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Abstract—Remote sounding of atmospheric variables by ground-
based microwave radiometers has proved to be useful for several ap-
plications. These radiometers are used to measure proftles or inte-
graied values of temperature, water vapor, and cloud liquid. The in-
formation provided is useful in meteorology, astronomy, geodesy,
communication, for correction of space observations, for atmospheric
research, ete, It may be possible to combine ground-based radiome-
ters, satellite-borne radiometers, and VHF radars to form a meleoro-
logical network which provides profiles of temperature, humidity, and
wind continucusly in time. This paper will review some of the devel-
opments in this area, describe basic principles and resulis of field ex-
periments, including the recent ONSAM-experiment, and summarize
two years' performance of the NOAA Profiler.

I. INTRODUCTION

BSERVATIONS of atmospheric variables such as

temperature and water vapor are important in many
applications such as meteorology, communications, and
astronomy. Existing meteorological observational sys-
tems use radiosondes (RAOB’s) launched every 12 h at
stations spaced roughly 350 km apart over important parts
of the land area. This system does not provide adequate
information for many applications even in meteorology.
Nowcasting is such an example, e.g., forecasts for a pe-
riod 0-12 h ahead. On that time scale we have many im-
portant short-lived phenomenon of interest including front
movements, build up of convective clouds, etc. This sit-
uation can be improved by remote sensing, including
ground-based microwave radiometers, satellite-borne
downward-loaking radiometer systems, wind-sensing ra-
dars, etc.

The interest in ground-based microwave radiometry
goes back to the possibility to build an **all weather’” sys-
tem which can be operated more or less continuously and
automatically. This equipment may be used as a comple-
ment to RAOB’s. However, there is as well an interest to
replace the expensive radiosonde service. Although the
vertical resolution of radiometrically derived temperature
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and humidity profiles is much coarser than that of RAOB’s
integrated quantities such as pressure heights, pressure
thicknesses, and precipitable water vapor are determined
with an accuracy comparable to RAOB's [1], [2]. In ad-
dition, some quantities derived from radiometers are not
easily measurable by other means. These would include
liquid water content of clouds and integrated water vapor
in some arbitrary direction,

Ground-based microwave radiometry for atmospheric
sounding purposes has been developed aver many years
at the Wave Propagation Laboratory of the NOAA/ERL
in Boulder, Colorado, where an automatic profiler for
wind, temperature, and humidity is now in use [2]. Qther
similarly directed microwave radiometers are described in
the literature [3]-[7].

The work at the Chalmers University of Technology
(CUT) was initiated through the desire to monitor atmo-
spheric humidity in connection with radio-astronomical
measurements. Tests of the water-vapor radiometer for
meteorological applications were made in 1980 [7], [81.
Somewhat later, a new design of a radiometer for tem-
perature profiling was initiated based on the theoretical
analysis of Skoog and Askne [9]. The cquipment was re-
cently tested.

This paper will review recent developments of ground-
based microwave radiometry. For further material, see
{21, 110] and references contained within.

II. Basic PRINCIPLES
A. Radiative Transfer

An absorbing material like the atmosphere emits black-
body radiation governed by Planck’s law. At microwave
frequencies and for tropospheric temperatures the Ray-
leigh-Jeans approximation to Planck’s law can be used.
The radiative intensity downwelling from the atmosphere
and expressed in an equivalent brightness temperature T
can be written as

Ty = Ty, exp [— SD a(h?) dh'} + SD Th) a(h)

h
. exp {— SO ath"y dh'] dh (1)
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Fig. 1. Weighting functions of humidity in the zenith direction [22].

where T, is the cosmic background radiation. The atten-
uation coeflicient g is a complicated function of atmo-
spheric temperature, pressure, water vapor, liquid water,
and rain [11], Water vapor has resonance lines at 22.2 and
183 GHz and oxygen has lines at 60 and 119 GHz,
Changes in humidity and temperature are most easily de-
tectable through measurements around these frequencies.

