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Abstract. We have developed a new parameter estimationcarried out. In addition to such ground-based measurements,
method for Doppler wind spectra in the mesosphere ob-observations from satellites have been carried out recently,
served with an MST radar such as the MU radar in the DBSwhich have significantly contributed to research on global
(Doppler Beam Swinging) mode. Off-line incoherent inte- atmospheric dynamics. At the beginning of a satellite obser-
gration of the Doppler spectra is carried out with a new al-vation, validation of the measurement by comparison of the
gorithm excluding contamination by strong meteor echoesresults with those obtained by ground-based instruments is
At the same time, initial values on a least square fitting ofvery important.
the Gaussian function are derived using a larger number of The High Resolution Doppler Imager (HRDI) onboard the
integration of the spectra for a longer time and for multi- Upper-Atmosphere Research Satellite (UARS) is one of the
ple heights. As a result, a significant improvement has beernstruments observing the wind field in the MLT region. Val-
achieved with the probability of a successful fitting and pa-idation of wind velocity measurements by HRDI has been
rameter estimation above 80 km. The top height for the windcarried out by comparison with observations from MF radars
estimation has been improved to around 95 km. A compari{e.g. Burrage et al., 1993) and meteor radars (Hasebe et al.,
son between the MU radar and the High Resolution Dopplerl997), etc. Hasebe et al. (1997) compared wind velocities
Imager (HRDI) on the UARS satellite is shown and the capa-measured with HRDI, the Jakarta (69, 107.6 E) meteor
bility of the new method for a validation of a future satellite radar, and the meteor observation mode of the MU radar.
mission is suggested. Good agreement was shown except for the eastward com-
ponent at around the 88 km altitude. It is important to de-
ermine whether or not the disagreement is due to an error
ébias or offset of wind measurement) of HRDI or the me-
teor wind. Comparisons of wind measurements with another
technique is, therefore, very helpful. In this sense, a MST
radar observation with a sharp pencil beam and a high wind
1 Introduction measurement accuracy is useful for validating the wind ve-
locities measured with the satellite if the height range over-
The atmospheric structure in the mesosphere and lower thefaps that of the satellite measurements. In past observations,
mosphere (MLT) region is observed with various instru- the MU radar fl’equently could not measure the wind Ve|OCity
ments, such as MF radars, meteor radars, MST radars, inﬁ.bove 85 km due to weak turbulence echoes, and, therefore,
agers, lidars, etc. The MU radar is one of the MST radars comparison with HRDI was not successful. In this study, in
which was constructed at Shigaraki {381’ N, 136 06 E), order to extend the height range of a successful parameter es-
Shiga prefecture, Japan in 1984. Using the data obtaine§mation, we improve the parameter estimation method, and
with the MU radar, the characteristics of gravity waves in the compare the wind velocity measurements with HRDI and the
mesosphere have been eagerly studied (e.g. Yamamoto et aMU radar turbulence observation mode by means of the new
1987; Muraoka et al., 1987; Tsuda et al., 1989; NakamuraParameter estimation method.
et al., 1993a, b), and comparisons with other radars, such as
the Kyoto meteor radar (Tsuda et al., 1985), Adelaide MF )
radar (38 S, 138 E) (Nakamura et al., 1993), etc. have been2 The MU radar mesosphere observation

Key words. Meteorology and atmospheric dynamics (mid-
dle atmosphere dynamics) — Radio science (remote sensin
signal processing

Correspondence tof. Nakamura Routine observation with the MU radar of the middle and
(nakamura@kurasc.kyoto-u.ac.jp) lower atmosphere for 4-5 successive days in a month has



838 S. Takeda et al.: Wind velocity estimation from radar Doppler spectra in the upper mesosphere

Table 1. Observational parameters of the mesosphere mode original spectra
— median spectrum

IPP (Inter Pulse Period) 7308 — — S
Pulse Width 4us A /
Sample Interval us ime Domain
Pulse Compression 8-element complementary each spectrum is compared
Sample Range 59.9-89.3km l with median spectra
Number of Coherent Integration 20 times I S
Number of Incoherent Integration 6 times — _|
Number of FFT pOir,]tS . 128 : = the spectrum larger than
Number Of Beam D|reCt|OnS 5 /WW\JNA\\A,M,M, 20 dB of median spectrum
Number of Heights 128 — removed

j averaging left spectra

(excluding largest and smallest 5 % of data)

