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Abstract: This tutorial review gives a general overview on the
coherent radar technique with special emphasis to mesosphere-
stratosphere-troposphere (M3T) radars operating in the VHF
band. Some basic introduction to Doppler radar measurements and
the radar equation is followed by an outline of the charac-
teristics of atmospheric turbulence, viewed from the scattering
and reflection processes of radar signals. MST radar signal
acquisition and preprocessing, namely coherent detection,
digital sampling, pre-integration and coding, is briefly dis-
cussed. The data analysis is represented in terms of the cox-
relation and spectrum analysis, yielding the essehtial para-
7,q§ters: power, signal-to-noise ratio, average and fluctuating
velocity and persistency. The techniques to measure wind velo-
cities, viz. the different modes of the Doppler method as well
as the spaced antenna method are surveyed and the feasibilities
of the MST radar interferometer technique are elucidated. A
general view on the criteria to design phased array antennas,
used in most MST radar systems, is given. An cutline of the
hardware of a typical MST radar system is presented, which
consists of the transmitter-receiver part, the radar controller
and the data acquisition unit. In conglusion, some typical
results are depicted, presently planned and operationaljradarq
- ars surveyed and a brief outlook for future requx:ﬂments for
MST radagisystems is attempted
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L. Introduction

The origin of MST radars dates back to the early days of ionospheric back-
scatter observations which were carried out with a 41 MHz radar in Illinois/USA by
Bowles (1958). Strong echoes, cobserved at 75-90 km height, were interpreted as due to
*ionospheric scattering of the turbulence variety® in the mesosphere. Subsequently,
Flock and Balsley (1967) reported about VHF radar observations at Jicamarca/Peru, which
confirmed echoes from 75 km height and were also interpreted to be most likely caused
by turbulence scattering in the presence of a gradient of electren density. Severa?
years later Ronald F. Woodman with Alberto Guillén (1974) substantially improved the
technique in order to measure velocities and they also reported the detection of
stratospheric returns. They recognized the great potential of this technique for remote
sounding of the middle atmosphere. Their studies triggered the evolution of a new gene-
ration of radars for atmospheric research, and VHF radars were started thereafter to be
developed for the only purpose of lower and middle atmosphere observations.

Although earlier expectations that the entire region of the mesosphere, gtratosphere
and troposphere, which gave the name “MST' radar, could be monitored more or less con-
tinuously, have emezged to be an overestimate, their very unique applications to in-
vestigate the structure and dynamics of the middle atmosphere is widely accepted (Gage
and Balsley, 1978; V&lker, 1979; Balsley and Cage, 1980; (rane, 1980; Harper and
Goraon, 1980; James, 1980; R&ttger, 1980a; Klostermeyer, 1981;- Rastogi, 1981; Woodman,
1981; Larsen and Rdottger, 1982; Larsen;1983a). It has turned out that the MST radar
technique is aiso very suitable for operational applications in meteorology (Lhermitte,
1979; Wilson et al., 1980; Rottger, 1981a; Balsley and Gage, 1982; Hogy et al., 1983;
Larsen 1983b). It is, thus, expected that further useful information on atmospheric
physics will be obtained from continued MST radar observations, and these will also
gain substantial contributions for the Middle Atmosphere Program.

MST radars make use of scattering and reflection from variations of humidity,
temperature and electron density, induced by turbulence in the lower and middle atmo-
sphere. Essentially, MST radars can observe: the 1-dimensional wind field, atmospheric
reflectivity and stability, and morpholegy of turbulence and waves. The continuous
peasurements with MST radars offer very qood qualxty and guantity middle atmosphere

,f'cbservatlons of wind veloextles (Gage and’ Van ‘Zandt, 1981). MST radars cperate at fre-
quenCLes around -50 MGz, and therefore are alsoe called VHF radars {VHF =

1ery ‘high frequency band between 30 MHz and 300 MHz}. Higher frequency radars mostly
cover only the tropcsphere and stratosphere. Typical peak powers of VHF radars are
between 1| XW and 1 MV. Range resolutions down to about 100 m and time resolutions down
to some ten seconds are possible. The antenna arrays with typical dimensions of 1000 mz
to some 10 00O mz point close to the zenith direction. Coherent detection, digital
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‘control and data acguisition are mandatory We notlce that the Lnstrumental technique
as well as the data iCqulSlthn and analysis are now basically develcped elaborated
and fairly mature. .

This tutorial review @ims to give a general summary and overview on the state
of art achieved during the -first dscade of the MST radar technique. It is_ intended to -
yield also- a. brLef Lnt:oductlon to the atmospheric radar technique with special em-~

-phasis to MST radar appllcatlons lt is not intended to represent a review for experts
working in this field, but rather to give an overview.to outsiders as well asg tu allow
a basic intreduction for thase who are planning to join this research field. For more
specific technical descriptions of the atmospherxc,radar technique, the reader is re-
ferred to other books and aiticles, such as those by Skolnik- (1970}, Hardy (1972},
Wilscn and Miller (1972), Battan (1973), Gossard and Strauch (1983). Very detailed de-~
sc:LptLons of MST radar techniques can be fourd ia another Handbook for MAP [Bowh;ll,
1984).

In this paper a short introduﬁtinn to the radar technique with special emphasis
to MST radars is given in section 2, followed by an outline of characteristics of atmo-
spheric turbulence which gives rise to the MST echoes (section 3). In sections 4 and 5
the data acquisition and digital preprocessing as well as some fundamentals of data
analyses are discussed. In section § techniques to measure velocities are treated and
some essentials of the interferometer technique, recently appplied to MST radars, are
elucidated, Fundamentais of antenna designs are sketched in section 7 and a brief over-
view on the transmitter-receiver system and the radar control is presented in section
8, In section 9, empirical estimates of MST radar sensitivity, supported by a few
typical results, are discussed. Finally, in section10 a list of planned and operational
MST radars as well as a short outline of expected future developments is added.

2. Introductjon to MST Radar Princieles

4.1 Pulse operation

Let 4 pulsed electromagnetic wave be transmitted at the time 11 {see Fig.1).
The pulse duration of this radar signal shall be Att.ro: simplification the pulse shape
is assumed to be rectangular, but in real applications it may be a smoothed trapezoid
or triangle or Gaussian shaped. In a non-dispersive propagation mediuﬁ the pulse
travels with the speed of light C and reaches the range L after the time t’=ralc. A
target at r, can scatter or reflect the radar signal in some directions. A small frac-
tion returns to the location of the transmitter, where this radar echo will be received

after the time tJ =2t,= 2r /C. This yields the basic relation r=C.t/2 , which allows
determination of the range of any radar target by measuring the roundtrip time t. This
relation holds for monostatic radars (transmitter and receiver are at almost the same
location). For bistatic radars {receiver separated from transmitter by a distance com-
parable to or larger than the ranges to the target) a modified expression has to be

applied. Bistatic or multistatic operation will not be discussed here, since it is not
too suitable for most MST radar applications.
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Since the transmitted pulse has a finite duraticn Aty. LtS trailing edge will

reach the range I ,¢ 4 tige t,+at,, and reach the receiver at 2t +at, . If the radar

target is a thin reflecting surface (called discrete, single or hard target), the shape

of the received pulse is the replica of the transmitted pulse. Now assume that many

scatterers fill all ranges along the radar beam. It is then obvious from Fig.1 that

S . 1
- ar/2 and T, reach the receiver simultaneocusly at t1,
The pulse of duration Att, thus,

echoes from the range hetween I,
and those from T, te +Ar/2 are received at t1+At

~at cne time. 1llum1nates a volune atv‘extended along a range Ar=Ceat /2 This is the
range gate or range cell from which the radar echoes are received. Fxg.T shows that
most of the echo power results from the range r a2t and minimum power is received from
ra+ Ar/f2. Thus, the result;ng ranqe weiqhtmng functxon of- the sxngle range gate
centered around t, is.a triangle.

Because uf the fxnlte receiver bandwidth (usuallJmatched to the bandwidth of
the transmitted pulse) the receiver gate has a finite width in time. The receiver pulse
response (given by about the inverse of the receiver bandwidth) dlStDIFS the received
pulsé by smeothing its leading and trailing edges and thus delaying it by about the re-
ceiver response time. The transmitter pulse length Att. to which the receiver response
time is matched, determines the range resolution Ar. The instrumental distortions of
the radar pulse are not depicted in Fig.1 to maintain the clearness of survey, but they
eventually have to be considered in the final analysis of the radar data.

‘ In radar applications short pulses are normally transmitted periodically, i.e.
the n-th pulse follows the (n-1)-th pulse after a specified time. For convenience it is
set here to be a multiple (K>1) of Att. This time (Tn—Tn_1) is called the interpulse
period TIPP' Its inverse is called the pulse repetition frequency IPRF=1ITIPP' The
off-on-ratio of the transmitter TIPPIAE -1 determines approximately the range from
which radar echoes can be unambiguously received (in units of range resclution). It is

more customary, however, to use the ratio d=AttITIPP, which is called duty cycle or
duty factor. The transmitted power Pa, to be averaged over (more than) one interpulse
period, is the product of the duty cycle and the transmitted pulse peak power P?,i-e-
Pa=d' PP'

Pecause in normal radar operations the pulse repetition frequency is kept con-
stant, i.e. the transmitted pulse train is periodic, range-aliasing may occur. This
ambiguity is depicted in Fig.1. At time té an echo of pulse T2 is received from range
I, and an echo ¢of pulse T, is received from range Tp- 0f course higher order
range-aliasing can occur from ranges rn=c'(t+(“'1)'TIpp)’2' Because these echoes return

from separate scatter volumes, the echo Signals are uncorrelated but still their pawer
accumulates in the same receiver range gate. If no special arrangements (e.g. pulse-
coding or non-periodic TIPP) are being made, the maximum unambiguous range is Tpax ©
C-TIPPIZ. The minimum range Toin cbviously is given by the pulse duration at, plus some
instrumentally entailed transition time between transmission and receg{@ion.
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2.2 Dopplerimeasurement:
Assume that:a bulk motion carries the scatterers or reflectors in the volume

at range r. Because of the Dopplar effect, the rateé of change of phase ¢ of the re-

turned signal is then d#/dt=4nlkn-dr!dt, where AG is the radar wavelength. When wis
the (radial) velocity in directibn of the radar si¢nal path, V’=dr/dt. The phaae:change
d#/dt is the anguler Doppler frequency vy = ZnED, which yields fD:-ZV'fAO. sincelthe
radar signal is pulsed at a frequency fPRF‘ 1.e. tke radar echo is sampled at a rate
TIPP' this yields thg maximum Deppler frequency totbe resolved by pulse-to-pulse:ana-
lysis {Nyquist frequancy): fDmax = fPRF/2= 1/2TIPP. If coherent preintegrationiover
2N interpulse Eiiioda is applied! the effective sampling time is increased to Eﬂiirpp
[section 4.3)}Vf5;;x:has to be réplaced by f = 1/4FTIPP. This corresponds to a

maximum radial velocity V nax = o Dmaxlz and V ax = AO-CIBrmax. It

turns out for MST :agars that Vmax' as defined heré, is much larger than any re-
alistic velocity. We:will readily recognize this as well as deduce some obvious experi-

mental advantages by:estimating siome typicaygumhers for the above defined radar parameters

MST radars joperate in the lower VHF band around 50 MHz, corresponding to wave-
lengths around 6§ m.. $ince quasi-vertical antenna beam directions are used, ranges:are
roughly equal to altitudes. For MST radar observations of the middle atmosphere the .
range limits Toax ALC between 10 km and 100 km. This yields typical pulse repetition
frequencies between 10 kHz and 1 kHz. Altitude resolutions from about 1 kr down to at
least 100 m are reguired to resolve typical vertical scales in the middle atmosphere.
This corresponds tg pulse lengths of about 1-10 ws. Thus, typical duty cycles are
between about 10-1 and 10-3

Knowing that:radial velocities with quasi-wertical radar beams do not exceéed
several 0 ms-1. the |Boppler freguency will barely exceed 10 Hz. Applying !PRF > It kHz,
the radar echo will he heavily oversampled, i.e. its phase and amplitude does vary
little from pulse te pulse. This 1is called a coherent radar echo, in contrast to en in-
¢oherent radar echo which rardomly changes phase and amplitude from one pulse to the
next. One does make: efficient use of the characteristic coherency of MST radar echoes
to improve the data acquisition procedures {section: 4.3}. The differences between co-
herent radars, used to study the ilower and middle atmosphere, and incoherent {scatter)
radars, used to study the ionosphere with the Thomsom scatter technique, will be de-
scribed in a different paper (ROttger, 1984).