The radiation is a nonlinear function of the required
quantities and we linearize the expression around a suit-
ably chosen first guess, such as a climatological mean.
We describe changes in the brightness temperature around
the first guess by means of weighting functions which ex-
press the sensitivity of Tj to the variation of the humidity
[71, Aa(h), or the temperature [12] AT(k) around their ini-
tial values

o

ATb = So [Wg(h,f; 6) Aa(h)

+ Welh, f, 6) ATCR)] dh 2)

for a certain frequency f and elevation angleAB. The

weighting functions for humidity W, and temperature W,

are illustrated in Figs. 1 and 2. These weighting functions
are determined from expressions for the attenuation coef-
ficient and some uncertainties still exist in these expres-
sions. By discretization of (1) and (2) we obtain

g = Af 3

where g is the measurement vector containing the n phys-
ical measurement and the profile is represented by the
vector f. A is the matrix representation of the relevant
weighting function. To this expression should be added
the errors caused by cxperimental noise, by the discreti-

zation as well as by errors due to unknown properties of
the atmosphere.
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Fig. 2. Weighting functions of temperature for varying frequencies in the
zenith direction [§2].

B. The Inverse Problem

Fig. 1 demonstrates that the sensitivity in the measure-
ments to variations of water vapor around the mean value
is almost constant with height at a frequency of 21.0 GHz.
Observations at this frequency then yield a good estimate
of the integrated water vapor through the atmosphere, This
can be used in connection to astronomy or space appli-
cations to correct for phase delay and attenuation in the
atmosphere. However, corrections have to made for cloud
liquid water throngh observations at another frequency in
the atmospheric window around 35 GHz. Observations are
reported in [8] where the following formula for the inte-
grated precipitable water vapor was derived from simul-
taneous observations with readiosondes:

¥ = —0.60 + 0.8007T}(21) — 0.358T}(31.4)(mm) (4)

_where brightness temperatures corrected for *‘saturation’’
are used. Another possibility would have been to use
adaptive retrieval coefficients [3]. A similar formula can
be derived for cloud liquid, which yields an accuracy of
0.1 mm {3].

To derive profiles of atmospheric variables such as tem-
perature and humidity, we face another problem. From
Figs. 1 and 2 we see that the weighting functions do not
provide a complete description of height variations and
that any variation in the atmosphere which is orthogonal
to the weighting functions can never be observed with the
radiometer. '

Mathematically this leads to an ill-posed inverse prob-
lem that would cause instability in a straightforward in-
version algorithm. In order to determine profiles of hu-
midity and temperature we must add further infortnation
to make possible an inversion of (1). A’ generally accepted
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Fig. 3. Principal description of inversion method.

method is to apply constraints based on previous RAOB’s
[13], [14]. These previous observations can also be re-
garded as ‘‘virtual’’ measurements [14] at high resolution
but with relatively high noise.

We now end up with an estimation problem which can
be divided into two steps; see Fig. 3, First, the correlation
between meteorological ground value and the profile val-
ues as a function of height is determined using minimum-
variance estimation [15]. This allows us to use a more
accurate estimate of the profile as an initial guess than the
a priori mean. We chose a small part of the data base
consisting of previous radiosoundings and derive a con-
ditional mean f;, a value g; calculated from f;, and a cor-
responding covariance matrix S,. The calculation of the
weighting coefficients is made for the initial guess of the
profile, which reduces the non-linear effects. Second, the
sensilivity of the brightness temperature for changes
around the initial profile is calculated and finally a maxi-
mum likelihood algorithm determines the most probable
profile taking into account all the observations with their
unceriainties, The minimum-variance estimation of the
profile is given by [131, [14], [7]

F=f+@STa+8)'AS '@ -3
where §, is the covariance matrix of the measurement er-
rors. The covariance matrix for the estimated profiles is
given by

§ =8, — 85A%45,47 + 57148,

= ASTA+ 57 L (6)

