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Abstract-The design and performance of a two-channel ground-based
microwave radiometer (20.6 and 31.6 GHz) for measurement of total
integrated water vapor and cloud liquid in a vertical column are dis-
cussed. Unique features of this instrument are a single antenna produc-
ing equal beamwidth for the two frequencies, and incorporation of two
stable reference loads in a three-way Dicke switching sequence. The
latter allows an automatic gain control (AGC) to be applied in a mini-
computer. Linear statistical inversion is used to retrieve the precipit-
able water vapor and liquid quantities which are provided in real time.
The instrument has been in reliable operation, continuously and un-
attended, at the National Weather Service Forecast Office, Denver, CO,
for a six-month period. The radiometrically derived precipitable water
vapor compares favorably with that obtained from radiosondes.

I. INTRODUCTION
MsICROWAVE radiometers provide essentially continuous

remote sensing of atmospheric variables such as tempera-
ture, water vapor, and liquid. Because of the characteristics of
absorption by the gases and liquid, wavelengths of about
1 cm and less are suitable for the measurement of tempera-
ture, vapor, and cloud liquid, whereas wavelengths of several
centimeters are needed to measure heavy rain. Thus the word
"essentially" in the first sentence means that observations of
temperature and vapor are meaningful except during condi-
tions of medium and heavy rainfall when millimeter-wave
radiometers saturate (i.e., the brightness temperature ap-
proaches ambient). But experience [1] and analysis [2] show
that reliable observations can be made in the presence of any
cloud that is not producing rain. Neither dry snow nor clouds
formed of ice particles affect the radiometers. Thus unlike
infrared radiometric methods, microwave remote sensing
results in accurate observation of atmospheric variables for a
large percentage of the time.
We discuss here the design and implementation of a radio-

metric system that operates continuously and unattended at
the frequencies 20.6 and 31.6 GHz (wavelengths 1.45 and
0.95 cm). The objective is to provide reliable measurements
of total precipitable water vapor and path-average cloud liquid
(in the zenith direction) for research in weather forecasting.
This dual-channel radiometer constitutes a subsystem of a
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remote-sensing profiler system which is being developed to
profile temperature and wind continuously. The profiler
system, in tum, forms an element of PROFS1.
The dual-channel radiometer has other special applications.

For example, the variable phase shift that limits the resolution
of large interferometers [3] and arrays used in microwave
radio astronomy is directly related to the path-average water
vapor between the elements of the interferometer and the
radio source. An independent and accurate measure of the
vapor allows correction of the phase shift. Since the vapor
and liquid phases of water are measured simultaneously and
independently, application in weather modification is also
feasible.
The role played by continuous measurement of precipitable

water vapor in weather forecasting is by no means clear. Ex-
amples of data given here show that during the 12-h interval
between launches of radiosondes, large amounts of vapor can
pass over a location unobserved by the sondes. However, it is
believed that as such data become available, the significance of
the small-scale variations in vapor (and in cloud liquid) will
become useful in forecasting precipitation.

A. The Radiometric System
1) General Description: The prototype radiometric system

consists of two radiometers, one at a frequency of 20.6 GHz,
near the water vapor absorption line at 22.2 GHz, and the
second at 31.6 GHz in the transmission window above the
line. The 20.6-GHz brightness temperature responds primarily
to vapor and the 31.6-GHz to liquid (see Fig. 1(a)). The two
radiometers are coupled to a single offset parabolic reflector
antenna using an orthomode coupler. This antenna, along
with the radiometers, is located inside the small building
shown in Fig. 2. Energy from the zenith is reflected in a
horizontal beam, toward the antenna, by a 450 high-quality
flat reflector. Two sheets of 2-mil Mylar separated with an
air gap of approximately 2 in form a low-loss window to pass
the microwave energy into the building; an aluminum cowling
shields the Mylar window from all but the strongest wind-
blown rain (see also sketch in Fig. 4). The flat reflector can
be rotated about a horizontal axis, allowing measurements to

1PROFS is a Prototype Regional Observing and Forecasting Service
that encompasses observation, forecasting, and dissemination of regional
weather information.
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Fig. 1. Location of radiometric frequencies for the precipitable water vapor-liquid
radiometers and curves illustrating the effect of pressure broadening of the water-
vapor absorption line.

