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ABSTRACT

We present a method for deriving horizontal velocities, vertical velocities, and in-beam incidence angles from
radar interferometer data. All parameters are calculated from the slope and intercept of straight lines fitted in
a least-squares sense to the variation of the signal phase as a function of radial velocity for each pair of receiving
antennas. Advantages of the method are that the calculations are computationally fast and simple, and the
analysis leads to relatively simple expressions for the uncertainty in the velocity measurements.

1. Introduction

The radar interferometer technique has not seen
widespread use in the field of radar meteorology, but
the results of a number of studies have been described
in the literature (e.g., Farley et al. 1981; Rottger and
Ierkic 1985; Adams et al. 1986; Kudeki 1988; Kudeki
et al. 1989; Rotiger et al. 1990; Palmer et al. 1990).
Most applications of the method have focused on lo-
cating localized scatterers within a larger volume sam-
pled by the radar. A by-product of the analysis is usually
the velocity of either a single scatterer or a number of
scatterers. A minimum requirement for interferometry
is that there must be at least two spatially separated
receiving antennas, although three antennas are pref-
erable so that two nonparallel baselines can be formed.
The imaging Doppler interferometer technique devel-
oped by Adams et al. (1986) uses many receiving an-
tennas along each of two baseline directions. The phase
progression in the signals across the array is used to
create a map of the location of the scatterers in each
range resolution cell. The radial velocities of at least
three scatterers are then combined to give the three-
dimensional velocity for a given height. Such a system
may have potential as an operational wind-profiling
system, but the complexity of the hardware, software,
and the interpretation of the results are hurdles.

The spaced antenna method for deriving winds has
been applied to measurements made with a number
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of different research radars (e.g., see Larsen and Réttger
1989; and the references therein). The setup used in
the spaced antenna method is for all practical purposes
identical to the interferometer setup; that is, one trans-
mitting array and a minimum of three receiving an-
tennas deployed along two nonparallel baselines. As a
result, there has been considerable confusion about the
differences between the two methods. Early spaced an-
tenna measurements utilized only the correlation be-
tween the received power, but later systems use the
correlations between the complex time series so that
the use of the signal phase cannot be applied as a clear
discriminator between the two techniques. A possible
distinction between interferometry and spaced antenna
analysis may be that the latter deals with the macro-
scopic velocity appropriate to the sampling volume as
a whole, whereas the former deals with the microscopic
velocities associated with structure within the sampling
volume. Nonetheless, confusion is warranted.

There has been ongoing discussion in the literature
(e.g., see Larsen and Rottger 1989) about the relation-
ships between the so-called Doppler wind measurement
technique, in which the radial velocities from three or
more beam directions are combined to yield the vector
velocity, and the spaced antenna method, in which the
winds are determined from measurements of the ve-
locity with which the turbulent structure drifts across
the array of receiving antennas, as indicated by the
times when the peaks in the cross correlation of the
received signals occur. Briggs (1980) first showed that
there is a certain equivalence between the Doppler and
spaced antenna techniques. More recently, Liu et al.
(1990) and Van Baelen (1990) have shown that there
is an exact equivalence between the spaced antenna
and interferometer techniques, although the former is
carried out in the time domain while the latter deals
with Doppler velocities and is carried out in the fre-
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quency domain. The result is perhaps not surprising
when the similarity in the instrumental setup for the
two methods is considered.

One result of the analyses by Liu et al. (1990) and
Van Baelen (1990) was that they found the horizontal
velocity is related to the slope of the linear variation
of the difference in phase as a function of the radial
Doppler velocity of the signals in two adjacent receiving
antennas. The results suggested that the slope of a line
fitted to the measured phase would give an alternative
measure of the velocity, as opposed to determining
maxima in the cross-correlation functions. The original
idea, however, is not entirely attributable to either Liu
et al. (1990) or Van Baelen (1990). Similar or related
methods for determining the velocities have been dis-
cussed by other authors in connection with interfer-
ometry studies (Farley et al. 1981; Réttger and Ierkic
1985; Adams et al. 1986; Kudeki 1988; Kudeki et al.
1989; Rottger et al. 1990), although usually in the con-
text of single scatterers. A further limitation of the
equations presented by Liu et al. (1990) was that they
applied only to a two-dimensional case, and some other
effects related to aspect sensitivity were omitted from
the analysis. Our purpose is to present a practical
method for carrying out the interferometer analysis that
leads to the vector horizontal winds, true vertical ve-
locities, in-beam incidence angles, and error bar esti-
mates. Off-vertical in-beam incidence angles can be
introduced in the measurements when aspect sensitivity
is important and, in particular, when the aspect sen-
sitive layers are inclined with respect to the horizontal.
Larsen and Rottger (1991) have dealt extensively with
the latter effect. The essence of the method is to deter-
mine the arrival angle of signals within the beam from
the phase difference between signals received in spa-
tially separated receiving antennas. The change in the
phase difference as a function of the radial Doppler
velocity can be used to determine the horizontal winds.
The value of the phase difference when the radial
Doppler velocity is zero will depend on both the off-
vertical incidence angle and the true vertical velocity.
All the parameters can be derived from the phase of
the coherence function as we will show. Our assump-
tions and approximations will be suitable for conditions
characteristic of tropospheric and to some extent lower
stratospheric flows.