From this constrained inversion method we obtain the ex-
pected rms error between retrieved and true profiles given
by the diagonal elements of § in (6). In Fig, 4, we show
accuracy estimates derived using (6) for two sets of cli-
matological statistics. First, we performed dependent-set
estimation analysis on two years of RAOB data taken dur-
ing May at Torslanda airport (50 km away from Onsala
Space Observatory). For this set, and for the 11-channel
system whose weighting functions are given in Fig, 2, we
determined the expected rms accuracy in retrieving tem-
perature as a function of height. The resuits, representing
experimental noise levels of 0.5, 0.1, and 0.0 K, are
shown in Fig. 4(a)-(c). Curve d of this figure will be dis-
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Fig. 4. Expected accuracy of retrieved temperature profiles. Curves a—c:
Statistical inversion theory, Torslanda statistics (122 profiles). Curve a
{----)0.5K, curve b (— —) 0.1K, and curve ¢ (- - -) 0.0 K radiometer
accuracy. Curve d (——): Computer simulations, 83 ONSAM-profiles,

Torslanda statistics, 0.5 K accuracy.

cussed in Section 1I-C. Using a similar climatology, sim-
ulations based on (6) were performed to estimate the ac-
curacy in retrieving water-vapor profiles: These results,
shown in Fig. 5, compare accuracies predicted for a cur-
rently existing system (21, 31.4 GHz), with those achiev-
able by adding three additional channels located near the
183-GHz H,0 line.

Some comments can be given about the computational
problems:

To minimize the computing time it is important to use
the most efficient representation possible for the profile.
The profile variations arcund the surface-correlated esti-
mate are then described by an empirical orthogonal func-
tion (eof) expansion rather than by the profile value at
certain heights. These functions are derived by the sur-
face-correlated estimate. By using the first six eof’s, 98
percent of the profile variance of the statistical ensemble
is covered. Since functions of higher order than six are
excluded from the analysis, it is not possible to describe
the very small-scale structure of the profiles. However,
such variations are not detectable by our measurements.
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Fig. 5. Expected accuracy of refrieved water vapor profiles with statistical
inversion theory [22].

The profile estimation (5) may be carried out sequen-
tially [14] by using the observations one after the other.
We may then cotrect for some of the non-linear effects by
using the most linear measurements, i.e., the highest fre-
quencies in the case of the temperature profiling radiome-
ter, first and by correcting the weighting function in each
step. '

The accuracy of the retrieved profiles is critical for some
meteorological applications and efforts are needed to in-
crease the accuracy still more. As we discuss in Section
IV, improvements can be made by combining ground-
based observations with those from satellites, and by
combining active and passive techniques. Another possi-
bility arises due to the fact that the observations are taking
place at close intervals. We may then use a Kalman filter
algorithm to produce optimal estimates using the entire
history of observations in the inversion process [16], [17].
As an extra constraint we use a description of the profile
variation in fime described by large-scale variations, ¢(z,
{ ++ 1}, and a noise process v{f)

Fe + 1) = 6@t + DI +00) )
which gives rise to a similar expression for the measur-
able quantities

i+ 1) = @@, t + 1) O + 8(). (8)
The covariance matrix of the estimate can now be deter-
mined, and instead of (6} we obtain in principle

8¢) = ATS74 + 87 + ATP@y Ay )

where P is the prediction error covariance matrix based
on the measurements. Equation (9) differs from the
expressions in [14] as the filtering is made in the mea-
surement space rather than in the profile space. This im-
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plies that the constraints given by the prediction become
weaker but we use a more appropriate method, since the
entire profile is not observable by the true measurements.
From (9) we recognize the contributions from the mea-
surements, the surface data constraints and the constraints
due to previous measurements and so the roles of radiative
transfer, statistical theory, and atmospheric dynamics are
easily identified. However, it should be stressed that the
constraints must be chosen with great care because their
role can be as important in the profile estimation as the
real measurements are. If we correctly describe the dy-
namical process in the atmosphere between two consec-
utive observations, we will obtain an accuracy that will
approach the case of a radiometer with infinite accuracy;
see Fig. 4, curve ¢, and Fig. 5. In practice, however, this
accuracy can never be reached. The most severe problem
may be non-Gaussian noise characterizing the radiometer
accuracy.

