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ABSTRACT

A self-consistent remote sensing physical method to retrieve atmospheric humidity high-resolution pro-
files by synergetic use of a microwave radiometer profiler (MWRP) and wind profiler radar (WPR) is
illustrated. The proposed technique is based on the processing of WPR data for estimating the potential
refractivity gradient profiles and their optimal combination with MWRP estimates of potential temperature
profiles in order to fully retrieve humidity gradient profiles. The combined algorithm makes use of recent
developments in WPR signal processing, computing the zeroth-, first-, and second-order moments of WPR
Doppler spectra via a fuzzy logic method, which provides quality control of radar data in the spectral
domain. On the other hand, the application of neural network to brightness temperatures, measured by a
multichannel MWRP, can provide continuous estimates of tropospheric temperature and humidity profiles.
Performance of the combined algorithm in retrieving humidity profiles is compared with simultaneous in
situ radiosonde observations (raob’s). The empirical sets of WPR and MWRP data were collected at the
Atmospheric Radiation Measurement (ARM) Program’s Southern Great Plains (SGP) site. Combined
microwave radiometer and wind profiler measurements show encouraging results and significantly improve
the spatial vertical resolution of atmospheric humidity profiles. Finally, some of the limitations found in the

use of this technique and possible future improvements are also discussed.

1. Introduction

Monitoring of humidity profiles in the lower tropo-
sphere has been one of the main goals of recent me-
teorological research due to its importance for atmo-
spheric dynamics and microphysics. To this aim both
passive and active remote sensing techniques have been
proposed and successfully applied (Gossard et al. 1982;
Stankov et al. 1996; Solheim et al. 1998; MacDonald et
al. 2002; Stankov et al. 2003; Ware et al. 2003).

A major focus of current remote sensing research is
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to evaluate the capability of these instruments to re-
motely derive meteorological quantities using sensor
synergy (Stankov 1998). An appealing application of
this concept to the retrieval of high-resolution atmo-
spheric humidity profiles is the synergetic use of
ground-based instruments only, such as either a combi-
nation of radar wind profilers and Global Position Sys-
tem (GPS) receivers or either a combination of radar
wind profilers and microwave radiometers (Stankov et
al. 1996; Gossard et al. 1999; Furumoto et al. 2003; Bi-
anco et al. 2003). In particular, the last approach has
significant potential due to the profiling capability of
both sensors and the possibility to estimate the atmo-
spheric state in terms of wind, humidity, temperature,
and cloud liquid.

For what concerns the wind profiler radar (WPR),
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atmospheric boundary layer parameters currently ob-
tained by Doppler remote sensing system are derived
from the first three moments of the measured Doppler
spectra (Gossard et al. 1982, 1998). However, radar sig-
nals at most sites often show contamination from other
sources, such as ground clutter, intermittent clutter, ra-
dio frequency interference, and sea clutter. For the
wind, signal-processing techniques have been devel-
oped to isolate the true atmospheric signal from the
measured spectra (May and Strauch 1989; Wilczak et al.
1995; Cornman et al. 1998; Jordan et al. 1997). To ob-
tain accurate moments for the desired atmospheric
spectral peak, in addition to using a physically based
algorithm (Weber et al. 2004), it is worth using and
testing an algorithm that makes use of recent develop-
ments in wind profiler radar signal processing, comput-
ing the zeroth, first, and second moments of wind pro-
filer radar Doppler spectra via a fuzzy logic method
(Bianco and Wilczak 2002), which provides quality con-
trol of radar data in the spectral domain. To retrieve
high-resolution humidity profiles in a combined sensor
approach, the zeroth, first, and second moments, com-
puted by the fuzzy logic algorithm, can be employed to
compute the structure parameter of potential refractiv-
ity (C3), the horizontal wind (V,,), and the structure
parameter of vertical velocity (C2), respectively
(Stankov et al. 2003). The quantities C3, V), and C,
can then be properly used together to retrieve the po-
tential refractivity gradient profiles (d¢/dz).

