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ABSTRACT
It is now 15 years since radars were first used intensively to
probe the atmosphere in clear air conditions. The first experiments
were concerned with the nature of the targets and accounting for
the intensity of the measured echoes. It was found that
inhomogeneities in the refractive index field were responsible
for a large proportion of clear air returns. Such returns were
detected in characteristic patterns in association with sheared
statically staﬁle layers, convective thermals, air mass
boundaries and a variety of wave structures. More sensitive
Doppler radars have been developed in recent years which are
able to obtain usable signals from all heights in the troposphere.
Such radars, as well as providing additional information about
the clear air patterns observed previously, enable continuous
measurements of wind profiles to be made. This paper describes
the phenomena which have been observed and the measurements
which have been made with radars under clear air conditions.
A summary is given of the types of targets observed and the

kinds of radars used in clear air studies are briefly described.



1 INTRODUCTION

Early observations of radar returns which could not be attributed to
aircraft or precipitation were referred to as 'angels' (Atlas, 1964) and much
speculation surrounded the possible origins of these mysterious targets.
However by the time Hardy and Katz (1969) wrote their review article on clear-
air radar echoes it became clear that two types of target were responsible
for the returns: (i) discrete targets such as insects and birds and (ii) ex-
tended targets, mainly refractive index inhomogeneities but under some
special circumstances specular reflection from layered structures in the
refractive index field. Important events in the period when the nature of the
returns was being investigated include the observation of stable layers (Lane
and Meadows, 1963), of the tropopause (Atlas et al,, 1966a), of insects and
birds (Glover and Hardy, 1966), and of clear air convection (Hardy and
Ottersten, 19695, multiwavelength measurements of extended and point targets
(Bardy et al,, 1966) and the observation of a layer having the appearance of
a braided rope (Hicks and Angell, 1968). This last observation proved to be
especially stimulating as it was found that the air motions responsible for the
production of such characteristic returns also céused clear air turbulence.

All these observations were basically of patterns and signal intensities and
were all made with pulsed non-Doppler radars. Prégress to the end of the 1960s

has been summerized by Hardy (1972), Ottersten (1969a) and Battan (1973).

Around 1970 two instrumental advances were made: highly sensitive pulsed
Doppler radars (Dobson, 1970; Browning et al., 1972) and high resolution
(although non-Doppler) FM-CW radars (Richter, 1969) became available.
Observations with FM-CW radars revealed in detail wave motions in the boundary
layer with amplitudes as small as a few metres (Ottersten et al., 1973;

Richter et al.,1973%a). Doppler processing has since been added to FM-CW radars
making them a potent tool for boundary layer investigations (Chadwick et al.,1976)

Pulsed Doppler radars have developed throughout the 1970s to the stage that a

dual Doppler system has been constructed which is able to sense two components
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of the wind in the boundary layer over a 25 x 25 km area (Doviak and Jobson ,
1979). Other pulsed Doppler radars have been developed capable of obtaining
continuous wind soundings throughout the troposphere (Green et al., 1975a).

The development and use of such radars has been described by Gage and Balsley

(1978).

In Section 2 of this article we consider the types of radar target which
allow measurements to be made in the clear air and in Section 3 we describe
the various radars used in clear air studies. Section 4 describes phenomena
observed with non-Doppler radars and Section 5 the measurements made mainly
with Doppler radars. Finally some of the more promising applications of

clear air observations are described in Section 6.



2. TYPES OF RADAR TARGEIT AVAILABLE FOR MEASUREMENTS IN THE OPTICALLY

CLEAR AIR

Clear air echoes are generally taken tb be echoes received from targets
other than precipitation, large cloud drops or ice particles. Since very
small cloud particles can give radar reflectivities smaller than 'clear air
targets' within the same pulse volume, it is possible to obtain clear air
returns in some non-precipitating clouds. The conditions required are more
readily realised at longer wavelengths.

2.1 RADAR RETURNS DUE TO INCOHERENT SCATTERING FROM REFRACTIVE INDEX

INHOMOGENEITIES

The primary tause of clear air echoes from extended targets is séattering
from refractive index inhomogeneities. Scattering occurs only from
inhomogeneities on a scale of one half the radar wavelength (Tatarski, 1961),
such irregularities being produced from larger scale refractive index
gradients by turbulence. The radio refractive index depends mainly on
air temperature and water vapour pressure (Bean and Dutton,1968). In the
upper troposphere the water vapour pressure is small and pnly temperature
gradients make a significant contribution to refractive index gradients.

In the lower troposphere the refractive index is more sensitive to humidity.
Conditions for the production of suitably large inhomogeneities may be found
in association with sheared stable layers, air mass boundaries, cloud and fog

* tops, convective boundaries, the tropopause and thunderstorm gust fronts.
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Ottersten (1969b) describes the general relationship between radar

reflectivity (7 ) and refractive index variations. Under certain simplifying
conditions (Hardy et al., 1966), the reflectivity is related to Cf s the
refractive index structure constant, defined as the rms difference in

refractive index at two points unit distance apart, by

s~ aget B3 (1)
These conditions are, that the turbulence producing the inhomogeneities
should be isotropic and uniformly should fill the radar resolution volume,
that one half the radar wavelength must fall within the inertial subrange
and that no other targets such as insects, cloud droplets or specular

reflection should contribute to the reflectivity.

The limiting microscale of the ‘ inertial subrange is of the order of
a few millimetres in the planetary boundary layer increasing to a few
centimetres in the upper troposphere. On scales smaller then the limiting
microscale turbulence and hence refractive index variations are heavily
damped by viscous processes, precluding the use of very short wavelengths
for clear air observations (Atlas et al.,1966a). The outer scale of the
inertial subrarge may be as large as several hundred metres in neutral or
convective conditions or less than one metre Qithin thin statically stable

layers (Metcalf and Atlas, 1973). Thus in the case of stable layers the

~ assumption that turbulence is uniform throughout the pulse volume is

questionable as is the assumption that one half the radar wavelength falls

within the inertial subrange for metre wavelengths.

Comparisons of Cél measﬁred by radar with in-situ refractometer
measurements have been made by Xropfli et al.(1968), Bean et al.(1971) and
Konrad and Robison (1972). All used 10 cm radars but their refractometers
were insensitive to fluctuations on scales smaller than 20 cm so the in-situ

measurements had to be extrapolated to 5 cm (one half the radar wavelength)

using a ~-5/3 spectral law on the assumption of an inertial subrange. The

5
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results agreed to within factors of 2 to 4 as an changed by two orders of

magnitude despite the uncertainties involved in the comparisons.

