiometric system.

The frequency primarily for vapor measurement
is 20.6 GHz rather than 22.2 GHz which is the fre-
quency of the peak of the absorption line. This off-
line-center choice is made because the derived total
amount of vapor is then relatively independent of the
pressure (i.e., height) of the vapor (Westwater, 1967).
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The combination of 20.6 and 31.65 GHz constitutes
a dual-channel radiometer that is useful in weather
modification and other special research programs as
discussed by Hogg et al., 1983.

The four channels 52.85 through 58.80 GHz are
located on the low-frequency side of the oxygen ab-
sorption band. The lowest absorption of these there-
fore occurs at 52.85 GHz, and emission from the
entire troposphere is sensed effectively by this chan-
nel. On the other hand, 58.80 GHz is a highly ab-
sorbing channel, and significant emission is received
from only the lowest kilometer of the troposphere.
The 53.85 and 55.45 GHz channels, which absorb at
strengths intermediate between the other two, are sen-
sitive mainly to the oxygen up to mid-altitudes (e.g.,
2 to 6 km above the surface). By combination of the
emission in all of these channels, profiling is achieved
as discussed in Section 5d.

b. Six-channel radiometer for temperature/humidity
profiling

All six radiometers are of similar design, but the
bandwidths of the channels differ, as indicated in
Table 3. The channels used for temperature sensing
utilize a relatively narrow bandwidth (0.1 GHz) to
provide sufficient discrimination between channels.

The antenna beams for all channels point to zenith,

- > N\ Antenna

ET AL. 811
and have essentially the same shape and beamwidth.
The latter is an important feature in properly ac-
counting for liquid-bearing clouds that pass through
the beams. If the beamwidths were unequal, a liquid-
bearing cloud entering the system would produce a
“signal” in some channels, and none in the others,
and correction of the retrieved temperature and hu-
midity for the emission by the liquid in the cloud
would not be feasible. The antennas for all channels
are offset paraboloids located inside the Profiler build-
ing. Emission from the zenith is reflected by the 45°
flat reflector, shown in the photograph (Fig. 2),
through a microwave window protected by a cowling,
to the paraboloids where it is focused into the radi-
ometers. Each of the three paraboloids accommo-
dates two channels. The 45° flat reflector is scannable
in elevation angle for calibration purposes.

A block diagram of the electronics for a channel
is shown in Fig. 3. Emission from the atmosphere
incident on the antenna is shown by dashed lines; the
energy is guided to a terminal of a three-way micro-
wave switch, the heart of the radiometer (Guiraud et
al.,, 1979). The common arm of the switch feeds the
mixer, and amplifiers which determine the band-
widths referred to in Table 3. On the other two ter-
minals are reference loads at different, highly regu-
lated temperatures. As the switching sequence pro-
gresses the power from these two loads is fed

—0
- -\ To Computer
r A
¥
Synchronous
Data Detectors AGC
‘ Video
i Amp.
Mg\:v?r(/:?\ve - Mixer- I.F. Amp. l
- Preamp. and Detector
[ }—= I
>
Microwave
Attenuator >
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Load Load
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+ A A .
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Control Heat/Cool T <
System Temp. _
> Monitor To Computer

F1G. 3. Components of a radiometer.
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sequentially through a synchronous detector which
is gated by the driver. A voltage that represents the
state of the amplifiers is thereby provided to the com-
puter for correction of changes in gain (AGQ). It is
this feature that provides high stability in the radi-
ometer; i.e., the radiometer is continuously self-cal-
ibrating. The voltage generated by the radiation from
the atmosphere incident on the antenna (the ““signal”)
proceeds in a similar manner to the computer.

¢. Calibration procedure

The basic measurement provided by each channel
i1s a “noise temperature” that represents the power
within the channel bandwidth. Referring again to Fig.
3, if the switch is on the hot load terminal for ex-
ample, the noise temperature indicated by the radi-
ometer is the actual temperature of the load, provided
there are no power losses in the connecting micro-
wave waveguides. However, small losses do exist and
must be accounted for in the calibration.

Losses in the antenna, connecting waveguides,
switches, etc., attenuate the desired signal and con-
tribute their own radiation to modify the observation
of the atmospheric radiation. These losses, which are
essentially constant, may be measured by observing
a range of known radiation (brightness temperatures)
with the complete system. At 20.6 and 31.65 GHz,
the atmospheric brightness temperatures under clear
sky conditions (horizontal homogeneity) are deter-
mined by scanning the antenna beam in elevation.
The losses are then determined directly by this pro-
cedure as discussed by Hogg er al., 1983. At the fre-
quencies of the four temperature-sensing channels,
knowledge of the actual physical temperature of the
atmosphere becomes essential for calibration because
the elevation scan procedure is inaccurate. Known
brightness temperatures for these frequencies are ob-
tained from 1) a matched microwave absorber at a
known temperature, and 2) atmospheric brightness
temperatures computed from radiosonde data. Other
accurate calibration methods, independent of the ra-
diosonde, are under investigation.

d. Profile-retrieval method

The brightness temperatures from the six-channel
radiometer, along with surface measurements of pres-
sure, temperature, and humidity, constitute nine
known pieces of information that are used for re-
trieval of the profiles. The method, called linear sta-
tistical inversion (Westwater, 1972), is based upon
techniques developed by Wiener (1949) and Kol-
mogorov (1941). The inversion algorithm for tem-
perature retrieval, can be written

9
T(h) = co(h) + 2 ci(h)x;,
i=1
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where T(h) is the estimated temperature at altitude
h, and the x; are the nine observed values (or related
variables) discussed above. The c¢’s are the all-im-
portant retrieval coefficients; these are calculated us-
ing the radiative transfer properties of the atmosphere
and a priori radiosonde data for a several-year period,
for given climatologies. The absorption coefficients
of oxygen and water vapor determine the radiative
transfer at the microwave frequencies of interest
(Table 3); these are known to good accuracy. A de-
tailed discussion of statistical inversion as applied to
microwave temperature/humidity profiling is given
by Westwater (1972).

e. Examples of radiometrically measured data

Previous experience with measurements by ground-
based microwave radiometric profilers (Decker ef al.,
1978) showed that the rms differences in temperature
and humidity, obtained by comparing radiometric
data with radiosondes, are predictable. Calculation
of these differences involves the noise level of the
radiometric instrument and the effectiveness of the
algorithm that corrects for the presence of liquid-
bearing clouds. The differences can be computed for
the profiles or for derived (integrated) quantities such
as pressure heights and pressure-layer thickness. Since
the Denver Profiler is designed for high stability, and
since radiometers are integrating instruments, mea-
surements of such derived quantities have been
shown to have accuracies competitive with those of
radiosondes.

The measurement of zenith-integrated values of
vapor [the total precipitable water vapor (PWV)] is
discussed in detail by Hogg et al., (1983). Briefly, the
PWYV is measured to an rms accuracy better than 1
mm (for PWYV of about 1.5 cm) which is somewhat
better than the precision of radiosonde data (see Table
1). The measurements of integrated liquid in clouds,
are believed to be accurate to about 0.1 mm. A 3-day
analog record showing the behavior of both integrated
water vapor and liquid is given in the lower panel of
Fig. 4. This example, one of many, is chosen because
it demonstrates Profiler performance during both
clear and unsettled weather conditions. As seen on
the record of zenith-integrated liquid (the bottom plot
in Fig. 4), the sky was devoid of liquid-bearing clouds
on May 1. Following cloud buildup on May 2, about
5 mm of rain fell on May 3. The solid dots occurring
every 12 h on the records are data from the NWS
operational radiosondes at Denver.