C. Computer Simulations

Some important aspects of the constrained inversion
method can only be studied by computer simulations as
illustrated in Fig. 6. The maximum likelihood algorithm
is based on the assumption that the observed profile is part
of the statistical ensemble, However, that is not always
the case as the observations do take place at times or even
places other than those where the radiosoundings have
been performed. The effects of this can be tested by the
method illustrated in Fig. 6. We have studied two cases
during a recent experiment, the so called ONSAM exper-
iment (Onsala Atmospheric Measurements, Onsala Space
Observatory, May 2-26, 1983). One of the aims of this
experiment was to test the accuracy of a new temperature-
profiling radiometer. In the test, two years of radiosonde
data during the month of May from Torslanda airport (50
km away from the observing site) were used as the statis-
tical data base in the inversion theory.

During the ONSAM experiment, 81 radiosondes were
launched. We now determine the corresponding theoreti-
cal brightness temperature, add noise, and retrieve pro-
files based on the Torslanda statistics. The result is illus-
trated in Fig. 4, curve 4, and an important difference is
obtained above 6 km due to a difference between true and
virtual observations. Besides the rms difference, we will
find that we have a mean difference between true and re-
trieved profiles. This difference is found to be almost the
same. as the difference between the mean profile from
Torslanda and the mean profile during the ONSAM ex-
periment. In Fig. 4, curve d, we particularly note the clear
difference at the tropopause height.

It is apparent that good statistical background infor-
mation may be crucial for obtaining the kind of accuracy
needed for some meterological applications. We should
thus provide optimum a priori information by using both
physical constraints and judicious meteorological infor-
mation,

The accuracy of the radiometer can be tested by the
simulation method and we then find [18], [19] that if the
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absolute accuracy of the radiometer is increased to 0.1-
0.2 X the accuracy of the retrieved profiles in practice,
would not increase due to incompatibility between true
and virtual observations. In general, the accuracy is de-
termined by the largest source of noise, whether it be from
instruments, virtual observations, or emission from con-
taminants, such as clouds.

The value of using ¢leven frequencies rather than four
in the temperature profiling case can be tested by redoing
the inversion based only on the relevant four channels.
The result is illustrated in Fig. 7 and we can conclude that
the result agrees with the theoretical analysis [9], [19].

D. Height Resolution of the Profiles

An important point is the vertical resolution of the pro-
- files. From the weighting functions we conclude that the
height resolution from the radiometer observations is far
from being as good as that from radicsondes. On the other
hand, information from previous radiosondes is included
in the retreved profiles, and the question is how to esti-
mate objectively the effective height resolution, This has
been discussed by Rodgers [20].

I, DESIGN OF THE RADIOMETERS

In this section, we will briefly describe the radiometers
used by CUT and those used by NOAA, A complete de-
scription of these instruments is given in [2], [7}], and [19].

TABLE I
CENTER FREQUEMNCIES FOR CHANNELS USED 18 THE NOAA PROFILER
RADIOMETRIC SYSTEM [2]

Atmospheric constituent Bandwidth

Channel Frequenty most effective {GHz)
1 20.60 water vapor 1.0
2 31,65 1iquid 1.0
3 52.85 temperature 0.1
4 53.85 tamparature a.1
5 55,45 temperature a.1
[ 58,80 temperature 0.1

The designs of the water-vapor radiometers at NOAA
and CUT are somewhat different. This is even more the
case for the temperature-profiling radiometers. In the lat-
ter case, the goal for the CUT design was to build a low-
cost radiometer by sacrificing the possibility to measure
at all the frequencies at the same time. On the other hand,
the aim was to increase the accuracy by measuring at sev-
eral frequencies (eleven) and using a low-temperature ref-
erence load (—21°C). The antenna consists of a conical
horn with a beamwidth of 6°, the same as used for the
water-vapor radiometer. In-contains a dielectric ring de-
signed to suppress sidelobes and give the antenna pattern
a Gaussian shape. The calibration of the radiometer was
performed by measuring the signals from absorbers kept
at room temperature and liquid nitrogen as well as mea-
surements during clear-sky conditions when the bright-
ness temperature can be calculated from radiosonde data.
Studies of 13 radiosonde profiles reveal an rms difference
between the calculations and the observations of less than
0.5 K, accepting an offset due to uncertainties in the ab-
sorption coefficients. This offset was 2.4 K at the lowest
frequency, 1.8 atf the next lowest, and not larger than the
rms uncertainty at the other frequencies. This would cor-
respond to an uncertainty of less than 3 percent in the
attenuation coefficient.