Values of an show considerable variability as a function of time,
altitude and horizontal position. Measyrements by VanZandt et al.(1978) have :
shown four-minute averages of Co° obtained at a height of 10 km can change by
more than an order of megnitude in a few tens of minutes. Figure 1 shows a dd
vertical profile of an averaged over a period of 36 minutes (Ecklund et al.,
1977). an decreases by more than two orders of magnitude between 2 and 8 knm,
such a decrease being quite typical. Measurements made around a circle 13 km
_in diameter at an altitude of 7 km have also shown order of magnitude variations
from one part of the circle to another (Gage and Balsley,1978). Figure 2
shows some statistics of Cne obtained during a one year operation at Boulder,
Colorado (Cha?wick et al.,19782,b). The observations were made with range and
time resolutions of 160 m and 1 minute respectively. The figure shows as a

function of time of day the percentage of observations which were less than

Ve

given values of an. For instance at midnight only 5% of observed C,a values
were less than 8 x 10~ V/ m'é. The lowest observed values were consistently
above 10”17 m'§. Aircraft meesurements (Ochs and Lawrence, 1972) have also
shown that the contribution of temperature fluctuations alone to an is
normally greater than ‘IO"Wm"§ in the first 3 kﬁ'of the atmosphere. Although
it is possible that the contribution of humidity fluctuations to C,.,2 might
partially cancel the temperature contribution it has been suggested that

this minimum figure should be used when calculating the desired sensitivity
of radars required to continuously s;nse winds in the boundary layer
(Hennington et al.,1976). In contrast values of C,.2 as large as ‘10"9u1'§

have been measured within thin echo layers with a 1 metre resolution radar &
(Richter, 1969). For comparison 1 mm h'1 of rain observed with a 10 cm
wavelength radar would give the same reflectivity as turbulence with

Cn2 equal to 10-9m-§.
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Gossard (1977) has calculated the height dependence of an in

different air mass types and in an air mass being modified at its lower

boundary (Gossard »1978a,b). The calculations show that average

-16_-%

values of an vary from about 10-14m-§ near the surface to around 10

~at 5 km height. However the variation of-Cn2 about its average in a given

air mass is much greater than the variation of the mean from air mass to

air mass so the utility of such calculations awaits more extensive
measurements. VanZandt et al.(1978) have attempted to relate the vertical
variation of hourly averages of an to quantities measurable from radiosonde
ascents. One feature of their model is that they allow for the possibility
that only a fraction of the measurement volume is turbulent.Although there are
a number of assumptions which are difficult to justify,the model results

are in reasonable agreement with averaged C,,2 profiles.

2.2 OTHER KINDS OF CLEAR ATR RADAR RETURNS

a) RADAR RETURNS DUE TO SPECULAR REFLECTIONS FROM REFRACTIVE INDEX

GRADIENTS
Partial specular reflection from layered structures in

_the refractive index field can provide a significant contribution

to clear air reflectivity in some circumstances. Such returns
appear to be more important for longer wavelength radars

operating in the vertical-pointing mode. Thus, for example,
examination at 10 cm wavelength of the signal received from an echo
layer at 800 m height as a function of angle of incidence has shown no
evidence for enhanced reflection at verfical incidence

(Richter et ale,19732). On the bther hand measurements made at a
wavelength of 5.6 m show considerably ennhanced signals from certain
layers at vertical incidence. (RSttger, 1978; Rdttger and Liu,
Réttger and Vincent, 1978). Figure 3 shows time-height observations

of reflectivity



made at vertical (VE) and oblique (OB) incidence. For some layers at
around 3 km height the return signal was 20 db higher in the vertically
pointing mode. The signal from such layers proved to have a significant
degree of coherence over periods as long as 100 seconds which also suggests
a reflection mechanism other than refracti;e index inhomogeneities which

have coherence times of less than a few seconds.

At present theories of specular reflection assume rather idealized
reflectivity profiles. Further progress in understanding this type of
radar return awaits both more detailed observations and the development

of more satisfactory theoretical descriptions of the phenomenon.

b) RADAR RETURNS FROM DISCRETE TARGETS

Discrete tar' ets observed in clear air studies include insects and
g
L

birds. Radar ornithology (Eastwood,1967) and entomology (Riley,1979)

have developed as disciplines in their own right. =

Small insects which are generally slow fliers are good tracers of air

motion. Some studies have measured the Doppler velocity of insects carried
by the ;ind (eg Lhermittee,1966; Browning and Atlas,1966) whilst others
have observed the concentration of insects in regions of convergence such
as sea breeze fronts (Geotis,1964), thunderstorm gust fronts (Harper,1958, 1360)
or in association with atmospheric layer structures (Richter et al.,1973b). For
insects whose size is much smaller than £he radar wavelength Rayleigh
backscattering applies and the radar cross section is proportional to )-4.

as opposed to }'% for refractive index inhomogeneities. Birds and larger
insects fly at significant speeds and are unreliable as air motion tracgrs
unless fortutious circumstances - such as the concentration of insect food in

a region of convergence - apply (Eastwood,1967).
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Chaff is oscasionally used to allow radars with modest sensitivites

to follow air motion. However, such methods are logistically inconvenient

and are restricted to rather limited volumes of the atmosphere.

3-

TYPES OF RADARS AND FACTORS AFFECTING THEIR SENSITIVITY

3«1 TYPES OF RADAR

A variety of radars have been developed or modified for clear air
studies. Existing systems use pulsed or FM-CW transmitters operating on
wavelengths between 3 cm and 7.5 m together with reflecting dishes or
phased arrays which may or may not be steerable. Most of the radars
recently developed utilise Doppler processing to maximise the informztion
obtained from reflected signals. The characteristics of some of the
radar systems used for clear air studies in the last decade are given
in Table 1.

In a pulsed radar system the target range is determined by the time
between pulse transmission and receipt of the reflected signal. In
FM-CW gystems the transmitter is operated continuously but its frequency
is changed linearly Qith time, the difference between the frequency of
the reflected signal and the current transmitter frequency is a measure
of the range of the target. The spatial resolution obtained with a
radar depends both on the range resolution and the angular width of th
beam, The steerable dishes with pulsed transmitters are generally
configured to provide medium range and beamwidth resolution (30 to 3CO m)
in the lower and middle troposphere. The pulsed phased arrays allow
measurements to be made throughout the troposphere albeit at reduced
resolution (~1 km range resolution, 500 m beamwidth resolution at
10 km range). FM-CW radars offer high range resolution measurements
(1 to 20 m) of the lowest kilometre or two of>the atmosphere. Their

beamwidth resolution typically being arournd 50 m at 1 km range.