been carried out for over 15 years. Turbulence scattel vt Nepron
echoes are measured by means of the 5-beam Doppler Beam
Swinging (DBS) method with a zenith angle of 10 degreesFig. 1. The method of incoherent integration excluding contamina-
for oblique beams. One minute observations in the tropo-tion by meteor echoes.
sphere mode (observing 2—-19km), the stratosphere mode
(5-25km), and the mesosphere mode (60-98 km) are alter-
nately performed, resulting in a three minute interval for bility enables more powerful data processing. Thus, Doppler
each height region. The parameters are obtained in real timgpectra of multiple time and height records can be stored in
during the observational period. After the observation, thethe memory, and a more complicated algorithm with a sta-
Doppler spectra and estimated spectral parameters are storégtical process can be applied, as described in Sect. 3. Itis,
in a mass storage system called the Data Archive Systerhowever, noteworthy that Doppler spectra recorded in DAS
(DAS) at the Radio Science Center for Space and Atmo-have already been incoherently integrated for 1 minute (or 6
sphere (RASC) at Kyoto University. times).

The observational parameters in the mesosphere are shown
in Table 1. The time and height resolutions are 3 minutes

and 600 m (sampled every 300 m), respectively. In the meso53 Improvement of parameter estimation

sphere, the radar echo is due_ to the electron density flucturna current means of parameter estimation of a Doppler
ation caused by turbulence with a scale of half of the radargye crym for a mesospheric observation with the MU radar is
wavelength (i.e. about 3m), and the radar echo is not strong, o o5 pjication of a least square fitting of a Gaussian function
enough aF the higher altitude. At a h|gh¢r altitude the elec-tO the Doppler spectrum for each spectrum independently
tron density is larger, whereas the intensity of the turbulence.;iected at each beam and height. The scattered radio sig-

with such a scale is not strong. Therefore, the echo was rel ) is gescribed by a Gaussian function with regards to the
atively strong in the height range of 70-80 km, and the SPEChgppler frequencyf, as follows

tral parameters around 70—80 km could be more successfully

estimated (Kubo et al., 1997). Unusual strong echoes were (f = fa)?
sometimes observed above the height range of 85 km, wher&(/) = N eXp| — 5,2 + Py
the turbulence with a scale of 3m is not expected to be strong o

enough. In most cases, however, parameters at such an altijhere P, 1, ando are the echo power, mean Doppler shift
tude were rarely estimated because of the weak returned sigind spectral width, respectively, am is the noise level.
nal. For example, in 1997, successful estimation was primarThjs function is used for a least square fitting of the spectrum
ily possible in the height range of about 68—83 km, out of theof the received signal in such a way that the squared sum of

sampling height range of 59.9-98.3km. Consequently, timehe error residuak?2, becomes minimum. Therefore,
series analysis of 3—10 minute intervals has been carried out

in a limited height range (e.g. Muraoka, 1994). On the other ,
hand, wind velocity data should be averaged for 1-2 hours irf
order to obtain vertical profiles of the wind velocities (Tsuda
etal., 1990). In this paper, we report analysis of the Dopplerwhere N and y; are the number of frequency points in the
spectra by taking statistics and correlations in the time andspectrum and the observed spectral density at frequgncy
height domains in order to estimate wind parameters moreespectively. For an MU radar mesospheric observation, the
effectively than by averaging the data in a wider height rangefitting is executed in real time during the observation period.
At the time when the MU radar was constructed, this was im-In other words, the fitting for all 5 beams and 128 heights is
possible because of the limited processing speed and memomgxecuted within one minute after the data is collected. Here-
capacity of the computer. Recent advanced computer capafter, this fitting is called the ‘on-line fitting’.

lyi — S(fis P, fa,0)1?

N

i=1
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The second improvement is the process of incoherent in-
tegration. Above the altitude of 80 km, the echo scattered

Spectral density

é o . © o o .
1 00%00000 N %Qf °‘1 ° S, 0 @ % BSoT from the strong electron density caused by meteors (here-
» A oﬁ’ %¢ %f%?oo $o° %%o%‘”w & ° after called ‘meteor echo’) is frequently received (Nakamura
e ° °o oo oo o °o F et al., 1997), which causes erroneous parameter estimation.
4 S o o b

‘ ‘ It is necessary to integrate the Doppler spectra excluding the
20 -10 0 10 20 spectra with meteor echoes because the probability of includ-
Doppler shift (m/s) ing a meteor signal which prevents exact parameter estima-

: . tion increases with a longer integration time. Detection of
Fig. 2. Observed Doppler spectra with pure turbulence echoes (up- . : . . .
eteor echoes could be simple in a time series of received

per panel) and including meteor echoes (lower panel). Each dot ign . )
the spectral density measured on a one minute observation. In totafidnals, as has been well established with the meteor radar