Also shown in Fig. 4 are the time series of the
heights of the 700, 500 and 300 mb pressure levels,
again compared with radiosondes. It is interesting
that rather steep decreases in the pressure levels, from
0600 to 2400 on 2 May 1981, preceded the high-
liquid condition. It is clear, by comparison with ac-
companying radiosonde data plotted on the time se-
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FI1G. 4. Example of pressure heights, total precipitable water vapor, and
integrated liquid in the zenith measured during clear conditions (1 May),
and cloudy conditions with rain (2 and 3 May); the solid marks every 12
h are values obtained by Denver NWS radiosondes.

ries, that the Profiler/radiosonde differences are quite
small for the 700 and 500 mb levels but are larger at
the 300 mb level. This is partly because the Profiler
radiometric measurements are less accurate at the
higher altitudes, although some of the difference is
due to the radiosonde whose accuracy also decreases
with altitude. In Section 7, a technique of joint active/
passive profiling is described; it improves consider-
ably the radiometric profiles at the higher altitudes.

Use of the technique will also improve accuracy of
the heights of the 300-mb pressure level. Heights of
the 0 and —10 degree isotherms are given in Fig. 5
for the same period.

Temperature profiles measured during the unset-
tled weather conditions of 3 May 1981 (see Fig. 4)
are shown in Fig. 6. The profile measured by a ra-
diosonde launched at 1700 MDT on May 3 is shown
by a solid line in Fig. 6; at that time there was rela-
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FIG. 5. Heights of 0° and —10°C isotherms for the
same conditions as Fig. 4.

tively little liquid above the site as the lowest plot
(liquid) in Fig. 4 indicates. The corresponding profile
measured by the Profiler radiometers at 1700 MDT
is shown by circles in Fig. 6; agreement between the
two measurements is very good. At 1400 MDT alarge
amount of zenith-integrated liquid (1.7 mm) was
present, as shown by the large peak in the lowest plot

of Fig. 4. The profile measured by the radiometers
for that time is shown by triangles in Fig. 6. Clearly
the profile retrieved, even under this high liquid con-
dition, is a good representation of the profile mea-
sured by radiosonde a few hours later.

Time series of profiles are useful in studies of air
pollution. The strength and height of a capping in-

o I f I T T T T
100 3 May 1981 Jia
—— Radiosonde 1700 MDT
o o Profiler 17700 MDT L=0.01mm —12
a8 4 Profiler 1400 MDT L=1.73 mm ~
200— —{10
300 8 E
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2 g
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500~ —H4 <
=
h=
600}
42
700+
~11
800 ] ! ! ! 1 ! 1
- 60 -50 -40 -30 -20 -10 0 10 20
Temperature (°C)
‘'FI1G. 6. Temperature profiles during the high liquid conditions of Fig. 4.
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F1G. 7. Eight temperature profiles showing the behavior of a ground-
based radiation inversion during a day with high air pollution at Denver;
profiles are plotted every 2 h from 0400 to 1800 MST; successive profiles
are displaced 5°C to the right of the preceding profile; dashed lines are
profiles from the operational NWS radiosondes.

version, as a function of time, are helpful in gauging
the persistence of pollution. Fig. 7 shows a set of eight
profiles taken between 0400 and 1800 MST on 4
December 1981, a day with high air pollution at Den-
ver. At 0400, the radiation inversion is strong, about
12 degrees, peaking at 700 m above ground. The
strength decreases to about 4 degrees with a peak at
. an altitude of 300 m at 1000 MST. During noonday,
the inversion disappears for a few hours, but re-forms
by 1600 MST and strengthens; on this occasion, the
time interval available for dispersion of the pollution
was rather small. The Denver radiosondes for 0400
and 1600 MST are also shown; they provide more
detailed structure than the Profiler, as expected. Im-
provement in resolution of radiometrically retrieved
profiles using an active/passive method is discussed
in Section 7.

[ Adaptive retrieval of temperature profiles

The accuracy of temperature and humidity profiles
retrieved during conditions of low cloud liquid con-
tent L (L < 2 mm) approaches the accuracy achieved
during clear conditions. However, for heavy clouds
(L = 2 mm) and for light rain (rain rate < S mm h™!
originating at a height of 2 km), retrievals derived
using statistical inversion (Section 5d) are degraded.
An extension of the adaptive retrieval method of
Westwater and Guiraud (1980) has shown promise
in improving retrieval accuracy of profiles during
high-liquid situations. In essence, retrieval coeffi-
cients that are a function of the amount of liquid L
are derived. The cloud liquid per se is accurately de-
rived using nonadaptive methods, with the radio-
metric channels at 20 and 30 GHz (see Hogg et al.,
1983).

Fig. 8 shows a comparison of retrievals based on
computer-simulated data using both the statistical
and adaptive methods, for a high-liquid cloud (L
= 5 mm). Clearly the profile retrieved using the adap-

tive coefficients agrees with the radiosonde profile

much better than does the profile retrieved using the
constant (nonadaptive) statistical coefficients. This
example and other computer simulations indicate
that adaptive methods lead to substantial improve-
ment in retrieval accuracy during conditions of high
liquid. Implementation of this technique on the Pro-
filer host computer system in real time is planned
(see Section 8). If the adaptive coefficients are not
used, the profile in the presence of heavy rain is too
inaccurate (see Fig. 8) and is automatically discarded.

6. Radar for measurement of winds and inversion
heights

a. Principles of wind measurement

Doppler radars for wind measurement require
large apertures to achieve the sensitivity needed to
detect scattering from refractive turbulence in the
optically clear air (Gage and Balsley, 1978). Fixed-
pointing antennas that avoid the costs and complex-
ities of mechanically or electronically steerable an-
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FIG. 8. Improvement in temperature profiling during conditions
of high liquid achieved by use of adaptive retrieval coefficients.
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tennas are suitable for measuring mean wind profiles.
Three antenna beam-pointing directions are needed
to measure the vector wind; for simplicity the point-
ing directions are chosen to observe orthogonal hor-
izontal wind components and the vertical compo-
nent. The horizontal wind must be measured using
an elevation pointing angle (f,) that allows observa-
tion at all altitudes of interest; the radar measures the
projection of the horizontal and vertical winds onto
the antenna pointing direction, (i.e., the radial mo-
tion).