3.2 FACTORS AFFECTING CLEAR AIR RADAR SENSITIVITY

Clear air studies generally involve radar returns from refractive
index inhomogeneities. Atlas et al, (1966b) and more recently Balseley (1978)
have discussed the factors affecting the sensitivity of pulsed radars to such
returns and Strauch(1976) has detailed‘the factors affecting FNM-CW radar
sensitivity. Chadwick and Little (1973) and Ottersten et al .(1973) have 7y

compared the sensitivities of a number of clear air radars.

The signal power S received from a target of uniform reflectivity n_
filling the resolution volume at a range R from a single pulse (or a

single sweep in the case of an FM-CW radar) is given by

A Pt Ae AR . = (a)

b YRC

where P, is the peak transmitted power (mean power for an FM-CW radar),

>
S

Ae the effective antenna area and AR the range resolution. The noise

¥)
-

against which this signal must be detected is given by N = KIB where B is
the receiver bandwidth and T the effective néise temperature of the
receiver. Depending upon the type of radar employed and on the target
characteristics it may be possible to improve the signal to noise ratio
by a factor I by a combination of coherent predetection integration, non-
coherent integration and spectral processing. If we assume that the

minimum detectable signal is obtained when S/N = 1 then

TMIN . 4LXR° kK T B (3)
P, A ARI
e

Coherent predetection integration is performed before the radars detector

stage and is the most efficient type of integration (Chadwick and Little , .
1973)« It can be accomplished in an ahalogue filter or by digital filtering
and gives an enhancement proportional to the number of pulses integrated.

However.the coherent integration time must be less than both the signal

coherence time and the Doppler frequency period of the signal

A~ Y o
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(Balsley, 1978; Rottger and Schmidt, 1979). These restrictions mean that
for a number of radars no predetection integration is possible.
Incoherent integration is performed after detection and gives an
improvement to the signal to noise ratio proportional to the square
root of the number of samples averaged. Doppler processing gives an
improvement proportional to the ratio of the unambiguous Doppler

velocity range divided by the signal peak spectral widtk.

In practice idealised signai to noise ratios are not achieved for
a variety of reasons. Radars used for clear air studies have very
high sensitivities and consequently are susceptible to echoes from ground
targets illuminated by the antenna side-lobes. Such ground clutter is
most trouble at close ranges. ,It may be reduced by careful design and
suitable siting of the énﬁenna or by electronic filtering. For example
the Sunset radar is located in a deep canyon which limits ground returns
to 2 km range (Green et al.,1975a). With a coherent radar the Doppler
frequency shift may be used to differeptiate statiénary ground targets
from moving clear air ones. Such a technique fails if the signals
from the ground returns are sufficiently strong to saturate the rf
portion of the receiver. In a pulsed system these circumstances cause
the clear air signals to be lost at those ranges for which saturation
occurs. In an FM-CW system such circumstances, although harder to
realise, cause information to be lost at all ranges (Strauch and

Moninger, 1978) .

11




The ability of pulsed radars to operate at short ranges ( <1 km)
is limited by the requirement to protect the sensitive receiver circuits
from the transmitted pulse. In a FM-CW system this restriction does
not apply and measurements may be made to ranges as short as a few
tens of metres. However the performance of FM-CW raders deteriorates
at long.ranges as a consequence of unavoidable departures from a

perfectly linear sweep of transmitter frequency (Richter et al-j973a).

Clear air targets generally persist for manytens of seconds so
that the amount of integration is not normally limited by the target
duration. Non-coherent integration is generally limited by either the
requirement to scan the beam or the passage of targets out of the
resolution volume. Coherent integration and Doppler processing are limited not

only by these requirerxents but also by the gross motion of the target and

its internal motions.

The idealised signal-to-noise equation also assumes that the
resolution volume is filled with a distributed target of uniform
reflectivity. In practice this assumption is far from the truth as

refractive index inhomogeneities are frequently found in thin sheets (typically

less than 10 m thick), if such a sheet occupies a fraction of the resolution

volume then the signal-to-noise ratio will be reduced by approximately

the same fraction.

3,3 METHODS OF PROCESSING ANT DISPLAYING THE RADAR OBSERVATIONS

Recently radars have benefited from the development
of systems able to process and display Doppler signals from many
range gates in real time. Of the digital spectral analysis techniques
Pulse Pair Processing (PPP) and the Fast Fourier Transform (FFT)
have found the greatest favour. The PPP techrique estimates only

the principal Doppler moments whilst the FFT technique provides

12
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full spectra at the expense of more elaborate processing (Sirmans

and Burugarner,1975). The results of PPP analysis can be seriously
biased by ground returns and under such circumstances full spectral

analysis must be performed. FM-CW Doppler radars also require full

spectral processing to obtain Doppler ihformation, there currently being no

simple way of extracting the spectral moments (Strauch and Chadwick,f1976).

The output from clear air radars is often displayed on the
surface of cathode ray tubes or on photograpuic strip charts - a
degree of incoherent integration being achieved in both cases. More
recent systems use digital storage techniques, the results Perhaps being

manipulated by computer before being output as hard copy or on video displays

(refer ahead to Figure 7 for example). Such systems have the advantage that

results can be inspected in ambient light and sequences of pictures may be re-

played or single frames may be frozen to inspect features of interest.

4. OBSERVATION COF CLEAR AIR PHENOMENA USING NON-DOPPLER RADARS

4.1 DETECTION OF AIR MASS BOUNDARIES
Air mass boundaries have been detected by the presence of both

enhanced refractive index inhomogeneities and of insects and birds.