Microwave radiometer profiler (MWRP) can provide
accurate tropospheric water vapor and temperature
profiles when operating in the 20-60 GHz (Westwater
1993; Solheim and Godwin 1998). Both statisti-
cal and neural network approaches can be used to re-
trieve atmospheric profiles by generating synthetic
datasets of brightness temperature from radiosonde
profile archives processed with radiative transfer mod-
els (Schroeder and Westwater 1991; Giildner and
Spénkuch 2001; Solheim et al. 1998). Significant im-
provements in radiometric retrieval accuracy and reso-
lution using elevation scanning or adjustments in for-
ward modeling have been reported (Liljegren 2004).
However, the calibration of MWRP is an issue to be
carefully considered (Han and Westwater 2000; Cimini
et al. 2003). In a combined sensor perspective, micro-
wave radiometer data can be used to estimate the po-
tential temperature gradient profiles (d6/dz).

As a final step of a combined retrieval technique,
profiles of d¢/dz derived from WPR, and d6/dz de-
rived from MWRP are sufficient to fully estimate hu-
midity gradient profiles, as suggested by Stankov et al.
(1996). The advantage of such a synergetic humidity
retrieval technique is to increase the vertical resolution
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of ground-based microwave radiometers, without loos-
ing the high accuracy they can provide for integrated
values, and to be completely independent from simul-
taneous radiosonde observations. Simultaneous in situ
measurements by radiosonde can be used just as a com-
parison to check the improvements brought by the
combined algorithm in retrieving humidity profiles.

The aim of this work is to set up and to investigate
the potential of a combined retrieval algorithm exploit-
ing WPR and MWRP measurements, following the ap-
proach described above. Section 2 introduces the in-
struments involved in this work, the characteristics of
the experimental site, and the data analysis applied on
the collected measurements. Section 3 gives the basic
principles of the theory used for the retrieval of vertical
humidity profiles with the combined use of dg/dz, ob-
tained by radar wind profilers, and d6/dz, estimated
from multichannel microwave radiometers. Section 4
presents results obtained for selected case studies, and
discusses the limitations, which could be found in the
application of such a technique. Finally, section 5 pro-
vides a summary of the results, discussing possible de-
velopments for future research.

2. Site, instruments, and data processing

The empirical sets of WPR and MWRP data were
collected at the Atmospheric Radiation Measurement
(ARM) Program’s Southern Great Plains (SGP) site in
Oklahoma (latitude: 36°37'N, longitude: 97°30'W, alti-
tude: 313 m ASL). In this work we have focused on few
case studies: in particular, we considered days 1, 3, 6, 7,
and 17 June 2002. Some quantitative results are pro-
vided, although an extensive analysis, concerning an
extended dataset, is also in preparation and will be a
topic of future works.

a. Wind profiler radar

The wind profiler radar is a 915-MHz five-beam ra-
dar manufactured by Radian Corporation. It operates
by transmitting electromagnetic energy into the atmo-
sphere and measuring the strength and frequency of
backscattered energy. It consists of a single-phased mi-
crostrip antenna array consisting of nine “panels.” The
antenna is approximately 4 m square and is oriented in
a horizontal plane so the “in-phase” beam travels ver-
tically. Radial components of motion along each point-
ing direction are determined sequentially. It takes,
nominally, 30-45 s (dwell time) to determine the radial
components from a single pointing direction. Thus, the
system cycles through five beams (south, north, east,
west, and vertical) at low power, and then cycles the
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five beams again at a high power (longer pulse length)
setting. Then the whole process is repeated. About 5
min elapse before the system returns to the beginning
of its sequence. Within an averaging interval, the esti-
mates from each beam-power combination are saved
and these values are examined and compared at the end
of the period to determine the consensus-averaged ra-
dial components of motion. The model used in this
work is the high resolution/low maximum height that
sampled the boundary layer from 90- to 2500-m height
in the vertical at a 60-m resolution.