The radial Doppler velocities (V;) measured by the
radar are related to the wind (¢, v, w) in an (x, y, 2)
coordinate system as follows:

Vi = u cosl, + wsinf, )
V,=vcosl, + wsind, | ,
Vi=w

where the antenna azimuth angles for ¥, and V, are
assumed to be zero and 90° respectively. At each
altitude 4 the three measurements are made at vol-
umes separated in space, so an assumption of hori-
zontal uniformity is needed to combine the mea-
surements to form a wind profile above the radar
location. Two types of errors can result from this as-
sumption: first, ¥ and v measured at the observation
volume will be in error by AAw/Ax and hAw/Ay re-
spectively, and second, the measured u and v will
differ from the u and v directly above the radar by
(Au/Ax)h cotf, and (Av/Ay)h cotf, respectively.
The two radars used for the prototype Profiler
(Strauch, 1981) operate-at very different wavelengths
(33 cm and 6 m); one is relatively sensitive to pre-
cipitation particles while the other is not, so data from
the two radars are treated differently. The 6 m wave-
length radar rarely observes precipitation, so the mea-
sured vertical velocities are directly related to vertical
wind. Further, for long averaging times (20 min to
1 h), the vertical motions can usually be neglected in
calculating the horizontal wind components. Thus,
the primary purpose of the zenith-pointing antenna
for the 6 m radar is not to measure w but rather to
measure the height of the tropopause (see Section 6e).
On the other hand, the 33 cm radar (which is now
undergoing initial test) readily detects scattering from
hydrometeors which, at times, can be stronger than
the scattering from refractive turbulence. Thus, this
radar measures particle fall speed plus vertical wind
(w — v,) during precipitation, and the vertical motion
of the particles must be used to correct the measured
horizontal velocities; hydrometeor fall speed values
can be as large as 9 m s~ (even larger for hail) (Atlas
et al., 1973). In the clear atmosphere the 33 cm radar
can measure the vertical wind but during precipita-
tion it cannot. For both radars, errors caused by hor-
izontal gradiénts are minimized by using a high (75°)

elevation angle for the antenna beam. It is obvious
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that if there are convective storms near the radar,
significant errors in the horizontal wind measurement
will result. However, in this case, a single Doppler
radar, even with a fully steerable antenna, could not
measure the wind profile; moreover, the actual wind
profile would probably not be meaningful because of
rapid temporal and spatial changes.

The selection of the high elevation angle (75°) of
the antenna beam for measuring horizontal wind
components is influenced by a number of factors:

e For a mechanically-fixed antenna, the elevation
angle should be as large as possible to keep the ef-
fective aperture large; the aperture projected onto the
pointing direction varies as 4, cosf where 4, is the
physical aperture and 4 is the steering angle from the
physical axis. For a 75° elevation angle and a zenith
axis, the projected aperture is only 0.15 dB (4%) less
than 4,.

e To maximize radar sensitivity by minimizing the
range to a given height, the elevation angle should be
as large as possible; the range is //sind, so the excess
r % loss is 0.3 dB for a 75° elevation angle.

e The height resolution of the radar depends on
the range resolution and the antenna beamwidth; the
antenna elevation angle should be high enough so .
that range resolution determines height resolution,
because range resoiution can be controlled by system
bandwidth whereas beamwidth is fixed by the an-
tenna dimensions. Thus, radar range resolution (AR)
determines the height resolution if AR sinf, > h,,B,
X cotf, where B, is the two-way beamwidth and 4,
is the maximum height of interest. For a two-way
beamwidth of 3°, a maximum height of 20 km and
an elevation angle of 75° a height resolution of 300
m can be achieved.

o The elevation angle should be as high as possible
to minimize effects of horizontal gradients in the wind
as discussed earlier.

Opposing these factors that mandate elevation an-
gles near zenith are two that favor lower elevation
angles: '

e For accuracy of wind measurement, the eleva-
tion angle should be as low as possible because un-
certainty in the measurement of radial velocity causes
an uncertainty in the horizontal wind measurement,
given by

STD DEV(V)

STD DEVV), =
cosf,

At 75° elevation angle the uncertainty in the hori-
zontal wind components is 3.86 times the uncertainty
of the radial measurement. The mean radial velocity
can be measured with an uncertainty of s m s™' in
typical situations; therefore horizontal wind compo-
nents can be measured to 1 m s™'. The accuracy of
horizontal wind measurements degrades rapidly for
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elevation angles greater than 75°. In addition, bias
errors in wind measurements caused by errors in the
antenna beam pointing become greater at higher ele-
vation angles.

e At long wavelengths (6-10 m) enhanced radar
reflections are observed on a zenith-pointing antenna
beam. These reflections are caused by horizontally
stratified atmospheric layers; they can be used to de-
tect the height of temperature inversions, at the tro-
popause for example (Gage and Green, 1979). The
intensity of this quasi-specular reflection decreases as
the antenna elevation angle decreases from” zenith,
but if the antenna beam is pointed too close to zenith,
the effective beam pointing angle will be biased to-
ward zenith, and this pointing error will bias hori-
zontal wind measurements toward low values. At 15°
off-zenith this effect may be negligible (Rottger, 1980)
most of the time.

b. The 6 m wavelength radar

This radar is located at Platteville, Colorado, about
50 km north of Denver’s Stapleton International Air-
port; it was developed by the Aeronomy Laboratory
of ERL, NOAA, to test new VHF radar techniques
(Ecklund et al., 1979). Fig. 9 shows the antenna lay-
out. The large antenna aperture (100 m X 100 m)
needed for sensitivity to measure upper altitude winds
and to generate a narrow antenna beamwidth (3.5°)
is obtained by low-cost construction techniques.
There are separate antennas for the three pointing
directions. Each antenna consists of 32 rows of di-
poles spaced at A\/2. The dipoles are constructed from
coaxial cables supported on fence posts about A/4

VHF
Doppler—Radar
Wind Profiler
(Platteville, Co.)
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F1G. 9. Crossed array of the VHF radar at Platteville, Colorado;
two beams pointing 15° off zenith (to the north and east) are gen-
erated by the array; the beam pointing to the zenith is produced
by a separate array (not shown).
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TABLE 4. Specifications of the 6 m radar.

Frequency 49.92 MHz (6.005 m)
Pulse width 16 us

Pulse repetition period 2400 us

Peak power 10 kW (each antenna)
Number of heights observed 13

Range spacing 10 us (1500 m)
Minimum range ~2 km AGL

Antenna beam-pointing zenith and 15° off zenith to
north and east
(simultaneous operation)

2.44 m s™! vertical mode

75.5 m s~ horizontal mode

1500 m vertical data

1450 m horizontal data

Unambiguous velocity

Height sampling interval

above a ground plane. The dipoles are made by in-
terchanging the inner and outer conductor of the
coaxial cable every A/2 (Balsley and Ecklund, 1972).
The colinear—coaxial dipole array is fed at the center
of each row of dipoles. The rows are all fed in-phase
for the zenith pointing beam; the phase is shifted from
row to row by changing the length of the feed lines
to generate the beams 15° off zenith.

The operating parameters for the 6 m radar are
given in Table 4. The coarse spacing of the sampling
gates (10 us or 1500 m) and the low duty cycle (0.67%)
are caused by limitations in the data processor. This
radar has operated unattended for about 18 months.
Operation cycles between two modes; one is designed
for horizontal wind measurement and the other for
vertical data. Each mode is used every 5 minutes.
These data are auto-dialed by the host computer in
Denver (see Section 8) after each mode is completed.
Calculation of wind profiles and averaging of profiles
are accomplished in the host computer.

¢. Horizontal wind measurements with the 6 m radar

Horizontal winds measured by the 6 m radar have
been compared with winds measured by rawinsondes,
aircraft and another Doppler radar to check the rel-
ative accuracy of the measurements. These are major
questions regarding the 6 m radar: 1) What are the
actual pointing directions of the antenna beams? The
pointing directions are very difficult to measure be-
cause the antenna is not steerable. 2) Do partial spec-
ular reflections bias the effective pointing angles to-
ward the zenith? If there is a problem caused by spec-
ular reflections it would be dependent on the particular
meteorology being observed and on the height being
observed, so it will be difficult to assess. 3) How does
the coarse resolution of the radar affect wind mea-
surements?

