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Abstract. Radars have been used successfully for many
years to measure atmospheric motions over a wide range
of altitudes, from ground level up to heights of several
hundred kilometres into the ionosphere. In this paper we
particularly wish to concentrate on the accuracy of these
measurements for winds in the middle atmosphere (i.e.
10±100-km altitude). We begin by brie¯y reviewing the
literature relating to comparisons between radar meth-
ods and other techniques. We demonstrate where the
radar data are most and least reliable and then, in
parallel with a discussion about the basic principles of
the method, discuss why these di�erent regimes have the
di�erent accuracies and precisions they do. This discus-
sion is used to highlight the strengths and weaknesses of
radar methods. Issues like radar volume, aspect sensi-
tivity, gravity wave e�ects and scatterer intermittency in
producing wind biases, and the degree by which the
intermittent generation of scatterers at quasi-random
points in space could skew the radar measurements, are
all considered. We also investigate the possibility that
MF radar techniques can be contaminated by E-region
scatter to heights as low as 92±95-km altitude (i.e. up to
8±10 km below the ionospheric peak echo). Within all
these comments, however, we also recognize that radar
methods still represent powerful techniques which have
an important future at all levels of the atmosphere.

1 Introduction

Radars used for atmospheric wind measurements cover
a broad range of styles and applications, from dish-like
systems as used for meteorological work (e.g. Atlas,
1990) and ionospheric work (e.g. Mathews, 1984) to
phased array systems (e.g. Woodman and Guillen, 1974;
RoÈ ttger et al., 1978; Fukao et al., 1985a,b) and simpler
spaced-antenna systems (e.g. Vincent et al., 1987). In
addition to a multiplicity of antenna types, there are

di�erent hardware arrangements, which involve various
types of pulse compression (e.g. Farley, 1985) and
integration procedures. We will not dwell on these
aspects, but will try broadly to classify di�erent radars
according to their methods of data analysis, since as a
rule it is the di�erent techniques which are most
important in our discussions, rather than the technical
details of the radars being used.

Several di�erent techniques are applied in radar
measurements of atmospheric winds. These include the
Doppler method (Woodman, 1985; Zrnic, 1979; Hock-
ing, 1989), the spaced-antenna method (e.g. Briggs,
1984; Hocking et al., 1989), and variations on the
spaced-antenna method, which act in an interferometric
manner (e.g. Adams et al., 1985; RoÈ ttger and Ierkic,
1985; RoÈ ttger et al., 1990). Figure 1 demonstrates
schematically some of these techniques. We will not
dwell in detail on the methods, save to give a brief
overview. The reader is referred to the references given
for more detailed discussions. However, in brief the
methods can be summarized as follows.

The Doppler method uses a large (often steerable)
antenna to form a narrow beam, and then directs a large
fraction of the available transmitter power along this
``pencil beam''. The radio waves scatter from irregular-
ities within the beam, and are scattered to a receiving
array which collects the signal. In many cases the
receiver array is the same one as the transmitter array,
and this arrangement is called a monostatic radar
(Fig. 1a). The returning signal is Doppler shifted relative
to the transmitted one, due to the motions of the
scatterers, and the radar then measures this Doppler
shift. Typical values for the Doppler shift are in the
range 0.01±10 Hz. The value of the Doppler shift is then
used to determine the mean radial velocity of the
scatterers within the beam, and by using combinations
of radial velocities obtained with di�erent beam point-
ing directions, it is possible to make measurements of
the nett motion of the atmospheric scatterers.

The spaced-antenna method generally utilizes di�er-
ent antennas for transmission and reception, and rather
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than directly measuring the scatterer's radial velocities,
it measures the drift of the di�raction pattern of the
scatterers across the ground (Fig. 1b). At least three

groups of antennas, spatially separated over the ground,
are used to record the backscattered signals, and
cross-correlation functions calculated between pairs of
receivers are used to infer the drift speed of the
di�raction pattern. The drift speed of the scatterers
themselves are then found as one half of the drift speed
of the di�raction pattern (e.g. Briggs, 1992), and the
direction of drift is the same for both the scatterers and
the di�raction pattern. Although the method seems in
principle to be di�erent to the Doppler method, Briggs
(1980) has shown that they are actually very similar in
basic principle. However, a major di�erence is the fact
that the spaced-antenna method often utilizes small
groups of antennas (for either transmission or reception
or even both), with correspondingly larger beam widths,
and we will see later that this broader beam-width can
have important implications for the method. The
spaced-antenna method also tends to make more use
of scatterers closer to overhead of the radar, and this
point will also prove important later on.

Interferometric methods use a combination of these
procedures, but are limited by the requirement that the
scattering region must contain only a few discrete
scatterers. By using complex correlation functions
determined between spaced receiving antennas, it is
possible to ®nd the directions of discrete scatterers
within the sky, and then determine Doppler shifts
associated with each individual scatterer (Fig. 1c). By
combining many such measurements of scatterer loca-
tions and Doppler shifts, it is then possible to determine
mean velocities as a function of height which closely
approximate the mean values over the radar. However,
the method breaks down if there are too many scatterers
within the beam; for example, in the case of volume
scatter (many scatterers distributed almost continuously
in space), it is not possible to unambiguously identify
discrete scattering entities.