The NOAA Profiler radiometer is a six-channel instru-
ment, whose frequency and bandwidth characteristics are
given in Table I. The Profiler observes zenith radiation
with equal beamwidths of 2.3° at all channels. All mea-
surements are simultaneous with 2-min averages of
brightness temperature being retained for further process-
ing, Calibration of the two water channels uses the tipping
curve method [3], while calibration of the temperature
chanmels depends on brightness temperatues caiculated
from RAOB’s. In general, the differences between mea-
sured and calculated brightness temperatures are around
0.5 to L.OK rms.
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IV. OBsSErRVATIONAL RESULTS
A. Water Vapor

It is well known that precipitable water vapor V¥ can be
accurately measured by dual-channel microwave radi-
ometers [3]. The rms accuracy in deriving V is about 1.0
to 1.5 mm and is comparable to that obtained from radio-
sondes. The excellent temporal resolution (~ 1 min) of
these determinations of V is sufficient for applications in
long baseline radiointerferometry and geodetic metrology
[8], [21]. In addition, these measurements may have ap-
plication to precipitation and weather forecasting.

It would be highly desirable if water vapor profiles
could be derived from the radiometric measurements.
Given that surface measurements of absolute humidity are
available, vapor profiles can be derived from duai-chan-
nel observations {3], [7]. The accuracy of vapor profiling
has been evaluated experimentally using the CUT radi-
ometers [7], [22] and also using the NOAA Profiler [23].
The results from these two instruments, shown in Fig. 8
for the CUT and in Fig. 9 for the NOAA Profiler, are
similar. Fig. 9(c), comparing dual-channel versos Profiler
retrievals shows that adding the temperature channels to
the vapor retrieval adds very little information,

Plots of individual retrievals [7], [23] show that the ver-
tical resolution of the retrieved vapor profiles is poor, and
sharp changes in profiles are not recovered. Thus, these
coarse vertical resolution profiles are clearly not adequate
for some meteorological purposes, However, limited use
can be made of the profiles in 1) correction of electrical
path fluctuations due to water vapor for systems that rely
on the measurement of phase of radio waves originating
outside the atmosphere, 2) radiometric determination of
pressure heights, 3) corrections to radiometric determi-
nation of temperature profiles, and 4) corrections for at-
tenuation and emission due to water vapor (e.g., infrared
measurements can be corrected for water vapor using pro-
file information derived from microwaves), ’

The water-vapor profiling capability could be improved
by using a multifrequency system that includes observa-
tions at frequencies in the 140-183 GHz range. Accord-
ing to a simulation study the profiling accuracy was shown
to improve 20 percent in low layers by including three
frequencies at 175, 179, and 180 GHz [22]. Observa-
tional results using 21.5 and 176 GHz of similar type were
reported in [5].

B, Temperature

The 11-channel CUT radiometer was operated in the
ONSAM field experiment, in which RAOB soundings
were also available. In this experiment, 13 radiosonde ob-
servations were taken during clear-sky conditions. These
observations were compared with 50 simultaneous radi-
ometer measurements and the rms difference between the
radiosonde data and the retrieved profiles is illustrated in
Fig. 10, curve a. We conclude that the difference between
this curve and the simulated curve d of Fig, 4 is rather
small. It should be stressed at this point that the only pos-
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sible way to test the profiles derived from the microwave
radiometers is by comparison with radiosondes. How-
ever, the radiosonde takes about half an hour in ascent to
tropopause height during what time the balloon may well
have drifted many tens of kilometers sideways. This is in
contrast to the radiometers that perform an observation in
seconds or minutes and are sensitive to an airmass with
an extent of less than 1 km at 10 km height. Furthermore,
the accuracy of the sensors on the radiosondes vary.

When clouds are present, correction must be made to
ther water-vapor radiometer data. In order to do this the
equivalent clear-sky brighiness temperature of each chan-
nel is predicted by adding corrections linearly relaied io
the brightness temperatures at 21.0 and 31.4 GHz. The
coeflicients were derived by statistical linear regression
based on a set of clond models and an expression for the
cloud liquid absorption ceefficient [19]. This correction
algorithm is applicd as soon as the water-vapor radiome-
ter yields a liquid water output larger than its rms accu-
racy. The accuracy of the retrieved profiles is now deter-
mined by the water-vapor radiometer (with an absolute
accuracy of 1 K) as well as the temperature-profiling ra-
diometer and thus a degradation of the accuracy is intro-
duced compared to the clear-sky case as illustrated in Fig.
10.