(a)

(b)

Fig. 2. Exterior-interior views of the radiometric installation.

be made at different elevation angles. The outputs from the
radiometers along with the temperatures of critical waveguide
components, necessary in the reduction of the measurements,
are passed to a mini-computer for real-time linear statistical
solutions for the total precipitable water vapor (V) and cloud
liquid (L). The data from the radiometers are stored on the

minicomputer's floppy diskette. The V-L data are also dis-
played on strip chart, a digital panel display, and teletype-
terminal printout.
The choice of the lower frequency at 20.6 GHz, slightly

below the peak of the 22-GHz vapor line, can be explained
by reference to Fig. l(b) which shows an exaggeration of the
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Fig. 3. Radiation patterns of the equal beam antenna at 20.6 and 31.6 GHz.

effect of pressure on broadening of the line. As pressure
increases, the absorption at the center of the line decreases,
and conversely, it increases in the wings. However, as illus-
trated, absorption is nearly invariant with pressure at the
20.6-GHz point [4]. Since the amount of water vapor in
the atmosphere is highly variable with height, the small pres-
sure dependence obtained by operation at 20.6 GHz is highly
desirable. The 31.6-GHz frequency was selected since it is in
the window between the water vapor and oxygen lines, and is
in a protected space-research band.
The design of this instrument is directed toward an all-

weather capability, and proper antenna performance is very
important in achieving this goal. Especially when liquid-bearing
clouds are present, and drift through the antenna beams, it is
desirable that the two radiometers sense the same volume; this
requires equal antenna beamwidths for the two frequencies.
With proper selection of reflector and feed horn, two fre-
quencies can be supported simultaneously in a single antenna
and nearly equal beamwidths can be produced over a rather
large bandwidth, in this case from 21 to 31 GHz, about 40
percent [5]. The behavior of the feed horn is such that the
reflector is under-illuminated at the higher frequency, while

the lower frequency, supported in the same feed hom, il-
luminates more of the reflector; this results in different effec-
tive apertures for the two frequencies and thus in equal beams.
Beam patterns for the antenna are shown in Fig. 3. The

51 X 51 cm reflector was machined from aluminum to an rms
surface tolerance of approximately 0.05 mm. The focal length
of the reflector is 40 cm and is fed by a hybrid-mode horn
whose aperture is 5 cm. The surface of the flat reflector,
located outside the building, has been shimmed and sup-
ported to obtain a flatness of about 0.08 mm rms. The surface
is painted with a flat white paint to aid in the sheeting of rain
droplets and to speed up the purging of liquid from the sur-
face. Liquid water on this reflector surface does not cause
as large an error in measurement as it would on the Mylar
window into the building. But the indicated precipitable
water vapor can be increased by as much as 3 mm, as shown
by wetting the reflector's surface artificially on a clear stable
day.
2) RF Operation: The basic circuits of the two radiometers

are identical and are shown in the block diagram, Fig. 4. Table
I lists the specifications for the radiometers. They follow a
traditional design, but in this case, operated with a three-way
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Temperature _
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Fig. 4. Plan view in block-diagram form for the radiometer.

TABLE I
NOAA LIQUID-VAPOR RADIOMETERS (SPECIFICATIONS)

(hanncl Vapor Liquid

Ceniter Ilrequency 20.6 Gllz 31.6 Gtiz

RF Bandwidth X 500SOO z X 500 Mlz

Rheciver Noise Temperature 675 K 875 K

(not including antenna)