An example of a profile of horizontal winds, mea-
sured by VHF radar at the same time as a sonde
launch at the Denver WSFO, is shown in Fig. 10. For
comparison the rawinsonde measurements are shown
as circles with a unit vector indicating direction. Note
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FG. 10. A wind profile measured by the VHF radar at Platteville,
Colorado, compared with simultaneous data from a NWS radio-
sonde at Denver.

that the two sets of data are not in good agreement
for altitudes 40 000-50 000 ft; this may be partly be-
cause the balloon drifted about 100 kilometers to the
southeast at those altitudes, or by tracking error. At-
tempts to compare the radar with instrumented air-
craft have been unsatisfactory so far because the air-
craft contaminates the radar data and because the
winds were light and variable when the tests were
“made.

The best comparisons to date have been made by
colocating a microwave (3 cm) Doppler radar next
to the 6-m radar and pointing at the same elevation
angle. The microwave radar provides a detailed hor-
izontal wind profile but it can operate only when
precipitation targets are present. Microwave radar
data were analyzed with the Velocity Azimuth Dis-
play (VAD) method (Browning and Wexler, 1968).
Figs. 11a and 11b illustrate the wind profile compar-
isons for the orthogonal wind components measured
with the two radars. These data were obtained during
a spring snowstorm; the 3 cm radar measured the
wind using snow particles as a wind tracer, while the
6 m radar measured the wind using backscatter from
turbulent eddies of the atmosphere. As the plots show,
the microwave radar has much better height resolu-
tion and lower minimum height coverage. Some of
the wind profiles measured by the 3 cm radar showed
very large gradients in height and time; in these cases
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the 6 m radar measured wind profiles similar to those
shown because of the filtering effect of its coarse
height resolution. These comparisons indicate that
the 6 m radar is operating approximately as expected,
but additional data are needed to answer adequately
the questions posed above.

An example of continuous wind profiles measured
over a 24 h period by the 6 m radar is shown in Fig.
12. These data were acquired during a frontal passage;
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FiG. 11. Comparison of the profiles of the west (a) and south
(b) components of the wind measured by the VHF radar at Platte-
ville (solid lines) with data measured by a co-located high-resolu-
tion microwave Doppler radar (dashed lines). (Note horizontal
scales differ.)
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F1G. 12. A 24 h plot for 21 February 1981, showing a reversal
of winds in the 8-12 km height range (plot routine through the
courtesy of the Aeronomy Laboratory of ERL); measured by the
VHF radar at Platteville, Colorado.

the shift from northerly to southerly flow at altitudes
above 6 km is evident during the period from 6 to
12 h. In the upper levels there is insufficient signal
strength to obtain a measurement. During this time
the radar was operated with ‘about 100 watts of av-
erage transmitted power and a height resolution of
1150 meters. In a case such as the one shown, it
should be possible to measure wind profiles to 20 km
altitude if the average transmitted power is increased
to 1 kW. Radar-measured winds are frequently con-
taminated by strong signals obtained from aircraft;
data shown in Fig. 12 have been processed using an
algorithm to eliminate automatically and in real time,
data contaminated by aircraft echoes. The algorithm
currently used to average the data and eliminate air-
craft interference operates as follows: Twelve esti-
mates of the wind components, obtained during the
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previous hour, are examined. At each height, the larg-
est set of measurements within 4 m s™! of each other
are used to calculate the average wind. If there are
not at least four measurements in the set, the data
are discarded. The process is updated every 20 min.
Both wind components must yield a measurement
set that passes the above criterion. The algorithm is
a simple version of Random Sample Consensus (Fis-
chler and Bolles, 1981). In addition to eliminating
aircraft interference, this algorithm eliminates data
if the signal-to-noise ratio is too low to permit a wind
measurement. In these cases the radar-measured
wind component is a random number, uniformly
distributed between plus and minus 75.5 m s™!; the
probability that both wind components will yield an
estimate with noise-like inputs is very small.

An example of the winds measured by the 6-m
radar during high-wind conditions in the lee of the
mountains is shown in Fig. 13. Rapid changes in
speed and direction are evident in the data. A
smoothed trend (interpolation) from 1200 to 2300
GMT for the wind speeds at 9680 m MSL would be
in error by about 20 m s™! at 1730 GMT.

d. Vertical winds measured by the 6 m radar

Vertical wind measurements are illustrated in Fig.
14. Note that at the start of the record the vertical
velocities are very small (0.1 m s™') at all heights.
Vertical winds are measured to greater heights (20
km MSL in this case) than horizontal winds because
the vertical antenna beam is sensitive to quasi-spec-
ular reflections from stable layers. The quiet periods
in the record therefore indicate the precision of ver-
tical motion measurements. The very active periods
appear to be driven by the synoptic weather; the grav-
ity waves apparent in Fig, 14 are probably caused by
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FIG. 13. Plot of the wind speed and direction measured by the VHF radar at
Platteville, Colorado, 2 April 1982 showing rotary behavior at 7 km MSL.
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FIG. 14. Example of vertical winds measured using the zenith beam of the VHF
radar at Platteville, Colorado. Note the strong downward flow (~1.5 m s7') at the
4.6-8.2 km levels during the first hours of 26 March 1981.

zonal winds over the continental divide (Ecklund et
al., 1982). At present the primary purpose of the data
obtained with the zenith-pointing antenna is to mea-
sure the height of the tropopause (see below), but
direct measurement of vertical motions with tem-
poral averaging to remove wave effects may prove
valuable in forecasting mesoscale convection.

e. Tropopause height measured by the 6 m radar

The 6 m wavelength radar also measures the height
of the tropopause; averaging times are similar to those
used for wind observations. The partial specular re-
flections that are observed with the zenith-pointing
antenna beam are from stable atmospheric layers; the
tropopause is the most important of these layers, and
the reflection from this layer can be identified and its
height measured (Gage and Green, 1979). The tro-
popause height is an important parameter for the lo-
cal forecaster concerned with the development of

deep convection. It is equally important in the Pro-
filer itself in the retrieval of temperature profiles be-
cause if the tropopause height is known, then signif-
icant improvement in the accuracy of radiometri-
cally-measured temperature profiles is obtained (see
Section 7). Fig. 15 shows a comparison of the height
of the tropopause as measured. by the 6 m radar and
by radiosonde. Two algorithms have been used to
determine tropopause height from the radar data
(Westwater et al., 1983); one uses a model for the
expected reflectivity that includes the lapse rate; the
measured profile of reflected power is compared with
a model of the expected reflected power for a 2 K
km™! lapse rate. The other method uses the temporal
and spatial correlations of the echo power to measure
the height of persistent reflecting layers and uses sta-
tistical knowledge of the expected height of the tro-
popause to identify the proper layer as the tropo-
pause. The latter algorithm was used for the data in
Fig. 15. The discrepancies in the measurements at the
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FiG. 15. Tropopause height, measured in real time by the VHF radar at Platteville,
Colorado (solid line) and by the Denver radiosonde (dashed line). Heights shown
by the three open circles are for inversions that do not quite satisfy the WMO

standard definition of the tropopause.
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start of the period (days 70 to 73) are in part caused
by the poorly-defined tropopause that existed during
that time. Examination of the radiosonde data showed
that temperature gradients existed in the profile that
nearly met the WMO definition of the tropopause—
these are labeled as pseudo-tropopause heights in the
figure.