Insects can pe carried aloft if the boundary between the air messes

is a region of convergence and this concentration of food can attract

insect eating birds (Eastwood, 1967). In plan view the boundary generally appears
as a narrow, often scalloped line echo,. Atlas (1960)

observed the passage of sea breeze fronts bcth with a radar and a
refra¢tometer and found that the refractive index gradients were
sufficiently large to account for the radar returns. Geotis (1964)
also observed a number of sea breeze fronts at two wavelengths and
concluded that insects and birds were the most probable source of the
echoes. It seems likely that in general both types of echo .

contribute to the returns (Simpson et al.,1977). PPI scans of land breeze

it



fronts (Meyer 1971) have shown scalloped line echoes parallel to the
coast and RHI scans indicated that the frontal boundary sloped

back towards the land at an angle of about 0%,

Line echoes have been observed at. the leading edge of cold outflows

L 2R

associated with thunderstorms (Leach, 1957; Luckenback, 1958; Brown ,1960;
Harper 1958,1960) and dry cold fronts (Ligda and Bigler, 1958). Goff et al, "~
(1977) found that thin radar echo lines ahead of advancing thunderstorms
coincided with the leading edge of the outflows but also found that an

echo line. was not always detectable in association with such outflows.
Conversely lines sometimes existed in the absence of nearby storms. Thus

the use of trnin echo lines as gust front indicators is unreliable in the

absence of supporting information. : i

A Qarm‘frontal zone has been observed by 25.6 m wavelength radar
(Rottger ,1979). Operating in a vertically pointing mode the radar clearly
observed the advection overhead of a sloping frontal zone. The zone was =
marked on nearby radiosonde ascents by an inversion. The radar returns
may have been due to refractive index inhomogeneities or to partial

specular reflection.

4,2 DETECTION OF 2OUNDARY LAYER CONVECTION

- Clear air echoes are commonly observed in association with convection
in cloud free conditions and in precipitation-free cloud. In addition clear
air returns can also be distinguished from precipitation by virtue of the
different velocities of the hydrometers and the clear air targets (Green
et al.,1978a)., Early observations showed echoes which in vertical section »
resembled inverted, U's (Harper et al,,1957;Atlas,1959) and in horizontal
section doughnut rings, Figure 4 (Hardy and Ottersten,1969; Atlas and

Hardy,1966). The organisation

14
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responsible for the production of such domed echoes has been described

by Hardy and Ottersten (1969). Warm moist air ascends from the surface in
a bubble through cooler and usually drier environmental ai;:iixing at the
interface produces strong refractive index gradients. The strongest echoes
are in fact received when the rising bﬁbble has reached a mature stage
having overshot the level of neutral buoyancy, the rising air then being
cooler as well as moister than the environmental air (Konrad, 1970; Rowland,
1973). The domes are generally 1 to 3 km in diameter and their tops reach
similar heights (Atlas and Hardy, 1966; Konrad, 1970). The life cycle of
@ single convective bubble is about 20 minutes (Hardy and Ottersten, 1969).
wWhen observed in horizontal section the ring echoes are frequently found to
be organised in rows or streets aligned close to the mean wind direction
(Bardy and Ottersten, 1969; Komrad, 1968, 1970). Ring echoes 5 to 10 km

in diameter - somewhat larger than those associated with convection ~ have

Ve
_ been attributed to Berard convection (Eardy and Ottersten, 1969).

The above experiments were performed with high power pulse radars but
inverted U echoes have also been observed by fine resolution vertically
pointing radars (Gossard et al., 1971). In an experiment involving a FM-CW
radar, a high power pulse radar, an acoustic sounder and an instrumented
aircraft much was learnt about the processes involved in clear air convection
(Richter et al., 1974; Rowland and Arnold, 1975; Arnold et al., 1975;
ﬁoonkester and Jensen, 1975; Noonkester, 1976). They discovered that the
most active mixing occurred at the top of the convective domes and that

the side walls of the inverted Us carry mixing air downwards

15




(Arnold et al.{1975). Figure 5 shows a temperature sounding

obtained with the aircraft through a convective tower observed

with the vertically pointing FM~-CW radar. It clearly shows the

convective turret to consist of ¢old moist air which has 4
penetrated warm dry environmental ai;. Such experiments have

produced much information clarifying the relationship between the

mean rate of rise of.the convective tops and the atmospheric

s.ability and heat fluxes (lNoonkester, 1976, 1978) a relationship

which had previously been examined by.Rowland (1973) and Komrad

and Robison (1973).

Browning et al, (1973a) combined clear air radar measurements
of the convective boundary layer top with measurements from
turbulence probes (Readings et &l,;973). They found shearing .~
instability at the crests of convective circulations to be one
important mechanism for the transfer of heat and mass across the
convective boundary top.On a much broader scale the observations of
Harrold and Browning (1971) have shown that the heights reached
by convective tops may be considerably modified by topographic
effects.?igurefsshows that on a day with weak winds the depth of the
convective boundary layer at midday was clearly related to topography.
Two hours later the convection had deepened still further over
the high land and eventually thunderstorms developed in these
preferred areas. Arnold (1976) has also observed that clear air
convection can be triggered in a preferred location, in his case

an airfield. Observations showtng the depth of the boundary layer over
large areas may prove useful in locating regions of low level convergence

which precede severe thunderstorms. In typical thunderstorm conditions
radars such as the one at Defford (Table 1) can detect the top of the

boundary layer out to ranges of 50 to 100 km.



k.3 DETECTION OF ATMCSPHERIC STRATIFICATION

Often the atmosphere becomes organised into a number
of thin stably stratified sheets separating thicker layers of
lesser stability. These statically séable sheets tend to be
regions of strong shear which may lead to local dynamic
instaobility which in turn creates turbulence within the sheets.
This turbulence is responsible for the mixing that produces refractive
index jnhomogeneities on a scale which enables the radar to detect the
layers in the first place. If turbulence is generated on scales smaller than the
radar resolution volume then plane sheets are observed; if however
it is generated on larger scales then modulation of the sheets will
be detectable (See Section 4.5).§igure 7 shows a number of _ ..
layers observed in vertical section at 10 cm wavelength.

Some studies have involved simply locating these stable layers,

some have concentrated on the structure of such layers (Metecalf

and Atlas,1973) ,whilst others have used the perturbation of the
height of such layers as indicators of wave motion (eg Bean et al.,

1973) or the upward penetration of convection (eg Browning et al e

1573a).

One feature of atmospheric stratification of considerable
interest is the tropopause, This was first observed as a layer echo
usiné 10 and 71 cm wavelength radars. (4tlas et at., 1966a).The
wavelength dependence of the layer reflectivity was consistent with
reflection from refractive index inhomogeneities. Gage and Green
(1979) have examined the radar returns obtained from neights near
the tropopause at vertical and oblique incidence at 7.4 m
wavelength, After range normalizing their results they found

enhanced reflectivity from certain layers at vertical incidence

17



which they attributed to specular reflection from stable layers in the
lower stratosphere. table layers appear to be common both in the
high troposphere and low stratosphere and it is not always clear which of

these layer echoes is associated with the tropopausé.