Extensive tests of these di�erent procedures have
been applied at many altitudes, but we will begin by
considering comparisons in the lowest altitude of the
atmosphere (i.e. especially in the troposphere and lower
stratosphere). Parts a and b of Fig. 2 illustrate nicely
comparisons between the Doppler method applied with
narrow-beam radars and radiosonde measurements, and
it is clear that in general the agreement between the
methods is quite good. These show comparisons from
Crane (1980) and Hocking (1997). Other detailed
comparisons (not shown) have been presented by many
authors, including particularly careful studies by Weber
and Wuertz (1990) and Astin and Thomas (1992). In
addition, RoÈ ttger and Vincent (1978), Larsen and
RoÈ ttger (1982) and Vincent et al. (1987) have demon-
strated the accuracy of the spaced-antenna method in
the troposhere. There is little question that Doppler and
spaced-antenna techniques work quite well in the
troposphere, where the scatterers are generated relative-
ly continuously in height and time, so we may conclude
that there is nothing intrinsically wrong with the basic
theory of the methods. However, some of the speci®cs of
implementation can lead to problems in certain situa-
tions, and these special cases will be one subject of this
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Fig. 1a±c. Schematic diagram representing the main principles applied
in radar techniques. a demonstrates the Doppler method, b shows the
spaced-antenna method and c shows the interferometric principle. In
a, the Doppler shift of the returning radiation relative to that
transmitted is indicated, and this shift is the basis of the method. In b,
the scattering distribution over the sky at one altitude is shown,
together with the di�raction pattern on the ground. Note that the
broken lines represent just a few of the many ``ray paths'' which can
exist; the radiation propagating along these paths eventually interferes
at the ground to give the resultant di�raction pattern. In c, the
e�ective ray paths associated with just a few scatterers are shown. The
inset to the right shows incoming phase fronts from a single scatterer
in two dimensions, illustrating that a single phase front arrives at
di�erent antennas at di�erent times. The delay between phase fronts
arriving at di�erent antennas is used to determine the original location
of the scatterers
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article. These special cases can be especially important in
the upper atmosphere (above 60-km altitude), and it is
to this region that we now turn.

The importance of determining the accuracy and
reliability of radar winds in the mesosphere has always
been crucial, but is even more so now that new satellite
techniques [especially WINDII (e.g. Shepherd et al.,
1993; Gault et al., 1996; McLandress et al., 1996) and
HRDI (Hays et al., 1993; Burrage et al., 1996)] have
begun producing large quantities of data. Studies
incorporating data from di�erent systems like radars
and satellites will need to be carried out more frequently
in the future, and knowledge about the relative accura-
cies of each system will be important in such compar-
isons. As seen, radar comparisons with other techniques
generally show good agreement in the lower atmo-
sphere, but as the altitude of the scatterers reaches
mesospheric heights, we note that the level of agreement
degrades somewhat; comparisons of radar techniques at
these heights are not always as good as in the lower
atmosphere. Cases reporting moderate to good agree-
ment include those due to Stubbs (1973), Stubbs and
Vincent (1973), Vincent et al. (1977), Vincent and

Stubbs (1977) and Phillips et al. (1994), but cases of
poor agreement also exist, e.g. Hines et al. (1993). Even
the cases of apparently ``good'' agreement are not as
well matched as tropospheric comparisons [e.g. Stubbs
(1973), especially above 90 km], although it is also true
that some of the cases of ``bad'' agreement have been to
some extent explained (e.g. Turek et al., 1995). There are
good understandable reasons for this great degree of
variability and discrepancy, particularly in relation to
the fact that the beam width of a radar in terms of
physical width (kilometers) becomes quite large at large
ranges, and also the fact that the entities producing the
backscatter become more intermittent in space and time
at the higher heights. In addition, there is often a greater
degree of inherent wind variability at these upper
heights, where wave activity becomes more vigorous in
the higher regions (e.g. Hines, 1960). Thus comparisons
on short time-scales invariably show variability, and
longer-term averages are required to show better agree-
ment. For example, Hocking and Thayaparan (1997)
have shown fairly good comparisons of semidiurnal
tidal amplitudes and phases using meteor and MF
techniques, but greater scatter on scales of minutes.

Fig. 2a, b. Illustration of comparisons between the Doppler method
and radiosonde measurements, showing a comparisons of magnitudes
of winds using a UHF radar (Crane, 1980) and b comparisons of
magnitudes directions between VHF radar winds and radiosondes
(Hocking, 1997). Note that in the second case the slope of the line of

best ®t for the magnitudes is not quite 1.0, due to the e�ect scatterer
anisotropy. This e�ect is usually corrected for, but we have chosen not
to do so in this case. See the text for a more extensive discussion of
scatterer anisotropy
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Indeed (and for similar reasons), comparisons between
any pairs of methods (radar or otherwise) often become
worse at these higher altitudes. It is this level of
agreement of di�erent techniques, especially with regard
to radar methods, which forms a major thrust of this
article. However, in order to set things into perspective,
we will begin not by looking at radar weaknesses, but
rather at their strengths.