/- The 33 cm radar

Construction of this UHF radar, located at Staple-
ton Airport, Denver, is just being completed; it mea-
sures winds with better height resolution and at lower
minimum heights than the 6 m radar, but the max-
imum height at which winds can be measured will
be less. The characteristics of this radar are listed in
Table 5. The antenna is an offset paraboloidal re-
flector that uses offset feeds for beam steering. Three
beams, in the same geometrical configuration as the
6-m antenna, are produced (i.e., to zenith and 15°
off zenith). Fig. 16 shows the antenna system (Earn-
shaw et al., 1983). The three pointing directions are
observed sequentially rather than simultaneously as
with the 6 m radar. In addition, at each pointing di-
rection the radar will operate in high (1 us pulse
width) and low (4 us pulse width) resolution modes.
Low-level winds will be measured every 90 m and
upper level winds every 300 m in altitude.

The 33 cm radar has a solid state transmitter; the
peak power is relatively low and the average power
(duty cycle) is relatively high. Because of the high
pulse repetition frequency, integration of video sam-
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TABLE 5. Specifications of the 33 cm radar.

Frequency 915 MHz (0.327 cm)
Pulse width 1,4 us

Pulse repetition period 30, 64 us

Peak power 5.5 kW

Number of heights observed 24

Range spacing 0.67, 2 us (90, 300 m)
Minimum range (0.3, 1 km)

Antenna pointing zenith and 15° off zenith to

.north and east (sequential)
+52, +77 m s~ (horizontal)
+15, 15 m s™! (vertical)
90, 300 m

Unambiguous velocity

Height sampling interval

ples can be used to increase the SNR; in the low
resolution mode for example, the signals received
from 200 consecutive pulses are added to increase the
SNR by 23 dB. Video integration is also used with
VHF radars but normally cannot be used with UHF
radars because the pulse repetition frequency is too
low with vacuum tube pulse transmitters. Doppler
velocities are measured with spectral processing (Fast
Fourier Transform) in a minicomputer. The radar is
controlled by computer with an interface unit that
selects the antenna pointing, pulses the radar, and
samples and integrates the received signal. The in-
terface will also be used with VHF radars being built
for the Colorado Mesoscale Network (see Section 9d).

Preliminary tests with this radar indicate that wind
profiles should be measured routinely to 8-10 km
MSL with a 4 us pulse width. The radar is complete
except for the data system. A sample wind profile
measured with the 33 cm radar is shown in Fig. 17.

F1G. 16. The triple-beam antenna of the UHF radar at Stapleton Airport, Denver, Colorado.
The three conical feed horns and the offset paraboloid generate two beams 15° off zenith, to
the east and north, for profiling horizontal winds and a zenith beam for vertical velocity and
intensity measurements.
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FIG. 17. An initial measurement of a profile of horizontal winds
by the UHF radar at Stapleton Airport. Note the development of
shear in the range 3.5-4.5 km MSL.

The radar is located adjacent to the NWS radiosonde
facility at Denver, so it will be much more meaningful
to compare wind measurements from this radar and
from radiosondes, as opposed to the 6 m radar which
is located some 50 km away.

7. Combined profiling
a. Joint active/passive profiling

Passive microwave radiometric observations of at-
mospheric brightness temperatures are characterized
by excellent sensitivity (~0.1 K) and absolute ac-
curacy (~0.5 K), and possess the added feature of
excellent temporal resolution. However, when the
passive observations are transformed to temperature
profiles, the lack of vertical resolution may present
a problem for some applications. As wé have seen in
Section 5, resolution of the passive system is adequate
to recover significant features of ground-based or noc-
turnal temperature inversions but is not adequate to
recover the sharp details of elevated inversions.

Microwave radar (Gossard et al., 1971) is known
"to be sensitive to sharp gradients of refractive index
in the lower atmosphere. These gradients are, in turn,
usually indicative of the heights of significant levels,
such as the base of elevated temperature/humidity
inversions, or the height of nocturnal inversions. In
the upper tropospheric and lower stratospheric re-
gions, strong VHF echoes of a specular nature have
been observed regularly. The region of strong reflec-
tivity gradients has been directly associated with the
tropopause (Gage and Green, 1979; see also Sec-
tion 6a).
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It is now becoming clear that knowledge of heights
of significant and persistent changes in temperature
(or humidity) can be used to improve retrieval of
radiometric profiles. It has been shown (Westwater,
1978; Westwater and Grody, 1980) that a simple ex-
tension of linear statistical inversion (Westwater and
Strand, 1968) can naturally assimilate significant
height information into the retrieval process. Essen-
tially, this extension restricts a priori profiles that are
used to construct retrieval coefficients to a subset con-
taining profiles that possess only the desired signifi-
cant height within a given altitude band. Linear re-
trieval coefficients then are derived from the restricted
subset in the usual way. Consider, for example, a ra-
dar-indicated height of the base of an elevated inver-
sion at 2 km, and a resolving power of the radar of
+200 m. Then, to couple the radar information with
that of the radiometer we would use radiometric re-
trieval coeflicients derived from an a priori ensemble
of profiles that contained base heights of elevated in-
versions from 1.8 to 2.2 km. In practice, the reso-
lution window’s width must be consistent with the
resolution of the radar (see Section 6), and the win-
dow should be large enough to include a sufficient
number of a priori profiles to allow construction of
the retrieval coefficients with statistical confidence.

This technique has been applied to numerous com-
puter-simulated retrievals; a typical one is shown in
Fig. 18. Here both radiometer and radiosonde data
are measured (Decker et al., 1978), but the inferred
radar height was simulated by assuming that the
height of the base of the elevated (tradewind) inver-
sion was known to within 20 mb (~200 m). Note
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FI1G. 18. Computer-simulated radiometric temperature and wa-
ter vapor profile retrievals with and without information on the
height of the inversion at about 1 km.
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the dramatic improvement in accuracy in the re-
trieval temperature and humidity profiles when the
height information is included.

In addition to this computer simulation, field ex-
periments (Decker, 1978) have been conducted using
both active and passive sounders. These experiments
provide an example of the use of clear air returns
obtained by a 10 cm wavelength radar (Chadwick et
al., 1976) in improving temperature profile retrieval
(see Fig. 19). These data were obtained at the Boulder
Atmospheric Observatory (BAO) near Boulder, Col-
orado, 6 September 1978. The radiosonde profile is
from a conventional system operated by the National
Center for Atmospheric Research (NCAR). The ra-
diometric data were measured with a ground-based
version of the SCAMS radiometer which was oper-
ated by personnel from the Jet Propulsion Labora-
tory. These measurements include zenith radiation
at five frequencies plus 55.45 GHz measurements at
a zenith angle of 59.3 degrees. (This sixth observation
was taken to simulate use of the 58.8 GHz zenith
channel used in the Profiler system.) By using these
six measurements and measurements of surface tem-
perature, pressure and relative humidity, the profile
designated “Radiometer, No Height Information” of
Fig. 19 was obtained. As expected, this profile smooths
the elevated temperature inversion evident in the ra-
diosonde profile. At the time of the radiometric mea-
surement, a persistent echo was observed at 190 m
above the surface by a 10 cm wavelength radar. We
now include this information in the temperature pro-
file retrieval process by assuming that the radar echo
represents the base of an elevated temperature in-
version. Statistical coefficients were derived from the
set of a priori profiles that contain elevated temper-
ature inversion bases between 10 and 30 mb pressure
difference from the surface. The resulting profile, des-
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FI1G. 19. Temperature profile retrieved with and without radar-
measured height of an inversion 6 September 1978, Erie, Colorado,
compared with local radiosonde.
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ignated “Radiometer with Height Information” of
Fig. 19, now exhibits the structure of the radiosonde
profile.

