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ABSTRACT

For many years, mesosphere–stratosphere–troposphere (MST) radar techniques have been used for studying
the structure and dynamics of the lower and middle atmosphere. In particular, these instruments are unique tools
for continuously monitoring vertical and horizontal components of the atmospheric wind at high spatial and
temporal resolutions. From the very beginning, many studies have been carried out analyzing the reliability of
the MST radar wind measurements and their accuracy. However, until now, very few studies have been presented
confirming the high performances of the VHF Middle and upper Atmospheric (MU) radar of Japan (358N, 1368E)
for measuring the wind field. The present paper thus gives original comparisons between horizontal velocities
measured by MU radar and by instrumented balloons using global positioning system (GPS) radiosondes. Twelve
radiosondes were successfully used during the French–Japanese MU Radar Temperature Sheets and Interfer-
ometry (MUTSI) campaign (10–26 May 2000, Japan). They were launched about 30 km westward from the
radar site, hung below capesphere-type balloons. During the campaign, two sets of radar parameters with oblique
beams directed 108 and 158 off zenith at 150-m and ;2-min resolutions were used. For both configurations, a
very good agreement between the two kinds of measurements was found, indicating that both wind profiles are
not affected by systematic measurement biases. Moreover, the standard deviation of the differences is less than
2.6 m s21 using all radar data within a range height of 2–20 km and less than 1.5 m s 21 for a radar signal-to-
noise ratio larger than 0 dB in oblique directions and a horizontal radar-balloon distance smaller than 50 km.
Two cases of significant differences (10–15 m s21) around the jet-stream altitude could qualitatively be explained
by spatial and temporal variability of the wind field during the passage of a warm front.

1. Generalities

Originally, the stratosphere–troposphere (ST) radars
were mainly dedicated to wind measurements in order
to be complementary to routine meteorological rawin-
sondes. That is why the terminology ‘‘wind profiler’’ is
also used, in particular for operational UHF radar net-
work systems (e.g., Chadwick 1985). The major strength
of these instruments is their capability to continuously
monitor the wind speed and direction at high spatial and
time resolutions. Typically, these resolutions are several
hundred meters and several minutes or less, respectively.
Different radar techniques have been developed for
measuring the winds using either several beams (usually
3 or 5) and a single transmitting–receiving antenna array
(Doppler technique) or a single vertical beam with more
than 3 antenna arrays [spaced antenna (SA) techniques].
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These techniques are a priori more or less influenced
by aspect sensitivity at VHF (i.e., enhancement of the
echo power around the zenith due to backscattering from
anisotropic refractive index irregularities), gravity wave
effects, and temporal and spatial intermittency of the
Bragg scatterers within the radar scattering volume. The
reader can refer to Hocking (1997a) for a recent review
on the topic.

Large efforts have also been put forth to test the re-
liability and the accuracy of the different radar tech-
niques. In the present paper, we will not dwell on this
aspect for SA techniques, since the present comparisons
have only been performed with radar data obtained with
the Doppler technique. Tsuda et al. (1986) found that
the radar oblique beams must be tilted at least 108 off
zenith in order to avoid the aspect sensitivity effect with
the middle and upper atmosphere (MU) radar. Indeed,
an underestimate of the velocity can arise when radar
beams are tilted close to the zenith because of an ef-
fective zenith angle resulting from the convolution of
the antenna gain pattern and the zenith angle depen-
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TABLE 1. A nonexhaustive list of previous comparisons between ST radar and rawinsonde wind measurements.

Author Radar Res.a (m) HRb (km) NC c

Eckund et al. (1979)
Chang (1980)
Crane (1980)
Fukao et al. (1980)
Fukao et al. (1981)
Fukao et al. (1982)
Larsen (1983)
Kato et al. (1986)
Weber and Wurtz (1990)
Astin and Thomas (1992)
Hocking (1997b)
Kishore et al. (2000)

Poker Flat (49.9 MHz)
Chatanika (1290 MHz)
(415 MHz/1320 MHz)
Arecibo (430 MHz)
Jicamarca (49.9 MHz)
Arecibo (430 MHz)
Poker Flat (49.9 MHz)
MU (46.5 MHz)
UHF (915 MHz)
Aberystwyth (46.5 MHz)
Clovar (40.68 MHz)
Gadanki (53 MHz)

2200
750

337/194
600

2000–3000
600

Unknown
150
450
600

1000
150

6–19
4–14

ø2–20
11–28

ø20–30
10–30

ø4–17
2–23

ø1–9
2–16
2–8

ø3.6–21

2
12

1
1
4

26
.60

8
.1000

.22
29
60

a Radial resolution of the wind profiler.
b Height range used for the comparisons.
c Number of comparisons presented in the papers.

dence of the reflectivity (Röttger 1981). Moreover, very
thin scattering layers compared to the range resolution
can also produce false wind shears (e.g., Fukao et al.
1988). Because of these potential sources of errors, it
is reasonable to wonder how accurate MST radars are
for wind measurements.