The most detailed observations of.stable layers have been made with
vertically pointing FM-CW radars. Richter (1969), using a 1 m resolution
sounder, examined echoes associated with temperature inversions and found
that often several echo layers were present within an inversion.
Generally the strongest and most persistent echo was found at the
inversion base in association with maxima in the mean vertical gradient of
refractivity as measured by an in-situ probe. Other echo layers,
generally weaker and less persistent, were found higher in the inversions

associated with sharp changes in the vertical gradient of refractivitye.

Both low level fog and stratus tend tp be capped by sheared stable
layers which may be detected by radar. Thin echo layers have been
observed at the top of advection fog (Noonkester et al., 1974, 1976a,b)
and stratus clouds below 600 m (Richter et al.]973a; Noonkester et ale,
1974, 1976a). The clouds disperse when the cloud top temperature
inversion weakens and the thin echo layers become more diffuse before

disappearing.

4,4 DETECTION OF GRAVITY WAVES

In the early 1970s Gossard, Jensen and Richter documented numerous
examples of thin echo layers distorted by gravity waves and were able
to account theoretically for many of the striking feéatures they observed
(Gossard and Richter ,1970, 1972; Gossard et al,1970,1971, 1973).

The observations stimulating their work were principally fine-resolution

18
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vertically-pointing FM-CW radar measurements made within the first

kilometre of the atmosphere. Figures 8 and 9 show examples of two

types of gravity wave studied. In Figure 8 the periodically spaced
sloping layers afe considered to be caused by untrapped internal gravity
waves whose propagation vector is nearl& vertical (Gossard et al.,1971).
Figure 10 shows an example of a trapped internal gravity wave (Gossard
and Richter,1970), the pointed crests and flattened throughs being due to

non linear effects caused by the proximity of the ground.

One disadvantage of vertically pointing observations of gravity
waves 1S that additional information, perhaps from a microbarograph array,
is required before certain wave parameters such as wavelength and
direction of propagation may be estimated. This disadvantage may be
overcome with a scanning radar. Figure 10 is a sequence of RHI scans
showing a number of clear air layers modulated by mountain lee waves
(Browning 1978). This particular train of waves was stationary and
relatively undamped with distance downstream. On other occasions

Starr and Browning (1972) observed damped or transient lee waves.

4.5 DETECTION OF SHEARING INSTABILITIES

: The observation of clear air echo layers is possible as a
result of turbulence suspected to have been generated by shearing
instability on scales smaller than the radar resolution. If the
inStability occurs also on larger scales then its structure may be

directly observed with radars.

19
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As mentioned before, Hicks and Angell (1968) observed echo patterns
which in vertical section resembled a braided rope. An example of such
& braided echo is shown in Figure 11 (Browning,1971). This particular
disturbance had a crest-to-trough amplitude of 400 m and a wavelength of ® -
1.5 km. Such a pattern is Just one stage in the evolution of Kelvin-
Helmholtz (K-H) shearing instability. The train of events accompanying
such breaking K-H billows has been observed by Browning and Watkins {(1970) and
Gossard et al. (1971). Figure 12 clearly shows, from left to right, the
development of a 100 m amplitude billow, its breaking and its éubsequent
decay (Gossard ét aley, 1971). Theory (Miles and Howard, 1964) and
observation (Browning, 1971) both suggest that K-H instability deveiops
when the Richardson number over a layer falls below a critical value of 1/k4.

>

Figure 13 shows billows of a few metres amplitude outlining a gravity °~
wgve of 25 m amplitude. The billows are themselves made visible to the
10 cm wavelength radar by virtue of motioné on yet smaller scales which

produce refractive index inhomogeneities on a scale of half the radar

wavelength.

Joint studies involving aircraft together with clear air radars have
shown that large amplitude billows are a cause of clear air turbulence (CAT).
Browning et al. (1970), for example, mezsured moderate turbulence
associated with 500 m amplitude billows. Aircraft equipped to measure
air velocities and temperature have also been flown througn eillows being
detected by radar enabling detailed models of the instability to be
developed (Hardy et al., 1973; Browning et al.,1973b). Browning et al. r
(1973b) in fact slaved the radar to closely follow the aircraft motion to

ensure that both made measurements in the same region of the atmosphere.



Se

THE MEASUREMENT OF THE KINEMATIC STRUCTURE OF THE CLEAR

ATMOSPHERE MAINLY USING DOPPLER TECHNIQUES

5.1 MEASUREMENTS OF WINDS AND WIND FIELDS

Wind fields have been obtained at all heights in the troposphere
by observing clear air targets. Wind measure;ents using a single
boppler radar have generally been made using observations at one or
two azimuths (Green et al., 1975b, 1978a; VanZandt et al., 1975) or by
conical scans (scanning in azimuth at a fixed elevation angle)
(Lhermitte and Atlas, 1961; Browning and Wexlér, 1968). Some results
obtained using the former technique are shown in figure 14 which shows
radial velocity spectra taken with the Sunset radar at an elevation
angle of 60°. (VanZandt et al., 1978). The range resolutionwes 1 km
and each spectrum was accumulated over a period of 50 seconds. The
numbers on the left give the integrated signal-to-noise ratio, defined
as the ratio of the signal power under a peak to the total noise power
across the whole spectrum. It can be seen that velocity measurements
are still possible, in this case up to 14 km, even when this ratio
has falleu below unity by virtue of Doppler processing. The data were
taken during the passage of a polar front jet stream and if it is
assumgd that vertical velocities are negligible, the data indicate a
maximum velocity component of 65 ms-1 at around 10 km. Similer
results have been obtained with the Poker Flat radar(Ecklund et al.,
1977). Both the Sunset and Poker Flat radars have antennae constructed
from dipole arrays and are able to make observations in only a limited
number of preset directions. Continuously steerable dishes such as that
at Chatanika and the fixed dish/steerable feed system at Arecibo permit
more flexible scanning procedures. Both thesé radars have been used
to observe tropospheric winds using conical scans. (Balsley et al.,

1977; Farley et al., 1979). Such scans give more representative
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measurements of the vertical profile of the horizontal wind than observations
in a few directions. Figure 15 shows twowind profiles obtained using conical
scans with the Chatanika radar (Balsley et al., 1977). Each scan took
around 12 minutes and results were obtained with a 1 km vertical resolution,
The wind obtained from a nearby radiosonde ascent demonstrates the good
accuracy obtained. Vertical air velocities have also been estimated by
integrating the divergence measured in a number of conical scans at different
altitudes (Balsley et al., 1977) as well as by direct observations at
vertical incidence (Green et al., 1978a; Réttger et al., 1978). Such

experiments to measure vertical air velocities must be carefully designed so

that short period gravity waves do not bias the results.