Van Baelen (1990) and Van Baelen and Richmond
(1990) have addressed some of the same questions that
we address here. OQur work has progressed in parallel
with theirs and, although there is general agreement
between the two sets of results, the approaches are
somewhat different.

In the next section, the basic equations are derived.
Section 3 uses sample data obtained with the MU radar
located in Japan to illustrate the application of the
method. Section 4 discusses the practical aspects of
applying the method. Section 5 contains the conclu-
sion.
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2. Derivation of the equations

a. The case without aspect sensitivity

Given two spatially separated receiving anterinas,
the angle of arrival of the received signals in the plane
defined by the antenna baseline and the vertical direc-
tion can be determined from the phase difference be-
tween the signals in the two antennas. Specifically, the
phase difference ¢;; between the signals in the ith and
Jjth receiving antennas will be given by

¢ = kdj; sind, (1)

where dj; is the distance separating the antennas, and
k = 2w /X is the wavenumber, with A being the radar
wavelength. The angle &' is measured with respect to
zenith and defines the incidence angle in the vertical
plane along the antenna baseline. Figure 1, taken from
Larsen and Réttger (1991), illustrates the geometry.
The relationship given in Eq. (1) is used in all inter-
ferometer analyses and has been presented or derived
in a number of articles (e.g., Adams et al. 1986).

The horizontal area illuminated by the transmitted
beam can be represented as in the schematic shown in
Fig. 2. The x' axis is parallel to the receiving antenna
baseline with positive x’ along the azimuth «. The y’
axis is perpendicular to the antenna baseline. The hor-
izontal wind is in the direction defined by the azimuth
angle § shown by the heavy arrow. We define a rotated
coordinate system such that x is parallel to the wind
direction and y is perpendicular to the wind direction.
All azimuths are measured with respect to north, al-
though the northward direction is not shown in the
diagram in Fig. 2. The radial velocity V, measured at
any point within the beam will be given by

sl
A\
Ag \

Ay di2 A2

FIG. 1. Diagram showing how a phase difference is produced in
two adjacent receiving antennas by asymmetric scattering within the
beam.
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F1G. 2. Diagram showing contours of constant radial velocity (light
solid lines) within the horizontal plane illuminated by the transmitted
beam. The receiving antennas are located along the x axis, which
corresponds to an azimuth measured from north of «. The wind
direction is indicated by the heavy arrow that points in the azimuth
direction 8.

V, = Vycosusin{ + wcos{,

(2)

where p is the angle between the x axis and the position
vector of the point in the horizontal plane. Here V), is
the magnitude of the horizontal wind, { the zenith an-
gle, and w the vertical velocity component. Equation
(2)is valid for any point within the illuminated volume;
that is, any point within the outer circle in Fig. 2, so
that u will vary from 0° to 180°, and ¢ will vary from
0° to the beamwidth value for the range of points within
the beam. We will assume that the horizontal and ver-
tical velocities are uniform throughout the illuminated
volume. The zenith angles considered throughout the
paper are small since the measurements are all within
the width of the vertically pointing beam. Therefore,

(3)

We can replace cosu and sin{ with functions of x and
y to get

cos{ ~ 1.

x (x2+y2)l/2
=Vi— 25172
(x2+ yHY z

= Vh("{) +w
4

where z is the altitude of the scattering volume. Since
z, Vi, and w are constant for a given range resolution
cell, lines of constant x are also lines of constant radial
velocity. The latter are indicated in Fig. 2 by the light
solid lines perpendicular to the heavy arrow repre-
senting the wind direction.