During the ONSAM experiment the water-vapor radi-
ometer and the temperature-profiling radiometer were
placed 500 m apart and not perfectly time synchronized.
The two radiometers were then not observing the same
air-mass, which is very important when making cloud
corrections. Meaningful results could then only be ob-
tained during stable conditions. These results compared
with 15 radiosonde measurements are illustrated in Fig,
10, curve b. Some retrieved profiles from May 17, 1983
are illustrated in Fig. 11, including one derived from a
NOAA-T7 passage.
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These retrievals are typical and illustrate some general
features of ground-based radiometric retrievals. The gross
characteristics of the profiles are well represented up to
tropopause altitudes. In fact, up to about 500 mbar, such
integrated quantities as pressure heights and thicknesses
are determined with an accuracy approaching that of
RAOB’s [1]. However, Fig. 11 illustrates a problem with
the radiometer—the tendency to smooth the profile so that
information about elevated inversion layers is fost. It may

be possible that information from active sensors, such as
radar or lidar, can improve the retrievals at such critical
points. Another possibility is elevation angle variation to
yield information on inversion layers at low altitudes.
The NOAA Profiler has been operated at Stapleton Tn-
ternational Airport, Denver, Colorado, for about two
years. The radiometers are located less than 50 m from
the National Weather Service RAOB release facility, and
the twice-a-day RAOB’s are available for ‘‘ground truth.’’
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Fig. 11. Demonstrating some profiles derived during the ONSAM exper-
iment. (---) RAOB, (— —) profile derived from ground-based radiome-
ter, and (...... ) from TOVS.

In Fig. 12 we show the mean and rms differences between
Profiler and RAOB determinations of the mean tempera-
ture for 100-mbar layers {24]. These data are based on
255 cases, March through July of 1982. For comparison,
we also show the a priori prediction of retrieval error.
The close agreement between predicted and achieved ac-
curacy suggesis that confidence may be placed in simu-
lations of system performance.

A time sequence of temperature retrievals, extending
over 14 h, is shown in Fig. 13 [2]. Although some of the
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intervals showing decay and reformation of ground-based temperature
inversion. Successive prafiles are displaced by 5° ta the right of the pre-
ceding profile. Dashed lines are radiosonde profiles at 0400 MST [2].

sharp profile structure is smoothed, a reasonable repre-
senfation is obtained of the decay and reestablishment of
the nocturnal thermal inversion.

C. Measurements of Cloud Liquid

Cloud liguid is usually viewed as a contaminant on the
microwave radiometric determination of temperature and
water vapor. However, measurements of liquid are turn-
ing out to be valuable in their own right. For example, to
warn aircraft pilots of possible icing conditions, micro-
wave measurements of super-cooled liquid show promise
[25]). In addition, the use of microwave radiometry in
weather modification has been documented [26]. In this
section, we will discuss ground-based techniques for ra-
diometric determination of cloud liquid.

One technique used to determine integrated cloud liquid
L is identical in form to that described by (4) to derive
precipitable vapor V. Another technique is to first derive
attenuation from emission measurements of 7T,. Then,
using 7T measurements at two properly chosen vapor and
liquid Sensitive frequencies, L is derived [27]. A statisti-
cal algorithm is also possible, but since neither L nor pro-
files of liquid density are measured by RAOB’s, modeling
must be done to develop satisfactory a priori data [28],
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Fig. 14. Total path liquid measured by the radiometric system on March
3, 1980. Rainfall data were measured at the radiometer site using a
weighing bucket raingage [26].

Since RAOB’s do not measure L, ground-truth mea-
surements to verify the accuracy of the radiometric deter-
mination are very difficult to obtain. Probably the best
comparison to date is that of Snider et al. {35}. They com-

pared liquid, determined from the absorption of a micro-

wave satellite signal, with radiometrically measured lig-
uid, and found rns differences of (.28 mm. Theoretical
predictions, valid for nonprecipitating clouds, indicate
that about 10-percent accuracy in the determination of L
can be achieved.

