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INTRODUCTION

Using a spaced antenna setup of a VHF radar, the spatial distribution of
amplitudes and phases of the radar echoes from the troposphere, stratosphere and
" mesogphere can be measured.. Combining in a suitable analysis procedure the
complex digital samples from the different receiving antennas is consistent with
the radar interferometer method. In addition to- the well-known parameters
measured with the commonly applied Doppler and drifts methods, i.e.,
reflectivity and mean and fluctuating velocity, the interferometer technique
allows to measure the angular spectrum of the returns, It gives supplementary
useful information on wave and turbulence structures and on the baroclinicity of
the detected structures as well as improves the accuracy of the vertical velo-
city measurements.

This technique, which was first applied with the spaced antenna system of
the SOUSY-VHF~Radar in W. Germany, as well as some first examples of results are
‘described here. These comprise the measurements of the horizontal and vertical
velocities of the mean flow as well as of turbulence structures, the aspect
sensitivity and the tilt of layers from which the baroclinicity can be
estimated. Particularly, results of interferometer measurements of the vertical -
- and horizontal phase velocities and wavelengths of gravity waves in the strato-
sphere are displayed. The latter results are also discussed in terms of the
generation and propagation of these waves.

" RADAR INTERFEROMETRY
- 4
The interferometer technique is most extemsively used in radio astronomy
(e.g., KRAUS, 1966). It is also applied in the radar technique (e.g., WOHLLEBEN
-and MATTES, 1973). Under special conditions it was also employed in radar
investigations of the ionosphere (e.g., PFISTER, 1971; FARLEY et al., 1981;
WHITEHEAD et al., 1983), although only Farley et al. used the name "radar
- interferometry". - -First attempts to apply it to VHF radar’ investigations of the
lower and middle atmosphere were reported by ROTTGER and VINCENT (1978), VINCENT
and ROTTGER (1980), ROTTGER (1983) and ROYRVIK (1983)., The commonly utilized
methods in the MST/VHF radar operations are the Doppler (beam swinging) method
and the spaced antenna (drifts) method. Although in both methods the amplitudes
and phases of the signals are recorded (coherent detection), amn evaluation of
the spatial variations of the phases of the radar echoes (radar interferometry)
is not accomplished.

The Doppler method uses different preset beam directions (obtained either
by appropriate positioning of a dish antenna or by fixed instrumentally imple-
mented phasing between submodules of a phased-array antenna system). Combining
the radial Doppler velocities measured at different beam directions yields the
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total bulk velocity vector of the moving scatterers. If one does receive the
radar signal with two different (spatially separated) antenna systems as shown
in Figure 1, and inserts a suitable phase shift 4¢ to the recorded data ome can
point the receiving antenna beams to different positions without changing the
hardware (insertion of phase differences befcre taking the data). This kind of
interferometer method we may call "postset beam direction". Whereas the method
of "preset beam direction" (i.e., the commonly applied Doppler method) uses
mostly the same fixed beam direction for transmission and reception and there~
fore does not allow a change of beam direction after the data were recorded, the
method of "postset beam direction" has to use a fixed transmitter beam with beam
width broader than the steering angles of the receiver beams. However, the
(receiver) beam direction of the latter method can still be varied (within the
limit of the transmitter beam width) after the data are recorded on tape. It
has to be noted here that both these methods work for reflection from small or
extended targets- as well as for volume scattering. Because the beam widths of
the transmitter and receiver antennas are equal in the preset beam direction
method, it yields a better signal-to-noise ratio than the postset beam direction
method where part of the transmitter energy is lost because the receiver antenna
beam picks out only a portion of the wide transmitter antenna beam. However,
the postset method has other advantages since it allows to scan (simultaneously)
the total area illuminated by the transmitter beam and thus yields improved
information (high spatial and temporzl resolution) on the atmospheric structure
detected by the radar., The example in Figure 1 indicates a wave-like structure

.. overhead the radar antennas, which can be scanned not only at the indicated

positions, but (provided the receiver'antennas are suitably configurated) also
at positions in between, yielding the radial velocities and reflectivities as a
function of incidence angle (angular spectrum).