2 Strengths of radar techniques

The greatest strengths of radar techniques are almost
certainly their ability to provide wind measurements
during conditions of both clear air and cloud, and in all
sorts of di�erent geographic and atmospheric environ-
ments. The data acquired by radar techniques are
generally among the most continuous of any procedure.
The ability to run radars unattended for long periods of
time, and often during both day and night, is also a key
strength of the technique.

Another important advantage of radar systems is
their resolution ability. Because a radar can determine
the range to a scattering region, it has important
advantages over other techniques in this regard. For
example, passive optical techniques which rely on local
atmospheric generation of the source radiation which
they utilize often su�er from the fact that the exact
height of the source region is unknown. In addition, it
can be true that the source region can be spread over a
wide band in height, producing a signi®cant smearing of
wind measurements.

The spatial accuracy of a radar system is often de®ned
by the radar volume, which is the volume de®ned by the
beam width and e�ective pulse length of the radars used.
(In this context, ``e�ective pulse length'' refers to the
radar resolution, i.e. the true transmitted pulse length
divided by 2, to allow for the fact that the transmitted
pulse travels up but the re¯ected pulse down). To ®rst
order, this volume is usually a cylindrical region, with the
axis of circular symmetry directed along the radar beam
(see Fig. 1a). The length of the cylinder is the pulse
length, and the radius is taken as the half-power half-
width of the radar beam multiplied by the range under
study. The angular beam width of the radar will not
change, so that as one increases in altitude the physical
width of the beam in the direction transverse to its
pointing direction will increase, resulting in a worsening
resolution at higher altitudes. For example, a radar with a
beam full width of perhaps 5° has a diameter for its radar
volume at 10 km range of 1 km, whilst the transverse
extent covered by the beam at an altitude of 90 km can be
typically 10 km across. Broader beams can correspond to
horizontal extents of several tens of kilometers at these
higher heights, and we will see later that these larger
horizontal beam-width scales at the higher heights can be
important, especially when considered in connection with
the intermittency of the scattering process. With respect
to pulse lengths, some radars such as VHF radars can
achieve pulse lengths down to several hundred meters
and better, whereas other radar systems such as MF

(medium-frequency) radars are restricted to pulse lengths
of the order of several kilometers.

It should be emphasized that the sorts of spatial and
temporal resolutions which can be obtained with radar
techniques are certainly as good as, if not better, than
many optical techniques, but it must nevertheless be
borne in mind that they are not perfect. Lidars, for
example, have superior spatial and temporal resolution
(e.g. Chanin and Hauchecorne, 1981; Gardner and
Voelz, 1985), but have only recently developed the
ability to measure winds, and are limited in their
coverage temporally, being restricted to conditions of
no cloud and night-time studies. On the other hand,
radars are certainly superior to many other ground-
based optical techniques in their spatial resolution, and
likewise have better spatial resolution than satellite
optical methods. Limb-scanning optical instruments, for
example, integrate along a path of several hundred
kilometers in length in their velocity determinations.

Having now pointed out the good spatial resolution
capabilities of radars, we have to also temper these
comments with a warning; we will see later that the fact
that resolution is not perfect can still lead to some
problems. For example, we will see that the issue of the
volume of the atmosphere which returns scattered
signals to the radar combined with the possibility of
intermittent generation of scatterers, both temporally
and spatially, can lead to problems with the data
interpretation.

The prices of radars can also be an advantage, in that
it is often possible to develop small radar systems
capable of continuous unattended operation for mea-
surement of atmospheric winds at costs of US$ 100 000.
of course, more expensive systems also exist; a wide
range of options are available.

At this point we will say little more about the
advantage of radars ± we consider that the strengths are
to a large extent self-evident. We will concentrate rather
on a critical review of the limitations of radar methods,
although it is important to emphasize that whilst we
intend to be quite honest about these problems, most
other techniques (including both optical and satellite)
su�er from problems which are at least comparable, if
not even worse.

3 Potential limitations of radar techniques

In the following sections, we will discuss some important
aspects relating to the application of radar techniques.
Perhaps the main issue of concern is the fact that these
methods usually (with the exception of meteor radars)
depend critically on the generation of small-scale
inhomogeneities within the atmosphere by turbulent
and small-scale processes. It is this fact which leads to
many of the potential problems in bias which will be
discussed in this paper. Whilst the generation of these
irregularities are certainly absolutely necessary for
radars to work, the fact that the irregularities can be
generated intermittently in space and time has the
potential for leading to biases. We will return to this
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issue of the nature of the scatterers in due course, but
before doing so we also need to look at some other
special limiting factors of radar techniques.

3.1 Vertical motions

As our ®rst major point, we begin by noting the
possibility that some of the methods used in radar
techniques can be contaminated by the e�ects of vertical
motions. This e�ect is not unique to radar studies, but
we will discuss it in this context.