Assume that: the radar echo power is due to volume scatter and the scatterers
totally £ill the radar beam. Then the mean received radar echo power Ps is given by thae

radar equation:
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——— {1a)
s 2 )

where A is the effective antenna area (see section 7.1) and n is the radar reflectivity

[see section 3.2).
If the radar echo is due to reflection from a hard target, e.g, a large surface

stratified perpendicular to the radar wave propagation, the received radaz echo power

Pr is given by:

2.2
B A -Jof
po=-_ (1)
T 3 2 '

AT .
o r

where ¢ is the amplitude reflection coefficvient of the surface.
As compared to radar echoes from single hard targets (e.g. airplanes}, where

the echo power is proportiomal to r_4, Ps and Pr are proportional to r_z. This is

simply explained by the fact that the volume or the region illuminated by the radar

beam, are not constant but increase with the square of the range. However,
restricting assumptions have to be fulfilled here: The wost essential are that the il-
luminated volume has to be totally filled with scatterers and a reflecting surface has
to be larger than the first Fresnel zone (D—{?Xq) If nore than one reflecting surface
is in the radar volume,iol has to be replaced by az—Ax IFH) , where F is a calibra-
tion constant and H is the mean generalized_refractive index gradient {e.g., Hocking and
Réttger, 1983). '

If one assumes that the mechanisms of reflection and scattering are independent
of each other, the total received echo power is

S JURE T
Pep B By Ardr- (€, 4, ) x (2)

with the contribution due to reflection € 2=A-(FE)ZIA°2,

and the contribution due to scattering Cs = n/4r.

Both, Cr2 and Csz. are dependent on properties of the reflectipg and scattering media,
evaluated at scales of half the radar wavelength Ao and Cr2 is additionally weighted
by the instrumental parameters, antenha area A and the wavelength AD.

The theoretical treatments of these processes are based on the same formalism,
namely the Born approximation, i.e. the amplitude of the scattered spherical wave is
necligible compared to the amplitude of the imcident plane wave. The three-dimensionai
statistical approach is based either on isotropic or on anisotropic voluke scatter. The
one-dimensional approach, treated in a statistical manner, describes Fresnel scatter
which leads to similar results as for anisotropic volume scatter. The one-dimensional

deterministic approach describes the reflection process.
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Folicwing early observations with MST radars operating in the lower VHF-band,
it is now accepted that scattering and reflection contribute to the radar echoes (Gage
and Green, 1978; Réttger and Liu, 1979; Gage and Balsley, 1980; Rottger, 1980b), but
fairly often the limits between these two processes are not readily determinable im an
experiment. It was therefore propesed to use the term effective reflectivity
C2=Cr2+csz. Depending on whether Cr2 ar Csz is dominating the signal (see Réttgei,
1980b, and Rastogi and RSttger, 1982, for more detailed discussions), the basic pro-
cesses are either.called reflection ¢r scattering.

Bifferent terms are used to specify these processes, namely specular, partial
or Fresnel reflection if a single reflecting surface dominantly contributes to the
radar echo, and Fresnel scatter if several statistically independent surfaces in tre
radar range gate produce the echoes. If it is found thét the reflecting surfaces are
rough and corrugated, then the term diffuse reflection is used, Alse isotropic volume
scatter is observed.

3 heric Turbul . 1 I

3.1, ¢l soes : bul

The basic condition for any kind of scatter and reflection is the existence of
spatial variations of the refractive index at scales of half the radar wavelength.
These variations can be caused by atwmospheric waves or by turbulence, The turbulence
can be active (just generated) or fossil (remnants of active turbulence), and it is
partly generated by waves. It is often a question of how to distinguish turbulence from
waves, but one still can describe the energy cascade of atmospheric waves and turbu-
lence by means of their spatial and temporal spectra. These items are not discussed
here and more information can be found elsewhere, e.g. cage {1979}, Klostermeyer
{1381), Wocdman (1981), Larsen (1983a), VanZandt and Vincent (1983).

The spatial spectrum of atmospheric turbulence is basically characterized by
three subranges. In the buoyancy subrange, variations are controlled by buoyancy forces
and the scales of the anisotropic eddies are typically larger than a scale Lo which is
some ten to hundred meters in the middle atmosphera. Since these scales are larger than
the wavelengths of VHF radars, they do not contribute to the scattering/reflection
Process. There is a transfer of enerqgy from eddies in the bucyancy subrange through the
inertial subrange to smaller eddies. The subrange transition is at Lu' which is also
called the outer scale of the inertial subrange or the Kolmogorov macroscale, Turbu-
lence at scales of several meters in the inertial subrange yields the VHF radar echoes.
At the inner scale lo (also called Kolmogorov microscale) another transition takes
place into the viscous subrange. The turbulence, decaying down to scales in this range,
is heavily damped by viscosity, and refractive index variations at scales smaller than

10 are so small that they do not contribute to detectable radar signal scattering,

and the thermosphere (see Mathews, this handbook volume}.
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The Xolmegorov microscale 1 changes strongly as a function of altitude,
because it is inversely proporticnal to the density. It also depends on temperavyute

and turbulence intensity Hhich-causeé uncertainties about its mean value by many

& 10%. The mean 10 is less than some centimeters in the lower troposphere. It exponen-

t.ally increases with height to several centimeters near the tropopause, to about a
meter near the stratopause and to about ten meters near the mesopause, VHF-radars with
Bragg wavelengths AB {half the operating wavelength Ao for backscatter} of about Im are
therefore able to detect echoes from altitudes up to near the mesopause, Depending on
the scatteringfreflection mechanism, they could observe the entire altitude region of
the pesosphere, gtratosphere and troposphere, which led to the introduction of the

pame of MST radars. In contrast, radars operatiang in the upper VHF band (Anzs 1 m) and
in the UHF band (AB=5-50 cm) can detect echoes from turbulence only up to at most the
middle stratosphere. Therefore, these are called ST radars. We do not include the inco-
herent or Themson scatter radars in this nomenclature, which detect echoes from free
electrons in the ignosphere, and thus can cover the altitude range of the mesosphere

3.2 Turbul £ ive ind

_The reflected and scattered echo power is given by the component of the spatial
spectrum of the variation of the refractive index n {also called refractivity here),
whose wavelength is one half the radar wavelength. The reflected echo power depends on
the shape ni{x) of the refractive index discontinuity. In general, the steeper the
gradient of the refractive index the larger the reflection coefficient;. steps
in the refractive index must not be much greater in spatial extent than a quarter wave-
length, otherwise destructive interference occurs and will strongly reduce the re-
flection coefficient. It obvicusly follows that a longer-wavelength radar will see a
larger reflection coefficient than a shorter-wavelength radar for a given profile of
refractive index. Different models of refractive index profiles can yield the same re-
flection coefficient. This means that a deduction of refractive index variations from
the reflected radar echo is generally ambiquous.

Let us assume that atmospheric turbulence mixes the refractive index profile
and the associated gradients so that random irregularities of the refractive index
result. The power which is scattered back then no longer results from reflection at a
deterministic discontinuity, but from "reflection® at many disordered turbulent ir-
reqularities, which fill the volume defined by the pulse length and the antenna beam
width (radar wvolume). Simply put, each irregularity has a single backscatter cross
section. The total backscatter cross section per unit volume is the radar reflectivity

n, which is related to the turbulent variations of the refractive index.

It i3 assumed that the turbulence is in the inertial subrange, which is given
by the boundaries of the cuter 5cale LD, associated with macroscale turbulent eddies,

and the inner scale 10, where the turbulent irregularities start to be dissipated by
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viscosity. In the inertial subrange the turbuleace is assumed to be homogenecus and

=143

isotropic, Under these assumptions the radar reflectivity is n=0.39'Cn2- Ao . The

quantity an is called the turbulence refractive index structure constant. It is given
by —
cnz ~ A0 L°—2/3.
and is a measure of the outer scale L, of the inertial subrange of the turbulence spec-
trum and the mean square variations 4o of the refractive index n (e.g. Battan, 1973).
Since turbulence parameters determine the structure constant an, which in tugn
determines the radar reflectivity n and the scattered power Ps' it appears likely that
information on turbulence can be deduced from the radar observations. Qualitative in-
formation [e.g. morphology of turbulence layers and their streagth and persistency) is
more definitely obtained than quantitative information (e.g. turbulence energy
dissipation, diffusivity and viscosity, momentum transfer and wave breaking dynamics).
The latter needs a very detailed treatment, since instrumental effects, separability of
reflection and scattering, and further geophysical parameters (e.g. the mean gradient
of refractive index) have to be considered. It is not in the scope of this paper to
discuss these in detail. They, for instance, were treated by VanZandt et al. (1981},
Hocking (3983a,b) and others. We only would like to putline those items which are most

general to the application of the MST radar technique: 1) some basic information on
turbulence is peeded to estimate the sensitivity of radars: 2) echoes from refractivity

variations are used as tracers to monitor the structure of the atmosphere and to mea-
sure bulk and fluctuating velocities,

The MST radar cbservations have shown that the turbulence at scales of scme
meters is often anisotropic. This causes some uncertainties in the deduction of tur-
bulence parameters, but on the other hand gains a substantial increase of echo power,
i.e. signal detectability due to reflection from the anisotropic irregularities. Strong
evidence is found that isotropic and anisotropic turbulence irregularities coexist. A
model which was earlier proposed by Bolgiano (1968) has recently found new interest and
can explain some of the observations. In a turbulent layer vertical mixing tends to
equalize mean gradients of the background refractive index. This consequently causes
discontinuities at the top and the bottom of the layer. Since the turbulent layers have
larger horizontal than vertical dimensions, these discontinuities of the refractive
index have much larger horlzontal than vertical dimensions, too. The discontinuities
must often be as thin as several meters (in vertical extent} since they cause reflec-
tion of MST radar signals. They are also called stratifications, laminae or sheets. It
is deduced from the observations that they are rough or corrugated because of the in-
teraction with the turbulence layer. These sheets are often very persistent and iz is
assumed that they have a much longer lifetime than the originating turbulence layer,
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which one may call "fossil turbulence". Another idea was recently brought forward by

vanZandt and Vincent (1983) who proposed that the anisotropic reflectivity is due to

low frequency buoyancy Waves. Both models still require experimental verificaticn.