The configuration of the radar interferometer array can be computed in a
way similar to the standard procedure of antenna theory. Assume that N
individual antenna elements with equal spacing d are horizgntally lined up to
form a multi-element array. In the array far-field r>(Kd)“/), where A 1is
the radar wavelength, the antenna polar diagram is

FE+FF X F
{ oata 1| {0ata 1

Figure 1. Principle .of postset beam steering.
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E@) =) En(5)exl>(i(21rdsim5 (n=1)/2 + A%)), (1)
n=1

where E_(§) is the pattern of an individual element, § is the zenith angle
and A¢_"is the relative phase placed on this element. Since E_(§) does not

vary considerably in our applications (small §), we assume E (E) =E =
const, and ¢n(6) = 2ndsind (n~1)/A. Equation (1) can be written as

E(S) =L E exp (i(¢n(6) +a0.)) . (2)

" The integral of (2) over § is proportiomal to the complex signal C_ which is
measured at the antenna.n, For A¢. = 0° and d <A the antenna system has a
main lobe at & = 0° (zenith) with width §_ = arcsin (\/Nd). The direction of

the main lobe § can be changed by applying a linearly progressing phase

'A¢h from elemenf to element:
A¢n = 21rdsimS°(n-l)/>\. . (3)

Note, that in the radar inferometer application 4¢ is inserted during the
data processing procedure. Also grating (side) loBes occur in this application
for d > A which have to be suitably suppressed.

. Whereas this method of beam steering works_principally for hard targets

(reflecting structures) and for soft targets (scattering structures) it can in a
basically similar way also be used to measure the incidence or zenith angle of
reflecting discrete structures or small blobs or patches of turbulence
irregularities and to correct velocity estimates., This is briefly sketched in
Figure 2. : : :

Let us assume that diffuse reflection takes place from a rough surface or
structure S which is slightly tilted to the horizontal by an angle &'. This
structure shall move with 2 velocity given by the horizontal component U and the
vertical component W. A radar with vertically. pointing transmitting antenna '
:Ao with beam width larger than &' measures the radial velocity

V' = y&-U% = W cos 8'=U sind’, (4)
AW
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Figure 2. Principle of measuring incidence
angle §. '
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Thus, even. when knowing (i.e., measuring by other means) the horizontal velocity
U, the vertical velocity is still incorrectly measured, if &' is unknown
(RCTTGER, 1981).

Vhen we apply the interferometer technique with n=2 antennas Al and 4,,
we can compute the complex cross correlation function of the signals measured at

Al and A,. Its phase at zero lag (1=0) is bdyg, which yields the tilt or
ifcidence angle

. 5' = grcsin (A¢12>‘/2“d12)0 . ’ | (5)

Measuring the horizontal velocity U with the spaced antenna drifts method and
the radial velocity V' from the time derivative of the correlation function near
zero '

v' = d¢/dr A/4w, | ‘ (6)

we obtain the corrected vertical velocity

W = (V'+Using)/coss. - (N

This method (ROTTGER, 1984) can be refined by applying a complex cross spectrum

-analysis (FARLEY et al,, 1981), which allows to improve the signal-to-noise

ratic and to discriminate (by means of Doppler sorting) between separate
discrete scatterers or reflectors in the beam which move with different velo-
cities. : :

This radar interferomtter method allows not only the measurements of the
horizontal wind component (when pointing the receiver beams as done in the pre-
set beam direction Doppler method) but also the tilt or inclination (baroclini-
city) and the aspect sensitivity of reflecting structures, It is also suitable
‘for gravity vave investigations as described-in a later sectiom, as well as will
‘allow to measure the momentum flux, i.e., the cross product between U and W as
done by VINCENT and RFID (1983) with preset beam directions.

