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Abstract. An algorithm to compute atmospheric humidity
high-resolution profiles by synergetic use of Microwave Ra-
diometer Profiler (MWRP) and Wind Profiler Radar (WPR)
is illustrated. The focal point of the proposed technique is
based on the processing of WPR data for estimating the po-
tential refractivity gradient profiles and their optimal combi-
nation with MWRP estimates of potential temperature pro-
files in order to fully retrieve humidity gradient profiles. The
combined algorithm makes use of recent developments in
WPR signal processing, computing the zero-th, first, and sec-
ond 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 neu-
ral network to brightness temperatures, measured by a mul-
tichannel MWRP, can provide continuous estimates of tro-
pospheric temperature and humidity profiles. Performance
of the combined algorithm in retrieving humidity profiles is
compared with simultaneous in situ radiosonde observations
(RAOB). The empirical sets of WPR and MWRP data were
collected at the Atmospheric Radiation Measurement (ARM)
Program’s Southern Great Plains (SGP) site. Combined mi-
crowave radiometer and wind profiler measurements show
encouraging results and significantly improve the spatial ver-
tical 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

The role of ground-based remote sensors in boundary layer
research is nowadays well established due to the ability of
remote sensors to monitor important meteorological param-
eters continuously in height and time (Strauch et al., 1984).
Monitoring of humidity profiles in the lower troposphere has
been one of the main goals of recent meteorological research
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due to its importance for atmospheric dynamics and micro-
physics. To this aim both passive and active remote sens-
ing 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 to
evaluate the capability of these instruments to remotely mea-
sure derived meteorological quantities when a sensor synergy
is possible (Stankov, 1998). An appealing application of this
concept to the retrieval of high-resolution atmospheric hu-
midity profiles is the synergetic use of ground-based instru-
ments only, such as either a combination of radar wind pro-
filers and Global Position System (GPS) receivers or either a
combination of radar wind profilers and microwave radiome-
ters (Gossard et al., 1999; Bianco et al., 2003). In particular,
the latter approach has significant potential due to the profil-
ing capability of both sensors and the possibility to estimate
the atmospheric state in terms of wind, humidity, tempera-
ture and cloud liquid structures. The synergy between wind
profilers and microwave radiometers can exploit recent ad-
vances in their respective processing techniques. This aspect
is fairly crucial when combining different sensors as the me-
teorological estimates are affected by the error structure of
both sensors.

For what concerns the Wind Profiler Radar (WPR), most
atmospheric boundary layer parameters currently obtained
by Doppler remote sensing system are derived from the first
three moments of the measured Doppler spectra (Gossard et
al., 1982, 1998). As a matter of fact, radar signals at most
sites often show contamination from other sources, which
includes, and is not limited to, ground clutter, intermittent
clutter, radio frequency interference, and sea clutter. For the
wind, signal-processing techniques have been developed to
isolate the true atmospheric signal within the measured spec-
tra (Wilczak et al., 1995; Cornman et al., 1998; Jordan et
al., 1997). To obtain accurate moments for the desired atmo-
spheric spectral peak, it is worth using and testing an algo-
rithm that makes use of recent developments in wind profiler
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Fig. 1. Upper panel: Time-height cross section of range-corrected SNR obtained by the standard procedure for 1 June 2002 at the ARM
Southern Great Plains (SGP) site. Lower panel: Time-height cross section of range-corrected SNR obtained by fuzzy logic for the same time
period.

radar signal processing, computing the zeroth, first, and sec-
ond moments of wind profiler radar Doppler spectra via a
fuzzy logic method (Bianco and Wilczak, 2002), which pro-
vides quality control of radar data in the spectral domain. To-
ward the aim of retrieving high-resolution humidity profiles
in a combined sensor approach, the zeroth, first, and sec-
ond moments, computed by the fuzzy logic algorithm, can
be employed to compute the structure parameter of potential
refractivity, the horizontal wind, and the structure parame-
ter of vertical velocity, respectively (Stankov et al., 2003).
The quantities , , and can then be properly used together to
retrieve the potential refractivity gradient profiles.