In addition to measuring low altitude features of
temperature, radars are also capable of measuring
tropopause height (Gage and Green, 1979) as dis-
cussed in Section 6a. The tropopause height infor-
mation can be inserted into a temperature retrieval
algorithm using the restricted-ensemble technique
discussed above. The data shown in Fig. 20 were used
in the retrieval algorithm in the following manner:
a set of retrieval coefficients was associated with each
measured tropopause level; these coefficients were
constructed from an ensembile of temperature profiles
whose tropopause pressures were restricted to a 20
mb interval, centered about the measured point. In
Fig. 20, two radar/radiometric (active/passive) re-
trievals, obtained with this technique, are compared
with the radiometric retrieval only and with coinci-
dent radiosonde profiles. Note that the active/passive
profiles improve substantially in the vicinity of the
tropopause, and that in both cases the improvement
persists over an extended altitude range. The rms er-
ror statistics, for the 21 cases for which simultaneous
radar, radiometric and radiosonde data have been
compared, are shown in Fig. 21. As much as 2 K rms
improvement in retrieval accuracy is achieved by the
addition of tropopause height information. The
heights of pressure surfaces, using profiles incorpo-
rating inversion-height correction, have not yet been
made.

Although the improvement in retrieval of temper-
ature profiles with the joint active/passive technique
is evident, work remains before it is applied in a real-
time operational mode. Echoes measured by the ac-
tive sounder may arise from atmospheric properties
different from those assumed here, hence further ex-
perience must be gained before this technique is ap-
plied with complete confidence.

Another potentially useful combined active/pas-
sive technique involves addition of cloud-base height
(CBH) measurements, such as those obtained from
a ceilometer or radar, to the radiometric observations.
The CBH observation could improve retrieval ac-
curacy in at least two ways: 1) the relative humidity
exceeds 85% at cloud base and thus the measurement
could provide a nearly exact constraint on the hu-
midity profile retrieval and 2) knowledge of CBH,
along with the temperature profile as measured by
the Profiler, could decrease the uncertainty in the
estimation of cloud temperature. This uncertainty is
one of the limiting factors in moisture retrieval
(Westwater, 1978).

In addition, if cloud-base temperature could also
be measured, that value (along with knowledge of
CBH) could provide a useful constraint on the tem-
perature profile. An infrared (IR) radiometer, oper-
ating in a suitably transparent clear-air absorption
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FIG. 20. Temperature profiles retrieved using radiometric data only (dotted lines) and joint retrieval including
VHF radar-measured height of the tropopause (dashed lines) compared with radiosonde (solid lines).

band, may provide the necessary temperature accu-
racy during nonprecipitating conditions. Comple-
mentary observations of cloud liquid, as provided by
the 20.6/31.65 GHz radiometer, could be used to re-
ject IR observations of non-opaque clouds. In addi-
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FiG. 21. Root-mean-square differences between profiles retrieved
from radiometric data only (dotted line) and radiosonde (solid
line), and a similar comparison using radiometric data plus radar-
determined tropopause height (dashed liné); for 21 samples during
March 1981 at Denver, Colorado. ’

tion, the clear-air transmission and emission from
cloud base to ground could also be corrected to first
order by knowledge of the temperature and humidity
profiles obtained from the Profiler. This relatively
simple technique is currently under investigation.

b. Combined satellite/Profiler retrievals

We have recently started studying the feasibility of
combining satellite and Profiler data to yield im-
proved temperature profiles. Initial work by Westwa-
ter and Grody (1980) showed that retrieval accuracies
generally better than 2.0 K rms could be obtained
from the surface to about 300 mb by using combined
satellite/ground-based microwave sensors. If, in ad-
dition, radar measurements of tropopause height are
available (see Sections 6a and 7a), the range of ac-
curate sounding could be extended to 100 mb.

As an initial step in combining profiles from
ground and satellite based sensors, we have compared
accuracies of Profiler retrievals and NOAA-6 and
NOAA-7 satellite data, and a few VAS soundings.
The NOAA-6/7 soundings are derived from micro-
wave and infrared instruments aboard orbiting sat-
ellites (Smith er al., 1981). A typical result is shown
in Fig. 22. Note the good agreement of the Profiler
retrieval with the radiosonde in the region below
~200 mb and the good agreement of the satellite
with the radiosonde above this level. A statistical
comparison of rms differences between each of the
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F1G. 22. Comparison of a sounding taken from the NOAA-6 satellite with data from the Profiler and the Denver radiosonde:
(a) Profiler and radiosonde times coincident, (b) Profiler and satellite sounding times coincident.

two sounders and the radiosonde is also being con-
ducted. In Fig. 23, the rms statistics for 131 profiles
obtained during 1981-82 are shown. It is suggestive
from the curves that the two sounding systems can
effectively complement each other in constructing a
more accurate, combined profile.

Another source of satellite soundings is the VAS,
operating from geostationary orbit on the GOES-5,
and operated by NESS at the University of Wiscon-
sin. This sounder operates in the infrared, therefore,
in contrast to NOAA-6/7, does not contain micro-
wave channels, and hence cannot routinely sound in
the presence of all clouds. On 1 July 1981, VAS, then
in a trial period prior to the operational phase, made
special dwell soundings for the Denver area; the
weather conditions were clear. Three profiles were
obtained; a typical one is shown in Fig. 24. The re-
trieved temperature profiles are in reasonable agree-
ment with the radiosonde, but the satellite humidity
profile, when integrated with height, yields a precip-
itable vapor that is 50% higher than that obtained
with the Profiler or the Denver radiosonde launched
a few hours earlier.

To combine satellite and Profiler sounding data
most effectively, it is essential to establish the co-
variances representing retrieval errors of each system.
Since such covariances do not seem to be published

for the satellite case, we are currently constructing
them for satellite soundings over Denver, Colorado.
- We also plan to use the Colorado Mesoscale Pro-
filer Network (see Section 9d) to test the validity of
the combined Profiler/VAS interpolation technique,
after completion of all Profilers near Sterling, Craig
and Cortez, and the addition of a fourth outlying site
in southeastern Colorado (probably at Lamar). In-
terpolations for Denver, using data from VAS and
the four outlying sites, will be compared with the data
measured by the Denver Profiler.

8. The data system
a. Structure

The Profiler data system uses several small to me-
dium scale mini- and microcomputers in various sub-
systems. The central-node, or host computer is a Data
General (DG) Eclipse S-250/IAP located at the Pro-
filer building, NWS WSFO, Denver (see Figs. 1 and
2). An LSI-11 node samples the signals from the ra-
diometers, processes these data into brightness tem-
peratures, and passes 2 min averages to the host. A
micro-logger node samples and averages data from
the surface meteorological instruments and passes 10-
min averages to the host and to the radiometer LSI
node in parallel. A remote node controls the Platte-
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ville radar and processes radar data into wind-com-
ponent vectors for transmission to the host, at request
of the host computer.