Comparisons with in situ measurements by balloons
have been carried out from the very beginning of the
MST radar development. A nonexhaustive list of papers
related to wind comparisons between rawinsondes and
ST UHF/VHF radars is given in Table 1. The compar-
isons are not easy to interpret because the measurement
techniques are very different. For example, the radar
gives an Eulerian estimate of the wind vector integrated
in volume and in time over all altitudes simultaneously
and at a given location, while the balloon gives a La-
grangian value at various altitudes, at different times,
and at different positions. However, the comparisons
performed with routine meteorological rawinsondes as
those mentioned in Table 1 are generally ‘‘fairly good’’
to ‘‘good,’’ indicating that the radar wind measurements
are meaningful and can be used for meteorological ap-
plications. An interesting review of comparisons of
winds measured by radar and balloons is given in Table
5 of Kishore et al. (2000). One of the most exhaustive
works was presented by Weber and Würtz (1990). The
authors gave statistics on data collected over many
months with a 915-MHz wind profiler. After removing
aberrant values produced by various interferences, they
found a standard deviation of the difference between
the winds measured by radar and rawinsondes of 2.5 m
s21. However, these results were obtained for measure-
ments up to ;9 km with a 450-m radar range resolution
and with a radar frequency, which is not a priori con-
cerned by aspect sensitivity. As emphasized by many
authors, the largest discrepancies are often attributed to
spatial and temporal inhomogeneity of the wind field.
Indeed, the launching site of the balloons is sometimes
very far from the radar (typically 50 km or more), and
the distance of the balloon during the flight can be much

larger. Especially during disturbed meteorological con-
ditions, such as the passage of a meteorological front
or in regions with mountains, significant differences of
several 10 m s21 between the two profiles can occur
without any particular measurement bias in either tech-
nique. Strauch et al. (1987) and Pauley et al. (1994)
studied the beam-to-beam consistency and accuracy of
the wind measurements. The latter authors also com-
pared these measurements with the results of the Na-
tional Meteorological Center’s regional analysis system
and found standard deviations of the difference between
the wind components of 2.2 m s21 typically.

Kato et al. (1986) presented comparisons of the winds
measured with the MU radar (Shigaraki, 348519N,
1368069E) operating at 46.5 MHz with those measured
by rawinsondes launched at meteorological stations and
especially at Shionomisaki (338309N, 1358509E), locat-
ed at about 170 km from the radar site (see Fig. 1). The
authors showed a very good agreement in wind direc-
tion. However, some noticeable differences (up to about
40 m s21) appeared in speed, with a systematic under-
estimate of the radar measurement when the difference
occurred. In addition to the inhomogeneity of the wind
field, this systematic underestimate may also be due to
biases resulting from aspect sensitivity effects not re-
ported by Tsuda et al. (1986) at 108 off zenith but argued
by Astin and Thomas (1992), Hocking (1997b), Cam-
pistron et al. (1999), or Kishore et al. (2000) at smaller
or larger tilt angles. The latter authors have recently
performed statistics on wind velocities measured by bal-
loons and the Indian MST radar and found a systematic
underestimate of the wind measured by radar. The au-
thors attributed this bias to an aspect sensitivity effect
in spite of a radar beam tilted 208 off zenith.

Thus, complementary observations seemed to be nec-
essary for confirming the high performances of the MU
radar to measure the wind with the Doppler mode. In
this paper, we show new comparisons of tropospheric
and stratospheric winds measured by the MU radar and
instrumented balloons. These comparisons are original,
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FIG. 1. (top) Positions of the MU radar observatory and meteo-
rological stations located around the MU radar. (bottom) Trajectories
of the 12 balloons used during the MUTSI campaign without failure
of the GPS wind measurements. The trajectories of the 4 GPS pilot
balloons and 8 MUTSI balloons are given in dashed and solid lines,
respectively.

since they have been performed with global positioning
system (GPS) Väisälä radiosondes (RS80G) hung below
capesphere balloons (Barat and Villayes, 1998). The
observations have been carried out during the French–
Japanese measurement campaign called MUTSI (MU
radar temperature sheets and interferometry) during 10–
26 May 2000. This campaign resulted from a collabo-
ration between the Radio Science Center for Space and
Atmosphere (RASC) of Kyoto University (Japan), La-
boratoire de Sondages Electromagnétiques de
l’Environnement Terrestre (LSEET) of Toulon-Var Uni-
versity (CNRS, France), and Service d’Aeronomie (SA)
of Paris VI University (CNRS, France). It consisted of
launching instrumented balloons developed by SA near

the MU radar. The main objective was to collect ultra-
high vertical resolution (about 8 cm) temperature pro-
files close to the MU radar operating in different modes
(Doppler beam scanning, spatial and frequency domain
interferometry). Different radar datasets were then col-
lected during the balloon flight periods for different
kinds of studies. In particular, the comparisons of the
datasets are expected to give us more information on
the origin of aspect sensitivity of the VHF radar echo
power assumed to be produced by temperature sheets
(very thin layers with steep temperature gradients) al-
ready observed by Dalaudier et al. (1994) in the free
atmosphere. We also expect to obtain more details on
the spatial and temporal structure of the stable sheets,
their relationship with the ‘‘classical’’ turbulence and
with the phenomena at larger scales, such as internal
gravity waves. A more detailed description of the bal-
loon equipment and experimental setup will be given
in a subsequent work. In the present paper, we will
restrict the description of the experiment to the purpose
of the study.