EXPEKIVENT AUD DATA ANALYS1S

The interferometer investigations were done by analysing a data set taken
in an earlier experiment carried out from 3-14 September 1980 with the SOUSY-
VHF-Radar., The radar was operated at 53.5 MHz with 500 kW pulse peak power and
4% duty cycle. Since this experiment concentrated on the stratosphere and meso-
sphere, an 8-bit complementary code with 10-us bit length was used, providing a
range resolution of 1.5 km at the maximum average power 20 kW. The lowest
recorded height was 13.5 km and the spaced antenna method was applied using the
196 Yagi system for transmission and the 3x32 Yagi system for reception (Figure
3). The data were coherently preintegrated over 1/6 s, yielding an effective

- sampling rate of 1/2 s for. the 3 spaced antennas. Since the earlier data

analysis (ROTTGER, 1981) showed a fairly pronounced wave activity in the strato-
sphere, the interferometer analysis was applied to a part of this data set in
order to test the applicability of the method and to gain a more profound
insight into the gravity wave phenomena.

We first had to compute the optimum interferometer antenna pattern E,
resulting from the combination of the spaced antenna setup E,, the trans-
mitter antenna pattern E. and the aspect sensitivity A. This was done by just

_combining two spaced antenna modules (3-1, 3-2 or 2-1) at a time which is

equivalent to a two-element interferometer with quasi-continuous aperture dis-
tribution. It allows to steer the interferometer beam in an E-W direction,
26° E of N-and 26° W of N, Taking into account. the positions of single Yagis of
the spaced antenna system (fed with equal phase for each module), equation (1)
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Q) S0USY-VHF-RADAR

Antenna Systems
1 Figure 3., Antenna system with main antenna
=L (3155 m“ area) a&d three spaced antenna
-y-y-y-. (gt S 3 moaules (3x395 m” area) pointing vertical.
aaaaaaaaaaaaa__ﬁ/ Distance between centres of spaced an-
a%ga / / : tennas was 24 m (2-1) and 28 m (3-1,3~2).

. was used with n=2 to calculate E,, The aspect sensitivity was assumed as A=2

dB/degree, The total interferometer pattern then becomes:
E= ER . ET ° A,

By varying the phase difference A¢ between two modules, the maximum difference
between the two interferometer lobes closest to the zenith was searched for.
The optimum suppression of this simple 2-element interferometer configuration.
was found to be 6 dB. Integrating the antenna pattern over § from -6° to +6°
yields an apparent interferometer beam direction 6=1.2° for the combinations
3~2 and 3-1., The corresponding A¢ then was used to transform the complex data
recorded with antenna 3, 2 and 1, which are available on tape. After complex
summation (Figure 1 and equation (1)), the procedure was applied to calculate
the first moment of the Doppler spectrum, respectively the radial velocity W¥,
which in the following treatments is reasonably assumed to be equal to W.

. OBSERVATIONS

In Figure 6 of ROTTGER (198l) a series of quasi-vertical velocity data is
shown which was obtained measuring with one antenna. The observed velocity

~oscillations at periods of 4-6 minutes are clearly repeated in Figure 5 of this

paper. These results were obtained by combining the data of antenna 3 and 1 .
after introducing phase shifts }A¢. As described in the preceding section
this corresponds to tilting the interferometer beam %1.2° off the vertical-