20 spectra are plotted in the figure. Triangles and squares show th€chnique. However, in the case of turbulent echo observa-
5% (1 of 20 spectra) largest and smallest spectral density pointstion with the MU radar, Doppler spectra with one minute
The solid and dashed lines show the spectra calculated with the imintegration are stored, and the detection of meteors in the
proved integration and the median, respectively. Doppler spectra is not easy. Hence, we need a more statis-
tical technique to detect and remove contamination by me-
teor echoes. In the early stage of this study, contamination
For a better estimation of spectral parameters, we tookyy meteor echoes was removed by taking a median of the
a few approaches. First, the Doppler spectra were inteDoppler spectra in the time domain. However, the median
grated for a longer period than one minute. This operationmay remove strong turbulence echoes as well. Therefore, we
called “incoherent integration”, improves the detectabilty ~ applied a modification to the median, as will be described

which is defined as, later.
P The third improvement is the proper derivation of the ini-
D= o tial values on a Gaussian fitting of th Doppler spectra by
N

using a longer time and height averaging of spectra, which
whereoy is the standard deviation of noise fluctuation. In- is similar to the method of parameter estimation of strato-
coherent integration reduces the fluctuations inversely prospheric data with the MU radar introduced by Sato (1997).
portional to the square root of the number of integrations. Figure 1 illustrates the data flow for the improved incoher-
Accordingly, after incoherent integration fértimes the de-  ent integration applied in this study. First, spectra are col-
tectability improves by 10log/k dB if the variation in the  lected for a certain integration time, and the median spectral
Doppler shift is small during the integration (e.g. Yamamoto density value is calculated at each frequency point, and then a
et al., 1988). Therefore, a larger number of incoherent inte-median spectrum is obtained, which becomes a reference for
gration enables the detection of weaker signals. At the sameéetecting a spectrum including a meteor trail echo. Second,
time, the longer period of incoherent integration makes theDoppler spectra including a frequency component of 20 dB
time resolution worse. However, in this study, we first tried larger than the reference spectrum at the corresponding fre-
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Fig. 4. Radial wind profile with the eastward beam on 16 July 1997. Fig. 5. The height range of parameter estimation in each month in
Left : On-line fitting. Right : Improved method (time resolution, 30 1997. Solid, dashed and chained lines correspond to the heights of

minutes). successful estimation with on-line fitting (3 min resolution), the new
method (3 min resolution), and the new method (30 min resolution),
respectively.

quency are removed, which are regarded as spectra affected

by meteors. There is still a possibility that spectra with me-
teor echo are included, which are stronger than the referenci@sed and larger than that caused by turbulence due to the

median spectrum, but not as large as 20 dB. Therefore, an!nfluenc_e of_gravity wave oscillations within the incoherent
other approach is taken in order to remove contamination byntegration time.
the Doppler spectra, including more faint meteor echoes. At We compared the height range of successful parameter es-
each frequency point, 5% of the largest and smallest spectrdimation between on-line fitting and the improved method.
densities are removed and the rest are integrated. This thresAWwo integration times with the improved method were cho-
old of 5% is chosen by assuming that such meteor echo consen, which were 3 minutes (equal to the on-line fitting) and
tamination is less than one event per hour with a single heighBO minutes. All observational data for the mesosphere in
and beam. Figure 2 shows examples of Doppler spectra witd997 (57 days) were analyzed using this improved method
and without a meteor echo. These are examples that indicaté@ order to investigate the efficiency of the improvements.
that the averaging adopted here gives a better spectrum than First, the distribution of wind velocities on a selected day
the simple median value. However, it might be better to ad-(16 July 1997) is plotted in Fig. 4. Each point shows the
just the threshold by closer investigation of the meteor echaadial wind velocity of the eastward beam at each height and
occurrence. at each observation time. Fluctuations in the vertical wind
Figure 3 illustrates the process for deriving the initial val- and the eastward wind appear as the horizontal dispersion of
ues. First, the spectra are integrated for the time period othe data points. However, wide dispersions, such as, those
a desired time resolution (this integrated spectrum is hereshown at heights above 87 km in the left figure, are thought
after called the “original spectrum”). The original spectra to represent erroneous parameter estimation. Then the height
are further integrated for 11 (i.et5) points in time and for ~ range of correct parameter estimation can be estimated from
3 (i.e. +£1) points in height, producing an “averaged spec- the width of dispersion. The wind velocity measurement by
trum”. At the same time, the original spectrum is smoothedon-line fitting (left figure) was successful at the altitude of
in the frequency domain by means of a weighting function 67-86km. In contrast, the improved method (right figure)
of a raised cosine with a width of 5 frequency points (1.7 Produces good results at the altitude of 65-95 km in this case.
m/s in Doppler velocity) in HWFW, and a “smoothed spec- Turbulence with a scale of about 3 m ought to be very weak in
trum” is obtained. Then, spectral parameters are estimated higher height region such as 85-95km. However, electron
from the averaged spectrum by the current fitting method.density and its vertical gradient significantly increase with
The estimated Doppler shift is used as a reference for chood2€ight. As a result, turbulence echoes are enhanced by strong
ing a maximum spectral density in the smoothed spectrunglectron density gradients and could be received even at such
in the frequency range-10 (:|:34 m/S) points of reference. hlgh altitudes. Such an enhancement has been reported by
The corresponding frequency for the peak of the smoothedubo et al. (2001), who showed that the volume reflectivity
spectrum is used as an initial value of the Doppler shift in €xhibits a second maximum at 85-90 km.
the final Gaussian fitting. Here, it is notable that parameter Such comparisons have been executed for wind velocities
estimation of echo power and Doppler shift is improved by on each day in 1997. The height ranges of successful wind
this method, but the spectral width estimated here could baletermination on each day are averaged monthly and plot-
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Table 2. Difference in resolution between the MU radar and HRDI ,online new method