Thus, in section 2, the experimental setup is first brief-
ly described, and the comparison results and statistical
analyses are described in section 3. The origin of no-
ticeable differences between both measurements for two
flights are discussed and accounted for in section 4.
Comparisons with routine rawinsondes from surround-
ing meteorological stations (including Shionomisaki)
are also shown in section 5 for interpretation of the
results obtained with the MU radar by Kato et al. (1986).
Finally, conclusions of this work are given in section 6.

2. Experiment description

a. Balloon experimental setup

The balloon launching site was located about 30 km
westward from Shigaraki, within the Bayryo Junior
High School of Kyootanabe (348469N, 1358479E) (Fig.
1). This place was chosen after a climatological study
of the winds over the MU radar areas (in May) over the
last 10 yr for maximum likelihood that the balloons
would drift over the radar at altitudes close to the tro-
popause.

1) GPS RADIOSONDES

Ten ‘‘capesphere’’ balloons (see below) carrying in-
strumented gondolas dedicated to ultra high-resolution
temperature measurements were launched during night
periods between 0000 LT (local time) and 0400 LT.
Dates and times of the measurements are given in Table
2. The high-resolution instrumentation, developed by
SA, will not be discussed here. Such a gondola (here-
after called MUTSI gondola) transmits data through a
Väisälä RS80G radiosonde, which also provides pres-
sure, temperature, humidity (PTU), and wind velocity
measurements using the GPS navigation system. The
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TABLE 2. Information on the balloons launched during MUTSI
campaign.

Index
num-
ber Day

Time
(LT) GPS BAa (km) MDb (km) Ac (km)

M1
M2
M3
M4
M5
M6
M7
M8
M9
M10

13
15
16
19
21
21
22
24
25
26

0040
0012
0220
0014
0006
0258
0034
0107
2311
0220

Yes
Yes
Yes
Yes
Yes
Yes
Nod

Nod

Yes
Yes

25.70
28.30
20.43
20.70
19.31
25.67
24.50
27.05
25.98
20.06

10.5
5.5

10.5
1.0
5.5
1.8

19.4
15.8

8.3
8.5
8.4
9.9
8.1
7.1

14.3
14.1

G1
G2
G3
G4

10
12
14
25

2230
2145
2126
0005

Yes
Yes
Yes
Yes

16.55
16.75
19.20
18.92

28.7
10.8

6.8
20.4

8.5
8.1
8.6

12.7

a Burst altitude (BA) of the balloon.
b Minimum horizontal distance (MD) between MU radar and bal-
loon.
c Altitude A of the balloon corresponding to MD.
d GPS receiver trouble.

radiosonde retransmits the position messages from GPS
satellites down to the ground equipment (400 MHz Väis-
älä Digicora receiver), where the comparison with mes-
sages received from the same satellites on the local GPS
antenna (actually located on the roof of the school) pro-
vides the relative velocity of the gondola expected to
be close to that of the air mass in which the balloon is
embedded. This velocity is sampled at 2 Hz and pro-
cessed by the receiver software in order to produce a
smoothed wind velocity ‘‘profile’’ with a sampling time
of 10 s. The software is able to handle missing data
(due to temporary bad reception conditions) and applies
a smoothing to the raw velocity measurements in order
to filter out spurious motions of the radiosonde, such as
pendulum motion for example, and to reduce the mea-
surement noise. This ‘‘edited’’ velocity profile is thus
assumed to be representative of the wind conditions at
the balloon level and its vertical resolution is about 50
m (for a typical ascent velocity of 5 m s21).

Four RS80G radiosondes were also launched (without
MUTSI gondolas) with smaller capesphere balloons (see
Table 2 for date and time). These balloons were initially
dedicated to measure the wind profile in order to predict
the trajectory of the MUTSI gondola launched about 2
h later. Such a trajectory prediction was motivated by
safety considerations in order to avoid possible descent
of the gondolas within densely populated areas. How-
ever, after an initial test period, these pilot balloons were
replaced by trajectory calculations based on the MU
radar wind profiles, which provided equivalent accu-
racy, as is shown in the present paper.