"direction, The average horizontal. probing distance at these tilt angles is *

about 800 m at 20 km altitude. It is clearly seen that this tilting results in
a phase shift of the wave-like oscillations in Figure 5. The curves with open
circles correspond to a tilt in direction 3~1 (about N) and the closed circles
in direction I~3 (about S), The phase delay of the wave structure was not so
pronounced when observing with antennas 3-2/2-3, end it was not observed with
2-1/1~2. We, thus, conclude that we observed a wave propagating into the
direction around 26° E of N.
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tne A
Figure 4. Optimum interferometer
“wr £ pattern E, resulting from pat-
tern of transmitter antenna E,,
spaced antenna E, and aspect
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sensitivity A.
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These observations can be improved by a more quantitative approach which
results in the data displayed in Figure 6. Here we have shown the average phase
_difference between the oscillations of the radial quasi-vertical velocity
observed with different beam directions. The notations N32, 832, N31, S§31
indicate the directioms (N or S) to which the antenna combinations 3-2 and 3-1
were tilted. The phase angle $_ was calculated by a cross spectrum analysis
of the quasi-vertical velocity Yime series over a time interval of 90 min from
0446-0616 UT. The cross spectrum analysis yields also the coherence of two time
series. Since the observed oscillations are not monochromatic but cover a band
corresponding to about 4-6 min period (ROTTGER, 1981), the average phase
difference ¢, was calculated by a weighted average using the coherence as a

"weighting function., This procedure suppressed noisy velocity fluctuations and
filtered out the period band of about 4-6 min. ¢

It is evident from Figure 6 that the phase difference ¢ _changes its
sign when steering the interferometer from the northward to Yhe southward tilt.
The absolute phase difference was in the range of about 5°-15°, There are
obviously some fluctuations superimposed on these estimates of ¢ . These are
partly because of the nonstationary wave oscillations, their nonmonochromatiec
nature and also due to the fact that the interferometer sidelobe (positioned at
about opposite zenith direction of the mair lobe, Figure 4) is suppressed by
only 6 dB. This obviously yields spurious contributions from the opposite
direction., It is also likely that the reflectivity structures are slightly

24

22%

20}

Figure 6. Phase difference ¢  of
E s} radial velocity oscillation,
f& measured with beams tilted to
N s} N and S,
a4k
‘320 -15 -19 -5 2 1 1e 18 20
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tilted with respect to the horizontal (due to the wave modulation), which
results in a change of incidence angle (and aspect semsitivity model in Figure
4) and consequently of the measured radial velocity. Principally, however, the
results of Figure 6 prove that the applied interferometer method is consistent
with the expectations, :

Not only fluctuating or oscillating radial velocities can be evaluated with
this method but also the average vertical and horizontal velocity. We have
briefly outlined the deduction of the average vertical velocity in a previous
section and it was discussed also by ROTTGER (1981), and we will describe here
the. approach to measure the horizontal velocity with the interferometer setup.
Even at small off-zenith angles, the compoment of the horizontal velocity is not
negligible and can be measured. When averaging over 90 min with the interfero-
meter beam at the same positions N32,... as described earlier, we measure the
mean radial velocity V' (Figure 7). It is again noticed that also V' has
a different sign with the beam towards N and 'S. If the method is correct, the
difference A=V'(N)-V'(S)=0. The single stars and crosses in Figure 7 indicate A
for the'antg&na_configurations 3-2 (*) and 3-1 (+). The residual 4 of less
than 0.1 ms = is acceptably smaller than V', ’

The average U, obtained with 3 antenna combinations can be transverted
into the horizonta¥ velocity vector because we know the tilt angle 8. This
yields the average wind speed Uo and direction & (Figure 8). The sub-
script i denotes the values deduced with the described interferometer technique
and the subscript D the values deduced with the spaced antenna drift method
(ROTTGER, 1981). The similarity of these radar resuits with radiosonde data (B)
gains a very reliable confidence that the interferometer method is applicable
and practical. :

WAVES AND TURBULENCE

Combining the results of the cross spectrum analysis of the wave events
shown in Figure 5, the horizontal wave vector, respectively, horizontal phase
speed V_, wavelength A, and propagation direction o, can be estimated,

The ana?ysis also yielgs the mean amplitude of the vertical velocity W and the
mean period T of the wave. Results are shown in Figure 9. In this diagram
additionally the horizontal width b of the volume probed with the applied beam

b
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widths is indicated. It is much smaller than the horizontal wavelength A,

The vertical wavelength A, of the gravity wave events is found by cross
spectrum analysis of adjacent altitude gates, Since we observed coherent wave
events only over a few kilometers height range (ROTTIGER, 1981) and the phase
differences with height are not too pronounced, the measurement of the vertical
wavelength is not too consistent, The vertical wavelength and mean period
change with altitude which also makes the determination of XZ difficult.