1.3 oriai £ ref i
The refractive index variations discussed in the preceding paragraphs are

directly related to variations of the atmospheric parameters: humidity, temperature,

pressure (= Zneutral density) and electron density. The mean refractlve Lndex in the

1
lower and mlddle atmosphere is for VHF: n= 1+n1+n g, where n =3.7: 10" 1 e/T '

nh= 7176107 S.p/7, and n)= -10.3-8 /8,2,
with e = partial pressure of water vapo:_(humidity) in mb,

P = pressure in mb,
T = temperature in K, R
Ne = number of free electrons per m ,

Ec = radar operating frequency in Hz.
n} is called the wet term, n; the dry term, and n; the ionospheric term.

All three terms are very small compared to 1; their contribution to the re-
fractive index yields only a few parts per thousand change. The variations of n, which
cause the scattering and reflection, are evidently produced by turbulence induced vari-
ations of e, p, T and Ng- Although this is not too realistic, we assume for illustra-
tion that the average intensity of turbulence is constant with altitude, We then can
estimate the relative contributions of ¢, p, T and N to the xadar reflectivity, which
is shown in Fig.2 {after Gage and Balsley, 1930). The wet term n‘ {humidity contri-
bution) has to be considered only in the lowest few kilometers oflthe troposphere,
whereas the dry term n; {temperature contribution) dominates up to the lower meso-
sphere. Contributions due to pressure fluctuations are normally negligible, but de-
creasing mean pressure with altitude has a strong influence on n;L For radars operating
in the lower VHF band, the ionization of the D-region determines the refractive index
in the height region between about 60 km and 30 km. Except of the ionospheric term n;.
the refractive index contributions are non-dispersive, i.e. frequency independent.
Polarization and absorption effects can be neglected for VHF and UHF signals in the
entire height range of the troposphere, stratosphere and mesosphere. At frequencies
larger than ahoﬁt 50 MHz, the turbulence induced scatter term will get very weak in the
mesosphere {because of the viscous subrange limitaticns) and the incoherent scatter
term will dominate the signal. For scales in the imertial subrange, clear air turbu-
lence in the mesosphere yields perturbations in the ionization (D-region irregulari-
ties} and it has to be stressed that these irregularities are not created by plasma
instabilities. They are induced by turbulence in the neutral atmosphere because of the
collisions between ionized and neutral molecules in this height region. The‘D—region
irregularities are therefore replica of neutral air turbulence. : ’
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We couls assume from Fig.2 that the entire altitude range up te 00 km coyld bhe
monitored by VMF radars. However, apart from the inertial subrange limiting the ¥4¥
radar observations to altitudes below about 90 km (above this height occasionallr only
meteor echoes can be used), other limitations have to ba considered. The refract_eity
contributions obviously change during varying atmospheric conditions. The electros
density in the ioncspheric D-region (60-90 km} is directly dependent on the solar
zenith angle, and consequently the radar reflectivity of the mesosphere is relati-ely
high only during the daylight hours.folar flares can also generate short enhkancensnts
of the D-region ieonization. At high latitudes additional ionization is often gene-ated
also during the night by particle precipitation effects during auroral disturbances.
However, the strong dependence of the electran denmsity with height very seldom-yiclds
sufficiently strong reflectivity for echoes to be deteced from heights below 60-65 ku.
Echoes from meteor induced ionizatien can be used to measure velocities in the altitude
range 90-~100 km {Avery et al., 1983). The stratospheric reflectivity is only determined
by temperature variations, and this mostly holds also for the reflectivity in the upper
troposphere. However, during convective processes water vapor may be carried up tx the
tropopause, which then yields a substantial jincrease of reflectivity (by n1) in te
upper troposphere. In the tropics the reflectivity may even be enhanced due to hunidity
contributions up to 15-18 km altitude.

The mean profile of reflectivity contributions shown in Fig.2 is not only
varying because the averages n: ) n; and “5 are varying, but is evidently modulatsd by
the occurrence of turbulence and stable stratifications. Higher reflectivities for
instance occur in regions which are most likely to be turbulent, e.g. jet streams .n
the upper troposphere and breasking of tides and gravity waves in the mesosphere, a:
well as in regions of enhanced static stability, e.g. the lower stratosphere.

As mentioned earlier, the radar signal strength depends on the product of #he
instrumental parameters, average power and antenna area (aperture), and the atmospheric
parameter, effective reflectivity. The detectability of an echo is a function of the
signal-to-noise ratio, and the noise level at VHF is given by the sky noise, which is
constant when averaging over a day. The sensitivity or the minimum detectable refl=—-
tivity of MST radars therefore is directly proportional to the power-aperturs prodct
P-A. For illustration, typical low (P-A = 103 sz, e.g. early tests with the
S0USY-VHF-Radar (Réttger et al., 1978)) and high (Jicamarca VEF radar (Balsley, 1973a;
Fukao et al.,1979)) power-aperture products are inserted in Fig.2 from which the ob~
servable height regions can approximately be estimated, These limits are for vertic<l
antenna beams, i.e, they are essentially determined by reflection processes. The limits
shift to the right for off-vertical beams when no reflection but only scattering ie
observed. These qualitative estimates should be used as guidelines only, and more
quantitative estimates are discussed in section 9.
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The simplified schematics of an MST radar system, shown in Fig.3, are used for
a basic explanation of the MST radar cperation and data acquisition procedure. In an
operational system many more components are used, but Fig.3 shows only those which are
necessary for this explanation. For more details see Woodman and Guillén (1974),
Rittger and Schmidt (1979), Schmidt et al., (197%), Carter et al. {1980), Clark and
Carter (1980}, Sato and Woodman (1980), Rastogi (1983), for instance.

A erent detection

An oscillator generates a signal 5% 4t ¢ne apgular frequency w,=2nf , where

f = C/AO is the centre radar operation frequency. A pulse train, generated by the radar

controller, imposes a modulation to this signal, After amplification in the transmitter

(T4} the radar signal

s(t)=a(t)exp(i(w°t+tf!t))) (3)
is transmitted, where a(t) determines an amplitude modulation (by the pulse train) and
vi{t) corresponds to a phase modulation (for coding), and i=f:11 a(t) and ¢(t) are
slowly varying as compared to wot. The radar signal is scattered/reflected from the
radar volume and reaches the receiver (RX) via the same or a separate antenna. Addi-
tionally, noise (sky noise and interference) is received and adds to the radar echo.
The band-limited echo signal s! plus noise r can be represented by
¢ (t)=stt)er(t) = a (e)cos wt + iay(t)sin ut,
where a and a, are independent Gaussian variables in a pure scattering process, and
are correlated in a reflection process. The uncorrelated noise contributes only un-
certajnties to these estimates. After linear amplification in the receiver, ckt) is
coherently detected by multiplicative mixing with 5%, After low-pass or post-detection
filtering (to eliminate high frequency components Zmo, which are generated during mix-
ing), this yields
clt)= a+(t)cos v‘ft; + ia*(e1sin vhen),
where a*(t)=(a,%(t) + a,2(en V22, (4a)
v? (tJ—arctan tay{t)fa (t)).
The phase vt (t)=uw t V (t} is given by the Doppler frequency v --4-V IA , which is due
to the bulk mot;on v! of the scatterers. The time variable phase ! (t)-?(t)iw(t) where
¥{t) is caused by the fluctuations of the scatterers/raflectors in the radar volume.
The amplitude a+(t) is a measure of the reflectivity. These latter statements are only
valid if the noise contributions are separated from the signal.
The coherently detected complex signal {+ noise) can be expressed in the form

clt) = x(t) + iy(¢), (4b)
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where the real part x(t)=a*(t) cosY+(t) is called the in-phasc component, and the
imaginary part Ylt)=a+ltlsinv+(t) is c¢alled the quadrature component. Both components,
x and y, are called the quadrature comporents.

The Fourier transform of c(t) is 31w)= cltlexp(-iwt)dt = 3&m)+i;?w), which
yields the power spectrum P(w)= ;2 + ?2. The measured P(w) is the convolution of the
spectrum of the refractivity fluctuations ia the radar veolume with the spec-
trum PT(w) of the transmitted wave form, multiplied by the bandpass characteristics
PR(W) of the receiver. Since P(w) is much narrower than the envelope of PT(m) and PR(w)
in MST radar investigations, these instrumental effects can mostly be disregarded.

4.2 Digital sampling

In the analogue-digital converter (ABC) the signal c(t) is sampled at discrete
time intervals tk=k-ats. This is illustrated in Fig.4, which shows the amplitude vari-
ations of one of the guadrature components as they can be monitored with an oscillo-
scope connected to the output of the quadrature detector (after postdetection filter-
ing). The sequences n=1,2,... can be assumed to represent successive oscilloscope beanm
deflecticns, triggered by the leading slope of the transmitter pulse, This pulse is
strongly attenuated by receiver gating. It is flipped in phase ¢ by 180° from ohe pulse
to the next {change from positive to negative amplitude), for reasons explained later.
Corresponding to the transmitter-pulse phase @, the sign of the signal also changes
from one to the next interpulse period. For ronvenience the signal phase is shown here
to be similar to the transmitter-pulse phase. The signal phase can take any values,
however, depending on the length of the phase path from the transmitter to the radar
voelume,

On the vertical axis of Fig.4 the time ty is given, which directly can be con-
verted to range by means of the definitions of Fig.1. The sampling time interval it
should be equal to the radar pulse length, since this yields an optimum matching to the
range gate width or resolution Ar, The signal and the noise had passed the receiver and
postdetection filters and are therefore bandlimited, The respense time of the receiver,
which is approximately inversely proportional to the filter bandwidth, should alsc be
equal to Ats, respectively Att. The subscript k of tk is the serial number of the
range gate with k=0,1,..., K-1, where k=0 corresponds to the beginning of the trans-
mitter pulse. Since the quadrature components are digitally sampled, we can write (4b)}
in the form ck=xk+iyk. We also call €, the complex raw data samples.

The number of sampling time steps between successive radar transmitter pulses
is X, which is also the number of sampled range gates. The interpulse pericd is
Tipp~ Krbty. The cycle k=0,..., K-1 is repeated once with x'=0,..., K'-1 with a re-
versed phase of the transmitter pulse. Both cycles, denoted by k and k'({with k' k and
K 2K}, determine one radar cycle ZTIPP' The serial number of radar cycles is given by
n=1,...,N. One radar burst is determined by N radar cycles, which last for ti=2N-TIPP.
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on of all pulse trains, needed to control these cycles of the transaitter

The generati
It is

and receiver-ADC-integrator system, is done in the radar controller (Fig.3).
loaded by the host computer which is also used for further data processing.