Concerning the exploitation of a multi-channel Microwave
Radiometer Profiler (MWRP), it is well established that
MWRP can provide fairly accurate tropospheric water vapor
and temperature profiles when operating in the 20–60 GHz
(Westwater, 1993; Solheim and Godwin, 1998; Güldner
and Sp̈ankuch, 2001; Liljegren, 2004). Both statistical and
neural-network approaches can be used to retrieve atmo-
spheric profiles by coupling radiosonde profile archives and
radiative transfer models (Schroeder and Westwater, 1991;
Güldner and Sp̈ankuch, 2001; Solheim et al., 1998). Sig-
nificant improvements in radiometric retrieval accuracy and
resolution can be obtained with elevation scanning or with
recent developments in forward modeling (Liljegren, 2004).
The calibration of MWRP is an issue to be carefully con-
sidered as well (Han and Westwater, 2000; Cimini et al.,
2003). In a combined sensor perspective, microwave ra-
diometer data can be used to estimate the potential tempera-
ture gradient profiles.

As a final step of a combined retrieval technique, pro-
files of potential refractivity profile, derived from WPR, and
potential temperature profile, derived from MWRP, are suf-
ficient to fully estimate humidity gradient profiles, as sug-
gested by Stankov et al. (1996). It is worth mentioning that
the advantage of such a synergetic humidity retrieval tech-
nique is to increase the vertical resolution of ground-based
microwave radiometers, without loosing the high accuracy
they can provide for integrated values, and to be completely
independent from radiosonde observations. Simultaneous ra-
diosonde observations can be used just as a comparison to
check the improvements brought by the combined algorithm
in retrieving humidity profiles.

The aim of this work is to set up a combined algorithm
exploiting WPR and MWRP measurements, following the
approach described above.

2 Sensors and data

The empirical sets of WPR and MWRP data were collected at
the Atmospheric Radiation Measurement (ARM) Program’s
Southern Great Plains (SGP) site, Oklahoma, USA (latitude:
36◦37′ N, longitude: 97◦30′ W, altitude: 313 m ASL). The
time span of simultaneous measurements covers more than
one year, but in this work we focused on few case studies.
Particularly, we considered days 1, 3, 6, 7, and 17 June 2002.
An extensive analysis, concerning the whole data set, is also
under consideration and will be a topic of future works.

The Wind Profiler Radar is a 915 MHz five-beam man-
ufactured by Radian Corp. It operates by transmitting
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Fig. 2. Upper panel: Time-height cross section of temperatureT . Central panel: Time-height cross section of absolute humidity Q. Lower
panel: Time-height cross section of potential temperatureθ . Profile of θ is estimated from profiles of T and P which are retrieved from
MWRP measurements for 1 June 2002 at the ARM Southern Great Plains (SGP) site.

electromagnetic energy into the atmosphere and measuring
the strength and frequency of backscattered energy. It con-
sists of a single-phased microstrip antenna array consisting
of nine “panels”. The antenna is approx 4 m square and is
oriented in a horizontal plane so the “in-phase” beam travels
vertically. The used mode sampled the boundary layer from
90 m to 2500 m height in the vertical, using only a 60 m res-
olution. A fuzzy logic is used to compute the first three mo-
ments of the radar Doppler spectrum (details can be found in
Bianco and Wilczak, 2002).

As an example in Fig. 1 we show the time-height cross
section of range corrected SNR obtained by the 915 MHz
radar for one of the days under observation (1 June 2002).
The upper panel shows the results for the time-height cross
section of range corrected SNR obtained by the standard pro-
cedure which performs the atmospheric peak detection using
the method of Strauch et al. (1984), in which no fuzzy logic
is involved, while the lower panel shows the results obtained
by the second procedure that uses the post processing fuzzy
logic algorithm.

The multichannel microwave profiler is a frequency syn-
thesized radiometer (Solheim and Godwin, 1998), manufac-
tured by Radiometrics (TP/WVP-3000). It observes atmo-
spheric brightness temperature (Tb) at twelve frequencies
in a region of the microwave spectrum that is dominated
by emission of atmospheric water vapour, cloud liquid wa-
ter, and molecular oxygen. By observing radiated power at
selected frequencies in this region, the temperature, water
vapour and cloud liquid profile can be estimated (Ware et
al., 2003). Observation frequencies (22.035, 22.235, 23.835,

26.235, 30.00, 51.25, 52.28, 53.85, 54.94, 56.66, 57.29,
58.80 GHz) were chosen through eigenvalue analysis to op-
timize profile retrieval accuracy (Solheim et al., 1998).

For one of the days under observation (1 June 2002), the
time-height cross section of temperatureT (K) (top panel),
absolute humidity Q (g Kg−1) (central panel), retrieved by
the MWRP, are presented in Fig. 2. We also show the time-
height cross section of potential temperatureθ (K) (lower
panel) as derived from the MWRP observations. We show
only the first 2500 m in order to match the WPR vertical
range and thus compare with Fig. 1.