As an example of the kind of liquid data produced rou-
tinely by a dual-channel system, we show in Fig. 14 a
time series of data measured during a cloud-seeding ex-
periment [26]. As might be expected, a high degree of
temporal variability is present in the behavior of L.

A two-frequency microwave radiometer with a fully
steerable antenna has also shown some interesting angular
variations in both integrated vapor ¥ and liquid L. In Fig.
15 are shown data obtained by scanning a dual-channel
system at a constant elevation angle of 15° [29]. Such
data may be useful for determining departures from strat-
ification of ¥ on radio phase measuring systems and in
determining concentrations of liquid in visually homoge-
neous clouds.

V. GrROUND-BASED RADIOMETERS COMBINED WITH
OTHER INSTRUMENTS

A. Combined Ground-Based and Satellite Sensing of
Temperature Profiles

Because of the decay with altitude of ground-based
weighting functions, it becomes increasingly difficult to
achieve useful accuracies at heights above, say, 5 km
above the surface, However, an attractive source of com-
plementary data is available from satellites. For example,
microwave and infrared brightness temperatures are avail-
able at least twice-a-day from each of two NOAA polar-
orbiting satellites. In this section, we briefly summarize
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experimental results of combining ground- and satellite-
based microwave radiometers.

Remote sensing of temperature profiles using a combi-
nation of passive microwave radiometric observations
from surface- and satellite-based platforms was suggested
by Westwater and Grody [30]. Their computer simula-
tions showed that over the pressure interval 1000-300
mbar, rms retrieval accuracies of 1-2°C were achievable
with current radiometric technology, Such simulations
were based on (6) in predicting the performance of differ-
ent combinations of remote-sensing systems. These sim-
ulations predicted that the surface-based radiometers
would yield significantly better accuracy than the satellite
in the first 300 mbar above the surface, the satellite is the
more accurate of the two above this level, and the com-
bination of the two is a significant improvement over
either separate system,

Both of the experimental systems described in Section
IIT are now available to allow the combination of ground-
and satellite-based observations. In parti¢ular, data from
the ground-based Profiler [2] and the orbiting satellite-
based Microwave Sounding Unit (MSU) [31] have been
used for this combination. The MSU is a component of
an operational sounding system and was designed 1) to
produce global temperature soundings under nearly all
weather conditions, and 2) to complement an infrared
sounder that contains more chanmels but is limited to
clearer atmospheres. The MSU is aboard the polar-orbit-
ing NOAA-6, -7, -8 satellites and contains four channels
in the oxygen band, at 50.30, 53.74, 54,96, and 57.95
GHz, to provide temperature profile information from the
lower troposphere to the lower stratosphere. Only the up-
per three channels are used for temperature sensing. Fur-
ther details of this instrument, inclnding its scan pattern,
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are given by Grody [31]. Profiler and MSU temperature
weighting functions are shown in Fig. 16. Note how the
Profiler capabilities, which are exponentially reduced
above 300 mbar, are complemented by the MSU; con-
versely, note how the relatively high vertical resolution at
lower altitudes of the Profiler complements the MSU be-
low 500 mbar,

Data from the Profiler and the MSU were collected over
Denver, Colorado, for about one year [32]. As astandard
with which to compare retrievals, National Weather Ser-
vice RAOB’s were also obtained. For the time period De-
cember 1981 through December 1982, 460 RAOB-Pro-
filer-MSU dara cases were obtained. From these data,
temperature profiles were derived using data from the 1)
Profiler; 2) MSU; 3) MSU with surface meteorological
measurements; and 4) Profiler with MSU. The total rms

difference statistics relative to RAOB’s, for each of the
four temperature retrievals, are shown in Fig. 17. As a
baseline value, the rms variation is shown using surface
meteorological measurements as predictors. Note that the
MSU with Profiler results are everywhere more accurate
than any of the separate subsystems. This result was both
expected and desired, but if relative covariances had been
modeled incorrectly, for example, combined reirievals
might be poorer than the separate ones. We also observe
that the retrieval results of all the systems improved sub-
stantially over predictions based on surface climatology,
except for the MSU in the first 50 mbar abave the surface.
Pressure heights and thicknesses were also derived from
the combined Profiler-MSU data [32]. The accuracy of
these quantities was shown to be approaching the. func-
tional precision of National Weather Service RAOB’s.
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B. Combined Radar-Radiometric Temperature
Retrievals