Let us look at the time development of the signal + noise amplitude in the k-th
range gate, which is sketched in Fig.5. In this example the digitally sampled quadra-
ture components X, ang i consist of a gquasi-harmonic oscillation {of geriad of about
SOTIPP' regarded as signal) with superimposed random fluctuations {(regarded as noise].
The signal + noise is lifted by a bias up to the mean amplitude 1. The bias can be
different for the x- and y-components but for convenience the bias is chosen here to be
equal for both. The digital samples {dots and circles} are taken every second intexr-
pulse period {k). Samples of the intermediate interpulse period {k‘) lie between the
depicted samples. They would show oscillations shifted by 180°, because of the trans-
mitter phase flip from k to X,

Tt is evident that the signal is oversampled, i.e. many more samples are taken
than would be necessary to resolve the amplitude and phase of the harmonic oscillation.
However, the noise is undersampled, since its time scale of fluctuation is much faster
than the sampling rate given by TIPP' The time scale of the ncise fluctuations is pro-
portional to the receiver response time (whts). and the time scale of the signal vari-
ations is given by the typical time scales vcand TL of the scattering/reflection pro-
cess. These latter times are inversely proportional to the Doppler frequency ID and the
average statistical phase changes d¥/dt. To give some typical numbers:

At= = 10-65 (for 150 m range resolution},

Typp = 1077 (g = 1 iz),

MR R >_:o' s EfD = 10 Hz),

1, = (dY/dt) «10 s (see section 5.2).
We will see later that Tgand ‘L can be more appropriately expressed by the autocor-
relation function analysis. It is evident, that ats<( TIPP<( Tes ré , which proves that
the time scales of noise Ats are undersampled and the time scales of signal 1, are
oversampled.

The undersampling of noise, which has a bandwidth of the receiver postdetection
filters, cannot be avoided because samples at a specified range gate cannot be taken
more often than every interpulse pericd TIPP' This undersampling means that all noise
power (veceived within the receiver bandwidth) folds into the sampled spectrum which is
limited by the Nyquist frequency +1/ zTIPP' Since the noise samples are totally in-
dependent, because Ats<( TIPP' the undersampling does not cause problems. Because EL' %

» TIPP' the raw data signal samples are not independent, i.e. coherent.

4.3 Mre-jntesration and processing

The spectrut which one would obtain with the sampling rate TIPP is very wide
and wostly contains high frequency ncise power. The signal power is confined to rela-
tively low frequencies only (f=1jt=(< 1/2TIPP). It is evident therefore that low pass
filtering, done before the spectrum analysis, will not change the signal characteri-
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stics but eliminates high frequency noise contributions. The simplest form of low pass
filtering is just the complex addition of the signal + noise samples over an interval
ti<<1£. This is itllustrated in Fig.5, where the larger circles indicate the averages
over N=8 samples in each case of this example. A readily noticed effect of this aver-
aging is the reduction of the number of total samples by a facter 1/W.

since the noise (r) and the signal (s) are independent of each other, their
guadrature components add to ckn = c;n + c;n , where c;h =x;n + iy{n are the juad-
rature components of the noise and cin those of the signal. The bias shown in Fig.5s
can be due to an instrumental offset c;n , or due to radar clutter cﬁn {clutter = eche

from a fixed target). All these contributions are additive:
= s i [

“kn = “kn *kn *“kn *Cun -

We have to take into account that each radar cycle yields two samples per range gate,

namely k and k'. The samples of signal and clutter are shifted by 180° from k to k’,

hecause the phase @tt) of the transmitter was flipped by 180o {change w(t} by 180° in

eqs. (3) and (43. This can be accounted for by chaéing the sign of S when averaging

c. .} = J—z(ckn—ck, }

X, k

N
1 r_r s s i i c <
TN > xn k0" kn ¢ k'n o it ke ) .
n=1

Il

Since for the instrumental bias cikn = cbn , it is eliminated by averaging. This is
called instrumental~DC elimination (DC = direct gurrent, better to say: constant volt-
age contribution).

Because of the transmitter phase flip: c;n = - c:n' and C;n = - c;n . Since
the noise is independent from one to the next interpulse period, a change in sign of
c;; does not change its statistical properties. We thus obtain, since k)g k:

N .

oz r 8 c
Y 2 At ) )

This averaging, commonly called 'preintegration"has become a standard process in MST
radar operations. It yields preintegrated data samples E;l (1=1,...,L) at the tinme
£,=2:1-N-K- 8t foe bt peaind ogeatitn period f,; 2N Kt = DN T,

If the summation in (5) extends over a time period £;=2:N-Tppp, which is much
longer than Ats, the high-frequency noise contribution vanishes. For an integratiom
period tL=2-L-N-TIPP {L»>N), which is much longer than o the signal contribution
approaches zero since it is slowly fading in amplitude and phase, Only the clutter
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s L
contributicn c: = 1/L :E; S remains, since it is constant in amplitude and phase.
]

This can be used to eliminate the clutter component by means of a digital high pass
. . o -
filter operation: € =Cy1 g -

(This SEExEEionuis called clutter-DC elimination, and is done after the preintegration.

For the preintegration given by (§), the number N of added samples has to be
carefully selected. It is evident from Fig.5 that the integration pericd has to be much
shorter than the typical time scale of signal variations. Suppose the integration
period would extend over a full cycle of the signal oscillation in Fig.5. The inte-
gration then would yield %=0 and ¥=0. As can be seen from the displacement of the
average values (crossed circles), the signal amplitude will be generally attenuvated due
to the previnteqration. In the_?pectral domain the amplitude attenuation factor F is
given by P(f}=sin(anTIPp)/sin {!fTiPP). This effect of attenuation is also called
the combfilter effect {Schmidt et al., 1979). The sin Nx/sin x-function arises
because a non-tapered, rectangular window is used. The advantage is that the processing
can be made very efficient since no multiplication of the raw data series with a
weighting function is necessary. As long as care is taken that the first zero crossing
of F(£), which is at fN=1l QNHIFP, is at a reasonably higher frequency than typical
signal frequencies, F(f) can be used to correct the signal spectrum. After preintegra-
tion the maximum resolvable frequency tDnax {in section 2.2) has to be replaced by f“.

It is also necessary that the real part x and the imaginary part y of the de-
tected signal are correctly in gquadrature (orthogonal). Ideally they must be phase-
shifted by exactly 50° and must have equal amplitudes on the average. Accuracies of
less than a few degrees phase difference and less than a few percent amplitude dif-
ferenc are tolerable, however, and can be obtained by proper hardware adjustment. If
these accuracies cannot be reached)a correction of the quadrature components can be
applied within some limits (e.g., RAster and Woodman, 1378).

The preintegration of the quadrature components, formulated by (5), is normally
done in a digital preprocessor, called adder or integrator (see Fig.3). Since this
preintegration is a low pass filter process it can be done also in an analogue filter,
#s the clutter elimination which is a high pass filter operation. Obviously the digitral
processing is much more versatile and flexible. Both analogue and digital preintegra-
tion reduce the number of data samples by some orders of magnitude, and compress the
huge data flow from the ADCs to make it managable for the host computer. This is the
evident advantage of this preintegration process, It is often thought that this process
also increases the signal-to-noise ratic since the voltages of the coherent signal but
the power of the incoherent noise add. This leads to an improvement of the signal-to-
noise {power) ratio by the factor N, since the ncise bandwidth is changed by the factor
Hh1. If one defines the noise in such a way that its bandwidth is equal to the signal-
bandwidth, the preinteqration process only reduces the wide noise-bandwidth to the
acceptable 1imit close to the signal-bandwidth, and the siqnal-ho-noi;e ratio does not
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change by this preintegration. The advantage of this preintegration process is still
the essential reduction of the number of raw data samples, without giving away inform-

ation on the signal.

4.4 Coding

Another preprocessing step which is generally similar to preintegration is the
decoding procedure (described in detail in the paper by Woodman, Sulzer and Fatley in
this handbook). The principle reason for applying coding/deceding (pulse compression)
is to achieve a maximum average power at optimum resolution and maximum unambiguous
range. & fairly low duty cycle of 0.1% and hence a low sensitivity would for instance
result from using a single pulse of 1 ws duration (Ar=150m) and an interpulse period cf

1000 ws (r; =150 km). Increasing the pulse length to 32 ps would increase the duty
ax

cycle to 3.2% but deteriorate the range resolution to 4.8 km, The range resolution of
150 m can still be achieved by phase-coding the transmitter pulse in time (lag) in-
cremeats of, say 1 ps. The decoding has to be done by cross correlating the received
complex time series Cy with the transmitted code 5n:

M-1

} =
ck" z ck’-ﬂ'n Sm

n=0
where M is the length of the cede and x> correponds to the range gate k at lag zero
where the correlation function ¢’ has a maximum. Thus, the decoding is nothing else but

k*
an integration over several range gate samples, which are multiplied by the weighting

factor 5,

The simplest and most versatile phase coding scheme is the binary code, wherxe
the phase is flipped between the two states -1{ =0°) and +1{ =180°). Since here the
weights s, are +1 or -1, the multiplication needed in the decoding process reduces to
an addition/subtraction operation, For this reason the decoding can be done in a pre-
processor similar to the hardware preintegrator described earlier, or the inte-
grator/decoder can even be one unit, An advantage in MST radar appl@cations is alse
‘that the decoding/integration processes are interchangeable, which reduces the number
.0f operations by about two orders-of magnitude (e.g., Woodman et al., 1980).

The best codes for radar applications obviously are those‘where sidelobes of
the correlation function at k”#: k are minimum. Reasonable sidelobe suppression is
gained with Barker codes, where the phases are flipped in a sequence (e.qg.,
ttt++--++-4-4 for the 13-bit Jarker code). The correlation function is
13,0,1,0,1,0,1,0,1,0,1,0,1. The best sidelobe'suppression, achievable with a Barker
code, is M'T, and the sidelobes extend out to M.dt_. Since the codes cannot be in-
finitely lony, because the minimum range is extended with the length of the code, the
sidelobe suppression of Barker codes is limited. The reason is that these sidelobes
contain power from other range gates kﬁkk, which cause ambiguities.
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4 better sidelobe suppression can he gained by application of quasi-random
codes, which however need decoding before the preintegraticn. The most suitable codes
for MST radar work are the complementary codes (e.q., Schmidt et al., 1979), which
theoretically have no sidelobes within an interpulse period. A complementary code con-

sists of a pair of two code sequences %) and s,. These have the property that their

correlation function sidelobes are exactly equzl, but opposite in sign. Normally both
code sequences are transmitted at one and the next interpulse period, and the range
samples of these two periods are preinteqrated and decoded saparately. The coherent
addition of the decoded sequences then yields the total elimination of the sidelobes
[fitk) if the sigral is coherent from ¢ne to the next interpulse period. The zero lag
value k™ =k contains the total signal amplitude, As an example: Symtii-ti-t,
Sy=HH--—4-, yvield the ecorrelation functions c1=8,-1,0,3,0,1.0,1 and
c2=5,1.0.-3,0.'1,0,—1 and the addition c1+c2=15,0,0,0,0.0,0,0. The peak value at k* =k
is 2M. There is still the shortcoming of a long code, that it extends the shortest ob-
servable range. This can be overcome by transamitting a sequence of a ¢complementary code
and a short single pulse in one radar cycle.