Ve

+w

(4)
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The Fourier transform of the time series of voltages
measured with each of the receiving antennas leads to
a representation of the signals as an amplitude and
phase for each Doppler frequency w. Details can be
found in any number of basic texts, including Doviak
and Zrni¢ (1984). We can represent the result of the
Fourier transformation as

F(w) = A(w) explig(w)] (3)

where A(w) is the amplitude and ¢(w) is the phase.
The squared magnitude of F(w) is the standard Dopp-
ler spectrum. With two receiving antennas, we have

Fi(w) = Ai(w) exp[i¢;(w)] (6a)
Fy(w) = Az(w) expligz(w)]. (6b)
The cross spectrum is then defined as
Ci2 = Fi(w)F3 (w)
= A (w)45 (w) exp{i[$1(w) =~ $2(@)]} (7)

where * represents the complex conjugate. The am-
plitude of C), as a function of frequency is effectively
the same as the amplitude of the Doppler spectrum,
since F, and F, both represent the Fourier transforms
of the signals received with vertically pointing trans-
mitting and receiving beams. The phase of the cross
spectrum represents the phase difference between the
signals received in adjacent receiving antennas as a
function of Doppler shift or radial velocity.

The cross spectrum produces a Doppler sorting of
the contributions from the various scatterers within
the scattering volume, and the contributions to a spe-
cific frequency component in the cross spectrum will
come from all points along a line of constant radial
velocity; that is, one of the light solid lines perpendic-
ular to the wind direction shown in Fig, 2. The phase
difference is related to the zenith angle measured in
the vertical plane parallel to the antenna baseline; that
is, in the x’-z plane in Fig. 2. The average phase for a
given frequency component will correspond to the po-
sition at the center of the contour line of constant radial
velocity; that is, along the heavy arrow representing
the wind direction, if the reflectivities are symmetrically
distributed or uniform. If the zenith angle measured
in the vertical plane parallel to the wind direction is 6,
then we can write

V,= V,siné + w. (8)
Since
sind’ = sinéd cos(a — 6) 9)
we get
sind’
=V m + w. (10)

Figure 3 illustrates the relationship between 6 and &'
described by Eq. (9), and Fig. 4 of the article by Palmer
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(a-6)

F1G. 3. Diagram showing the relationship between the inclination
angles of a layer along two different vertical planes. The respective
inclination angles are é and &'. The horizontal angle between the two
vertical planes is (a — ).

et al. (1991) illustrates the relationships represented in
Egs. (8)~(10). Equation (10) has been proven more
rigorously by Van Baelen (1990) by integration of the
radial velocity contribution across the beam. Our der-
ivation is not a mathematical proof, but is based on
the geometry and is intended only as an illustration of
the underlying principles.

The contribution to the radial velocity in Eq. (10)
from the horizontal velocity component is actually the
trace velocity multiplied by the sine of the zenith angle.
Van Baelen (1990) was the first to point out this re-
lationship. A number of previous studies have applied
interferometer analysis to measurements made with
only two receiving antennas. The assumption in those
studies was that the measured radial velocity compo-
nent was the projection of the horizontal velocity along
the baseline; that is, V} cos(a — 8), rather than the
trace velocity along the baseline; that is, V),/cos( o — 6).
As stated in the Introduction, our own derivation pro-
ceeded in parallel with the work of Van Baelen (1990)
and Van Baelen and Richmond (1990), and our orig-
inal formulation was based on equations that used the
velocity component rather than the trace-velocity
component, similar to what was used by Kudeki
(1988), for example. The fact that the trace velocity
rather than the velocity component appears in Eq. (10)
is satisfying since it leads to a direct equivalence be-
tween the spaced antenna and interferometer analysis.
The latter must be the case since the two methods
merely provide alternative procedures for deriving the
horizontal winds from the same set of measurements.

Substituting Eq. (1) in Eq. (10) and rearranging, we
get

_ kdj; cos(a; — 0)
Vi
The phase ¢;; can be seen to vary linearly as a func-

tion of the radial Doppler velocity V,. The line has
slope m given by

b; V= w). (11)

_ kdij COS(O{[j - 0)

my v (12)
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and intercept b given by

b,'j = —mgw.,

(13)

Three receiving antennas yield three slopes and three
intercepts. Any combination of two of the measured
slopes can be used to calculate the horizontal wind
components. Only the intercept from a single baseline
is needed to calculate the vertical velocity component
in the special case when there are no aspect sensitivity
effects. .