2) CAPESPHERE BALLOONS

We call capesphere a conventional meteorological
(rubber) balloon covered with an extended polyethylene

cape (similar to a long ‘‘bag,’’ several micrometers thick
and 7 m long). This cape was first used by Barat and
Villaeys (1998) in order to reduce the self-induced mo-
tions of conventional meteorological balloons. Accord-
ing to these authors, the capesphere is a better wind
sensor during its ascent than conventional balloons. The
horizontal velocities deduced from GPS measurements
are then representative of the atmospheric motions for
all vertical scales larger than 100 m. Moreover, the dras-
tic decrease of the balloon erratic motions also reduces
the amplitude of any angular jitter induced on the vane-
oriented MUTSI gondola, thus improving the quality of
high-resolution measurements of the atmospheric tem-
perature fluctuations. The cape was fixed at the upper
pole of all rubber balloons. The MUTSI gondolas were
hung 100 m below the balloons in order to get a suitable
ventilation of the high-resolution thermometers and to
avoid the turbulent wake induced by the balloon itself
(Barat et al. 1984). In the case of pilot balloons, radio-
sondes were hung at various distances (from 10 to 30
m).

b. Radar experimental setup

During GPS pilot balloon flights, the MU radar was
operated in the standard observational mode (hereafter
called ‘‘STD’’ mode) used every month by the Radio
Science Center for Space and Atmosphere (RASC) for
climatology studies. It consists of a 5-beam Doppler
mode giving measurements from 0.15 km up to a 24.15-
km distance at 150-m range resolution. In fact, the low-
est observable height in STD mode is 2.1 km due to
the receiver recovery time. The beams are steered every
interpulse period (IPP) in vertical and at 108 from zenith
toward north, east, south, and west. A wind profile is
obtained every ;1 min. A first observational mode al-
lows us to collect data from 5.1 to 24.15 km and a
second one from 0.15 to 19.6 km. The composite profile
from 0.15 to 24.15 km is obtained every ;2 min.

During the MUTSI gondola flights, different radar
configurations were used, interleaved with a simulta-
neous Doppler/Spaced Antenna mode, hereafter called
‘‘MUTSI mode,’’ common to all radar measurement pe-
riods. In particular, this observational mode will permit
us to apply Doppler and SA methods for further studies.
The altitudes were sampled from 4.2 to 23.75 km with
a range resolution of 150 m in 5 directions (1 vertical
and 4 oblique beams) steered at 158 from the zenith. In
order to compensate for a possible loss of sensitivity of
the radar in oblique directions due to a larger zenith
angle with respect to the STD mode (158 instead of 108),
a larger number of coherent integration was applied.
Moreover, because the beam was steered after time se-
ries acquisition in each direction, it also theoretically
leads to a better sensitivity of the radar at high altitudes
(see Table 3) in detriment to simultaneous data acqui-
sition in each beam direction. It took ;2 min 10 s for
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TABLE 3. Radar parameters for the MUTSI and STD modes (see
text for details).

Parameter MUTSI STD

Interpulse period (ms)
Subpulse duration (ms)
Range resolution (m)
Ngate
Direction number %*
Zenith angle (8)
Receiving array number
Coherent integration (vertical)
Coherent integration (oblique)
Incoherent integration
Nyquist frequency (Hz, vertical)
Nyquist frequency (Hz, oblique)
Vr aliasing (m s21 vertical)
Vr aliasing (m s21 oblique)
Trecord (s vertical)
Trecord (s oblique)
G (SNR)+ (dB vertical)
G (SNR)+ (dB oblique)
G (D)+ (dB vertical)
G (D)+ (dB oblique)

400
1

150
128

5
15
4

256
128

— (time series)
4.88
9.76

15.72
31.44
26.2
13.1

18.3
15.3
16.8
11.4

400
1

150
161

5
10

1
36
36

6
6.51
6.51

21.0
21.0

58.9 (total)
58.9 (total)

—
—
—
—

* Beam steered after collecting time series in a given direction for
the MUTSI mode.
+ G is the gain of SNR (dB) and detectability (D ) (without inco-
herent integration) with respect to the STD mode observations.

the acquisition of a wind profile, and its calculation was
performed every ;5 min.

Table 3 summarizes the main parameters used for the
STD and MUTSI modes. A statistical analysis of the
results for 108 and 158 zenith angles permitted us to
study the effect of zenith angle on the wind estimates
with the MU radar.

3. Results and statistical analyses

Balloon trajectories during the ascent period from the
ground until their burst height are shown in Fig. 1 for
the 12 flights when the GPS measurements are available.
The balloons took ;70 min to reach ;20-km altitude.
The numbers M1 to M10 and G1 to G4 indicated on
the figure for each trajectory correspond to the flight
names given in Table 2. The maximal and minimal hor-
izontal distances between a balloon and the radar site
during its ascent were less than ;120 and 1 km, re-
spectively. Most of them drifted close over the MU radar
(less than 20 km) in the higher troposphere or close to
the tropopause because of the dominant eastward wind
component.