5 lvsi

5 lati lysi

After appropriate preintegration one still has to deal with the noise which is
remaining within the bandwidth given by the signal. The elimination of the noise and
further signal processing can be done in the time domain by covariance {correlation}
analysis or in the frequency domain by spectrum analysis. Since the covariance function
and the power spectrum are Fourier transforms of each other, both contain the same
relevant information. Depending on the purpose and the feasibility of the analysis,
either of both approaches, is used in practice {Rastogi and Woodman, 1974; Woodman
and Guillén, 1974; Réttger and Schmidt, 1979; Schmidt et al., 1979; Carter et al.,
1980; Clark and Carter, 1980; Sato and Woodman, 1980; Rastogi, 1983).

The complex autocovariance function of ﬁ?gxg%%g;%¥¥re components cit) is

D(rlﬂ-?(t] Tter)dt, Preinfeyemt o
where 1 is the temporal displacement, and the X denotes the complex conjugate,
In digital form '

L-j
R L ju —— T..ox = = : .
k(t]} _ Cklckl-l-j = Cklcklpj ] 3=0,...,3-1 ) T,
1=1

where j is the lag parameter defining the lag tj=j-ti.

For a fized range k, €1¥% +iy;, and the covariance function becomes
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R{t T T i o =
3= (xlxlf Hrlyli-;)u(xlﬂyl 1Y1+}’

= R (1) Ritr)
or n(.fj)=latrj)| exp(is(x))
with|g| =(er+ni2) 2 $=arctar(R, /R }.

In radar applications the term correlation function is often used for R(r ) instead of
covariance function, The correct definition of the correlation function ptt ) is glven
by the normalized covariance function: g{r ) R(T)[IR(O)] As well as the autgcorrelatlon
function of the series c(t) we also compute cross~correlation functions for two dif-
ferent series, Cl(t) and czltJ, in the spaced antenna applications.

The power spectrum is the Fourier transform of ef{t), weighted by W{1):
Plw)=)W(r}-p(1)- exp{-iwr)dr
or in digital form

J=1
.1 S
Pk("m‘J E "j'Rkj'exp(']'"'niJ'ti) )
j=0

where Nj is an arbitrary weighting function {e.qg., Hj=J'1 for all j, etc.) and
W =mar It ,m=0,7 s B T RN T

The first three moments mo,n and m, of the power spectrum yield the total
signal power P , the mean WD of the spectrum, and the width @ v, of the spectrum:

® = = fp(w)dm,
fﬁ /o0 B yforinide | (6)

—(nzln NG R NERFI L TWEN
Homents can alse be deduced from the covariance function, which then yield the
signal power, Doppler shift and spectral width, if the spectrum is symmetrjcal {Woodman
and Guillén, 1974}:
=|n =
| Rta} | R (o),
_ (n
= d#(D)ldt=0(T1Jlt1.

wd =2(1-{R(x )] [1R(0)]| )1112

The power P is a measure for the effective reflectivity, the Doppler frequency w %
determines the mean velocity, and the spectral width gives, after correction (e.q.
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Hocking, 1983a), an estimate of the turbuleat velocity fluctwations and the turbulence

dissipation rate.

¢ v .

Before calculating the parameters P, wD and ”wr the noise contributions have
tc be eliminated. The noise level can be estimatad from a range gate where no signal is
detectable, or from the same range gate when the transmitter is switched off. However,
if the signal bandwidth is sufficiently narrower than the noise bandwidth the high Ere-
quency parts of the spectrum or the zero-lag value of R (o) can be used to obtain the
The latter estimate requites the interpelation of the signal covariance

noise estimate.
function from higher order lags to the zero-lag and the subtraction of the interpolated

value from thol to obtain the noise estimate.

The advantage of the correlation analysis is, that the power, the Doppler fre-
guency abd the signal coherency can be read directly from the autecorrelation function.
The power T is the interpolated value of the real part of R{t) at zero lag. If the
imaginary part of R{v>0) is zero, ¢=const, d¢/dt=0 and consequently G'QV'=0 The am-
plitude [R(T}l, which is equal to R (r) for mD-O determines the persxstency of the
signal. The time lag at which ]R(r)[ =0, 5|R(o)[ is called the statistical coherence
time T which is inversely proportional to the fluctuations of the radar signal. The
deterministic coherence time r; is inversely proportional to the Doppler frequency Eb
It is thus inversely proportional to d¢/dt, which is
small lags,

(given by the radial velocity).
essentially given by the imaginary part of the correlation function at
The uncertainty of the sjignal parameters depends on the number M-I of averaged
satiples and on the signal-to-noise ratio SNRQE]PN, where PN is the nojse power within
& bandwidth equal to the signal bandwidth. Averaging over M samples of the correlation
function or the spectra, which are computed from L preintegrated samples, is called
postintegration, The fractional uncertainty of the power estimate is
¢ = £F/F = (apyB) orny V2,
Say, the preintegration time was chosen to be L]
(=signal) bandwidth of 3 Hz. Then a onhe minute postintegration corresponds toc M-L=180 .
For SNR=1, this yields ¢=0.15. To obtain the same uncertainty for SNR=0Q.1, the post-
integration time tp has to be 30 min, and for SHR=0.01, tp-izh. The uncertainties of Eb
"112. ¢.9. Woodman and Hagfors (1969). However,

=1/3s, corresponding to a maximum nolse

and G;vdepend in & similar way on (M°L}
it is questionable if postintegration times of more than several hours are zeasonable,
since the signal parameters are not stationary over such a long time period. These
coustraints of signal-to-noise ratio and signal stationarity place a definite limit cn
Obviously, for SNR{{1 an increase of the

the sensitivity of radars (see section 9).
-2 to obtain

transmitted power by a factor @ would reduce the postintegration time by Q
the same uncertainty e¢. This is the essential point one has to bear in mind when dis-
cussing the sensitivity of radars; it is not so much the marginal increase of maximum
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observable altitude by increased power but the improvement in time resolution,

The three parameters P, “p and :; fully define a power spectrum with Gaussian

shape
? (w-ﬁb)z
P{w}= exp {-— ))
y2n u, 2wk
L' »

" which is assumed to be a good approximation for many conditions. These parameters
yield information on the radar reflectivity {P), turbulence intensity (5}5;), mean
rf?ial velocity (Gb) as gili as the mean velocity fluctuations (E;) and the stability
{P,71, } and persistency(P,t; ) of _ayered structures in the radar volume, The para-
meters can be deduced either directly by applying equations (6) ¢r (7), by parameter
fitting or iteration procedures. Special circumstances, e.g. signal aliasing, variable
interference, fading ground clutter, ocean clutter echoes or the simultanecusly occur-
ring echees due to reflection and scattering, demand the application of special
methods. These are, for instance, discussed by Réttger (1980h), Sato and Woodman
(1980), Rastogi and Holt (1981), Rastogi and Rdttger (1982), Hocking (1983 a,h).

6. M £ velociti

Let us first discuss the measurements of the mean velocity since these are used
to determine wind velocities in the atmosphere (e.g. Wilson and Miller, 1972, Gage and
Balsley 1978). There are basically twe methods to measure velocities with MST radaxs:
One method uses a narrow radar beam swung into various directions and measures the
Doppler frequency of the echoes scattered from irregularities. This method is the
Doppler-beaw-swinging (D.B.S.)} method. Another method uses three or more spaced an-
tennas, and the received signals are cross-correlated to determine the drift speed of
the scattering/reflecting irregularities (Briggs, 1977; Rottger and Vincent, 1978;
Vincent and R&ttger, 1980; Rottger, 1981b). This method is the spaced-antenna-drifts
(S.A.D) method. More often they are just called the Doppler and the spaced antenna (SA)
methods. Both methods are schematically sketched in Fig.6.
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6.1 Seaced antenna method

The spaced antenna method measures the temporal and spatial variations of the
field pattern of the radar echaes with vertically beamed antennas, As the

attering irregularities move trrough the beam they produce

reflecting or sc
hree 0f moI® spacmi

aoving diffraction pattern on the ground which is sampled at t
By cross- correlating the received signals it is possible to mea-
ntennas and hence the apparent velocity
give the so-called true velocity A
The vertical velocity component

a
receiving antennas.
sure the time delays Ty petween the receiving a
Va. This can be corrected for random changes to

(see Briggs, 1977, and this handbook for more details}.

is estimated from the complex autocorrelation or the spectral analysis.

one assumes

when deducing the wind velocities from spaced antenna measurements,
which

that the drifting irregqularities are carried with the wind (Taylor hypothesis),

has been confirmed by comparing drift data with in-situ measurements,
Réttger and Czechowsky (1980) first presented results of simultaneous measuxements with

the spaced antenna and the poppler method, which they also compared with paratlel

s. In Figs. 7a and 7b, exanmples of their comparisons
=(DZ+V2}1,2 is the speed and

aircraft and radicsonde measurement
with the spaced antenna method are shown, where |ul
amazctan (-U/-V) is the direction of the wind, U and V are the zonal and meridional
components, the aircraft measurements {a) were in 2 few kilometers distance from
in about 100 km distance north of the

and the radiosonde and radar data

separated by more than 100
the similarity

whereas the radiosonde measurements (b) were
radar. The aircraft and radar data are in excellent,

are in good agreement. Because the latter measurements were
ku, where the wind variability already causes considerable differences,

of both these wind profiles is convincing. of course, such comparisons have to be con-
fined td the troposphere and lower stratosphere, but their very reasonable outcome
nce that wind measurements with this method are correct in the whole

Fraser and Schminder in this handbook) .
) showed also that the spaced antenna

gains confide:
middle atmosphere (papers by Briggs,

The comparisons cf Rottger and Czechowsky (1980

deasurements are evidently competitive with Doppler measurements.

the radar,
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Since its introduction tc VHF radars, it appeared that the spaced antenna
method has advantages and disadvantages compared with other methods for measuring
winds. Because of the aspect sensitivity, it was argued that the spaced antenna method
is most suitable since it uses vertical beam antennas and one ne d not worry about
sidelobe effects, Cbviously an increase of the signal-to-noise ratio is gained and the
fixed vertical beam positions are technically much easier to handle than steerable
antenna beams. However, alsc the spaced antenna method needs signals which are scat-
tered and diffusively reflected from off-vertical directions (Briggs, 1980). It is alsc
evident that the field pattern on the ground depends crn the degree of horizontal co-
herency of the reflecting structures as well as on the width of the transmjtter and
receiver antenna beams; i.e. a large structure coherency and large antenna apertures
(narrow beams) cause large correlation distances of the ground field pattern. This
places limits on the antenna size and separation. If, for instance, the correlation
distance is much larger than the antenna separation, a very broad cross-correlation
function ¢, wil) result, which increases the error in determining the lag r,. The op-
timum antenna spacings and sizes can be prescribed only if correlation times and dis-
tances as well as horizontal velocities are known. The best spacing of the receiving
antennas would probably be such that the field pattern drifts from one antenna to the
other in not less than some 10% of the correlation time Te- 0f course, the sampling
rate of the signal has to be short enough to resolve the correlation time. Observed
average values of Tpare mostly around one second, although much higher and much lower
values can occur, Typical horizontal velocities are between some ms_1 to some ten ms
with average values around about 20 ms'1. This yields an optimum spacing of several ten
meters and places an upper limit to the antenna sizes, which in turn yields an upper

1

limit of the sensitivity of a spaced antenna system. However, for high signal-to-noise
ratios, which normally characterize signals from the troposphere and lower strato-
sphere, this antenna size limit does not impair the application of the spaced antenna
methed. It rather supports its application in small and cost-effective systems.