In spaced antenna analysis, the trace velocity along
a given antenna baseline is calculated by dividing the
antenna separation by the temporal lag at which the
maximum in the cross-correlaton function occurs.
Trace velocities from two nonparallel antenna baselines
can then be combined to yield the so-called apparent
velocity. The velocities derived from the phase-differ-
ence slopes given in Eq. (12) correspond to the spaced
antenna trace velocities. Indeed, Fourier transform
theory predicts that a shift in the cross-correlation
function will be equivalent to a phase slope in the fre-
quency domain. Thus, the horizontal velocity vector
derived by combining the various slope estimates from
the interferometer analysis will be the apparent velocity.
Equation (12) shows that the trace-velocity estimate
will be ambiguous if the wind is perpendicular to the
antenna baseline since the phase slope will be zero. In
such a case, the slopes from two other baselines can be
used in the analysis since the wind can only be per-
pendicular to one of the baselines. The same situation
arises when the spaced antenna analysis is used.

From spaced antenna analysis, we know that the
apparent velocity is a good estimate of the flow velocity,
as long as turbulent fading within the medium is not
significant. When turbulent fading is important, the
apparent velocity will be an overestimate of the true
velocity (e.g., see Larsen and Rottger 1989). We have
not considered the effects of turbulent fading on the
velocity estimates in our derivation. Such effects are
known to be important in the mesosphere and strato-
sphere in certain height ranges (e.g., Kudeki et al.
1989), but a number of studies have shown that the
apparent velocity derived from spaced antenna mea-
surements in the troposphere often gives a good esti-
mate of the true flow velocity below the tropopause
(e.g., Rottger and Vincent 1978; Vincent et al. 1987,
and various studies summarized by Larsen and Rottger
1991). An indication of whether fading has to be con-
sidered in estimating the velocity is whether the Dopp-
ler spectra are dominated by beam broadening; that is,
the spectral broadening produced by a range of radial
velocity components over the finite beamwidth, or by
comparable contributions from turbulent broadening
and beam broadening. Simple calculations can be used
to show that beam broadening will dominate in the
troposphere for almost any reasonable combination of
instrumental parameters. Hocking (1986) has shown
the latter to be true.
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If estimates of the true velocity are required, the pa-
rameters derived from the interferometer technique
described here can easily be used as input for the full
correlation analysis formulated by Meek (1980), for
example. The parameters used in Meek’s method are
the lags corresponding to the maxima in the cross-cor-
relation functions and an estimate of the characteristic
fading time of the autocorrelation function. The an-
tenna separations divided by the lags are equivalent to
the trace velocities, which are also a product of the
interferometer analysis. The fading time is directly re-
lated to the width of the autocorrelation function
which, in turn, is related to the width of the power
spectrum since the power spectrum and autocorrelation
function are Fourier transform pairs. However, for the
remainder of the article we will assume that the ap-
parent velocity gives a good estimate of the true flow
velocity for the reasons cited in the previous paragraph.

Using two of the measured slopes for the baselines
between antennas 1 and 2 and antennas 1 and 3, for
example, Eq. (12) yields

kdi2(cosf cosaz + sinfl sinay;) = m,V,  (14a)
kd,3(cosf cosays + sinf sina;3) = m 3V, (14b)
which can be rewritien as
X sinap, + Y cosap; = —2  (15a)
kd»
m
X sina;; + Y cosa; = ﬁ‘;, (15b)

where X = sinf/V;, and Y = cosf/V), are the inverse
trace-velocity components. We can solve for XY and Y
to get

_ di3mys cosay; — diamy; cosay,

X kd\2dys sin(ay; — a;3) (162)
y= dismy;, sina,.3 — dimy; sinag, (16b)
kd\2dy3 sin(ays — ay,)
The ratio of X/Y gives the solution for §
tand = ~ mizds cosay3 — myadyy cosaa (17)
my2dys sinay; — my3d); sina;;
The corresponding expression for ¥}, becomes
Vi = kdady3lsin(oauy — ay3)|[(m12d3 cosays
— myzdy; cosayn)? + (myad,s sinay s
— my3dyy sina;)*] 72 (18)

Equation (13) gives the vertical velocity directly

w=——bi 19
- (19)

Equation (19) comes directly from the expression for
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the intercept in the linear relationship represented by
Eq. (13), and the term results from setting ¢; = 0 in
Eq. (13), which corresponds to obtaining the spectral
component from the portion of the beam that points
exactly in the vertical direction when there are no aspect
sensitivity effects. The uncertainties in the slope esti-
mates g,, can be calculated by standard formulas, such
as those given by Bevington (1969). We obtain

O =

_1 - 2
Nz 2@ mVr")]

XINZVL=(Z V)" (20)

where N is the total number of discrete values from
the cross spectrum used in the line-fitting procedure
and n ranges from 1 to N. The error in the intercept
op can be calculated from the formula (Bevington
1969)

1
oy’ = v_32 (#n—b- mv,)?