THE FUZZY LOGIC RETRIEVAL METHOD

The correct computation of the first three moments
of the Doppler spectra from radar wind profiling data is
crucial for the use of these instruments to derive pa-
rameters other than winds. The mean velocity profile,
obtained from the first moment of the Doppler spec-
trum, was one of the earliest quantities extracted from
remote sensing observations. On the other hand, the
second moment of the Doppler spectrum (when the
radars are pointing vertically) has not been widely ex-
ploited, and its use is still in the research and evaluation
stage. It is a measure of the broadening of the Doppler
spectrum due to a variety of factors, including velocity
variance resulting from atmospheric turbulence on
scales smaller than the pulse volume. It has the poten-
tial to provide profiles of turbulence quantities, such as
eddy dissipation rate and structure parameters, con-
tinuously in time.

Over the last two decades several attempts have been
made to use spectral width from profilers to measure
the turbulence intensity without much success (Gossard
et al. 1990; Cohn 1995). This suggests the degree of
difficulty of the measurement. The principal problem is
related to the fact that contamination by unwanted tar-
gets is especially detrimental to second-moment calcu-
lations and that other nonturbulent processes also con-
tribute to the broadening. To be able to use the spectral
width to measure turbulence intensities, it is necessary
to be certain that the entire scatter is due to turbulence.
For all these reasons it was found that a new treatment
of the radar data was necessary.

Here, we use fuzzy logic to compute the first three
moments of the radar Doppler spectrum and the pro-
cedure we use is outlined below. Additional details on
the implementation of the method, including the math-
ematical formulations of the membership functions and
the rules for applying them, can be found in Bianco and
Wilczak (2002). Fuzzy logic algorithms can be very use-
ful for atmospheric spectral peak recognition, where
the data are often contaminated by the presence of
nonatmospheric clutter signals. Following the initial
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idea of Cornman et al. (1998), we determine the char-
acteristics of different kinds of clutter and atmospheric
peaks in real situations and develop an algorithm to
differentiate among them.

The construction of the fuzzy logic algorithm begins
with a two-dimensional matrix of observations, with di-
mensions representing the number of range gates and
the number of spectral frequency (or velocity) points.
For each matrix point several parameters are com-
puted. These parameters are “power density ratio” (ra-
tio of the amplitude of the spectrum at each frequency
to a background average minimum spectral level asso-
ciated with system noise), “gradient” and “curvature”
(characterizing the slope of the spectrum along the ra-
dial velocity axis), “asymmetry” (defined at each fre-
quency point f, as the absolute value of the difference
between the value of the spectrum at +fand —f), “ra-
dial velocity values” (used to differentiate the clutter
from stationary targets, which will always have small
radial velocities, from atmospheric peaks that will typi-
cally have larger radial velocities), and “skewness” (de-
fined as the degree of asymmetry of the entire spectrum
around zero velocity). Each parameter may be used to
determine if a matrix point belongs to a spectral peak,
if the point contains clutter, or both. These parameters
are used as input for the fuzzy logic algorithm for the
spectral peak identification. They are combined to-
gether with the use of membership functions and rules.
We note that the characteristics of both the member-
ship functions and the sets of rules are based on the
principal differences between atmospheric and clutter
signals. The skill of the fuzzy logic’s algorithms depends
on the correct identification of the membership func-
tions to adopt, and on constructing an appropriate set
of rules.

At the end of the fuzzy logic procedures we have an
output, which is a total score field (i.e., a matrix with
dimensions the same as the starting spectral matrix)
that gives each spectral point a score. Negative values
indicate that the point is influenced by clutter; positive
values indicate that it has an atmospheric signal, and
near-zero values indicate that the point is part of the
noise floor of the spectrum. At each spectral point
where the score is negative, the spectral value is re-
placed by a random noise value determined from the
noise characteristics of the original spectrum. The re-
sulting spectrum is then used for the moment’s estima-
tion.

As an example, in Fig. 1 we show the time-height
cross section of range corrected signal-to-noise ratio
(SNR) obtained by the 915-MHz radar for one of the
days under observation (1 June 2002). On that day our
postprocessing fuzzy logic algorithm outperforms the













