Sensitivity (1 ste RC) 0.10 K 0.12 K

Antenna lieamwidth (3 dB) 2.40 2.20

Pust-Detection Initegration lime 1.0 sec 1.0 sec

rather than a two-way switch. For good operational per-
formance, high-quality Schottky-barrier mixers followed by
wide-band pre- and post-IF amplifiers are used. Heated
waveguide terminations are used for reference sources rather
than cryogenically cooled sources, which present problems
operationally.
The principle of operation can be understood by following

the switching sequences in Fig. 5. The three-junction latching
circulator samples the noise power sequentially from the
antenna, a temperature-controlled reference source (45°C),
and a calibration source (145°C). After being amplified and
detected, the signal from the video amplifier appears as a
three-step staircase. Synchronous detection for the signal is
accomplished by gating an operational amplifier when switched
to the antenna and the reference source; the resultant output
is integrated before being sent to the computer. However,
with only this mode of operation, very high stability on the
gain of all amplifiers in the system would be required. For
this reason the calibrate source (1450C) is added to the switch-
ing sequence. Then, by adding a second synchronous detector,
and gating this detector to the calibration and reference sources,
its output becomes a continuous monitor of any gain fluctua-
tion that occurs in the system. This latter output provides a
voltage for an automatic gain control (AGC); the AGC is
actually effected in the computer.

3-JUNCTION
SWITCHABLE
CIRCULATOR
AND
CONTROL
VOLTAGES

VIDEO
OUTPUT
VOLTAGE

SYNCHRONOUS
DETECTOR
AND
CONTROL
VOLTAGES

Reference Load
313 k LR

LC Calibration

MixerT Load (413 k)

Antenna Termination

2--
L Junction 1

LR-- _ Junction 2LLRLC Junction 3

413 ---Hot Load
313 K- --Reference Load

OK -- L 4 _ -- Sky

Video a

(b

a

b

a

b

Signal Channel

AGC Channel

Fig. 5. Waveforms of the control voltages of the radiometer.

The logic for the switchable circulator and the gating for the
synchronous detectors is PROM-controlled. Not only is it
necessary to maintain the correct phase relationship between
the circulator and synchronous detectors, but a 0.1-ms time
delay must also be allowed in order that the signal settle fol-
lowing a change in the state of the circulator. Two other
programs are also stored in the PROM to provide control
sequences to the synchronous detectors for calibration.
Because the timing programs for the controls are in PROM,
adjustments can easily be made if modifications are desired.
Although the gain variations in the system are monitored by

the AGC signal as discussed above, these variations are initially
minimized by temperature control. The radiometers, already
located in a heated and air conditioned room, are further
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stabilized by temperature-controlled heating of a styrofoam-
lined enclosure. Further temperature stabilization is achieved
by mounting the mixer preamplifier, IF amplifier, video de-
tector, and local oscillator on an aluminum plate, which is also
temperature-stabilized at approximately 400C, which is 50C
above the temperature of the enclosure.

Finally, the circulator and the reference-source termination
are stabilized near 45°C and the calibration source near 1450C,
all being appropriately insulated. Lengths of 1-in gold-plated
thin-wall stainless-steel waveguide reduce heat transfer through
the waveguides. The reference and calibrate sources drift less
than 0.02°C rms for weekly periods. The temperature-control
circuitry in each case consists of a thermistor in a bridge net-
work as input to a voltage comparator. AC voltage-to-heating
resistors is controlled by the comparator in a simple off-on
mode through a solid-state relay. In addition to control of
the temperatures, linearized thermistors are located in each
area of control for monitoring of temperature.
3) Data Transfer: A 16-channel 10-bit A-D converter is

used to sample the signal and AGC voltages, the temperatures
of the reference and calibrate sources, and the temperature of
the antenna feed hom, including the waveguide runs outside
the temperature-controlled enclosure. Several other tem-
peratures are monitored that are not needed directly in the
reduction of the measurements but are useful in evaluating
the performance of the radiometers. The A-D converter
samples at a rate of 10 samples per second; these are averaged
for 10 s before being reduced to precipitable water by the
minicomputer. The 10-s V-L values are converted to analog
voltages, which are displayed on panel meters and strip charts.
The unreduced 10-s data are further averaged over 2-min
periods before being recorded on the computer's floppy
diskette. Since the component temperatures change slowly,
they are averaged over 20-min periods, and also are recorded
on the floppy diskette.
Periodically, the current 2-min averaged data are reduced to

precipitable water vapor and integrated liquid. These quanti-
ties are tabulated and displayed in a simple symbol plot. An
example of the display, in 30-min intervals, is given in Fig. 6;
this is available on the minicomputer's terminal and on a re-

mote terminal, via a leased telephone line, at the Denver
Weather Service Forecast Office (WSFO).