XIZVEINZ VE—(Z V)N (21

The uncertainty in the vertical velocity estimate be-
comes

oy = (bo,, + mop)m™2. (22)

Corresponding expressions for the velocity magnitude
and direction error bars can be found in a straightfor-
ward way from Eqs. (17) and (18). Equation (22)
shows that the error bars for w will become infinite if
the slope m1 becomes zero. The latter can happen if the
antenna baseline is perpendicular to the flow direction.
The solution is to use a different pair of receiving an-
tennas for the calculation. The method described here
yields the uncertainties in a straightforward manner
and with a minimum of calculations. We will discuss
various aspects of implementing the scheme in practice
in section 3.

b. The case with aspect sensitivity

Radar reflectivities at longer wavelengths, such as
those around 6 m, are known to show aspect-sensitivity
effects (e.g., Tsuda et al. 1986). The backscattered
power decreases rapidly as the beam is moved away
from zenith. The aspect sensitivity is not a problem in
itself as long as the refractivity layers are horizontal;
however, the layers are generally tilted a few degrees
out of the horizontal plane. The effective beam-point-
ing direction then becomes essentially perpendicular
to the layers since the strongest echoes come from that
direction. Larsen and Rdttger (1991) have discussed
these problems in detail and have provided measure-
ments of the in-beam incidence angles measured over
a4-day period. Palmer et al. (1991 ) have shown, based
on an analysis of interferometer data, that the radial
velocity measured with a nominally vertical beam is
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effectively the velocity perpendicular to the refractivity
layers. The recent articles discuss the effects in detail,
but the problems and effects associated with inclined
refractivity layers have been known for a number of
years (e.g., see Rottger and Ierkic 1985).

The configuration resulting from the aspect sensi-
tivity effects is illustrated in Fig. 4, which shows the
area in the horizontal plane illuminated by the trans-
mitted beam as the large circle. Contours of constant
radial velocity are shown as the light solid lines again,
and the heavy arrow that forms the diameter of the
outer circle indicates both the wind direction and the
mean position for the constant-radial-velocity contours
when aspect sensitivity effects are unimportant. Aspect
sensitivity produces enhanced backscatter for a direc-
tion perpendicular to the refractivity layers. Typically,
the aspect-sensitivity pattern is much narrower than
the beamwidth so that the contribution to the back-
scatter comes from a small area within the illuminated
volume. The smaller circle represents the area within
the illuminated volume that produces the largest con-
tribution to the received signal, due to aspect sensitivity
effects. If the layers are horizontal, the smaller circle
will be centered at the origin, and the only effect is to
make the effective beamwidth narrower than the in-
strumental beamwidth. However, if the layers are in-
clined with respect to the horizontal, the smaller circle
becomes displaced from the origin, as shown in Fig. 4.

The contours of constant radial velocity enclosed
within the smaller circle in Fig. 4 will be the ones that
contribute to the phase measurements, and the mean
position will be along the arrow that forms the diameter

yl

FIG. 4. Diagram showing the contours of constant radial velocity
(light solid lines) in a format similar to that shown in Fig. 2. Aspect-
sensitivity effects localize the scatter within a small area of the larger
beam, however, as shown by the circle of smaller diameter. The center
of the scattering region is located at coordinates x, and yg.
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of the small circle. For the particular configurztion
shown in Fig,. 4, the phase difference corresponding to
a particular value of the radial velocity will be shifted
to the right; that is, along the positive x’ axis as a result
of the aspect-sensitivity effects. As we will show in more
detail below, the slope of the phase variation as a {unc-
tion of the radial velocity remains the same, but the
intercept of the line describing the phase variatioa be-
comes shifted. Note also that a shift in the scattzring
area parallel to the wind direction produces no change
in the measured value; that is, displacing the center of
the small circle along the direction indicated by the
large arrow produces the same mean phase or location
for a given value of the radial velocity as would have
been measured if there were equal contributions from
all points within the instrumental beamwidth. Inspec-
tion of Fig. 4 will show the latter to be true. Therefore,
we can limit our derivation to consideration of the effect
of the component of the off-vertical incidence angle
perpendicular to the wind direction. '