In the host system a “hub” process performs mul-
tiple asynchronous tasks that acquire the data blocks
from each external node, and makes these data glob-
ally available to all other processes within the system.
One such task auto-dials the remote radar node at
Platteville (see Section 6a) every 2.5 min and requests
wind components. The other remote nodes, the me-
soscale network stations (see Section 10a), will be
dialed once each hour. The wind components are
passed on for processing including application of an
aircraft reflection-rejection algorithm (see Section
6a). Processed data are then forwarded again for fur-
ther processing within the system. This “hub” con-
cept allows many processes within the system to make
use of the data simultaneously and asynchronously.

b. Examples of user formats

The “PROFILER” and “PROFS” processes are
discussed here as examples of simultaneous data for-
matted for users.

Outputs of the PROFILER process requests the

. radiometric data set from the hub, the surface micro-
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F1G. 24. Comparison of a sounding taken by the VAS on GOES-5 with Profiler and Denver radiosonde profiles:
(a) Profiler and radiosonde times coincident, (b) Profiler and satellite sounding times coincident.
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logger data set, and the winds from the Platteville
node. These data are processed into a hardcopy plot
output that consists of temperature, humidity, and
wind profiles and time series of integrated liquid,
water vapor and 500 mb height. An example of the
hardcopy is shown in Fig. 25. This display, called the
Profiler Monitor, serves primarily to determine that
all instruments of the Profiler are functioning prop-
erly. The time interval in the example shown is 20
min and the quantities are 20 min averages, but they
can be plotted at any user-requested time interval
from 5 to 60 min.

On the left half of Fig. 25 (the Monitor output),
is a 16 h time (GMT) series of precipitable water
vapor (V'), in cm, read from the upper abscissa (1 to
5). For the integrated liquid in the zenith (L), the
same scale applies, but in units of mm; numerous
liquid-bearing clouds are present in this example, and
~2.5 mm of rain fell during the period. The height
of the 500 mb level is indicated by a 5, and the ab-
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scissa running from 5.1 to 6.1 km applies. All of these
data are 20 min averages.

The surface pressure (832 mb in this case) is shown
in the lower-left corner of the upper-right quadrant
of the figure, and pressure (mb) is the ordinate. The
profile of temperature (the 77s) is related to the ab-
scissa covering the range —80 to 40°C, whereas hu-
midity (H) is in g m~2 on the scale from 0 to 15. The
time series of 500 mb height is obtained by integration
of these profiles from the surface.

The wind profile measured by the 6-m wavelength
radar (the lower-right quadrant) has an abscissa scale
for speed (S) of 0 to 6, in tens of m s™'; the ordinate
is in km MSL. In this example, the maximum speed
of just over 30 m s~ occurs at ~ 11 km altitude. The
wind direction (D), for which the scale indicating the
cardinal points of the compass applies, changes
roughly from NNW to W with increasing altitude.
Data from the UHF Wind Profiler that exhibits high
resolution in altitude (Section 6b) is not yet included
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FIG. 25. Hardcopy output of the Profiler Monitor. These sheets are plotted every 20 min; the profiles on the right apply
to the last time entry (0940) in the column on the left; see text for description and definition of symbols and units.
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on the Monitor display, because software is incom-
plete. Likewise, time series of tropopause height will
not be included until definitive tests of the algorithm
for automatic identification of the tropopause are
complete.

The “PROFS” process gathers from the hub the
same information as that displayed on the Monitor,
but converts it into more detailed profiles (e.g., 80
heights as opposed to 30 for temperature and hu-
midity, and 2-min resolution of water vapor and lig-
uid rather than 20-min, for observing the passage of
clouds). These data are transmitted in tabular format
to the Prototype Regional Observing and Forecasting
Service (PROFS) data-base center via phone line.
This stream of data can also be sent at any user-re-
quested interval from 5 to 60 min. )

The concept of a central hub of acquisition allows
for easy expansion of the user community, whose size
is limited only by the size of the host computer. This
centralized process also lends itself to validity cross-
checking of data sets, and to relatively straightforward
error detection and recovery.

¢. Additional processing

Although the host computer processes the remotely
sensed data, and automatically edits it for quality
(with the aircraft reflection-rejection algorithm, for
instance), several other special computer programs
require implementation for real-time provision of im-
proved profiles, etc.:

e The joint active/passive algorithm, utilizing ra-
dar-measured inversion heights (Section 7).

e Adaptive coeflicients for the radiometric retrieval
process (Section 5f).

o Further time series of special variables, such as
tropopause height (Section 6a), turbulence, stability
indices.

Further processing is also anticipated when data
sets from the Mesoscale Network (Section 9d) are
incorporated, and when real-time combined profiling
with satellites (Section 7b) is initiated.

9. Potential applications of the Profiler system
a. Applications to research

The fact that the Profiler system monitors wind,
temperature, and humidity profiles continuously in
time constitutes a unique capability. It therefore ex-
tends the available information on the temporal vari-
ability of the atmosphere as a function of height by
one or two orders of magnitude. An example is the
work of Hogg et al. (1981), which provided infor-
mation on the spectrum of precipitable water vapor
to 10? cycles per day—i.e., two orders of magnitude
beyond that available (without aliasing) from the
twice-per-day radiosonde network.
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The high temporal resolution of the Profiler there-
fore makes it particularly suitable for research on
those short duration meteorological phenomena not
adequately described by current radiosondes net-
works. Examples include land-sea, lake-shore, and
mountain-plains circulations; weather fronts; thun-
derstorms; chinook wind storms.

b. Applications to development

Tests of the Profiler system suggest that once its
accuracy is fully determined, it will have certain ad-
vantages when used in a comparison mode to eval-
uate the performance of other sensors. These include
the continuity of the data in time and the fact that
the measurements relate to well-determined positions
in space and time (unlike measurements from the
radiosonde system, which takes more than 30 min-
utes to reach the tropopause, and is typically carried
laterally by the wind from the launch site during its
ascent). However, it is important to recognize that
the prototype Profiler does nor have the height res-
olution of most in situ sensors.

¢. Applications to weather forecasting

A nationwide array of Profilers could provide up-
per air data continuously in time at spacings com-
parable with those of the present radiosonde network,
i.e., at spacings of about 350 km. Such a data set
would find uses on many time scales, ranging from
“nowcasting” (information on the present state of
the atmosphere over the United States) to numeri-
cally based weather predictions for periods up to a
few days. .

1) NOWCASTING

A national network of Profilers, coupled by an ef-
fective communication system to a central computer,
could provide continuous data on the state of the
atmosphere over the United States. Such data, after
appropriate analysis and processing, could be used as
input to the National Meteorological Center (NMC)
models and special regional models. In addition, the

- data could be made available as continuously updated

“nowcasts” to other users, both local and national,
including NWS forecast offices, private meteorolo-
gists, airlines and any others authorized to receive
them.

2) VERY SHORT TERM FORECASTING (1-6 HOURS)

An important gap in weather forecasting exists be-
tween the time domain for which nowcasting and
short term extrapolations (often good only to 1 or 2
hours) and the time domain for guidance products
obtained by numerical weather prediction tech-
niques. These guidance products are currently up-



May 1983

dated only twice per day, and (because of time ex-
pended in data acquisition, analysis and model runs)
are rarely based on data less than 6 hours old.