The major problem which arises when using Doppler
methods is that the radial velocities measured contain
contributions from both the horizontal and vertical
components of the true wind. In order to measure the
horizontal winds, it is necessary to make some assump-
tions about the vertical motions. In some cases it is
assumed that the vertical wind is zero, but since beam
tilts can be as little as 10° o�-zenith, this can be a
dangerous assumption. Even vertical winds which are
less than 5% in magnitude of the horizontal winds can
produce contamination. Alternative procedures include
using a vertical beam to make measurements of the
vertical wind, and incorporating these measurements
into the determinations of horizontal velocities. How-
ever, generally the vertical winds and the o�-vertical
radial components are not measured in the same
physical volume of space, and errors can arise due to
these spatial di�erences. In addition, there can be errors
in vertical velocity measurements due to the fact that
scattering entities can have small tilts which skew the
region of scatter away from directly overhead; this issue
has been discussed by, amongst others, Larsen and
RoÈ ttger (1991) and Larsen et al. (1992).

As seen, Doppler radars are especially vulnerable to
the e�ects of vertical winds because of the small zenithal
beam pointing angles often employed in radar experi-
ments. It may seem that the spaced-antenna method is
not so vulnerable to this e�ect, but this is not true either.
Briggs (1980) has shown how the drift of a di�raction
pattern across the ground can be envisaged as the
``beating'' e�ect of signals scattered (with appropriate
Doppler shifts) from di�erent points in the beam, so
that vertical motions can also produce errors in
horizontal velocity determinations in this case too.
However, we should emphasize that the contamination
in this case is less severe than with Doppler radars, since
it requires rather circumstances ± namely a situation in
which the vertical velocity is upward on one side of the
beam and downward on the other.

The idea that even the spaced-antenna method could
be occasionally contaminated by vertical velocities was
®rst seriously considered by Royrvik (1983), with
subsequent modeling work presented by a variety of
authors. For example, Kudeki et al. (1993) proposed a
wave-induced ¯uctuation model and showed that sys-
tematic wind estimation errors should be expected to
result from spatial variation in the vertical component of
the perturbation wind ®eld associated with gravity
waves. These e�ects could be especially important in

waves with short periods and short horizontal wave-
lengths, which have relatively large vertical velocities.
The ¯uctuation biases may be non-minor in instanta-
neous velocity estimates but will average to zero mean in
a long-term temporal average, suggesting that estimates
of tidal and longer-period waves should be relatively
accurate. This explanation was further substantiated and
supported by more detailed numerical simulation results
presented by Surucu et al. (1995). Only isotropic
scattering was considered by Kudeki et al. (1993), but
the numerical simulations were carried out for both
isotropic and non-isotropic scatterers with di�erent sets
of gravity wave parameters by Surucu et al. (1995). (We
will consider the results of anisotropic scattering more
fully shortly.) Surucu et al. (1995) found that individual
horizontal SA wind estimates are very well predicted by
the model of Kudeki et al. (1993) as long as the gravity
wave has a horizontal wavelength larger than the
horizontal dimension of theMF radar scattering volume.

Thus we see that while vertical velocities can a�ect
radar measurements of horizontal winds, the e�ects are
most serious on time-scales of a few minutes, and
generally are not of great concern for studies of motions
with temporal scales of hours and more. Even at the
shorter time-scales the radars can still produce mea-
surements, but greater care is needed in recognizing and
removing the e�ects of vertical motions.

3.2 Scatterer anisotropy

Another potential problem with radar measurements is
the fact that the scatterers themselves are on the average
anisotropic. In other words, the scattered signal magni-
tude varies as a function of the angle at which the beam
is pointed, with generally stronger scatter from overhead
and increasingly weaker scatter as the angle of the beam
is tilted further and further away from vertical. This can
a�ect measurements of the magnitudes of the winds

Radar beam bore angle

Effective pointing
angle of beam

Polar diagram of radar

Effective
polar
diagram

Fig. 3. Schematic diagram showing how anisotropic scatterers alter
the e�ective beam pattern for a Doppler radar. The bulk of the radio
scatter comes back through the ``e�ective beam'', rather than the true
beam, due to the asymmetry introduced by the scatterers
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because it can result in a bias of the e�ective look-angle
of the radar beam. This e�ect is illustrated in Fig. 3,
where it can be seen that scatter is preferentially
produced from angles closer to overhead than the true
bore angle of the radar beam (also see RoÈ ttger, 1981).
Thus when horizontal velocities are estimated via a
relation like vH � vrad= sin�h�, and h is chosen to be the
bore angle of the beam, then the calculated horizontal
wind speed is an underestimate. Figure 2b shows an
example of this type of bias, where it can be seen that the
slope of the graph of radiosonde wind magnitudes vs
radar wind magnitudes is not unity. We emphasize that
is possible to correct for these e�ects (see shortly); our
point here is simply to recognize that the problem exists.
Note that we should also emphasize that while these
scatterers are often modeled as ellipsoids (e.g. Hocking,
1987), they are in reality twisted and contorted string-
like structures which are simply elliptical in a statistical
sense (e.g. Hocking and Hamza, 1997).