The radial velocity measured at any point within the
scattering volume will be

V,=Vysind + w (23)

where 6 is the zenith angle measured from the center
of the scattering volume along the plane defined by the
horizontal wind direction and the vertical. If x} and
yo are the coordinates of the scattering center; that is,
the center of the small circle in Fig. 4, then we can
write

[(x' = x0)* + (V' = ¥0)*1'/2
(X' = x0)? + (V' — y0)* + 271"/

sind =

! !
X — X0

zzcos(a—-t’)) ) (24)

The approximate form of Eq. (24 ) was derived by using
the fact that (¥' — yp) = (x' — xp) tan(a — 6) and by
noting that the height z is much greater than the hor-
izontal displacements in either the x’ or )’ directions.
Since

!

X

s R — (25
(x/2 + 22)1/2 z \ )

LA sind’ =

kd
and
X0

zsin(a — 0) (26)

tan\,bl = -

where ¢/, is the component of the incidence angle per-
pendicular to the wind direction, we get

1
V.=V, ¢

" E‘—jm + tany, tan(a - 0)] + w.

(27)

Rewriting Eq. (27) in the form of the phase difference
as a function of the radial velocity gives
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6= kd cos(a — 8)

V, — kd tany, sin{(a — 0)
Vi

B wkd cos(a — 6)
Vi )

The relationship is still linear, and the slope of the line
is the same as we found before without aspect-sensi-
tivity effects. However, the intercept, given by the sum
of the last two terms in Eq. (28) now depends on both
the vertical velocity and the component of the off-ver-
tical incidence angle perpendicular to the wind direc-
tion.

For a layer tilted at the angle ¥ from the vertical,
the tilt component along another vertical plane will be
related to ¥ by

(28)

tany’ = tany cosfB (29)

where ¢ is the tilt angle in the vertical plane rotated
by angle 8 in azimuth with respect to the vertical plane
in which ¢ is measured. We can then express tany, as

tany, = tany cos(lr- + 60— X) (30)

2

where X is the azimuth along which the layer is tilted.
Finally, we end up with
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_ kd cos(a — 8)

V, + kd tany sin(6 — X)
Vi

¢
wkd cos(a — 6)
Vi ’

For each baseline, there are two fitted parameters. The
slope of the fitted line is given by

_ kd cos(a; — 6)

X sin(a — 6) — (31)

my; v, (32)
The intercept is given by
b; = kd; tany sin(0 — X) sin(a; — 0) — myw. (33)
A more useful form of Eq. (33) is
by = kdy(tany, cosf + tany, sinf)
X sin(a; — 0) — muw. (34)

Any pair of the slope estimates can be used to cal-
culate the horizontal wind components from Eq. (19).
The slopes and intercepts can then be used to calculate
¥, ¥y, and w from Eq. (34). The error estimation can
be carried out as described in section 2b.

Palmer et al. (1991) presented some examples of the
tilt-angle values derived by this technique. The half-
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FIG. 5. (a) Coherence function amplitude for a height with a broad spectrum. (b) Phase of the coherence function. (c)
Determination of the window for fitting the phase based on the implied horizontal velocity determined from the phase of the
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hour average values were found to have magnitudes of
~0.5°, which agrees, in general, with the results of
Rottger et al. (1990) and Larsen and Roéttger (1991),
who derived the tilt angles by a different method. Rott-
ger et al. (1990) have also presented results of tilt angle
measurements based on data from the Chung-Li radar
in Taiwan, which agreed with the other measurements
as far as overall average magnitude is concerned.

An advantage of the analysis technique presented
here over those that use Doppler measurements of the
vertical velocity is that it leads to estimates of the true
vertical velocity. Off-vertical in-beam incidence angles
result in measured radial velocities that have a com-
ponent that is the projection of the horizontal velocity
along the line of sight. Although, the angles are typically
small, the difference between the true vertical velocity
and the radial velocity in a nominally vertical beam
can be significant, as shown by Rottger and lerkic
(1985), Larsen and Réttger (1991), and Palmer et al.
(1991).