Currently the more sensitive radars are able to obtain wind soundings
throughout the entire depth of the troposphere at resolutions of a few
hundred metres in a period of a minute or so. However within the boundary
layer reflectivities.are large enough to enable velocity measurements to be
made at resolutions of a few tens of metres in a_few seconds. Figure 16 -
shows some measurements of wind velocity taken over consecutive ten second
intervals of time at 32 m resolution in the boundary layer (Chadwick et ale,

1976).

The availability of continuous wind soundings permits studies of
pehnomena such as low level jets, gust fronts, waves and boundary layer
circulations. Figure 17 shows the velocity structure of a low level jet over
a period of 24 hours determined using conical scans (Lhermitte, 1966). The
targets in this case are thought to have been primarily insects and their
Fresence enabled measurements to be made with a radar of modest sensitivity.
More recently developed radars need not rely on the fortuitous presence
of such targets. An example of results obtained in clear air conditions
is shown in Figure 18 (Lee and Gaff, 1976). It shows radial velocities
measured during an RHI scan normal to a thunderstorm gust front. The

negative velocities near the ground are towards, and the positive ones



above away from the radar. Similar scans at a number of different

azimuths enabled a 3 dimensional picture of the shape of the gust front
boundary to be produced. Velocity measurements in the vicinity of

large amplitude Kelvin-Helmholtz waves have been reported by Browning

et al+(1973b). Although the data were of relatively course resolution
they were able to reveal regions of concentrated vertical wind shear
associ;ted with individual biliOWS. Gravity waves have been detected with
Doppler radars by Rottger et al.(1978) and VanZandt et al. (1979). 5

Both used measurements oBtained in a single direction and observed the
modulation the waves applied to the line of sight velocity at a number of

ranges. 3 %

Individual radars using relatively simple scans produce valuable
results, particularly in the middle and upper troposphere; however, in
the boundary léyer wind fields show considerably more small scale spatial
variability and there is a requirement to obtain 2 and 3 dimensional
velocity fields. In an early experiment Frish and Chadwick (1975) used
two Doppler radars sited 16 km apart to observe chaff as a tracer of airflow
within the otherwise clear convective boundary layer. Although the
measurements were limited to a volume 5 km by 5 km in area and 1 km deep,
they nevertheless_were interesting in that they showed vortex structures
within the boundary layer. These had norizontal dimeansions of about 2 km,
vertical dimensions of 1 km and vertical velocities, derived using the
equation of continuity, of about 1 ms™| (Frish et als»1976). Similar
studies also utilising chaff as a tracer have been performed by Kropfli

and Kohn (1976) and Gossard and Frish (1976).

A clear air dual Doppler system has been developed using two weather
radars of modest power 40 km apart in Oklancma (0'Bannon,1978; Doviak and

Jobson ;,1979). (see entry for Norman radar in table 1). Each radar is
sufficiently sensitive to obtain clear air velocities to heights of 1 to 2 km

at ranges as large as 50 km. A coordinated scan with the two radars
overs an area 25 oy 25 km. A scan covering
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this region with horizontal and vertical resolutions of 500 m and 250 m,
respectively, takes 5 minutes. Figure 19 is a vertical section presenting

a sample of the kind of results that can be obtained (Berger and Doviak, 1979).
It shows organized circulations within the boundary layer. Such an
observational technique has considerable potential to aid our understanding *°

of the dyramics of the boundary layer.

52 MEASUREMENTS OF TURBULENCE AND FINE SCALE WIND STRUCTURE

Radar measurements in the clear air have been used in a variety of ways
to observe wind fluctuations and to estimate the intensity of turbulence.
The most direct method of dbserving larger scale fluctuations is to detect
changes in the measured velocities from one time and from one resolution
volume to the next. Turbulence on scales smaller than the resolution volume
has been estimated fromthe width of the Doppler spectral peak and also from

the intensity of the clear air returns themselves. *m

a) TURBULENCE ESTIMATES USING THE DOPPLER PEAK WIDTHS

Turbulence on scales smaller than the resolution volume causes
a broadening of the Doppler velocity spectra. The contribution of
turbulence to the spectral variance, d;i& , has been related by
Frish and Clifford (1974) to the rate of dissipation of turbulent

kinetic energy, € , assuming that the inertial subrange extends to

scales the size of the resolution volume. They find that € is

: 2 3/2 : 2
proportional to ( T )”"“e The observed spectral variance Tors
is given by

2 2 2 2
T obs 0 shear ¥ turb *7 veam * 7 inst * O temp (&)
2

where o e is the contribution due to both radial and transverse

shear, ar2 is the beam width broadening term, d-ainst is the

beam
contribution of instrumental and signal processing broadening and

2

a temp allows for the temporal variation of mean wind speed within

the pulse volume.
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Thus in order to obtain 4
tur

b these other contributions must be either
measured or estimated., The requirement that the inertial subrange extends to
scales the size of the resolution volume means that this technique can only

reliably be used with high resolution radars.

The technigue has been used by Moninger et al. (1978) and Hildebrand
(1976) to measure turbulence within clouds of chaff dispersing in the
boundary layer. Figure 20 shows estimates of < obtained from clear air

measurements of 0‘2 across an inversion (Gossard et al., 1978). The

obs

results show that € peaks a little way below the inversion base.

b) TURBULENCE ESTIMATES USING cu2

In stable conditions the relationship between cgi and turbulence
involves the vertical gradient of refractive index and the vertical wind-shear

(Cttersten, 1968, 1969a,b)

22 5 ¢ g |
Ci =2 ¢ dn du
(dz ) dz) : (5

Despite this additional dependance, Ottersten (1969a) and more recently
Gage and Balsley (1978) and Green et al. (1978b) conmsider that c,,,2 itself
(inferred from 1 using equation (1) may be used as an indicator of the
intensity of turbulence, However, as Gage and Balsley point out, such a
method is only likely to give an accuracy of around an order of magnitude,
In Figure 20 it can be seen that sz derived from 1 and € derived from ‘faobs
;each maximum values at different heights. The reak value of Cu2 83D

fact obtained at the height at which the vertical gradient of refractive
index,'gg y is a maximum. In this case dn is dominated by the vertical

dz dz
gradient of water vapour pressure.