All of the averaging periods mentioned above are software
selectable and are set when the acquisition program is initiated.
The periods chosen are based primarily on the storage capacity
of the floppy diskette. At the above rates the radiometers
can be operated for approximately 9 days before the diskette
is filled.

B. Calibration
To provide best accuracy in the calibrations discussed

here, derivations from Planck's radiation law rather than the
Rayleigh-Jeans approximation are used to describe the micro-
wave brightness temperature of a partially absorbing body of
absorption, "a":

(1 - e<) 1

ehf/lkTm ehf/kTbI (1)

DAY TIME
MST

10/ 0 0
O/ 0: 30
10/ 1 0
10/ 1 30
10/ 2- 0
10/ 2 30
10/ 3 0
10/ 3. 30
1O/ 4 0
10/ 4A 30
10/ 5 0
10/ 5 30
10/ 6 0

10/ 6: 30
10/ 7: 0
10/ 7 30
10/ 8 0
10/ 8 30
10/ 9 0
10/ 9: 30
10/10: 0
10/10: 30
10/11: 0
10/11: 30
10/12: 0
10/12: 30
10/13: 0
10/13: 30
10/14: 0
10/14 30
10/15: 0
10/15: 30
10/16: 0
10/16 30
10/17. 0
10/17: 30
10/18: 0
10/18:30
10/19: 0
10/19: 30
10/20: 0
10/20: 30
10/21: 0
10/21: 30
10/22: 0
10/22: 30
10/23: 0
10/23: 30

VAP LIG
Cm CM

0 68 0 01
0 68 0 02

O 66 0. 02
O 66 0 01
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0 63 0 00
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0. 66 0 00
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0 56 O 00
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0 57 0. 00
0 57 0 00
0. 59 0. 00
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Fig. 6. Teletype record at the WSFO for precipitable water vapor (V)
and integrated cloud liquid (L) (January 10, 1979); clouds bearing
a small amount of liquid are overhead from 00: 30 to 01: 30.

where

Tb
h
f
k
Tm

kTbB
B

mean brightness temperature (K),
Planck's constant (J s),
microwave frequency (Hz),
Boltzmann's constant (J K-'),
mean temperature of the body (K),
microwave power,

bandwidth.

Within a temperature-controlled environment a calibration
at one point in a network of lossy waveguides may be trans-
ferred to another point by applying an appropriate factor for
the intervening loss. In the present system the factor transfers
from the hot calibration and reference sources to the Dicke
switch (see Junction 1 of Fig. 5). The losses through the
external waveguides to the antenna input must also be ac-

counted for; since these are outside the temperature-controlled
area, corrections for self-emission at the temperature of the
waveguide (which is measured) must also be made.
Zenith sky emission can be found independently and used

to determine the above transfer factors. This independent
procedure [6] requires a set of radiometric measurements at
different elevation angles (i.e., a "tipping" curve, or elevation
scan), a measurement of emission from a sheet of good micro-
wave absorber, and knowledge of the mean temperature of the
atmosphere. The zenith brightness temperature determined
in this way is insensitive to the mean temperature of the
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Fig. 7. Typical measurement of absorption on a clear day obtained

from a scan in elevation.

atmosphere Tm, and a value of 270 K is adequate, but in any

case, for calibration, Tm can be obtained from radiosondes on

clear days. An example of a tipping curve used to establish
the zenith brightness temperature is shown in Fig. 7. The
atmospheric absorption must pass through zero absorption at
zero air mass. If it does not, the original estimate of zenith
brightness temperature used in deriving the absorption (see
(1)) is- wrong; the correct value is found by iterating until the
appropriate sky brightness that forces the absorption through
zero at zero air mass. Cosmic background (2.9 K attenuated
by the atmospheric absorption) is included in the procedure.
Our calibration transfer factors were determined from an

average of 30 tipping curves. Fig. 8(a) and (b) show, as scatter
plots, the sky brightnesses measured directly on the calibrated
zenith-looking radiometer compared with those obtained from
tipping curves.