Figure 2 shows vertical profiles of mean meridional
and zonal components of the winds measured by the
MU radar corresponding to the periods of the 12 suc-
cessful balloon flights (8 launches performed during the
MUTSI mode are shown in Figs. 2a and 2b, and 4
launches during the STD mode are shown in Figure 2c).
The radial velocities used for the horizontal wind es-
timation correspond to the average of the two values
measured with opposite beams. The profiles have been

averaged over about 70 min from the balloon launch
time. Before averaging, each radar profile has been pro-
cessed by using an algorithm, suppressing aberrant val-
ues produced by airplanes and electromagnetic inter-
ferences or absence of signals. This algorithm consisted
of applying simple spatial and time continuity criteria.
A value was considered nonphysical if the wind dif-
ference between two consecutive radar gates was larger
than 5 and 3 m s21 for the MUTSI and STD mode,
respectively. A pair of arbitrary thresholds was used
because of the different radar configurations. Moreover,
each 70-min averaged point of the radar profile has not
been calculated with the same number of points, de-
pending on the presence of outliers or not.

The horizontal bars give the range of the values used
for the average calculation after removing aberrant val-
ues. When the radar signal-to-noise ratio (SNR) is large,
the estimation errors are expected to be much smaller
than the wind variability (Yamamoto et al. 1988). The
horizontal bars thus mainly indicate the variability of
the wind field during this 70-min period for most alti-
tudes. However, a larger variability above ;18 km re-
sults from a low SNR (see, e.g., Fig. 2a) and is then
not representative of the wind fluctuations. It is impor-
tant to note that this variability and thus the mean value
can depend on the algorithm used for suppressing the
aberrant values.

Also shown in Figs. 2a–c are the meridional and zonal
components of the wind measured by the 12 GPS ra-
diosondes (chain of circles). Each profile has been first
resampled at a constant vertical step of 50 m (using a
cubic spline interpolation) and smoothed with a suitable
Gaussian window corresponding to the power radar
weighting function in order to get a 150-m sampling at
the altitudes of the radar gates. Except for flights M9
(where the radar underestimates the jet-stream by 10–
15 m s21), the comparison between the two kinds of
profiles is excellent. The balloon-deduced profiles are
almost always contained within the region defined by
the horizontal bars.

It is extremely noteworthy that even the wavy struc-
tures that clearly appear almost every day, especially in
the meridional wind, are seen by both instruments with
a good coincidence in altitude and amplitude. To our
knowledge, this is the first time that such structures are
so clearly defined by simultaneous balloon and VHF
radar techniques with a 150-m range resolution.

Statistical analyses and discussion

Figures 3 and 4 show statistical analyses for the da-
tasets collected with MUTSI and STD modes, respec-
tively. The data collected during M9 and M10, which
show significant wind differences (ø10–15 m s21), are
not included in Fig. 3 and will be analysed in section
4. Moreover, the measurements between 0.15 and 2.1
km available for the STD mode have not been used
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FIG. 2. (Continued )

←

FIG. 2. (a) Comparisons between the radar (solid lines) and GPS (chain of circles) meridional (bottom) and zonal (top) wind components
for M1, M2, M3, and M4. The horizontal bars indicate the variability (and in some less extent the estimation errors) of the wind data used
for the averaging calculation. (b) Same as (a) for M5, M6, M9, M10 in MUTSI mode. The GPS measurements above ø15 km are not
available for M5. (c) Same as previously for G1, G2, G3, and G4 in STD mode. The results between 0.15 and 2.1 km are shown for
information even if the radar measurements are not reliable. The GPS measurements above ø13.5 km are not available for G3.

because the radar is not reliable within this altitude
range.

First, in Figs. 3a and 4a, the radar-deduced zonal and
meridional wind components are plotted against those
measured by GPS radiosondes. Differences appear when
the points do not lie on the diagonal. These differences
result from a combination of estimation errors, sample
acquisition methods, and spatio-temporal inhomoge-
neities. However, we did not find any systematic bias
in the comparisons, since the linear regression curves
have a slope and intercept very close to 1 and 0, re-
spectively (see Table 4).

The differences between the meridional components
are plotted versus the differences of the zonal compo-
nents in Figs. 3b and 4b. A point at the center of the
graph indicates that there is no difference between both
components. The mean values of the differences are
close to 0: 20.15 and 0.55 m s21 for the zonal com-
ponent in MUTSI and STD modes, respectively, and
0.24 and 20.18 m s21 for the meridional component,

indicating also that the overall datasets are not affected
by instrumental or geophysical biases. Table 4 shows
the standard deviations of the differences of the 2 wind
components are 2.52–2.70 m s21 in MUTSI mode (with-
out M9 and M10) and 1.92–2.04 m s21 in STD mode.
The corresponding values for the modulus are 3.7 and
2.8 m s21, respectively. It is difficult to conclude if the
better accuracy with the STD mode is significant or not
because of the small number of cases. It can also be an
effect of the different data acquisition methods and/or
an effect of the data processing used for excluding ab-
errant values.