Ottersten (1968) argues that this tecinique is most appropriate for
the detection of clear air turbulence at high altitudes where temperature
gradients dominate the refractive index gradient. In a combined aircraft/
radar experiment Glover and Duquette (1970) found that all the layer

echoes observed with the Wallops Island radars, when proved by an
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aircraft proved to be turbulent. However, only below 3 km height were all

cases of aircraft turbulence found to correspond to clear air layers.

At higher altitudes it was suggested that the refractive index gradients

tended to be smaller and so a given amount of turbulence gave a smaller radar ..
reflectivity. The use of Cn2 as a measure of turbulence also requires that
signals from other targets, such as cirrus clouds, be discriminated against.
Whilst this can be done, by using measurements at two wavelengths for

example, this is not a cost effective approach especially bearing in mind tﬁat
the results will be obtained only over a limited geographical area

(Watkins and Browning 1973).

ESTIMATLS OF WIND FLUCTUAIIONS USING MEAN DOPPLER VELOCITY MEASUREMENTS

At present the most reliable method of detecting turbulent wind fluctuations

is by examining'features in the field of mean velocity. Such a method gives

-

direct information on the air motion only on scales larger than the radar

resolution volume. Figure 16 shown earlier gives four consecutive wind w
profiles obtained in the boundary layer (Chadwick et al,,1976). The wind

can be seen to change rapidly in the height interval between 150 and 300 m.

A sequence of this type of observation obtained at one second intervals

is shown in Figure 21. (James et al.;1978). The line-of-sight velocity
measurements were obtained using the Defford radar at an elevation angle

of 3°. ~ Superimposed on the velocity field is the path of a hypothetical
aircraft taking off at 70 ms'1. Between points b and ¢ the wind speed

increases by 5 ns™ " in a flight time of % second. Such observations with
Doppler radars are one of a number of techniques being developed for the
observation of hazardous wind shears which can affect aircraft landing >

or taking off (Strauch and Moninger,1978).Berger and Doviak (1979) have studied
quantitatively the turbulent structure of the boundary layer using the dual *
Doppler radar system in Cklahoma. On an occasion when they observed well devel-
oped roll structures with horizontal and vertical dimensions of 5 and 2.5 km
respectively, they found that the -5/3 spectral law applied on scales up to

about 2 km. 26



6. PROMISING APPLICATIONS

The observation of the troposphere under clear air conditions
using sensitive radars has so far been almost entirely a research activity.
However there is now interest in exploiting such radars for operational
uses. The two areas most likely to benefit from such efforts are the
measurement of vertical wind profiles and the detection of hazardous low

level wind shears.

Passive microwave sounders are able to obtain vertical teaperature
and humidity profiles and large pulsed radars can provide continuous vector
wind measurements throughout the troposphere under all weathsr conditions.
Thus it has been proposed that it might eventually become economic to
replace radiosonde ascents by remote sounders able to produce continuous
profiles unattended. As well as enhancing the synoptic network and Improving
the possibilities for local forecasting, such observations would also permit

further detailed studies to be made of mesoscale phenomena.

For the detection of hazardous low level wind shear, radar has the
advantage over current optical and acoustic sounders of all weather
performance. Pulsed Doppler radars appear to be more suitable for such

observations than FM-CW ones as the latter have yet to demonstrate their

ability to operate at very low elevation angles and at large ranges.

‘Eowever, pulsed radars are not without their problems. Careful siting is

required both to minimise ground returns and to satisfy airport safgty
regulations. In addition current pulsed systems have minimum ranges as great
as 1 km, determined by receiver recovery time. 3But the main difficulties

to overcome are likely to be the development of a suitable strategy for
collecting observations which can provide a timely warning of hazardous

shears and the dissemination of such information to pilots and controllers.
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Another area in which clear air observations.might be used operationally
in the longer term is to help in the early identification of the preferred
regions for outbreaks of severe local storms. Low level convergence which
.precedes the development of such storms has been detected using a single
radar by the direct observation of the‘increase in the height of the
convective boundary layer. In the future the magnitude of such convergence ..
could be measured using dual Doppler radars. Such a scheme would require
rapid processing of large quantities of data and the optimisation of

criteria designed to pinpoint preferred areas of storm development.,
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FIGURE CAPTIONS

Figure 1

Figure 2

Figure 3

Figure &4

Figure 5

Vertical profile of an averaged over a period of 36

minutes obtained with the Poker Flat phased array radar

in Alaska. The average value of 012 decreases by more than

two orders of magnitude betwsen 2 and 8 ki height.

(After Ecklund et 21,,1977).

Statistics of Ca® obtained over a period of ome year in Colorado.
The figure shows as a function of time of day the percentage of
observations which were less than given values of sz. The data
were collected at a height of 805 m with time and height range
resglption of 1 minute ané 160 m respectively. (Chadwick et al.
978b). 2
Time-height observations of reflectivity made at vertical

(VE) and obligque (OB, 12.5° off the zenith) incidence with
th;’5.6 m wavelength SOUSY radar. The reflectivity of

particular layers at around 3 km height was 20 dB higher

in the vertically pointing mode (RSttger and Liu 1978).

Photogrzph of the PPI display of the 10 cm radzr at
Wallops Island, obtained with the beam at an elevation of
30, showing characteristic doughnut-shaped echoes where
the beam intersects the upper parts of injgrted U-shaped

convective cells (Hardy and Ottersten ,1969).