The short-term (hours) stability of the overall instrument
can be seen in Fig. 9, which shows the precipitable water vapor

measured on an extremely dry day when the atmosphere was

very stable. During the period between 8 and 10 h, the rms

variation in precipitable water vapor is only 70 pim. This is
the same variation we achieve when directing the antenna
beam at a microwave absorber; thus we believe 70 gm to be
the short-term stability of the instrument.

C. Retrieval Algorithms
Statistical retrieval algorithms [1] are used for the deter-

mination of the precipitable water vapor and liquid. A rela-
tionship between V or L and the independent measurements

2
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Fig. 8. Clear-sky calibration summary for 20.6 and 31.6 GHz from
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Fig. 9. Radiometrically measured total-precipitable water vapor at
Denver, CO, WSFO December 13, 1978; the measurements are 2-min
averages on a clear, very dry day.

of brightness temperatures from the two radiometric channels
is established in this way. The coefficients are derived from
a priori statistics (i.e., a historical sample) of a suitable set of
radiosonde profiles. The precipitable water vapor and the
coefficients are readily obtained using this set of radiosonde

Over This Interval -

Mean - 0.22 cm -

RMS -0.007 cm_

_

134

Authorized licensed use limited to: National Center for Atmospheric Research. Downloaded on October 8, 2009 at 18:31 from IEEE Xplore.  Restrictions apply. 



GUIRAUD et al.: MEASUREMENT OF PRECIPITABLE WATER VAPOR AND LIQUID

profiles. L is more difficult, since radiosondes do not measure
liquid, and little information on integrated cloud liquid is
available from other sources. Therefore, in developing a priori
statistics for the L coefficients, a model cloud is inserted into
every radiosonde profile whose relative humidity exceeds 95
percent [1]. The cloud-liquid density is varied as a function
of the thickness of the 95-percent layer. A random error of
1 K is included in the theoretical brightness temperatures to
simulate instrumental error. Coefficients have been derived
from 6 years of radiosonde profiles measured at Denver, CO.
V and L are taken to be linear with brightness temperature
(see (2)).
We have found from our measurements that the absorption

coefficients for water vapor used previously in our algorithms
[7], resulted in derived vapor that was too low by brightness
of approximately 7 percent. As a first-order2 correction for
this effect, we simply multiplied the coefficients in the re-
trieval algorithms by 1.07.
For Denver, CO., the relationships are

V = -0.19 + 0.118 Tb(20.6) - 0.0560 Tb(31.6)

L = -0.0 18 - 0.00114 Tb(20.6) + 0.0284 Tb(31.6)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
August 1978

Fig. 10. Measurements of precipitable water vapor at Denver, CO, for
a 15-day period in August 1978.

(2)

where V and L are in centimeters and Tb is in kelvin.
We have had no independent measurement of the integrated

liquid and, therefore, no standard for comparison. However,
a method using combined satellite-signal attenuation and
radiometric techniques has recently been instrumented [8]
to provide such an independent measure.

D. Behavior in Operation at a WSFO
Since, at this writing, the dual-channel system has been in

operation for more than 6 months at a WSFO radiosonde
launch site, considerable experience on accuracy and reliability
has been gained.
A typical analog plot of total precipitable water vapor above

the Denver, CO, WSFO, taken over a 2-week period, is shown
in Fig. 10. The solid curve is radiometrically measured and
the triangles are total precipitable water vapor from integrated
radiosonde data, which are obtained at 12-h intervals. The
agreement is quite good. Of the differences that do exist
on individual readings, we do not know how much is due to
the radiometric system and how much is error stemming from
the radiosonde measurement. It is clear, however, that during
certain 12-h intervals (e.g., August 8, PM. to August 9, AM.),
considerable amounts of vapor pass overhead unobserved by
the sondes.
Further verification of performance is obtained by plotting

precipitable water vapor amounts by the radiometer and the
radiosonde directly against one another as in Fig. 11. In this
6-month sample, the rms difference between the two is 1.7
mm, some part of this being attributable to each measuring
device. Although establishment of the error in operational-
radiosonde measurements is difficult, estimates by experienced
operators and researchers, for typical midrange humidity and
temperature, place (Vs VA)2 at (1.5 mm)2, where Vs is the

2We also measure a quadratic component in absorption as a function
of precipitable water, especially at 31.6 GHz, [101, but that effect is
not yet included in the retrieval algorithm.