100 010 E—
MU radar HRDI
time resolution 15 min 8 min 90 1 90 1
range resolution 600m 4000 m _ _
horizontal scale  20-35km  100-200 km E E
= 80 1 = 801
2 2
[ [
Table 3. List of days for data comparison = =
70 | 70 |
Day UT (s) Distance(km)
15/12/1992 6827 334.5 60 60
18/12/1992 19257 3168 100 %o_g 5‘0 100 100-50 0 50 100
12/01/1993 1419 391.8 Wind Velocity (m/s) Wind Velocity (m/s)
14/05/1993 2559 1711
giﬁ;ﬁggg ;ig;i 58545'30 Fig. 6. Comparison of the meridional wind profiles between HRDI
15/02/1994 17995 46?; 2 (thick line) and the MU Radar (squares) with 15 minute resolution
17/05/1994 18353 967.7 data and the standard deviation (thin line) on 18 October 1994. The
10/05/1994 18810 111'2 HRDI overpass over the MU radar occurred at 11:10 LT. The wind
06/07/1994 7510 280.5 velocity for the MU radar in the left figure is that obtained by on-
20/09/1994 15478 240'3 line fitting, and that in the right figure is that obtained by the new
. method with a time resolution of 15 minutes.
22/09/1994 15987 569.8
18/10/1994 10090 220.0
15/11/1994 19642 525.8

in the MLT region on UARS. One is the Wind Imaging Inter-

ferometer (WINDII), which observes wind velocity at the al-
N . . . titude of 80—300 km by measuring the emission lines of neu-
ted in Fig. 5. Remarkable improvements are recognized N2l and ionized atomic oxygen, the OH molecule, and the

all months. In particular, the top of the height ranges has ; . :
o . g molecule-oxygen. The other is the High Resolution Doppler
become significantly higher. This is probably due to the ex'lmager (HRDI), which observes the wind velocity in the

clusion of meteor echoes at a higher altitude. The yearly
. . S - stratosphere, mesosphere, and lower thermosphere by mea-
average height ranges with the on-line fitting (solid line), the P b P y

) . . . uring the Doppler shifts of spectral lines within the atmo-
improved method of a 3 minute resolution (dashed line), andS . .
the improved method of a 30 minute resolution (chained Iine)Sphe”C band system of molecular oxygen during the day, and

. h ission li f I ioni i -
are about 68—85 km, 67—90 km. and 6694 km, respectwelyt e emission lines of neutral and ionized atomic oxygen dur

The yearly averaged height range with the improved methocjng the.day aer night (Byrrage et.al., 1997). )

of a 3 minute resolution is about 6km larger than that with 1 this section, the wind velocity observed with the MU
the on-line fitting, which indicates the improvement in deriv- fadar is compared with that of the HRDL. Table 2 shows the
ing the initial values since these two results involve the samdiMe. range and scale resolution of the MU radar and HRDI.
time resolution. The yearly averaged height range with the! he time _resolutlon of the MU radar in the current analysis
improved method of a 30 minute resolution (chained line) isWas 15 minutes, but the data are averaged for 1 hour around
about 5 km larger than that in the case of 3 minutes, which intN€ HRDI's overpass. Examples of the wind profiles ob-