3 Synergy between radar wind profiler and radiometer

The theory used for the retrieval of humidity profiles is well
explained in Stankov et al. (2003) and will be briefly recalled
here. Following Gossard et al. (1995), we define potential
refractivityφ as:

φ =
77.6pr

θ

(
1 +

7.73Q

θ

)
(1a)

where Q is the specific humidity in g/Kg, and

θ = T
(
pr

/
p
)0.286 (1b)

is the potential temperature, andpr is the reference pressure.
The linearized equation for small perturbations ofφ is (Gos-
sard et al., 1995):

dφ =
∂φ

∂θ
dθ +

∂φ

∂Q
dQ (2)
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Fig. 3. Day 7 June 2002, 23:30. Upper panel: hourly radar-obtained vertical profiles for: (a)C2
φ , (b) C2

w, and (c) (dVh/dz)2. Lower panel:
(d) hourly radar-obtained vertical profiles fordφ/dz, (e) dθ /dz obtained from microwave radiometer measurements, (f) retrieved humidity
gradient profilesdQ/dzobtained from the combination ofdφ/dzanddθ /dzwith the use of Eq. (4).

where:

∂φ
∂θ

= −
77.6pr

θ2

(
1 + 15.46Q

θ

)
≡ −a0,

∂φ
∂Q

= 77.6pr

(
7.73
θ2

)
≡ b0.

(3)

In this work a0 andb0 are estimated from vertical profiles
of Q and θ as respectively measured and retrieved by the
MWRP. Their values are found to be constant, as already
predicted by Gossard et al. (1982) within the vertical range
of interest, and particularlya0=1 andb0=6, for this data set.
From Eq. (2):

dQ

dz
= (b0)

−1
[
dφ

dz
+ a0

dθ

dz

]
(4)

which gives the vertical profile of humidity gradient as a
function of vertical profiles of potential refractivity and po-
tential temperature gradients. By integrating the vertical pro-
file of dQ/dzwe can therefore compute the vertical profile of
Q. In our approach we constrain the value ofQ at the first
level of the profile to be equal to the MWRP retrieval at the
same level. Moreover, the profile ofQ is scaled in order to
match the MWRP water vapor content, integrated up to the
maximum height reached by the WPR measurement.

Considering the given definition of the potential temper-
atureθ , we can estimate this quantity and its vertical gra-
dient by using the temperature profile as retrieved by the
MWRP together with the measurements of surface pressure
and a prediction of the atmospheric scale height. Gossard et
al. (1982, 1998) found that for homogeneous isotropic turbu-
lence in a horizontally homogeneous medium with vertical

gradients of mean properties, the vertical gradient of poten-
tial refractivity is:

(
dφ

dz

)2

≈

(
Lw

Lφ

)4/3
(

dVh

dz

)2 (
Cφ

Cw

)2

(5)

whereVh is the horizontal wind,C2
φ is the structure parame-

ter of potential refractivity, andC2
w is the structure parameter

of vertical velocity. Callingε the turbulent dissipation rate,
thenC2

w = Bwε2/3, whereBw=4/3BandB=2.1 is the Kol-
mogorov constant.Lφ andLw are the outer length scales for
potential refractive index and shear defined in Gossard et al.
(1982).

Note that in Eq. (5) we have the squared vertical gradi-
ent of potential refractivity, which therefore cannot be re-
solved unambiguously. Stankov et al. (2002) determined the
sign of the radar-obtaineddφ/dzby using radiosonde obser-
vations. In our approach we are able to compute the same
quantity from Eq. (1), using microwave radiometer estimated
profiles ofQ andT , leaving our retrieval of vertical humid-
ity profiles being completely independent from radiosonde
measurements. Radar obtained values ofdφ/dz are derived
combiningVw, C2

φ andC2
w, which are respectively related

to the first, zero-th, and second moments calculation of the
radar-derived spectra acquisitions.

The quantityVw is obviously related to the estimation of
the first moment (Doppler shift) in the spectral data. Vertical
profiles of its gradient are computed using values of horizon-
tal components collected in the consensus files by the wind
profiler.
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Fig. 4. Day 6 June 2002, 23:30. (a) Hourly vertical profiles fordφ/dz as measured by radiosonde (solid grey line), estimated by MWRP
(dotted line), and computed with the use of Eq. (5) (solid black line); (b)dθ /dzas measured by radiosonde (solid grey line) and estimated by
MWRP (dotted line); (c) hourly vertical profiles for dQ/dz as measured by radiosonde (solid grey line), estimated by MWRP (dotted line),
and computed with the combined technique (solid black line); (d) retrieved humidity vertical profiles (Q) obtained from the integration of
dQ/dz in (c).