Observations of a convective turret made with vertically
pointing FM-CW radar (top) and instrumented aircraft (middle and
bottom). The aircraft track is marked on the F}-CW photograzh
and the temperzture and humidity records show the turret to

consist of air cold and moist relative to the environment,

(Arnold et al.,1975).
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Figure 6

Figure 7

Figure 8

Figure g

Figure 10

The depth of the convective boundary layer as determined by

the high-power radar at RSRE Defford at about midday on
is shown
10 June 1970 ¢n the right. The area of deeper convection coincides

with the high land of the Costwolds shown on the left. Two hours
later the boundary layer had ‘deepened to 3 km over the Cotswolds 8-
and after a further two hours thunderstorms broke out (after
Harrold and Browning, 1971). : 5 far:
Black and white photogrep: of the intensity modulated RHI display of
the-ig-cﬁ radar at RSRE Deffora at 15.20 GMT on 17 July 1979.
The display shows horizontal stable layers at heights of 1.6, 1.9
and 2.2 kms. Information for the display is processed digitally
and presented on a colour television monitor.
Periodically spaced sloping layers observed with a
vertically pointing FM-CW radar. The layers are thougnt to
be caused by untrapped internal gravity waves whose ¥
propagation vector is nearly vertical.(Gossard et al.,1971).
An internal gravity wave observed with a vertically pointihg
FM-CW radar. The pointed crests and flattened troughs arise
as a result of non linear effects due to the proximity
of the ground (Gossard and Richter,1970).
Sequence of three photograpns of the RHI display of the
RSRE Defford radar, obtained on 22 April 1970, showing
stationary lee waves downwind of the hills of South Walese.
The RHI sections were obtained at 6 minute intervals
looking into the wind along 250°. Below 3 km the echoes
are from the clear éir and they show a standing-wave
pattern with waves decreasing from a maximum crest-trough
amplitude of 600 m over the hills at 70 km range to less than 2
200 m near the radar. Above 3 km the echoes are from

streamers of jce crystals and recognisable features can be
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Figure 10

(Continued)

Figure 11

Figure 12

Figure 13

Figure 14

seen travelling towards the radar at almost 30 ms  '.

Between 0908 and 0914 GMT the streamer identified

by an asterisk can be seen ascending from a trough

to a crest in the lee wave pattern (Browning,1978).
Photograph of the RHI disﬁlay of the RSRE Defford
radar, showing Kelvin-Helmholtz billows.appearing
like a braided‘rope at an altitude of 5 to 6 km.
Echoes from the top of the convective boundary layer
and from an inversion can be seen at 1 and 2 km,
respectively. Range rings are present at 5 and 10 km.
(from Browning ,1971).

A time-height observation of Kelvin-Helmholtz shearing

instability made with a vertically pointing 10 cm

FM-CW radar. The sequence, from left to right, shows

the growth of a billow, its breaking and subsequent

decay (Gossard et ;i,1971)

Two time-height photograpns of the same data obtained

with a vertically pointing FM-CW radar. The upper

picture clearly shows trains of gravity waves with

amplitudes of around 25 m. At reﬁuced exposure
Kelvin-delmholtz billows of a few metres amplitude are

seen to outline the uppermost gravity wave. The slpping

lines are returns from a nearby captive balloon.

(Gossard et al.y1973).

Radial velocity spectra as a function of height.,indicated on
the right, measured by the Sunset radar om 15 April 1976€,2306Z.
The phased array antenna was ciited 30° off zenitha

The-data indicate a velocity maximum of 65 ms-1

at 10 km height. The figures on the left give the

integrated signal-to-nocise ratio for each spectrum, defined

as the ratio of the signal power under a peak to the total
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Figure 14

(Continued )

Figure 15

Figure 16

Figure 17

Figure 18

Figure 19

Figure 20

noise power across the whole spectrum. (VanZandt et al.,1978)

Two vertical profiles of wind speed and direction
gbtéined with the Chatanika radar using conical scans,
Each scan took around 12 minutes. Also shown is the
wind profile measured from a conventional radiosonde
ascent. (Balsley et al,, 1977).

Four consecutive wind profiles along 315° obtained with
a Doppler FM-CW radar at enelevation angle of 60°'

(Chadwick et al.,1976).

Velocity structure of a low level jet obtained over a period of
24 hours using conical scans. The targets in this case are

likely to have been primarily insects (after Lhermitte, 1966).

Clear air velocities measured during an RHI scan normal

to a thunderstorm gust front. Velocities towards the radar are

shaded (Lee and Goff, 1976). = V.

A vertical section displaying air velocities deduced

from dual Doppler clear air meagurements. The radars at

Norman and Cimarron are scanned to obtain the horizontal
.line of sight velocity in a number of vertically

stacked norizontal planes. The equation of continuity

can then be used to calculate vertical velocities as

displayed above (Berger and Doviak, 1979).

Vertical profiles of Cn2 (derived fromn) and €(derived from %)
obtained with a vertically pointing FM-CW radar.

Also shown are temperatures and winds measured by a

pearby radiosonde ascent. (Gossard et al.,1978).

e
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Figure 21 Clear air Doppler velocity measurements obtained with the RSRE
Defford radar operating at an elevation angle of 30 into the wind,
Velocities were extracted at intervals of 1 second in time and
30 m in range. The white arrow superimposed on the velocity field

is the path of a hypothetical aircraft taking off at 70 ms™ .

Between points b and ¢ the wind speed increases by 5 ms-1 in a flig:

v .

time of 3 second (James et al, 1978).

TABLE CAPTION

Table 1. The characteristics of a number of radars used for clear air
research in the last decade. Some of the characteristics)for
example range resolution and integration times, may be changed

for different experiments.

i : There is novsatisfactory way of comparing the sensitivities of
clear air radars operating on different wavelengths with
resolution volumes of widely differing sizes. However the minimum
Cn? values above have been'calculated for typical experimental
conditions. Problems involved in comparison include:

i) Radars use different integration times. For example the
minimum Cna values for the Norman,Defford and SOUusy radars
assume an observational period of 100 msec and a target whose
Doppler velocity speed is 2 ms-1, in contrast the fizures for
Chatanika, Poker Flat and Sunset assume the same Doppler

velocity speed but an observational period of €0 seconds.

ii) The use of a minimum detectable C&? implies a resolution
volume filling turbulent target. Such a condition is unlikely
to be realised in practice as turbulence is generally confined
to thin sheets. This particular condition endows the coarse

range resolution radars with greater apparent sensitivity.
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(1ii) At wavelengths greater than about 1 m cosmic noise generally
exceeds receiver noise and this noise varies with time of

day and radar attitude.

(iv) A minimum detectable C.?‘is not an appropriate parameter to
use when comparing radars used to observe partial specular

reflection.

In order to overcome some of these problems Gage and Balsley (1978) have
suggested that the Average Power Aperture Product (ii.Aw) be used to
compare th; sensitivity of different radars to turbulent scattering and
Réttger (personal communication, 1979) suggests that E.Acz be used to

compare the sensitivity of radars to partial specular reflection.
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