dicates the effect of the longer integration time at a sacrifice>€"ved with HRDI and the MU radar are shown in Fig. 6. The
of time resolution. error bars for the MU radar (thin lines) indicate standard de-

viations of wind velocities measured independently during 1
hour. This standard deviation is derived from standard devia-
4 Comparison of wind velocity with UARS/HRDI tions in the obligue beam in opposite azimuths. Therefore,
the standard deviations of zonal and meridional winds in-
Because of improvement of the top of the he|ght range 0fC|Ude the standard deviation of vertical winds as well. In this
successful parameter estimation, it is easier and more mearigure, the wind profile for the MU radar fluctuates around
ingfu| to compare the wind prof”es obtained with the MU the HRDI prOﬁle. Itis considered that the MU radar detected
radar turbulence echoes with other wind measurements in théhe small vertical scale variations due to gravity waves, and
MLT region. HRDI smoothed them out due to a poorer height resolution.
The Upper-Atmosphere Research Satellite (UARS) is a Such comparisons can be executed when the HRDI obser-
satellite launched on 12 September 1991 that observes theation is carried out near the MU radar site during the MU
atmospheric composition, temperature and wind velocity.radar mesospheric observation. Here, the data which HRDI
There are two instruments for observing the wind profilesobtained within 1000 km of the MU radar are compared. So
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Meridﬁopal He]’}ght;ﬁ‘élk—gélk]km Meridlioqa]l Hei‘ght;6;4—94km
100 100
T 501 T 501
ERENE EREE
= = Fig. 7. Scatter diagram of the wind ve-
é -50 1 é -50 locity observed with UARS/HRDI -
e o T e axis) and the MU radarxftaxis). The
—-100 17 : : : —-100 17 ‘ ‘ ‘ solid line is the best fit line. The MU
-100 -50 0 50 100 -100 -50 0 50 100 radar wind was estimated with a 15
MU Radar Wind (m/s) MU Radar Wind (m/s) minute resolution.

far, 14 events have been compared, as shown in Table 3. THAST data and those obtained with a satellite or other radars
results of the comparison are plotted in Fig. 7 as a scatter dihas become possible.

agram of wind velocities. The MU radar wind is averaged

over 2500 m in height, which equals the data interval height

of HRDI. Each standard deviation of the MU radar wind is 5 conclusion

derived from wind velocities within the time in each height

range. - The parameter estimation on the MU radar mesospheric ob-
The best fit line is calculated by the least square methodgeyation has been improved. The number of incoherent in-
using the inverse of the variance of observed wind Ve'°CitieStegration has increased. A natural meteor echo rejection pro-
as the weight of each wind measurement. The fitting procesgess has been adopted. Better initial values on a Gaussian
is slightly different from the normal procedure since not only least-square fitting have been deduced. The improved param-
the y value, but also the value includes an error. The error ger estimation was applied to the data obtained in 1997, and

residual is shown as follows we found that the height range of successful parameter es-
N Ty — FG9)2  (x; — x0)2 timation has been significantly.expand_ed, especially the up-

2 _ Z 5 L + 5 L per boundary of the range, which has increased up to about
i=0 Oyi Oxi 95km. This improvement has made the comparison of the

wind profiles with other measurements much more useful.
Using the improved method, the wind velocities measured
with the MU radar were compared with UARS/HRDI winds.
The wind velocities with the HRDI are smaller than those of
the MU radar in the meridional component and larger in the
zonal component, which is similar to the results obtained by
Hasebe et al. (1997) on a comparison with a meteor radar.
Although the number of samples for such a comparison of
the MU radar and HRDI was small, the newly developed

X L technigue shown here will contribute significantly to future

(+0.037) and 67 (£1.1). The wind veIocny with HRDI has . compa?risons of the MU radar and othe?instrum)e/:nts, or the

been opgerved to be smaller than thgt with the MU radar iN,alidation of a new satellite mission.

the meridional component and larger in the zonal component.

Overestimation of the HRDI wind in the zonal component ,

has been similarly found as a result of the validation of HRDI AcknowledgementsThe MU radar belongs to and is operated by

MLT winds with meteor radars (Hasebe et al., 1997). How- Radio Science Center of S|_oace and Atmosphere, Kyoto Unlversny.
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where (x;, y;) is the measured wind velocity with the MU
radar and HRDI(o,;, oy;) is the standard deviation of it,
and the fitting function is shown ag(x) = ax + b, using
fitting parametersy andb. Here,xio, which is the true value
of the MU radar windyx, is estimated simultaneously when
estimating the fitting parameteesandb.

The estimated parameters (and confidence intervals),
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