: Knowing the horizontal wave vector from the described measurements, one can
find the horizontal phase velocity V_ (with respect to the fixed observer)

and the propagation direction o of ghe_ wave event. These are shown in

Figure 10, where additionally tRe average background wind speed U_ and its
direction o  are inserted. We can summarize the results of the analysis of
these wave events observed in the lower stratosphere:

(1) The horizontal wavelengths are about 10-20 km and increasing with height,

(2). The vertical wavelengths are 2-3 times larger than the horizontal wave-
lengths,

(3) The wave periods increase with altitude from about 250 s to 300 s,

(4) The meay vertical vg}ocity amplitude increas®s with height from about
8 cm s to 10 cm 5 7,

(5) The direction of wave propagation is algist constant with altitude,

(6) - The phase speed of waves is about 40 ms -~ and constant with altitude,
it is several times larger than the mean wind above 15 km altitude,

(7) The phase speed and direction are similar to wind speed and direction
close to the lowest height. observed (~13.5 km), -

(8) The wave phases propagate downward,

{9) From (7) and (8) it is deduced that these waves are probably generated in
wind shear regions close to 13.5 km altitude.

Average vertical velocities connected with synoptic scale disturbangis were
analysed by ROTTGER (198l). It was estimated that they are some 10 cm s ~ im
the lower stratospbere and can be determined with an accuracy of about 20% if.
one does not correct for possible tilts. Qualitative analyses of baroclinicity
in the troposphere indicated. tilt angle changes during frontal passages, but
quantitative investigations are still under way. The aspect sensitivity
(angular spectrum) and tilt (incidence) angles were alsc measured by VINCENT and
ROTTGER (1980).

Incidence angle variations can be either explained by‘varyiﬁg tilt angles
of extended reflecting structures or by turbulence blobs moving through the

nah 4 ne
n.ep- < na
€ €
-‘:‘ 180 by - i': 0
A
150} - 150
00 30 &0 50 60 . ILO‘ 2‘!0‘ IOJO'
o Tus . Analkm V.U, a
Figure 9._ Height profiles of average ' Figure 10, Phase speed V_ and
period T, quasi-vertical velocity propagation direction af of
W, horizontal (X ) and vertical waves, and mean wind spéed v,

(lz) wavelengths, - and direction ag.
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antenna beam. The latter case may occur in the mesosphere as suggested by
ROTTGER et al. (1979). To test this hypothesis we have analysed a similar event
which is displayed in the height—~time-intensity plot of Figure 1l1. It shows a
fairly thin and short-lived structure at about 65 km altitude after 0710 UT.
Analysing this event with the cross spectrum interferometer technique yielded
the results displayed in Figure 12 (see IERKIC and ROTTGER (1984) for details).
Here P,, P, and P, are the power spectra measured over 40 s at the three
differént Spaced antennas. They clearly show a change of Doppler shift from
positive values at the beginning to negative values at the end of the event. In
the lower diagrams the coherence C 3 and»phases.dn1 of signals measured at
antennas 1 and 3 are displayed. I% is evident tha% the phases changed as a
function of time, which would not be expected if the scattering target would
have remained overhead and moved down and up in the radar beam, according to the
Doppler shift. The only explanation of these ‘observations is that a small
scattering blob was in the antenna beam, moving with vertical and horizontal
velocity. This analysis evidently proves the great advantage in applying the
interferometer technique to avoid misinterpreting the velocity measurements, by
assuming only a vertical velocity component inferred from the Doppler spectra.
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Figure 11. Height-time-intensity plot of mesospheric signals.
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In summary we recognize that the application of the interferometer
technique to MST/VHF radars is feasible and yields additional and very
essential information on atmospheric structures and dynamics,
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