The quantityC2
φ is related to the structure parameter of re-

fractive indexC2
n (Gossard et al. 1982) through the relation:

C2
φ = e1.428z/H C2

N (6)

where H is the scale height,C2
N = C2

n 1012 from definition,
andN = (n−1)106 (known as radio refractivity). Therefore,
C2

φ is related to the estimation of the zero-th moments of the
spectral data in accordance with (Stankov et al., 2003):

C2
n =

1.54× 10−13T0

α2PtncAp

λ
1/3

(
R

1R

)2

6 (7)

In this equationT0 (system noise temperature),α2 (which
accounts for the losses in the transmission line),Pt (trans-
mitted power),nc (the number of coherent integrations),Ap

(physical antenna area),λ (radar wavelength),R (range to
the target),1R (range resolution) are all known, and6 is the
Signal-to-Noise Ratio estimated from the spectral data.

The quantityC2
w is related to the second moment of the

radar-obtained spectra when only the vertical beam is work-
ing. C2

w is in fact related to the turbulent dissipation rateε,
which is in turn determined through the correct estimation
of the broadening of the spectrum as pointed out by Gossard
(1990) and White et al. (1999).

Figure 3 shows a summary of the variables used in the
retrieval of humidity gradient profiles and the result of their
combination using Eq. (4) for the case of 7 June 2002, 23:30.

4 Case studies

In this section we analyze some measurements collected dur-
ing June 2002 at the ARM SGP site in order to validate the
technique shown in Sect. 3. The data we were able to access
were collected by a MWRP and a WPR, which have been
introduced, together with the respective retrieval techniques.
Also, radiosonde balloons were launched at the same site ev-
ery 6 h.

In Fig. 4 we present results relative to the case study of
6 June 2002, 23:30 (GMT). Upper panels show profiles of
vertical gradients of potential refractivitydφ/dz and verti-
cal gradients of potential temperaturedθ /dzas measured by
radiosonde (solid grey line) and estimated by MWRP (dot-
ted line). In the upper left panel we show in addition the
profile of dφ/dz as computed with the use of Eq. (5) (solid
black line) with the sign ambiguity solved looking at the mi-
crowave radiometer estimates ofdφ/dz profile. As antici-
pated, this approach leaves the technique being completely
independent from radiosonde measurements. As expected,
the vertical resolution achieved by MWRP is much lower
than the one of the radiosonde for what concerns bothdφ/dz
and dθ /dz profiles. Although, coupling WPR and MWRP
measurements, we significantly increase the vertical resolu-
tion of dφ/dz. Moreover, looking at upper panels we point
out that values ofdθ /dz are about one order of magnitude
smaller than values ofdφ/dz, and thus of second order with
respect todφ/dz in Eq. (4). In the lower left panel are shown
profiles of the vertical gradient of absolute humidity (dQ/dz)
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Fig. 5. As in Fig. 4, but for 7 June 2002, 23:30.

as measured by radiosonde (solid grey line), estimated by
MWRP (dotted line), and obtained by the combination of
dφ/dzanddθ /dzas described in Eq. (4) (solid black line). Fi-
nally, in the lower right panel are shown profiles of absolute
humidity (Q), as measured by radiosonde (solid grey line),
retrieved by MWRP (dotted line) and obtained by integrat-
ing dQ/dzprofile retrieved by the combined technique (solid
black line).

Note that, as already introduced, the value ofQ at the first
level of the profile and its integrated value up to the maxi-
mum height reached by WPR measurements are constrained
considering equivalent quantities estimated by MWRP, in or-
der to make the most of the well established accuracy for
integrated contents retrieval by microwave radiometry. The
vertical profile ofQ derived with the combined technique
seems to correct for the artifact shown by the MWRP esti-
mate between 600 and 1200 m (height) and to follow bet-
ter the trend shown by the radiosounding. Although, differ-
ence in the radiosonde and MWRP humidity sensor measure-
ments in the first level, leads to a bias which remains present
along the entire vertical range. This bias might be related
to error in the radiosonde humidity sensor. Indeed, Turner
et al. (2003) analysed an ensemble of six-year ARM SGP
radiosondes (1994-2000), and found differences of greater
than 25% in PWV, when considering data from dual-sonde
soundings. Since September 2000, the operational radioson-
des deployed at ARM SGP belongs to a new generation pack-
aging, which is supposed to increase the quality of humidity
measurements (Cimini et al., 2002), although a systematic
analysis is still under study.