Figure 4 illustrates the di�erent types of scattering
shapes which can be statistically representative of the
scattering medium. These may involve steps, or possibly
even peaks and dips, in refractive index, which have a
broadly ellipsoidal shape on average. They are repre-
sented by analytical functions such as those shown in the
®gure and generally produce backscattered power as a
function of angle which follows the form

P�h� / expfÿ�h2�=�h2s �g:
There are other possible models, but this is at least the
most common model representation of the way in which
power falls o�.

It is possible to measure the degree of anisotropy by a
variety of techniques (Hocking, 1987; Lesicar and
Hocking, 1992; Lesicar et al., 1994) and extensive
studies of this parameter have been made by many
authors. The most complete set is probably that due to
Lesicar et al. (1994), who performed studies at frequen-
cies of around 2 MHz at polar, mid-latitude, and
equatorial stations. Similar studies have been made in
the mid-latitude troposphere and stratosphere at VHF

frequencies (around 50 MHz) by Tsuda et al. (1986) and
Hocking et al. (1990). The e�ect of this anisotropy is to
produce underestimates of the mean wind, and (as
already noted) Fig. 2b shows an example. It is relatively
easy to correct for the e�ects of this anisotropy to
determine horizontal winds (e.g. Hocking, 1989). Indeed
spaced-antenna wind measurements are not even sensi-
tive to the degree of anisotropy, and measure wind
speeds without any bias due to this e�ect.

However, there is one extreme case of anisotropy
which distinguishes itself from all others because of its
unique nature, and this is the phenomenon of so-called
``specular re¯ection''. In this process the backscattered
radiation acts as if it were scattered by smooth mirror-
like re¯ectors (possibly with some degree of undulation)
in the upper atmosphere. This has been observed on
occasions and, while a phenomenon of signi®cant
intrinsic interest, it can also be important because it
can lead to biases in wind measurements. Specular
re¯ectors are not by any means the main form of
scatterer, but they have had a substantial history of
discussion in the literature, and it would be remiss of us
not to discuss them here. They reveal themselves as
scatterers with very, very small values of hs (typically less
than about 2° or so); we will now consider these very
special re¯ectors in some more detail.

3.3 Specular re¯ections

The nature of specular re¯ectors has been the subject of
substantial debate over many years, and various models
have been proposed to explain them. A few authors have
questioned the existence of these unusual entities (e.g.
Woodman and Chu, 1989), but a substantial number of
researchers believe that these phenomena really are
something unique and distinct from turbulence. Recent
balloon measurements (e.g. Luce et al., 1995, and
references therein) have given extra credence to their
viability, at least in the stratosphere. Figure 5 is a fairly
convincing example of the spectrum produced by a

Fig. 4a±c. More detailed representations of the average shapes of radio-wave scatterers (from Hocking, 1987)
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specular re¯ector; it shows the simultaneous occurrence
of specular re¯ectors and turbulence scatter in the
atmosphere. The diagram comes from Hocking (1987)
and shows a radar experiment which demonstrates that
specular re¯ectors and turbulence scatterers can occur
simultaneously in time, although it is generally believed
that they are spatially separated. In the experiment used
to produce Fig. 5, two radar beams were used simulta-
neously, one pointed vertically (producing Fig. 5a) and
one pointing o�-vertically (Fig. 5b). The large spike is
due to a very strong specular re¯ector immediately
overhead, and although it should not have been evident
on the o�-vertical beam, the re¯ector was so strong that
its re¯ected signal was able to leak in through the
sidelobes of the o�-vertical beam. The smaller cluster of
spectral points at around )0.2 Hz in Fig. 5b are genuine
turbulent scatter received by the o�-vertical beam.
Models for specular re¯ectors have been discussed by
Bolgiano (1968), Hocking et al. (1991), and references
therein.

Specular re¯ectors have been of great interest in the
history of radar studies, because it has been claimed that
they can produce a number of biases in wind measure-
ment, especially when the spaced-antenna method is
employed.

The procedure by which this was envisaged to apply
is as follows. It was assumed that gravity waves might
perturb the specular re¯ectors to give them long
smooth oscillations, with scales matching the gravity
waves. In some cases these undulations were considered
due to gravity waves distorting already existing layers,
whereas in other models it was assumed that the waves
might have short vertical wavelengths (a few tens of

meters) and actually cause the radio-wave re¯ections
themselves. We shall see shortly that this second model
has been largely refuted, but for now we will not
concern ourselves with the details. Rather, we will
simply note that these models assumed that the gravity-
wave-induced oscillations were supposed to move with
the wave, and therefore with the phase velocity of the
waves. Thus, its was argued, the spaced-antenna
method would measure the phase velocities of gravity
waves, whereas say the Doppler technique would
measure the true winds because an o�-vertical Doppler
beam is not sensitive to specular re¯ectors. Hines et al.
(1993) incorporated these notions, together with a
model of wave-wave critical-level interactions and
wave-®ltering (which he called ``scavenging''), to show
how the interactions within a wave-®eld superposed on
a mean wind could lead to preferred senses of direction
of phase velocities of gravity waves at di�erent heights
under di�erent circumstances. This model was then
used to infer predictions about the expected sorts of
``winds'' which might be measured by the spaced-
antenna technique if it was indeed sensitive to the phase
speeds of gravity waves.