3. An example of the application of the method

Our goal is not to make an exhaustive test of the
technique or to compare results provided by different
types of analysis. The purpose of the paper is merely
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to provide a framework for carrying out the analysis
of interferometer data, including the complexities im-
posed by aspect-sensitivity effects; however, the easiest
way to illustrate the method is to apply it to a small
sample of data. The observations were made on 24
October 1989 from 2100 to 2400 LST with the MU
radar located in Shigaraki, Japan. The great flexibility
of the radar system makes it possible to operate the
radar in a number of different modes. In this case, the
central portion of the array was used for transmission,
and three spatially separated receiving antennas were
used. The dataset has been described in more detail by
Palmer et al. (1990, 1991).

The interferometer analysis, as described in the pre-
vious section, was carried out, including the calculation
of the complex coherence function. Examples of the
calculated functions from two heights are shown in
Figs. 5a-d and Figs. 6a—-d. Figure 5 corresponds to the
case of a broad Doppler spectrum. Figure 5a shows
that the spectral peak can be discerned between the
approximate limits of +£5.0 m s™!. Over the same ve-
locity or frequency interval, the phase in Fig. 5b can
be seen to be varying linearly, as expected for small
zenith angles. Actually, the phase changes by more than
27 rad, which produces the two discontinuous jumps
near +3.5 m s™'. As illustrated in Fig. 5a, the phase
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of the coherence function varies linearly only in the
part of the Nyquist spectral interval that contains signal.
Therefore, a window based on the beam broadening
caused by the horizontal wind was chosen. Since the
phase information defines a pointing direction, the ve-
locities in the Doppler spectrum can be interpreted as
the projection of the horizontal velocity along those
pointing directions. Figure Sc shows the radial velocities
converted to approximate horizontal velocities. The
velocities should lie along a horizontal line if the winds
are uniform. The median of the approximate horizontal
velocity estimates was calculated and used to find the
beam-broadened spectral width, which was used to de-
fine the window for the linear fitting procedure. The
line fitted to the phase variation is shown in Fig. 5d
superimposed on the actual phase values. Note that
the horizontal axis in Fig. 5d has a different scale than
the axis in Figs. 5a~c. More work is needed to refine
the procedure for estimating the spectral window for
fitting the line, although this procedure produced ad-
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equate results for the case described here, in which the
wind was almost entirely parallel to one of the antenna
baselines.

Figure 6 shows an example involving a narrow spec-
tral peak. The window for fitting is again determined
by the beam broadening due to the approximate hor-
izontal velocity as shown in Fig. 6¢. The fitted line and
the phase values are shown in Fig. 6d.

The winds were calculated for heights between 6 and
16 km based on 30-min-average spectra such as those
shown in Figs. 5 and 6. The results are presented in
Fig. 7a. The true vertical velocity was also calculated
as indicated. The Doppler velocity measured with a
vertical beam is effectively the radial velocity perpen-
dicular to the tilted refractivity layers, as discussed by
Rottger and Ierkic (1985), Larsen and Rottger (1991),
and Palmer et al. (1991). The resulting velocity esti-
mates are then contaminated by a component of the
horizontal wind. However, the interferometer analysis
described here yields the true vertical velocity, in ad-
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FIG. 7. On the left, profiles of the zonal and meridional wind determined by the interferometer
method for the data from 2145 to 2215 LST. The true vertical velocity derived by the interferometer

method is shown on the right.
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dition to the layer tilt angles. The latter are not shown
here but were presented by Palmer et al. (1991).

The curves for both the horizontal and vertical ve-
locities in Figs. 7a and 7b have error bars plotted, al-
though they are more obvious in the panel on the right.
The uncertainty in the horizontal velocity determi-
nation is ~0.5 m s~! at most heights. The uncertainties
in the vertical velocity estimates are larger in compar-
ison to the magnitude of the velocities than is the case
for the horizontal winds. Typical magnitudes of the
uncertainties of the vertical velocities at most heights
are in the range from 5 to 10 cm s™!.

For comparison, the horizontal winds deduced by a
Doppler method are shown in Fig. 8a. The Doppler
estimates lie outside the error bars derived from the
interferometer analysis at many heights, indicating that
the differences are attributable to more than statistical
uncertainty, although there is no way to determine
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which profile is a better estimate of the true winds with
the data available here. The data that produced the
curves in Fig. 7 were obtained between 2145 and 2215
LST, and the data in Fig. 8 were obtained between
2110 and 2120 LST, since the sampling scheme was
different. Therefore, the differences in the profiles may
be due to temporal evolution of the flow. However,
the differences in the vertical velocity estimates ob-
tained during the two observation intervals can be ex-
plained in large part by the effect of the off-vertical
incidence angles that affected the Doppler measure-
ments, as shown by the detailed analysis carried out
in the study by Palmer et al. (1991), indicating that
the temporal evolution, at least in the vertical velocities,
was small during the gap in the observations.