Figure 5 presents the same plots of Fig. 4, but for the case
study of 7 June 2002, 23:30. The lower right panel shows

that the combined technique better catches the sharp humid-
ity drop measured by radiosonde, although there is a vertical
shift of about 100 m, as also revealed by the vertical pro-
files of dQ/dz in the lower left panel. However, as shown
by Bianco et al. (2003), the height of the peak in the WPR-
MWRP dQ/dz profile is consistent with the fact that the re-
fractive index structure parameter C2

n presents a local max-
imum at the entrainment zone at some 1650 m (height) for
the same hour. Thus, the vertical shift between the two mea-
surements might be related to horizontal drift of the balloon
rather than to a displacement of the combined technique es-
timate.

5 Summary and conclusions

In this paper we presented a technique for improving resolu-
tion and accuracy of atmospheric humidity profiling based on
the combination of passive and active remotely sensed mea-
surements. The method relies on the relationship between
the gradients of the absolute humidity, potential refractivity,
and potential temperature as described by Eq. (4) (Stankov et
al., 2002). The described approach has the advantage that it
is independent from in situ measurements, although we com-
pare with radiosoundings for validation purposes. Indeed,
we derive the potential refractivity gradient from Wind Pro-
filer Radar (WPR) data, while potential temperature gradient
is estimated from multichannel Microwave Radiometer Pro-
filer (MWRP) observations.

The empirical set of data was collected during June 2002
at the Atmospheric Radiation Measurement (ARM) Pro-
gram’s Southern Great Plains (SGP) site in Oklahoma, USA.
The WPR is a 915 MHz five-beam manufactured by Radian
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Corp., while the MWRP is a 12-channel manufactured by
Radiometrics. We post processed the raw measurements
from the two instruments using recent developments in data
analysis including fuzzy logic (Bianco and Wilczak, 2002;
Cornman et al., 1998) and neural networks (Solheim et al.,
1998).

We focused our attention on some case studies although an
extensive analysis, concerning the whole data set, is under
consideration. For cases during June 6, 7, and 17 (Figs. 4,
5, and 6) we showed that the combined technique is able
to capture sharp gradients in the absolute humidity profiles,
enhancing the vertical resolution of the MWRP estimates,
as demonstrated by the comparison with simultaneous ra-
diosoundings. Moreover, the absolute humidity profiles re-
trieved with the combined technique keep the well known
accuracy of microwave radiometry for integrated water va-
por content, as we used this information as a constraint. The
use of WPR by itself, or in combination with a Radio Acous-
tic Sounding System (RASS) for potential temperature esti-
mates, would not guarantee this advantage. Even adding a
GPS receiver, it would provide the total, not the partial, in-
tegrated water content. However, an array of GPS receivers
could provide humidity vertical structure by tomography, as
discussed by MacDonald et al. (2002).

The proposed technique has the limit to work better dur-
ing well developed convection periods, when the turbulence
is well developed. This explains why case studies analyzed
in this work happened all around 22:00 GMT. However, even
limiting our sample to these hours, we experienced several
unsatisfactory cases in which the combined technique did
not outperform MWRP estimates. In a deeper analysis, not
shown here, we found out that the use of vertical gradients of
the horizontal wind as computed by standard consensus algo-
rithms strongly influences the quality of the humidity profile
retrieval. We think that generating consensus files from the
raw moments data, as computed on the post-processed spec-
tra, could limit this undesired aspect.

Possible improvements of the proposed technique concern
both data processing and experimental setup. On the first
side, we could use a statistical, rather than analytical, ap-
proach to derive the absolute humidity profile from the re-
mote observations (Stankov, 1998). Although other investi-
gators (Gossard et al., 1999) found a good agreement com-
paring the two methods, the statistical approach provides
tools for making the estimate possibly more robust. On
the other hand, we have to consider that the present exper-
imental setup was not designed for this purpose, and much
shrewdness could be adopt for the purpose. As pointed out
by Stankov et al. (2002), the more powerful 449 MHz radar
system performs better than the 915 MHz one, due to its nar-
rower beam. Also, by increasing the number of points in the
spectral domain of the WPR acquisition, we would obtain a
better resolution on the vertical radial velocity computation
which could improve the retrieval of the structure parameter
of vertical velocity. Further improvements might come from
the optimization of other settings, such as the dwell time.

In order to quantify the improvements brought by the com-

bined technique, an extensive validation on a larger data
set must be performed and is under consideration. Finally,
ground-based MWRP estimates of temperature and humidity
profiles could be further improved by coupling these mea-
surements with those available from other sensors, such as
satellite radiometers and ground-based Raman lidars.
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