Studies have shown that VHF radars can measure the
height of the tropopause [33]. As predicted theoretically
by Westwater and Grody [30] and verified experimentally
[34], the tropopause height information can be used to
improve temperature retrieval accuracy of radiometric
sensors. In this section, we will show examples of the
combined passive-active techniques for a small data set
taken during March 1981. Details of the VHF radar and
the processing techniques used to derive tropopause height
are given in [34].

In [32], temperature reirievals were combined for three
passive systems (Profiler, MSU, and Profiler with MSU)
and three passive plus active systems (each passive sys-
tems plus VHF radar). The retrieval algorithms used to
incorporate active and passive measurements is a straight-
forward generalization of (5) and is described by West-
water ef al. [34].

The rms differences for the three combinations are
shown in Figs. 18(a)-(c). Fig. 18(a) shows ground-based
radiometer and VHF radar. Note the large improvement
in retrieval accuracy, ~ 2-K rms, near tropopause pres-
sures (300 to 100 mbar), when tropopaunse height mea-
surements are added. However, retrieval accuracy above
300 mbar is poor.

Fig. 18(b) shows satellite-based radiometer (MSU) plus
VHF radar. Again, note ~ 2-K rms improvement of MSU
results when the tropopause height measurements are in-
serted. Here, retrieval accuracy below about 700 mbar
ranges from almost 3- to 6-K rms.

. Fig. 18(c) shows ground-based radiometer plus VHF
radar plus MSU. The solid curve, representing the com-
bined radiometric systems, shows improvement over
cither of the pure radiometric results of Fig. 8(a) or (b),

cxcept in the vicinity of the tropopause. A further increase
in accuracy is achieved by adding the radars measurement
of tropopause height, as shown by the dashed curve in this
figure. Except for a narrow pressure region near 200 mbar,
the rms differences from the surface to 30 mbar are less
than 2 K.

V1. Discussion

In order to further develop ground-based microwave ra-
diometers for general meteorological use it is important
to 1) make observations under different meteorological
conditions; 2) test different technical systems,; and 3) im-
prove the vertical resolution of the retrieved profiles,

In this paper results of two ground-based microwave
radiometric systems have been reviewed: the new tem-
perature-profiling radiometer tested in the ONSAM ex-
periment and the NOAA Profiler. General conclusions are
that:

1) Observations at 11 frequencies yield a better result
than observations at only 4.

2) Asexpected, it is very important to observe the same
air mass with the water-vapor and temperature-pro-
filing radiometers.

3) Good a priori data can be crucial in obtaining ac-
curacy for some meteorological applications.

In order to use the potential offered by ground-based
microwave radiometry, forecasting and nowcasting meth-
ods have to be developed taking into account the possi-
bilities of almost continuous profiling or at least updating
of the forecast at optimal times rather than specific times
as mandated by worldwide agreement.

The advantages of being able to measure almost contin-
uously are hard to evaluate before sufficient experience
has been gained. But it may well be that short-time and
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small-scale motions of the atmosphere may develop io
large-scale motions and that microwave radiometry will
prove valuable in improving forecasts in more than one
way.

A network of ground-based microwave radiometers and
VHE radars can be combined with satellites to form a me-
teorological observing system that provides both temporal
and spatial information on temperature, moisture, and
winds. The potential information context of such a system
of complementary observations is enormous.

Dual-channel radiometers will continue to be useful in
geodetic metrology, long-baseline interferometry, weather
modification experiments, etc. Coupled with wind-sens-
ing radars, a system to measure flux of vapor could be
developed.

In general, as we develop more precise instruments and
better ways of combining existing observing systems, we
will improve both our knowledge of atmospheric phenom-
ena and the physical mechanisms underlying the tech-
niques of remote sensing.
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