Of course, many more details, such as analyses procedures and data selection
criteria, have to be considered when Planning, desiganing and operating a spaced antenna
system, and the reader is referred to the comprehensive papers by Briggs (1977,1980),
Vincent and Réttger (1980), Réttger (1981b), Hocking (1983 ¢), R¢yrvik {(1983). It was
recently accepted that an MST radar spaced antenna system can also be used in the
interferometer mode, which yields adQitional useful information on spatial structures
of waves and turbulence. The application of this technique is outlined in section 6.3.
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§.2 Doppler gethods
In contrast to the spaced antenna method, the Doppler method measures the
Doppler shift of the scattered radar echoes at oblique incidence (Fig.6). The complex
autocorrelation or the spectral analysis yields radial velocities V’ at different
peinting directions. Assuming that the antenna beam points at a zenith angle £ and at
an azimuth angle u, directed clockwise from north, then

V’ =(.sine-sind+ V.cosu.sind+W. coss. (8)

For a constant fenith angle and if the wind field is uniform, V’ will vary

sinusoidally with the azimuth angle a. The Fourier analysis of the data series V’(c)
directly yvields the eastward wind U and the northward wind ¥ from the Fourier coef-
ficients, as well as the vertical velocity W from the constant offset. This is the
So-called VAD method (yelocity-azimuth-display).

This method can be simplified by using only three fixed beam positions, one at
§=0° and the other at a zenith angle §40% and two azimuth angles «, which preferably
should be orthogonal to each other. We directly can solve (8) to obtain U, V and W
after measuring v at the three beam directions. A most simplified method uses only two
Jeant directions at different azimuths and assumes that the vertical velocity is negli-
aible. We will call these the fixed-beam-methods. Two or three fixed beam positions are
sostly used in MST radar applications. With fixed beams, however, most preferably the
Jertical}and off-vertical directions in four orthogonal azimuth directions at equal
zenith angles should be used. This would allow to reduce errors due to non-uniformity
and inclined structures as well as to measure uniquely the correlation 57;7 of the

aorizontal and vertical velocities (see section §.3).
To obtain a most accurate estimate of the vertical velocity W, a velocity-ele-

~ation-display (VED) can be used. Rere the azimuth is kept constant and the elevation
-5 changed from +5 to -5. A fit of the portion of the sinuscidal variation within
these limits of § to the data series V'{5) yields U.sina+V:cosa and ¥. Extending

this elevation scan to two azimuth directions, also U and ¥ can be determined.

Further information on the VAD, VED and fixed-beam Doppler measurements can be
found in Wilson and Miller {1972), Battan {1973), Koscielny and Doviak (1983), Strauch
et al. (1983),

An example of a VED measurement with an MST radar is shown in the series of
s2ectra shown in Fig.8 {from RSttger et al.,198%), The antenna beam (half power beam
width= 1.7°) was swung in the zonal plane {a=90°} in zenith angle steps 45=3.4°%. The
Dappler shift increases proportional to sin 8, which is obviously expected if the zonal
w_nd component U is non-zero. The remaining Doppler shift at 5=0° {e.g. at 17.2 ka) is
drxe to a vertical velocity W. Evidently, the signal power decreases with 8, which in-
d.cates that the detected anisotropic structures are horizontally stratified. Within
these linits of 3 the signal power decreases about exponentially by 1-2db/degree in
the tropesphere and by 2-3 dB/degree in the lower stratosphere. This effect is also

called aspect semsitivity.
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The s, sctral width w 5o o peasyre of the turbuleat velocity fluctuations in
the radar volume. However, it is diluted by the effects of beam width and wind shear

broadening (e.g. Battan, 1973, Hocking, 1983a}. The former occurs because the radial

components of the
wind velocity vary from one edge of the radar beam to the other. The effect of beam

width broadening is the stronger the wider the heam width is. The latter occurs if a
shear of the wind exists across the width of the beam or along the radial extent of the
radar volume (because of the firite width of the range gate). Vertical wind sheats or
gradients additionally create ar offset of the mean velocity if the extent of the range
gate Ar is larger than the gradient scale length (Sato and Fukac, 1982).

The finite beam width also gives rise to errors in estimating the Doppler shift
since the scattering/reflection process is not isotropic. The product of the antenaa
beam pattern with the angular distribution of the aspect sensitivity yields an effac-
tive bean direction which is closer to the zenith than the real peinting direction.
This error is largest if a strong reflected component is observed and can result ia a
velocity underestimate of some ten percent. It can be minimized by ﬁpplying the mea-~
sured aspect sensitivity for correction, Even for scattering, a similar underestimate
can arise if there are strong horizontal fluctuations of the wind velocity. Here the
width of the spectrum depends on the zenith angle, and it can be shown {Hocking,
1983a,b) that the contributions from subvolumes at different zenith angles within the
antenna beam result in a bias towards low frequency components of the spectrum, i.e.
yielding an underestimated horizontal velocity. Depending on the direction and the
suppression of antenna sidelobes, the spectrum will alsoc be altered which results in
errors of power, mean velocity and velocity fluctuations.

As a result of these considerations, the width of the antenna beam and of the
range gate should be made as narrow as possible, Of course, the sampling rate has to be
made short enocugh to resolve the full shift and width of the signal spectrum.

There are several reasons to choose the zenith angle & of the antenna bean as
small as possible: 1} The spatial uniformity of the wind field is better for smaller
separations of the probed radar volumes. Deviations from uniforpity cause a higher bias
and variance of the velocity estimates, especially if only fixed beam methods are used
(Koscielny and Doviak, 1983). 2) The altitude resolution Az diminishes with increasing
zenith angle 3. This is fairly pronounced for broad antenna beam widths, 3) Since the
range r to a specified altitude increases with zenith angle, a loss of sensitivity

Z dependence of the echo power. 4) The effective aperture de-

_results due to the r_
creases with zenith pointing angle for a fixed antenna aperture assembled in the hori-
zontal plane. 5) The anisotropy of the scattering/reflecting process yields stronger
echoes at near-zenith angles.

Other effects, however, support the choice of large zenith angles: 6) The ui-

certainty of the velocity estimate av) decreases with ircreasing Doppler shift, because
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the ratio'ﬁb,;; decreases with & (assuming that ;; variei less with & than uD). and v
is consistent with the variance of ;b. 7) For a given 4V’ , the uncertainty of the
herizontal velocity is AV:AV'jsin 5. However, the largexr the zenith angle the shorter
the preintegration time must be chosen to aveid aliasing and comb-filter attenuation.
8] An instrumental erior in. the pointing direction causes larger deviations of the
horizontal velocity estimate for small 3. 3) The effective pointing direction due to
the aspect sensitivity is assumed to become negligivle at large zenith angles where
isotropic scattering will dominate.

In summarizing these arguments we find that a general prop¢sal cannot be made

to select an optimum pointing angle. &s in the spaced antenna method (where one has

to preselect antenna spacings) the beam peinting angles have to he preselected when
applying the Doppler method. The application of either the spaced antenna and/ot the
Doppler method has advantages and limitations, and one has obviously to deal with a
trade-off between accuracy, simplicity and cost-effectiveness when planning and opera-
ting an MST radar system.

Comparisons of Doppler wind measurements with rawinsondes were done with almost
all existing radars. A fair too good agreement was always reported (e.g., Larsen,
1983c). As an example we show in Fig.9 comparisons of radar winds measured with the UHF
radar at Arecibo and rawinsonde winds measured at San Juan. Fukao et al. {1382) state
that most of the difference in the lower stratosphere can be explained by experimental
errors, especially those of the rawinsonde. The difference in the upper troposphere
wind data are explained by the spatial and temporal variations in the wind field.

Fukao et al. come to the agreeable conclusion that UHF and VHF Doppler radar measure-
ments of ﬁinds prévide a greater frequency and accuracy than the use of conventional
ravinsondes. We also have to add that these radars can measure the vertical velocity
with better accuracy than the yet applied methods , which is of comsiderable

interest to meteorologists.

§.3__Radax interferometyy

Both, the Doppler and the spaced antenna drift method, do not separately eva-
luate the spatial distribution of the phases of the field pattern at the ground. With
the spaced antenna set-up the amplitudes apd the phases can be measured. Combining in a
suitable procedure the complex signals from different antenﬁa;-;;‘in & wide sense the
application of the interferometer technique. In the first spaced ‘antenna measurements
with VHF radars, Rottger and Vincent’{1STBf and Vincent and Rottger (1980} applied this
method to measure the angular spectrum of tropospheric returns. It can be expected that
further valuable additional information on structure shapes and motions a3 well as on
atmospheric waves can be obtained with this technique.

An essential point which has to be stressed at first is the improvement of the
vertical velocity measurements by using a spaced antenna interferoweter. The basic
principle of the technique is sketched in Fig.10. Let us assume diffuse reflaction from
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a rough surface or structure § which is sufficiently far from the radar antenna and
which is slightly tilted to the horizontal by an angle 61 This structure moves with a
velocity given by the horizontal component ¥ and the vertical component W. A radar with

vertically pointing antenna A, .ith beam width larger than & measures the radial vele-

city
V)= W

Thus, even when knowing the horizontal velocity U, the vertical velocity is still in-

= W-cos b - U-sinbt

coryect, if ' is unknown {Rottger, 19681c).

The reflected signal can also be received abt two separate antennas A1 and Az,
and the complex cross correlation function LIV be computed. Its amplitude 1912] and
phase 012 is sketched in the lower part of Fig,10. From the displacement T2 of the
maximum of 3912] and the horizontal separation d12 of the receiving antennas, the ap-
parent velocity Va = d12/2r12 is calculated. We assume here for simplification that
Va=U (instead of Va. the true velocity has to be calculated according to the considexa—
tions in section 6.1 and Briggs in this handbook). The radial velocity is calculated
from the time derivative of ¢ at =0:

Vo= A v sdataysde.

The tilt angle &, which is similar to the incidence angle &, is

e .
g arcsxn(012(0)-A0121d121,

This yields the corrected vertical velocity

¥=(v'+v_sind }/coss .

For a typical ratio 0/W=100 and a=o.s°, for example, the vertical velocity estimate
would be incorrect by a factor of 2 (0.5) if this correction were not applied.

The angle 5'is equivalent to the inclination the reflecting strdtures. Its average can
give an estimate of the fnclination of isentropic surfaces [baroclinicity), which is
evidently of interest for meteorolegical applications {Gage, 1%83).