The effects of SNR on the differences between the
zonal and meridional components are shown in Figs. 3c
and 4c. For this analysis, the averaged values of SNR
observed in the four oblique beams are used. The SNR
effects are particularly noticeable for the MUTSI mode,
where the largest differences are observed when SNR
is small; the variability becomes significantly larger for
SNR , 0 dB and is maximum near the noise level
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FIG. 3. (a) Zonal and meridional wind components (m s21) measured by GPS radiosondes vs those deduced from MU radar measurements
in MUTSI mode (see text). The scatterplot is given for M1, M2, M3, M4, M5, and M6. Statistics are given in Table 4. (b) Differences (m
s21) between MU radar and GPS wind component measurements corresponding to the datasets shown in (a). The differences between the
meridional and zonal components are given by the horizontal and vertical coordinates, respectively. (c) Wind component differences vs radar
signal-to-noise ratio measured in oblique direction (158 off zenith). (d) Wind component differences vs the horizontal distance between radar
and balloons. The accumulation of points for some horizontal distances (80, 105, 120 km, . . .) is the consequence of vanishing winds above
the subtropical jet, leading to a nearly constant distance from the radar. (e) Differences between the radar-deduced and radiosonde wind
velocities vs the ratio of vertical and oblique radar echo powers (aspect sensitivity).

(;215 dB), but this variability also depends on the
efficiency of the data processing algorithm used for sup-
pressing aberrant values. However, it is worth noting
that the differences become significantly smaller for
large SNR. In Fig. 5, the standard deviation of the dif-
ferences for both zonal and meridional components are
shown versus minimum SNR (dB) for the MUTSI mode.
As expected, the standard deviation decreases as SNR
threshold increases. A minimum is reached from 4 dB
(;1.4 m s21), indicating that the differences cannot be
attributed anymore to SNR effects. From Fig. 4c, it
seems that the SNR effects are not so important in STD
mode, but the noise level (;220 dB) was not reached
for the presented comparisons, and some significant dif-
ferences for SNR , 0 dB are found.

The effects of the horizontal distance between MU
radar and balloons (horizontal variability) are presented
in Figs. 3d and 4d. As expected, the smallest average
differences are observed when the radiosonde is close
to the radar. The range of the cloud of points appears
to grow as the distance increases. However, due to the
configuration of the experiment and for most cases, a

small horizontal distance also corresponds to a large
SNR. For example, at the altitudes where the SNR is
larger than 10 dB in MUTSI mode, the horizontal dis-
tance is always smaller than 40 km. Reciprocally, a large
distance corresponds to a small SNR. The consequence
is that the minimum standard deviation obtained in Fig.
5 (;1.4 m s21) is approximately reached for any SNR
threshold if the radar-balloon horizontal distance is lim-
ited to 50 km. Consequently, it is difficult to separate
the effects of the radar-balloon distance and SNR on the
increase of wind differences.

Finally, in Figs. 3e and 4e are the differences of the
speed (modulus) | Vb | 2 | Vr | versus the ratio of radar
echo power in vertical and oblique beams PV /PO (radar
aspect sensitivity). If wind speed modulus is underes-
timated by the radar in the case of strong aspect sen-
sitivity, the observed difference is expected to be pos-
itive and its magnitude proportional to the aspect sen-
sitivity because the effective oblique beam direction is
closer to the zenith than the real beam pointing direction.
However, Figs. 3e and 4e clearly indicate (to our sur-
prise) that the differences do not depend on aspect sen-

Unauthenticated | Downloaded 01/28/21 07:11 PM UTC



JUNE 2001 825L U C E E T A L .

FIG. 4. Same as Fig. 3 for G1, G2, G3, and G4 in STD mode (see caption of Fig. 3 for more details).

TABLE 4. Statistical comparisons between radar and GPS radiosonde wind component measurements for different datasets.

Data Comp. Pairs Meana (srms)b Interceptc Sloped

M1 . . . M10

M1 . . . M6

G1 . . . G4

M1 . . . M6
SNR . 10 dB
M1 . . . M6
De , 50 km

Mer.
Zon.
Mer.
Zon.
Mer.
Zon.
Mer.
Zon.
Mer.
Zon.