However, for these re¯ectors to be important requires
that the specular re¯ectors have horizontal extents of
many kilometers and vertical depths of less than 30 or
40 m at 2 MHz and less than about 1±2 m at VHF. The
likelihood of these scatterers existing with such huge
extents, and the possible e�ects that they will have on
radar measurements, have been discussed by Hocking
et al. (1989) and Surucu et al. (1995). Hocking et al.
(1989) have shown that if such specular re¯ectors exist
they are generally intermittent, and this will destroy

Fig. 5a, b. This ®gure, from Hocking (1987),
demonstrates the temporally simultaneous
occurrence of specular re¯ectors and tur-
bulence scatter in the atmosphere, a vertical
radar beam, b o�-vertical radar beam
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their usefulness for measurement of any winds. As a
result, they will generally be rejected by traditional
spaced-antenna algorithms, and as a result will not skew
the measurements. It has also been argued that they are
very rare (e.g. Lesicar et al., 1994), and their predom-
inance in the literature is simply an indication of the
curiosity value associated with them, rather than a
measure of their frequency of occurrence. However, in
addition to the arguments in Hocking et al. (1989),
Surucu et al. (1995) have modeled the e�ects of
including such distorted re¯ectors using computer tech-
niques and have concluded that even if such re¯ectors
exist they will not produce biases in long-term average
winds. They may produce errors on short time-scales (a
few minutes) if they exist, but Hocking et al. (1989) have
indicated that even this is likely to be rare.

The most complete models for these specular re¯ec-
tors are those due to Bolgiano (1968) and Hocking et al.
(1991). As already noted, earlier models argued that the
specular re¯ectors could actually be due to gravity
waves themselves (e.g. Hines and Rao, 1968), but
Hocking et al. (1989) have argued that this would
require waves which would in fact be heavily viscously
damped and therefore, in order to produce appropriate
vertical wavelengths, would have signi®cant o�-vertical
tilts. This e�ect has not been observed. Thus we would
argue that these proposed mechanisms are not impor-
tant in a�ecting gravity wave measurements. There is,
however, another argument which invokes gravity wave
contamination of the wind measurements produced by
radars, and this proposal has much greater viability. It
relates to the distribution of scatterers in space and time.

3.4 Temporal and spatial intermittency
of the scattering irregularities

It seems fairly well established that turbulence, espe-
cially at these upper altitudes, can be and is likely to be
intermittent (e.g. Hocking, 1991, 1996; Hines, 1991).
These patches of turbulence have been called ``white
caps'', and various numerical simulations of this
``patchiness'' have been presented (e.g. Desaubies and
Smith, 1982; Hocking, 1991; Fairall et al., 1991). Some
high-resolution con®rmation of this ``white caps'' model
has been provided by Sica and Thorsley (1996). As a
consequence, patches of turbulence (and therefore
radio-wave scatterers) occur at only isolated locations
within the radar volume, thereby allowing the possibility
that the ``wind'' measured by a radar at any instant may
not represent an average over the whole volume, but
may in fact simply represent the winds at one or two
discrete points within the volume. The issue then
becomes: How well do the measurements at one or
two discrete regions in a large radar volume represent
the mean wind in that region? Figure 6 illustrates the
types of problems involved, and the answer to this
question now needs to be discussed.

If we begin by assuming that wind measurements
made at any point do truly represent the wind at that
point in space and time, even though the measurement is

biased to that region, then we might expect that over a
reasonably long-term average the average of all these
measurements should still produce a reasonable repre-
sentation of the real wind. But can we assume that any
such measurement really does represent the wind even at
the location of the scatterer? And even if this is so, can
we assume that the averaging process is unbiased?

We shall tackle the ®rst question ®rst. Naively, one
might expect that the wind measurements really do
re¯ect the real wind, but there have been arguments
presented which disagree with this supposition. It has in
fact been proposed that the measured wind velocities
may be more commensurate with the phase velocity of a
generating gravity wave than with the winds actually
generated in that region of space (the latter would be a
combination of the external wind ®eld plus the e�ect of
the winds due to the gravity wave itself ). This model
assumes that the radar ``sees'' the envelope of the
turbulent patch and measures the drift of that envelope.
Is this true? In fact it is not; in reality the radar ``sees''
the scatterers inside the envelope (the eddies with scales
of the order of half a wavelength). Croft (1972) has
extensively discussed this potential con¯ict between the
roles of the motion of the envelope and the motions of
the internal scatterers, and despite some exceptions
concluded that in general Doppler radars really do
measure the motions insider the envelope of the turbu-
lence, rather than the motions of the envelope itself.
Since these internal eddies are driven by the local wind,
which will be due to both local winds and the gravity
wave's own velocity ®eld, their motions are truly
representative of the winds at this point in time. Thus
we recognize that our original ``naive'' picture of the
radar measurements was in fact correct, and in most
circumstances the radar does measure a real wind. This
is also the generally accepted view within the radar
community, i.e. that the radar measures the true wind
because it measures the eddies moving inside the
turbulent region. Nevertheless, we now recognize that
this conclusion is not as trivial as we might have at ®rst
thought, and some degree of caution still needs to be
exercised in this regard.