RMS Difference = 0.17cmO
0 1 2 3

NWS Radiosonde (cm)

Fig. 11. Scatter plot for a 6-month measurement period at Denver,
CO, comparing total precipitable water vapor from radiometers with
radiosonde measurements.

sonde-measured precipitable water vapor and VA is the actual
value.3 Thus assuming no correlation between radiosonde and
radiometric errors, one obtains

(VR - VA)2 = 1.72 1.52 = 0.65

or 0.8 mm for the rms error of the radiometric measurement.
However, all that can really be said reliably is that the radio-
metric values are about the same or better than those of the
radiosonde.

It should be emphasized that all data for the 6 months,
regardless of weather conditions, are plotted in Fig. 11 for
those times when total precipitable water vapor from the
radiosonde was available. This remark points to the fact that
many cases involving clouds are included. The error in precipi-
table water vapor that is associated with a nonprecipitating
cloud of given integrated liquid can be calculated [2] ; com-
putations for the 20.6/31.6-GHz system are shown in Fig. 12.
The upper abscissa gives the 31-GHz attenuation correspond-
ing to the integrated cloud liquid on the lower abscissa. The
particular set of curves in Fig. 12, calculated assuming 0.5 K
rms noise in the radiometric system, is carried to cloud liquid
of about 10 mm, although most nonprecipitating clouds we

3The radiosonde values for total precipitable water vapor at Denver
are obtained from the Bureau of Reclaimation (Denver) computer which
simply integrates the raw data from the radiosondes.
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Fig. 12. Predicted error in radiometricaily derived precipitable water
vapor in the presence of increasing quantities of cloud liquid.

observe at Denver contain less than 2 mm. The three curves

of the set correspond to various errors in knowledge of the
temperature of the liquid in the cloud; the most pessimistic,
7.4 K, is the estimate of climatological error in cloud-liquid
temperature. In that case, a cloud producing a line integral
3 mm of liquid (31-GHz attenuation about 2 dB) results in
an error of 0.4 cm in the precipitable water vapor, which is
about 15 percent of the mean (2.8 cm) assumed in Fig. 12.
Algorithms for retrieving precipitable water vapor during

rain have not yet been developed; therefore, if rain occurs at
the time of printout to the WSFO (Fig. 6), no data are trans-
mitted. Nevertheless, the radiometers operate satisfactorily
(remain below saturation) up to attenuations of at least 6 dB
at 30 GHz. This magnitude of attenuation would be produced
by a rain of rate 10 mm/h originating at a height 3 km above
the site [9]. In the operational mode, if the 30-GHz bright-
ness temperature exceeds 100 K (about 2 dB of attenuation),
the data are not forwarded to the WSFO.
Rain also produces a systematic error in measurement by

way of wetting of the flat reflector shown in Fig. 2(a). This
effect has been measured by spraying the reflector with water
on a clear day. It is found that apparent increases in precipi-
table water vapor of 0.2 to 0.3 cm can be produced. An air
curtain above the reflector to blow aside rain and wet snow4

4Dry snow on the reflector has little effect.

before it reaches the reflector is under investigation. In
an operational system, such an air curtain would be acti-
vated by a device that independently monitors the presence
of precipitation.

II. CONCLUSION
Construction and evaluation of the performance of a dual-

channel microwave radiometer has shown that continuous
and unattended measurement of precipitable water vapor and
cloud liquid is operationally viable. Long-term (months)
errors in the vapor retrieved from the radiometric measurement
are shown to be of the same order as those of the radiosonde.
Short-term (hours) stability of the retrieved precipitable water
vapor is within 0.01 cm. Continuous measurement of the
precipitating clouds is shown to be achieved with good ac-
curacy; however, accurate measurement in the presence of
rain has yet to be demonstrated.
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