911
911
673
673
384
384
155
155
350
350

0.10 6 0.13
0.13 6 0.14
0.24 6 0.14

20.15 6 0.15
20.24 6 0.14

0.57 6 0.15
0.34 6 0.15
0.56 6 0.15
0.28 6 0.10
0.55 6 0.12

2.76
2.86
2.52
2.70
1.92
2.04
1.27
1.31
1.31
1.61

0.07 6 0.18
0.41 6 0.32
0.32 6 0.22

20.19 6 0.40
1.00 6 0.19

20.16 6 0.10
0.19 6 0.20
0.46 6 0.52
0.27 6 0.14
0.65 6 0.40

0.988 6 0.010
1.009 6 0.014
0.985 6 0.018
1.001 6 0.012
0.986 6 0.006
0.981 6 0.007
1.039 6 0.022
1.004 6 0.020
1.003 6 0.012
0.997 6 0.010

a Average (m s21) of the differences. The 90% confidence interval is calculated using the relation 2srms/ÏN/2 where N is the number of
pairs and N/2 is the number of independent samples.
b RMS deviation (m s21) of the differences of zonal and meridional wind components.
c Intercept of the least squares fit line with the 90% confidence interval (statistical error for a Gaussian model).
d Slope of the least squares fit line with the 90% confidence interval (statistical error for a Gaussian model).
e Horizontal distance D between radar and balloons.

sitivity estimated from data collected at 158 (MUTSI
mode) or even 108 (STD mode). This result is at variance
with previous theoretical or experimental studies such
as those presented by Hocking et al. (1990) or by Ki-
shore et al. (2000), for example. However, it is in agree-
ment with the observations presented with the MU radar
by Tsuda et al. (1986), which showed that the wind
estimates are equivalent when using beams tilted by 88

or 108 off zenith, indicating that the aspect sensitivity
effects can be neglected for equivalent or larger tilt an-
gles.

According to physical considerations, an effective
pointing angle ueff must be used instead of the beam tilt
angle u when we derive the horizontal wind from the
radial measurements. Using Hocking et al.’s (1990)
model and MU radar parameters, we obtained for a typ-
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FIG. 5. Standard deviation of the differences between the zonal
(solid lines) and meridional (dashed lines) components measured with
the MU radar in MUTSI mode and GPS radiosondes versus oblique
SNR threshold.

ical PV /PO ratio of 20 dB in the lower stratosphere ef-
fective angles of 8.38 and 13.98 instead of 108 and 158,
respectively. Underestimates of 20% and 8% of the wind
speed modulus could arise, for example, 10 and 4 m
s21, respectively, for a speed of 50 m s21 if the radar
beam zenith angle is used. Thus, a significant wind
speed underestimate is predicted for large velocities
with 108 due to aspect sensitivity effects. However, the
results of our comparisons do not show any bias. It is
particularly the case for the case G2 (Fig. 2c), for ex-
ample, for which the zonal wind profile measured by
both techniques agree very well and the speed is larger
than 50 m s21 at altitudes where the power ratio is about
;15–20 dB (not shown). This disagreement between
the model and observations may result from the fact
that the model does not account for an isotropic (or even
nearly isotropic and maybe turbulent) backscattering
background. Thus, in light of these results, it seems
preferable not to apply the effective pointing angle for
a radar system with a small beamwidth like the MU
radar when u $ 108. However, for aspect sensitivity
stronger than observed during MUTSI, the aspect sen-
sitivity effect may be more important. It also may be
more important for a VHF wind profiler with a larger
beamwidth.

4. Analyses of M9 and M10

The wind conditions during M9 and M10 are ex-
tremely different from those observed during the oth-
er observation periods (Figs. 2a,b). For these condi-
tions, the comparison results are not so good. Indeed,
the profiles obtained during the flight M9 show a sig-
nificant difference around the jet stream (centered
around ;12 km altitude). The radar-deduced wind
profile is smaller than the wind measured by the bal-
loon by 10–15 m s 21 . Obviously, the introduction of
this case in the previous statistics would lead to a
degradation of the results (see Table 4). It is inter-

esting to note that this discrepancy cannot be ex-
plained by aspect sensitivity even if the previously
mentioned theory is used. Indeed, a correction of
about 12.4 m s 21 (i.e., much smaller than the ob-
served difference) should be applied on the radar wind
profile for u 5 158, Vmax 5 30 m s 21 and PV /PO 5 20
dB. Moreover, it is also useful to note that the profiles
M10 measured about 3 h after M9 show opposite fea-
ture at the same altitude range: the radar-deduced
wind velocity is larger than the radiosonde-measured
one by ;5 m s 21 , mainly resulting from a temporal
increase of the wind velocity measured by the radar
(Fig. 6). A better agreement would be found around
the jet-stream altitude between the radiosonde wind
profile obtained during M9, with the wind measured
by the radar 3 h later during M10. These observations
strongly suggest that the differences between the two
kinds of profiles result from a strong horizontal in-
homogeneity of the wind field. This hypothesis is con-
firmed by meteorological analyses that show a slow
advection of the core of the jet stream approximately
toward the north, related to the passage of a warm
front during the night of 25 May.