Pulse
length

Pulse length

a b

Fig. 6a, b. Schematic representations of the typical distribution of
scattering centers in the atmosphere. The spatial intermittency within
the beams are especially highlighted
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We now turn to the second question, viz., can we
assume that the averaging process is unbiased? We can
begin by recognizing that there are occasions during
which the averaging process certainly is biased. For
example Collis et al. (1992), and May et al. (1988),
showed examples in which, because the turbulence
occurs at preferred positions within the radar beam,
biases of wind measurement relative to the true mean
can be produced. In particular Collis et al. (1992) show
how a single turbulent layer can produce arti®cial wind
shears in radar data. This possibility was also recognized
by Hocking (1983). But could such biases be more
widespread? Hines (1991) and Nastrom and Van Zandt
(1994, 1996) have independently proposed that this is a
real possibility. Their rationale begins by recognizing
that gravity waves may preferentially generate turbu-
lence at certain phases of their cycles, and so as a
consequence the wind speeds measured by the radar may
be preferentially selective. For example, suppose (as is
often likely) that a gravity wave breaks at phases of the
wave during which the total wind velocity (background
plus wave velocities) is in the same general direction as
the phase speed of the wave. If one then averages over
an ensemble of such measurements, it is possible that
one may produce a bias towards measurements which
are broadly in the direction of the wave speed simply
because one is only measuring wind speeds at points in
space and time which have directions commensurate
with the original phase speed of the wave.

Experimental evidence of a similar e�ect has already
appeared with regard to vertical motions. Nastrom and
Van Zandt (1994) have used experimental data to show
that preferential selection of downward velocities in the
atmosphere by radars in the presence of gravity waves is
a real e�ect, even in the troposphere. Hoppe and Fritts
(1995) have shown similar e�ects in the mesopause
region of the atmosphere. This downward bias, al-
though slight, arises because scatterers are generated
preferentially during downward motion rather than
other motions within the gravity wave.

Hines' (1991) original proposal was, however, in
terms of biases in horizontal motions, rather than
vertical velocities. One might expect that there should
be no such e�ect if the gravity wave ®eld were isotropic,
since on average all these e�ects should cancel out.
However, the e�ect can become important if the gravity
wave ®eld is anisotropic; then one can produce hori-
zontal biases in the mean wind due to the e�ects
described by Hines (1991). Experimental evidence in
support of this model has been presented by Nastrom
and Van Zandt (1996) using tropospheric and strato-
spheric data, although the e�ect is only slight. Hines has
proposed that the e�ect is more dramatic in the upper
atmosphere, where wind variability is much greater. If
the root-mean-square horizontal velocities of the gravity
waves are of the order of 20±30 m s)1 at these heights,
with a substantial bias of phase propagation in one
direction, then errors in the horizontal velocities of the
order of a few m s)1 can result.

Thus we have to admit that this is a very real (even
likely) possibility. It is potentially the most serious error

of any which we have discussed, and whilst errors of a
few m s)1 may not always be of concern, they can be
important on occasions. For example, monthly mean
winds are often only of the order of a few m s)1, so the
type of error discussed here could be important for such
determinations. The relative importance of this e�ect is
still yet to be properly determined, but it de®nitely needs
to be investigated further.

3.5 E-region contamination

There is one other important source of wind bias which
has not been discussed very extensively, if at all, in the
literature. This relates exclusively to MF and HF radar
measurements above 90 km. It is well known that the
fact that the E region overlies the upper middle atmo-
sphere can lead to contamination of some of the data
around 95 km due to group retarded E-region echoes
(e.g. Namboothiri et al., 1993). However, there is an
additional e�ect which is not so widely known or
understood, but which can at times a�ect wind mea-
surements even down to 90 km. In this section we wish
to describe this e�ect. It is an e�ect related to the ®nite
pulse width of the transmitter signal and the fact that the
E-region echoes can be a hundred or even a thousand
times stronger in amplitude than the D-region echoes.