A phase lag between two antennas can also be introduced instrumentally, eitheg
by including a delay line between the antennas and the receiver or by adding a phase
lag to the complex signal samples received at the different antenna channels. In the
first case (preselected beam direction) the signals from both antennas would be added
in an analogue coupler, and in the second case [post-selected beam direction) the
digital samples would simply be added as vectors during data processing. This procedur:
is equivalent to electrically swinging the beam to different angles &§. The addition
{distribution) of signals from (to} different antenna moduls is used to swing the re-
ceiver (transmitter) beam of a phased array. For separate transmission and receiving
antennas, the transmitter antenna beam can be kept fixed and the receiving antenna beaa
be swung by post-selection as long as the angle § is narrower than the beam of the
transmitter antenna. The advantage of this latter methed is the post-selection of all
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ossible angles §, whereas the former method preselects an angle which cannot be

P
this method is easily extendable from the

changed after the data were taken. Of course,
explained 1-dimensional example to a 2-dimensional application as well as to an array

of more than two antenna modules.
This radar interferometer method allows not only the measurement of the hori-

zontal wind components by the Doppler method, but also the tilt, the aspect sensitivity

and the horizontal phase velocity and wavelength of atmospheric waves.
Vincent and Reid (1983) applied two symmetrical fixed beam directions at zenith

angles & and -3 with an HF radar to study mesosphere dynamics. They showed that this

of the fluctuations w' and U'

generally allows measurement of the cross correlation U'W
of the vertical and horizontal velocities, respectively:

0=y ts) - v2-8))/2 sin 28,

-

It is evident that this comprises a very powerful tool to measure gravity wave para-
peters and momentum flux, which is proportional to ET;T.

originally, Vincent and Reid used two fixed transmitter/receiver antenna beams.
It is also possible to apply the method of post-selecting the receiver beam directions.
This is illustrated by one example shown in Fig.t11. Here the beam of the spaced recei~
ving antennas of the SOUSY-VHF-Radar was "steered® to 8=41.2% and 5=-1.2° by digitally
inserting a phase delay to the recorded data. This allowed observation of two different
phase locations of a wave in the strétosphere. which becomes clear due to the phase
shift between the two time series of the displayed radial velocity. From these mea-
surements, either by using post- or preselected beam directions, the horizontal wave-
length and phase velocity, the momentum flux and the mean horizontal and vertical velo-
cities can be deduced. The full 3-dimensional information has to be obtained by stee-
ring the antenna in two orthogonal vertical planes. The vertical wavelength and phase
veloeity can be found from just one, preferably vertical beam direction.There are also
influences on spectral width and received power due to gravity waves, which were
analyzed by Gage et al. (1981).

Another application, which originally was used to study jonospheric plasma
turbulence {Farley, et al.,1981), was recently also applied to MST radars to trace
discrete structures, such as blobs of turbulence moving through the antenna beam.
{Rttger and Ierkic, in prepartion). By making use of a cross spectrum analysis and
cbserving the change of & and v! as a function of time, not only the location of the
blobs but alse their vertical and horizontal velecities can be measured more accu-
rately.

The weasurements of & and its temporal variations are very useful to avoid
erroneocus interpretations that the radial velecities measured with vertical antenna
beams are really vertical velocities. All these techniques, evaluating the temporal as
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well as the spatial variations of asplitude and phase of the field pattern, we may call
MST radar interferometry. Theéir applicability to MST radars has already been tested,
but more refinement is needed to fully exploit this promising technique,

1. MST Radar Antennag
1.1 Pagic parameters
The considerations on the interferometer applications can be extended into a
brief descripticn of antenna arrays {e.g., Skolnik, 1970). Assume that N individual
antenna elements with equal spacing d are horizontally lined up to form a multi-element

; 2.
carray. In the array far-field {(r>(N-d) /Ao) the polar diagram is

M sin5+$n) R (3)

N
5(5)=Z E (8)explil P
o
n=1

where Enta) is the pattern of an individual element and én is a relative phase placed
on this element. Thus, the polar diagram is just the Fourier transform of the spatial
aperture distribution. If all elements have similar En(é) and 6n' the polar

diagram is a Ffunction sin Nx/sin x with x=vdsin6/ko . If d<A°, there is only one main
lobe at 8=0° (for én=0}. If d)AD. grating lobes at EG=arcsin (Aold) occur, for
En(6)=const with amplitudes similar to the main lobe. The width of the main lobe is
63=arcsin (Aolﬂd). In some radar applications also the two-way beam width 65/751is
used, If 63_15 small, it is directly proportional to the ratio of the wavelength Ao to
the aperture dimension N.d. Nulls of the radiation pattern are at 5n=i n -EB, where
n=1,2,...,8/2, and sidelcbes occur at 55=5n¢&BI2. If equal weighting Wn is applied
to each of the single elements (e.g., En(6)=wn'E; (8}, with Hn=const for all n),
the first sidelobe closest to the main lobe is suppressed by 13.2dB.

The antenna pattern, namely the direction 50 of the main lobe, can be changed
by applying a linearly progressing phase ‘n from element to element, which has to be

$p=2vd(n-1)sing /A .
This beam steering should be within reasonable limits of the individual element pattern
En(5) to aveid undesirable degrading of the antenna radiation.

Te obtain improved sidelobe suppressions, a tapering of the antenna array can
be applied by either changing the weighting function LA {electrical weighting, i.e.
feeding the outer elements of an array with less power than the inner elements), ar by
using unegual element spacings dn (spatial weighting, i.e. applying larger spacinjs for
‘the outer elements). The price one has to pay for the improvement of sidelobe suprres-
sion by tapering is always a broadening of the main lobe and a lowering of the antenna
gain G. Using a triangular weighting, for instance, improves the sidelobe suppression
te -26 dB, but widens the main lobe by & factor of 1.44 and reduces the gain by 25%, as
compared to uniform weighting. The respective values for a cosz-weighting, which is a
goo§ approximation to a Gaussian weighting, ars -32 43, 1,64 apd 33%.

- and design a VHF-radar antenna system. The minimum requirement for i
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These 1-digensional considerations can easily be sxtended to a realistic

L s )
¥ using, instead of d, the projections @’ of all

2-dimensional radar antenna array b
The total antenna

element positicns onto an axis elongated in the azimuth direction a,
. leulated by (9) for any « and &. For a real radar antenna we also
For an array

t elements have

pattern then can be ca

have to consider that the radiation can be into only one half sphere.

system this means that reflections from the ground, a screen OT reflecto
to be included in the calculatioms.
The antenna gajn G is defined as the ratio o

{in the main beam) tc the average radiation intensity (averaged over all & and a). For

an antenna array with reasonable sidelobe suppression it is given bf the antenna area

f the two orthogonal beam widths EB and &: (in

f the maximum radiation intensity

or approximately by the inverse o

radians):

b 2 — (40)

E ]
)

v o
5 53

The effective area A or aperture of the antenna is the product of the physical area of
which for instance may be reduced

the antenna and the efficiency of its illumination,
nd its feed

by tapering. It is noted that A does not include the losses of the antenna &

system, . rerete
The considerations of antenna arrays, consisting of severa%‘eIenents, can

generally be extended also to antennas with continuous aperture illumination, such as
dish antennas. The aperture A of a phased array or a dish antenna is used to calculate
the power-apertutre product P-A, which defines the sensitivity of an MST radar, Note
that P is the effective average power, which is radiated by the antenna, i,e. it is
smaller than the output power of the transmitter due to losses in the antenna and feed
lines.

This very brief outline is useful to estimate some basic values needed to plan
nvestigations of

6. 2 s
the troposphere and stratosphere is a power aperture product P+ A =10 Wa® (see Fig.15).

We assume that the radar sensitivity is a function of hk. where 1¢{k¢2 depending on
the reflected contribution (see equation (1)). It means that in practice one should
favour an extension of the antenna area against an increase of the transmitter power.
For a commonly achievable transmitter power P=103H. Pwn=!06 wn2 yields the dimension of
a circular antenna array to be about N+d w36 m. For Ao=6m-we can obtain a half-power
beam width 6§=9°, end a gain G=27dB. This estimate assumes that the array is optimally
filled with elements. A single dipole element over a proper reflector screen has an
effective area of about 1% mz {at Aoﬁs m). Thus, about 64 dipoles are needed to £ill
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the array. For a square array with: 8x8 elemeats the resulting spacing is d~0.75 Ao.

and a grating lobe will not occur.:The first nulls are at 5n=¢9°, and the first side-
lobes at 55=i 13.50_ Tn use such an array with the Doppler method, the antenna beam
has at least to be steered to a zemith angle 6°=9° te place a null inte zenith di-
rection {minimizes influences of aspect sensitivity). Even then a sidelobe at -4.5% is
a problem.

1.2 sidelobe gffects

When designing: an MST radar anterna one has to trade between the choices to
optimize the effective aperture or to optimize the sidelobe suppression. An optimiza-
tion of the aperture increases the sensitivity. Suppriession of sidelobes by tapering,
attenuates undesirable:signals which spoil the estimates of reflectivity and velocity.

Generally, any sidelobe effects are equivalent to a broadening of the antenna beam, The

return signal is due te a product of the antenna pattern with the varying atmospheric

- reflectivity structures. Thus, knowing the antenna pattern, it is in principal possible
to find the signal spectra, which however may be a tedious computational and ambiguous
procedure.

For vertically pointing main beanms the sidelobe effects are efficiently sup-
pressed because of the aspect sensitivity. It follows that sidelobes are a minor
problen for spaced antenna methods. Bowever, they can be crucial for Doppler methods,
which need off-vertical beams. If aj sidelobe is pointing towards the zenlth a larger
power may be received from the vertical than from off-vertical directions but quanti-
tative estimates of this effect are not yet known.

To get an error estimate ofsidelobe effects with an off-vertical main beanm,!we
discyss the following 1-dimensional. example. This yields a reasonable estimate since
the sidelobe closest tol zenith, in the plane in whichlthe main beam is steered, mostly

dominates the erzors, for simplification we alsc assume that the width of the main beam

and sidelobes are much narrower than the chosen off-zenith pointing angles. The general
outcome of the error estimates, however, will not considerably be altered for wider

antenna lobes.

Let P1 be the power gain of the main lobe at 61, and Pz the power of a side-
lobe at 62. The aspect sensitivity shall be given by a(5), and the radar detected
structures shall move with a horizontal wind~U. Then ejuations {6) or (7) yield:

Fa= a P +a P,
(™ =u1a1P1I(a1P1+a2P21+i}a2P21(a‘P1+a292).
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vith = alé, .3 and w. .= 4u/r_ U-sin &, ,, we obtain the fractional errors AP and
%,2 1,2 1,2 o 1,2
AU, if one would neglect the sidelobe effects:
AP=(E. —jJP11fasP1=a2P2/a1P? ‘
and Aﬂ=(wg -w1)jw1=(a1p1+a2P2 31n62/51n51)/(a1P1+32P2)-1.
Using for example 61=9°, ﬁ2=-4.5° {without considering the apparent beam direction),
P, =1.0, P --»1<>'2 {for a worst estimate of -20dB two-way beam sidelobe suppression) and

! z - . -2
a{b)= 1 dB/degree corresponding to a1-1.3-10 1 and a2=3.5'10 , yields 4P=2,8-10 © and

AU=4.3-10‘2. This means that the power would be overestimated by 2.8%, and the hori-
zontal velocity would be underestimated by 4.3%. A similar computation will yield the
error estimates for the spectral width. Since 5 and P1r2 are known instrumental para-
meters and a(3) is fairly well known from observations, AP and AU can be used for cor-
rection, which will yield a very reascnable estimate of P and U. It, thus, may appear
to be more feasible to apply corrections, (which however have to take into acceunt the
two dimensional pattern) than use tapering. However, situations may occur {e.g.,
strongly tilted, reflecting layers), which would lead to substantial contributions
through antenna sidelobes. These situations need special attention during the data
analysis,

Alsc sidelobes at low elavation angles have to be considered since these cause
strong echoes from the non-atmospheric targets in the surroundings of the radar an-
tenna. It can be shown that the ground reflection very effectively cancels the radia-
tion at grazing angles (52:85-90°), because the reflected wave suffers a phase reversal
during reflection. This even can suppress low sidelobes of the array pattern which may
be regarded as crucial without taking into account ground reflections. The location of
an array antenna at a flat ground (extending out to several 100 m) may be sufficient
but a shallow valley generally should be prefered to further suppressing the low angle
radiation effects. However, high extending targets, such as radio towsrs or mountains
in the ¢loser vicinity, will still cause considerable clutter echoes, even when opti-
mizing the antenna array for low angle radiation suppression.