The continuously available upper air data from the
Profilers could contribute to forecasts on this very
short time period in several ways. These include their
use to check and update the NMC numerical guid-
ance, and also as critical inputs for relatively simple,
locally specific, physical models or statistical algo-
rithms to be operated upon demand at the local fore-
cast office.

3) MESOSCALE NUMERICAL WEATHER PREDIC-
TION MODELS (IN COMBINATION WITH VAS GEO-
STATIONARY SATELLITE SOUNDINGS)

Currently, radiosondes are routinely released twice
daily by the NWS; that frequency determines the fre-
quency with which the NMC Limited Fine Mesh
(LFM) model is initialized. The continuity of the
Profiler data would permit the LFM and mesoscale
models to be initialized more frequently (e.g., once
per 6 hours), and at a time under flexible control by
NMC, rather than that fixed by international agree-
ment (i.e., 0000 and 1200 GMT). There is also po-
tential for incorporating time tendencies from the
Profiler data into analysis and initialization proce-
dures.

Currently, there exists a major effort to develop
mesoscale models that might eventually lead to op-
erational numerical weather prediction on the me-
soscale. The problem of how to obtain the data re-
quired to initialize such models (operating over do-
mains of 1000-2000 km, with grid spacing of perhaps
30-50 km) is a very real one. It is believed that the
combination of a national array of ground-based Pro-
filers, plus the Visible and Infrared Atmospheric
Sounder (VAS) geostationary satellite soundings,
could make a valuable contribution to such data sets.
This combination has great potential, because each
system has strengths that complement the weakness
of the other. The VAS data are least accurate near
the ground where the Profiler data are most accurate.
The most accurate Profiler data are its wind profiles;
the VAS satellite cloud and moisture images provide
relatively limited wind data. In addition, the Profiler
temperature/humidity data is obtained by microwave
radiometers and therefore is largely unaffected by
clouds, while the data obtained by infrared radiome-
ters are strongly affected by clouds. As shown by
Westwater and Grody (1980), the profiles resulting
from a combination of ground-based and satellite-
based radiometers are significantly more accurate
than those produced by either system alone.

By using a combination of an array of Profilers,
plus VAS, it should be possible to achieve profile data
of good accuracy with-high time resolution at each
Profiler site. The spatial resolution of such profiles
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would of course be determined by the number of
Profiler stations and would probably be about an or-
der of magnitude poorer than that required to ini-
tialize mesoscale models using grid points at spacings
of 30-50 km. The question of how to interpolate
between Profiler stations is therefore critical. We be-
lieve that the capability of the VAS satellite to mea-
sure horizontal gradients of moisture or temperature,
especially when supported by a reasonably dense ar-
ray of surface weather sensors, should be used to guide
this interpolation. In this way, we anticipate that at
some time during the 1990’s it should be possible for
the NWS to issue numerical weather guidance prod-
ucts based on fairly frequent (e.g., four times per day
or more) initialization of relatively high resolution
mesoscale models.

4) MEDIUM RANGE (>1 DAY) WEATHER FORE-
CASTING

In addition to providing NWS with the possibility
of extending model initialization to smaller time and
space scales, the Profiler should have considerable
beneficial impact on existing medium range (>1 day)
numerical weather guidance products. This results
from three main aspects of the Profiler data: 1) the
improved accuracy of winds and the accurate total
precipitable water vapor data (compared with sonde
and satellite data), 2) the availability of additional
types of data, including integrated liquid water, but
especially including the ability of the combined VAS/
Profiler system to provide temporal averages and time
derivatives, and 3) the ability of the VAS/Profiler sys-
tem to provide data more frequently and at times
under NMC control.

d. Mesoscale Profiler Network

Work has started on installation of a Mesoscale
Network of Profilers in Colorado to test the impact
of the additional upper air data on the prediction of
weather at Denver. The locations of the network sta-
tions, chosen by two mesoscale meteorologists and
an operational forecaster, are shown in Fig. 26. The
stations near Sterling, Cortez, and Craig, are located
(approximately) in three corners of the State of Col-
orado. The two western stations are over the Rocky
Mountain range from Denver; Sterling is on the rel-
atively flat eastern plain. As indicated in the figure,
the initial installation will comprise Humidity and
VHF Wind Profilers. The latter will operate at the
same radio frequency as the Platteville radar (Section
6a), but will have somewhat wider bandwidth (for
improved height resolution in the wind profiles), and
antennas of one-fourth the area. A station at Lamar
may be instrumented in the future.

The dashed lines in Fig. 26 indicate telephone line
communications for access of the data. The stations
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will be auto-dialed every hour by the host computer
at Denver (Section 8) for processing and distribution
of data to the users.

It is believed that provisions of hourly profiles of
humidity and wind will be meaningful to research
and operations meteorologists interested in the flux
of water vapor into and out of the region, and for
improved prediction of weather for the city of Denver
and its environs., The influence of the mountain
range, and the prediction of orographic precipitation
and severe downslope (chinook) wind storms will also
be investigated.

e. Profiler for weather service operations

The remote-sensing system discussed in the pre-
vious sections is a prototype. Although its capability
is fully exercised in providing continuous data sets
for research in weather forecasting, some of the sub-
systems are not of optimum design for an operational
Profiler for the weather services. For instance, only
one of the remote-sensing subsystems (the 20.6/31.6
GHz radiometer, Section 5) is at present being pro-
duced by a major manufacturer. The algorithms for
real-time implementation of active/passive profiling,
adaptive coefficients, and combined satellite/Profiler
profiles (all discussed in the previous sections) have
yet to be realized.

It is clear that the wind-profiling function, provided
by two Doppler radars in the prototype, must be ac-
complished by a single instrument in an operational
Profiler. The physics that governs the operating fre-
quency of a radar that can profile the boundary layer
with adequate resolution in altitude, and also provide
information on tropopause heights, is discussed in
Section 6. In all likelihood, a frequency in the upper
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VHF or lower UHF (i.e., ~300 MHz) would be suit-
able. A development such as this is not undertaken
lightly since matters such as frequency allocation,
economics and electronic design must be considered
in addition to the electromagnetic behavior of the
atmosphere. The operational aspects of wind profiling
have also been discussed by Larsen and Rottger
(1982) and by Balsley and Gage (1982).

As discussed in Section 7, an automatic instrument
for measurement of the height of a cloud base would
provide a valuable input for improvement of humid-
ity profiles. At present, thé weather services are con-
sidering new designs of ceilometers, based primarily
on near-infrared lidar techniques. It is possible, how-
ever, that Doppler millimeter-wave radar with fixed,
vertically pointing antenna beam and solid-state com-
ponents may become competitive.

The data system of the Profiler, outlined in Section
8, at present consists of a host computer along with
special data processors associated with individual in-
struments. In the operational design, it is planned,
by way of efficiency and economy, to have almost all
functions performed by a single computer. The re-
quired capacity of that computer will not, however,
be definable until all of the algorithms are imple-
mented and proven. In any case, the capacity required
of the computer will be minimized for operational
application.

It is planned that the operational Profiler be im-
plemented in close collaboration with the weather
services to ensure that compatibility with existing
hardware and software, such as the AFOS system and
the satellite systems, is achieved.
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