5. Discussion of the effects of the
‘‘noncolocalization’’ of the measurements

Figure 7 gives some examples of the effects of the
distance on the quality of the comparisons. Other com-
parisons have been performed between winds mea-
sured with the MU radar in STD mode and the ones
measured from routine rawinsondes launched every
day at 1200 UTC (2100 LT) at 3 meteorological sta-
tions (Shionomisaki, 338279N, 1358469E; Yonaga,
358269N, 133829E; Wajima, 378239N, 1368549E) (see
Fig. 1) located at approximately 170, 380, and 350 km
from the radar site, respectively. The radar profiles
plotted in Fig. 7 have been obtained after 1-h averaging
between 2100 and 2200 LT (since the variability of the
measurements during the 1-h averaging is of the same
order as those shown in Fig. 2, the horizontal bars are
not indicated for the clarity of the figure). The vertical
resolution of the rawinsonde profiles is very coarse
compared to that of the GPS radiosondes and depends
on height.

These comparisons are similar to those presented by
Kato et al. (1986). As already shown by these authors,
the overall comparisons are fairly good, but there are
some noticeable differences that can be unambiguously
attributed to the distance between the location of the
instruments in light of the very good agreement be-
tween ‘‘better collocated’’ GPS-radar comparisons.
However, contrary to Kato et al. (1986), some cases
exhibit radar-deduced jet-stream speeds smaller than
those measured by the rawinsondes, and other cases
present the opposite feature. Generally, the best com-
parisons at the jet-stream height are obtained with the
measurements made at Yonago, since the meteorolog-
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FIG. 6. (Top) Contour plot of the meridional wind component during the MUTSI observations
for 25 May 2000, ;1600–0600 LT. (Bottom) Contour plot of the zonal wind component for
the same period. Before 2210 LT, the measurements have been performed with the STD mode
and after 2211 LT with the MUTSI mode. ‘‘M9’’ and ‘‘M10’’ approximately indicate the time
of balloon launches.

ical station has a latitude similar to the MU radar ob-
servatory and the jet stream mainly varies with latitude
over Japan on these days.

6. Conclusions

In this work, wind profiles measured by the VHF MU
radar within the lower atmosphere up to ;20 km are
compared with those deduced from GPS radiosondes
launched at ;30 km westward from the radar site. These

profiles have been obtained during the MUTSI cam-
paign, which will be described in more detail in future
papers. The measurements have been carried out over
a distance of ;100 km and a duration of ;1 h. Because
the GPS radiosondes have been hung below capesphere-
type balloons, better estimates of the wind vector (with
respect to classical weather balloons) are obtained. At
a 150-m range resolution, a very good agreement is
obtained between the radar and balloon-deduced winds.
Even the small scale wind wavy fluctuations (vertical
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FIG. 7. Examples of comparisons of the radar and routine rawinsonde meridional and zonal wind components. For the clarity of the figure,
the meridional profiles (left of the figures) have been translated by 220 m s21, and the variability of the radar wind data used for the
averaging calculation are not shown. The rawinsonde data have been collected at Shionomisaki, Yonaga, and Wajima (see text). It is interesting
to note that rawinsondes cannot detect the well-defined wavy structures observed with the MU radar.

wavelength smaller than 1 km) associated with gravity
waves are seen by both instruments generally at similar
altitudes and with very similar amplitudes. The standard
deviation between the differences of meridional and
zonal winds are smaller than 2.7 m s21 (if M9 and M10
are excluded), and no bias has been found except for
one case that could be explained by particular meteo-
rological conditions.

The following conclusions can be made.

1) The MU radar is particularly efficient for measuring
the wind field, with very high accuracy at a 150-m
range resolution, by using the Doppler mode with
tilted beams at 158 and also at 108, as commonly
used by RASC. Using the reasonable hypothesis that
both instruments are not affected by the same kind
of biases, we can conclude reciprocally that the ca-
pesphere balloons equipped with GPS radiosondes
are very accurate for measuring the wind field.

2) As expected, the largest differences between the
measured winds are found when the SNR is small
(instrumental effect) and when the radar-balloon dis-
tance is large (horizontal wind inhomogeneity effect)
even if it is difficult to deduce which of these two
parameters dominates the present datasets. The stan-
dard deviation of the differences can be as small as
1.5 m s21 for SNR . 0 dB and when the horizontal
separation between the instruments is smaller than

50 km. The residual difference can mainly result
from the different techniques used for the sample
acquisition; the estimation errors of the balloon mea-
surements, which have not been considered; and the
inhomogeneity of the wind field over several 10 km.

3) More unexpected, in light of investigations with oth-
er wind profilers, is the ‘‘nonsensitivity’’ (in a sta-
tistical sense) of the MU radar-deduced winds to
aspect sensitivity. Indeed, this work seems to confirm
that a narrow radar beam tilted 108 off zenith is
sufficient for avoiding the effects of aspect sensitiv-
ity. However, some effects might produce wind
speed underestimates at some altitudes, but these af-
fects are not significant within the present analysis.

4) Comparisons with routine rawinsondes show large
differences that can be fully interpreted in terms of
the large horizontal distance between the measure-
ment locations. This confirms the conclusion of Kato
et al. (1986) regarding the effects of the horizontal
inhomogeneity on the quality of the comparisons
with the MU radar wind profiles.
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