When a radar pulse transmits up into the atmosphere
and returns to the receiver, it peaks some time after it
reaches the receiver (Fig. 7a). The delay is only a few
tens of microseconds, but can be equivalent to typically
8±10 km in range or more for a typical MF radar
receiver. When the range markers on a system are
calibrated they are set to the peak of the echo, and not
the instant of arrival of the pulse. Thus, as shown in
Fig. 7b, the front end of the E-region echo can co-exist
with the peak of say a 95-km echo. However, the E-
region echo is often much stronger than the 95-km echo;
the re¯ection coe�cient for an echo in the range 92±
95 km might be typically 10)3 (e.g. Hocking, 1987),
whilst the E-region echo from say 100-km true altitude is
totally re¯ected. Even accounting for absorption, the
e�ective re¯ection coe�cient for the E-region echo
could easily be 10)1 or more. If the radar pulse after
passing through the receiver has a half-amplitude half-
width of 3 km, so that its amplitude varies with the form
expfÿ�ln 2��zÿ zo�2=�32�g, then at a distance of 8 km
from the peak its amplitude is reduced by about 100
times compared to the peak. Hence for an E-region echo
from say 103 km, the front end of the E-region echo at
95 km will have an e�ective re¯ection coe�cient of
typically 10)3: comparable to the actual atmospheric
signal itself. If the peak of the E-region echo comes from
an e�ective altitude delay of 100 km, its leading edge
could even dominate over a 92-km echo. Thus the front
end of the E-region echo can easily exceed the true
atmospheric echoes in the region 92±95 km. As a result,
there may be times of day, especially when the E-region
echo is low in altitude and strong (as can happen around
midday, especially in summer), that signals from the E
region could contaminate the real signals re¯ected from
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above 92 km. As a result, ``winds'' determined at these
heights and these times by MF techniques could be a
mixture of E-region drifts and true winds. It has yet to
be determined just how important this e�ect could be,
but preliminary experiments performed by this author
have shown that at times there can be a signi®cant cross-
correlation coe�cient between the raw fading data at 92
and 100 km ± an indication that this e�ect does happen
at times. The e�ect is unlikely to be important at night-
time, but certainly could be important around midday
on some days, thereby skewing tidal estimates and daily
mean winds. We should also emphasize that our
schematic diagrams in Fig. 7 assume that the pulse
returning form the E region is a square pulse. This is
highly idealized; in reality, even the transmitted pulse
will have a Gaussian shape, and this could spread the
discussed e�ect to even lower heights (although prob-
ably not below 90 km).

4 Discussion

All the preceding e�ects become ampli®ed as range
increases. The physical beam width becomes larger,
while the degree of intermittency tends to increase and is
much higher in the middle atmosphere than in the
troposphere. There is also the issue of the nature of the
generation of the scatterers, which seems to be intimate-
ly related to the level of gravity wave activity at the
altitude of the scatterers. In particular, in the middle
atmosphere the waves reach large amplitudes and also
develop a level of anisotropy in preferred directions
which can lead to some degree of bias.

We need at this point to reiterate that radar workers
have been aware of these problems, or at least most of
these problems, for many years, and, in general, have
been able either to correct for them or recognize when
they should not be using their data. In a sense this is
something of a self-critical review of radar methods, and
if optical or rocket techniques were subject to a similar
degree of inquiry equivalent errors and biases would
also be found in those procedures. In particular, one of
the major weaknesses of rocket and optical techniques is
the fact that they tend to be made only intermittently in
time. Rocket measurements are usually dependent on
campaigns which can last for only a week or so, and
which occur at irregular intervals scattered throughout
the year. Thus they have the possibility of not being a
true representative of the overall statistical situation,
because each rocket pro®le represents only a single
snapshot through the atmosphere. Optical techniques
are particularly impeded by the occurrence of sunlight
which clearly restricts them to night-time observation,
and also the occurrence of clouds which can prevent
measurements over a substantial fraction of the year.
Optical techniques are also subject to the fact that the
height of scatter or the height of the source of the
radiation is an unknown quantity. Thus we ask the
reader to bear in mind that this attempt to present a
somewhat self-critical review of the limitations of radars
should not be perceived as a reason to rule out the
viability of radar techniques. There is no question that
radars have contributed enormous amounts of informa-
tion to our understanding of upper atmosphere winds
and will continue to do so in the future. However, this
said, it is certainly true that one must bear in mind the
fact that there are some inherent problems which in the
main become worse at higher altitudes.

5 Conclusions

The strengths and limitations of radar measurements
have been considered. Strengths include continuity of
data, day and night-time operation, and the ability to
see through clouds, as well as (often) superior spatial
resolution. Various limitations were also discussed, as
well as some earlier proposals which claimed that radar
data could often give false winds. Some of the earlier
concepts have been largely disproved, but some prob-

Receiver delay, τ
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Input to receiver

Output from receiver

Output from receiver

Single received pulse

Pulses received from 95 km and E-region

Time
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E-region pulse
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τ

95

E
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Fig. 7a. Schematic diagram showing the e�ect of passing a pulse
through a receiver. Note especially the ®nal Gaussian shape and
delayed peak. b Schematic diagram showing the output of a typical
receiver with two incident pulses, the second slightly delayed from the
®rst. The ®rst pulse to arrive also has a much weaker amplitude. See
text for details
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lems have been recognized. The signi®cance of contam-
ination by vertical winds when beam zenithal tilts of 10°
or 15° are used, and the importance of the temporal and
spatial intermittency of the scatterers, have been high-
lighted, as has the fact that radar winds can be biased to
some degree in the presence of an anisotropic gravity
wave ®eld. For example, if the gravity waves propagate
predominantly in the eastward direction, some bias of
winds towards the east can occur. The level of this error
is likely to be substantially less than the RMS gravity
wave amplitude, and so would not be expected to be
much more than perhaps 5 m s)1 or so; however, future
experiments to examine this e�ect are needed. Finally,
we have shown that because the E-region echoes at MF
are much stronger than D-region echoes, there is a
possibility that the leading edge of the E-region echoes
could contaminate MF data down to about 92 km or so.
This possibility needs to be further investigated in the
future.

However, we ®nally recognize that radar techniques
are still a powerful and important technique for upper-
atmosphere wind measurements, and will continue to be
a major tool in the future.
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