The vertical velocities deduced by the Doppler
method are shown in Fig. 8b. There are significant dif-:
ferences between the profiles in Figs. 7b and 8b for the

16.0
15.0 -
14.0
</“
13.0 >,
/'8\12.0—
=
E 11.0 -
O
L
L 10.0
9.0 —
iy
8.0 — <
7.0 -
6.0 T T T T
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
VERTICAL WIND (m/s)
(b)

FI1G. 8. On the left, profiles of the zonal and meridional velocity derived by the Doppler method for
the data from 2110 to 2120 LST. The vertical velocity profile derived by the Doppler method is shown

on the right.
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reasons related to tilted refractivity layers already cited.
Although the uncertainties in the vertical velocity es-
timates are relatively large in comparison to the velocity
magnitudes, the differences between the vertical veloc-
ities derived by the interferometer and Doppler meth-
ods are larger than the uncertainties over a large part
of the height range.

Figure 8 shows a gap in the vertical-velocity profile
determined from the Doppler method. The received
power in the vertical and off-vertical beams for the
Doppler data near 14 km was comparable. However,
the vertical spectra did not have well-defined peaks,
and the spectral fitting procedure did not converge.
The peaks in the off-vertical spectra were better defined,
and horizontal wind estimates were possible. The in-
terferometer profiles in the same height range show an
increase in the size of the error bars, although both the
horizontal and vertical velocities could be determined.

4. Discussion

An advantage of the analysis method described here
is that the number of computations required to imple-
ment it are reduced in comparison to the spaced an-
tenna analysis, for example. The spaced antenna anal-
ysis can provide the same parameters as the interfer-
ometer method, namely, the horizontal and true vertical
velocities, and the layer tilt angles (Larsen and Rottger
1989, 1991); however, more calculations are required.
The horizontal winds are calculated from the temporal
lags of the peaks in the auto- and cross-correlation
analysis. The tilt angle is calculated from the phase of
the cross correlation at zero lag. The radial velocity in
the vertical beam is derived from the variation of the
phase of the autocorrelation function, and the corrected
true vertical velocity is calculated by combining the
vertical-beam radial velocity, tilt angles, and horizontal
wind information. Error-bar estimation requires an it-
erative procedure. The interferometer method as out-
lined here only requires that the coherence function
be calculated for each antenna pair and that a line be
fitted to the phase variation. The slope and intercept
parameters then yield all the same physical quantities
as the spaced anienna analysis. There is a minimum
of computational complexity, and simple expressions
for the uncertainties in the calculated quantities emerge
from the derivation.

Not only do the calculations appear to be simple
enough to carry out in real time, but the implemen-
tation of the hardware is also straightforward since all
beams point vertically. The Doppler method requires
beam pointing in a number of directions, which adds
some complexity to the hardware and leads to as-
sumptions about uniformity of the wind field over the
sometimes large horizontal separations between beam
positions. The vertically pointing beam setup used for
the interferometer measurements requires no beam
steering. However, three receivers are necessary. Many
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of the same advantages and disadvantages of interfer-
ometry apply to spaced antenna systems, which have
the same hardware requirements (Larsen and Rétiger
1989).

Ideally, the coherence values from all antenna pairs
will be usable for the analysis, but in practice, the wind
may be parallel to one of the baselines so that the co-
herence is low along the other two baselines. However,
since the wind magnitude and direction are calculated
as a first step by using the fitted slopes, such special
situations should be evident before the second step of
finding the in-beam incidence angles and true vertical
velocities is implemented using the fitted intercept val-
ues. Clearly, more study of such potential practical
problems is needed.

5. Conclusion

Although the basic idea of using the linear variation
of the phase in interferometer measurements to infer
the horizontal winds has been discussed by a number
of authors, no complete analysis method has been pro-
posed. Also, the additional complexity introduced by
aspect-sensitivity effects has not been considered fully
in the past in connection with the interferometer anal-
ysis. The analysis method introduced here involves only
simple calculations but yields all the parameters that
are typically of interest for operational or research wind
profiler applications. Clearly, more detailed studies are
needed in the future to determine how the interfer-
ometer method compares to the spaced antenna or
Doppler beam swinging method in terms of both ease
of implementation and accuracy and precision of the
results.
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