1.3 Antepna tvpes and feed systems

VHF radars generally operate with quasi-vertical beams, i.e. the zenith angles
are smaller than about 20°-30%. For MST work linear polarization is sufficient. Es-
sentially four different types of antenna systems are in use: dish antennas, dipole
arrays, coaxial-collinear arrays (coco) and Yagi arrays (e.g. Fig.12).

Dish or cylinder antennas are rarely used for VHF radar applications because
of their large dimensions { NAIC,197%; Réttger et al., 1981; Hagfors et al.,1982). Only
one or a few elements are applied as primary feed antennas. The beam steering is done
either by moving the position of the feed antenna or the entire dish. This has the
advantage that no complicated power distribution and phasing network has to be used to
feed the antenna. Becavse of the limited size of the primary feed antennas, the low-
angle sidelobe suppression is not sufficient, which results in strong clutter echoes.
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All other phased array antennas consist of many single elements which have to

be fed by a cascading nretwork of cables, hybrids and phase shifters. The coco-antenna
{0chs, 1965; Balsley and Ecklund, 1972) has the advantage that the feeding of elements
in one line is just done by interchanging the inner and outer conductor of a coaxial
cable every half wavelength. The outer conductors of the aligned cable act as collinear
dipoles. The feeding is done from the centre of a line, which may typically consist of
16-48 dipoles. Positioning several of these strings or rows in parallel at spacing

d<Ao,Tand feeding these by a suitable matching network results in a coco-array. The

radiation and the losses in a coaxial string comprise a natural tapering, suppressing

in the plane of the string. Because the phase relation along a string is
allel to the coco-string is not possible. Beam steering is

sidelobes

fixed, a beam steering par
achieved by inserting appropriate phase delays in the cables feeding the parallel

co dipoles have to be lined up a quarter wavelength over reflector wires or
because coaxial cable is used for antenna elements
linear element

rows. The co
screens. This antenna type is cheap,
and the matching network is simple. The successive phasing from cne col
to the next, however, degrades the bandwidth of this antenna type. Instead of coaxial

cable as radiator, half wave dipeles can also be used which are fed in a properly ad-

justed phase to form a collinear antenna. The application of collinear dipole lines

limits the steerability of an array, and for this reason frequently three antenna ar-

rays are used with three different fixed beam directions (see Green et al., 1975;
Palsley et al., 1930}.

Single dipole or Yagi antenna elements, forming an array, are fed by
ing network of open wire or coax;al cable systems (e.g., czechowsky and Meyer,
Cczechowsky et al., 1984). The cascading is most appropriately done in on branchings
{n=1,2,...). By these means ¢ne can feed parts of the antenna array with t/2, 1/4,.

a cascad-
1980,

power to provide tapering without dissipating power. The branching is best done in
couplers, power dividers or hybrids, which prevent power, reflected from a mismatch,
return to the transmitter, and also minimize effects due to mutual coupling between the

to

single antenna elements. The coupling can be critical if phase contrel is appliel to
steer the antenna beam. The phase control is usually inserted close to the final ele-
ments, which may be comnected to form modules of 4 or 1€ elements, For continuous beam
steexlnq, phasing is most easily done hy inserting discrete phase delays in steps of
2ni16 w1th a binary phase shifter. This can be achieved by only four relays, switching
phases of 22.5%, 45°, 907 and 180%. The advantage of Yagi against dipole antenna ele-
ments is that no ground screen is needed because of the Yagi reflector. The multi-
element structure of a single Yagi allows for a higher gain (improving the filling
factor of an array) and a negligible coupling {<-25 dB) between adjacent Yagi-antennas
in an array. Mostly Yagi antennas can be constructed in such a way that the bandwidth
is several megahertz. The bandwidth limiting factors in a Yagi system essentially are
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The losses of a Yagi system are also considerably lower than those
han a coco-

the phase-shifters.
of a coco-antenna. However, such a Yagl system is obvicusly more expensive t

Systewm, The feeding of an array system can be from one transmitter, but also sub-

modules can be fed separately by several phase-controlled transmitters {Fukac et al.,

1950).The transmitter phase control can even be used to steer the antenna beam. This,
however, needs a similar phase control of the receiver channels.
§._MST Radar Eguipment
8.1 Transmit-receive system
Separate antenna arrays can be used for the transmission and for the reception

mode, but it is more sffective to use only one antenna for both modes. While separate
antenna arrays allew for sufficient decoupling of the receiver from the transmitter a
fast and highly insulating transmit-receive duplexer has to switch the antenna from the
transmitter to the receiver and vice versa, if oniy one antenna is used, The response
and recovery time of the duplexer should be in the order of the range sampling time,
i.e. typically less than 10 ps. To insulate a peak transmitter pulse amplitude of 103 W

to a fraction of a Watt, which will not destroy the receiver, the decoupling attenu-
ation has to be better than 60 dB. These specified values can be obtained with pin-
diode hybrid switches. For more details, the reader is referred to the technical report
by Czechowsky and Meyer {1980), where also more details on power distribution, phasing
and antenna diagram calculations can be found.

A block diagram of a typical transmitter/receiver systen of a VHF radar 1is
shown in Fig.13. It depicts the design of the portable SOUSY Mini-VHF-Radar which was
operated at the Arecibo Observatory (Réttger et al., 1981}. According to individual
requirements, many variations and modifications of such a system can be done, but
Figs.13 and 14 describe a generally adopted design, basing on the outline of Fig.3. The
120 MHz signal of the master oscillator (MO) is divided by four to obtain a 30 MHz
intermediate frequency, which can be modulated {(MD) in amplitude (on/off) and phase
(0%/180%), This is to provide phase coding and DC-eliminatien. A similar divider gene-
rates the 0° and 90° signals, which are necessary for gquadrature detection. The opera-
tional frequency 46.8 MHz is generated by mixing with the local oscillator (LO) signal
at 76.8 MHz. It is amplified in the transmitter {T%) and fed through the transmit-
receive duplexer (TRX) and a reflectometer to the antepna. The signal received
at 46.8 MHz is amplified in the receiver (RX), mixed with the LO-signal to an inter-
mediate frequency (IF) of 30 MHz, and mixed down to the baseband in the quadrature
detector (X). The two quadrature outputs, the real part (Re} and the imaginary part
{In), are low pass-filtered {LP) to match the receiver bandwidth to the bandwidth of
the transmitted pulse.
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Thete are some hasic system specifications: The stability of the oscil-
lators should be bettcr than t0-4 Hz/ms to allow a good accuracy of coherent detection.
The transmitter peak power typically i3 between 1 kW and 1 MW with duty cycles up to
several percent. The transmitter bandwidth must cover the shortest pulse length of 1 us
[=2 MHz bandwidth). The transmitter is normally ocperated in ¢lass-C mode %o gain an
optimim efficiency.

The receiver noise figure need not be better than a few dB (some 100K}, since
the sky noise level () tOOOK) determines the sensitivity. A noise calibration signal
(CAL) of 1000K, say, should be injected into the receiver front-end in order to provide
an absolute power calibration (which also needs a continuous monitoring of the trans-
mitter power). The receiver linearity range shall exceed 60 dB in order to avoid
saturation with strong clutter signals. The phase flip and the quadrature detection
must be within less than a few degrees accuracy, and the amplitude ratioc of the quadra-
ture compenents must not deviate from unity by a few percent. Of course, the receiver
base-bandwidth (postdetection} has to be about 1 MHz to allow detection of the short-
est pulses, Bessel filters are usually used as low-pass or post-detection Ffilters.

8.2 Rad 1 4 s ses

The control pulses for the transmitter/receiver and the ADC are generated in
the digital part of the system where also the data acquisition takes place {Fig.14). In
the displayed example no host computer is used. The system is simply controlled by
preselected instructions from programmable read-only memories (PROMs) and by external
settings. The dashed lines enclese those subunits of instructions, commands and data
transfer which also could be executed more flexibly by a host computer, Typically the
radar contreller generates pulse trains of control pulses such as demonstrated in this

example:

ADC  wmmmewellTTTTTTTT
. on

CAL =——-rmmecccmce T on il off

The transmit-receive duplexer (TRX) is switched on first, followed by a receiver gate

pulse (RGT) and the switch-on of the transmitter radio frequency (RFC), which is phase

flipped (FLP) between 0% to 180° for coding. The analogue-digital-converter starts
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sazpling (ADC) after RFC off and the TRX and RCT have opened the receiver. At the sixth
sampled range gate a calibraticn signal (CAL) is injected. The whole sequence is re-
peated after one interpulse period when cnly the phase flip is inverted {for pC-elimi-
nation). For application of the complementary coding scheme a second double pulse code
{consisting of the complementary pattern) is transmitted, and this radar cycle is re-
peated ¥ times to yield one radar burst (section 4.2). Additionally, pulses for antenna
control and other purposes can be generated, changing from one to the next radar burst.
In more advanced systems multichannel receivers and ADCs are used (e.g. spaced antenna
parallel processing, e.g. Réttger, 1981a). It is generally found that 8-bit ADCs are
sufficiently matched to the linearity range of the receivers (60 dB}. If strong clut-
ter signals are present the capacity must eventually be extended to 12 bit or a raage
dependent attenuation has to be used. Applying an 8-bit ADC and a 16-bit integrator
allows to add samples from at least N=256 radar cycles in one channel (see section
4.3}. The preintegratio&s%%%n would be ti= 2N-Ti = 128 us for TIPP= 250 us, corre-
sponding to a maximum unambiguous range of 37.5 ii and a maximum resolvable radial
velocity of 12:ns_1 (Enmax= 4 Hz). Applying a 4-bit complementary code and

300 m range resclution would result im a transmitter duty cycle of about 3%.

The radar operation, which is synchronized, started and stopped by external
clock control, takes place in several nested sequences (section 4.): {1) the radar
cygcle, i.e. the transmission of one code unit of radar pulses with preselected duration
and the sampling of the real and imaginary signal at preselected range gates (e.9.
128), {2) the integration cycle (burst), i.e. the repetition and coherent integration
of an externally selected number of radar cycles, (3) record cycle, i.e. the repetition
of a preselected number of integration cycles {e.g.64) to form one total record which
is stored in a 16k memory. After completion, the memory content (pre-integrated raw
data) as well as other parameter information (tape code, time etc.) are dumped in one
tape record. The data analysis can be done off-line with a separate computer. This
versatile device of a VHF radar transmitter/receiver, radar control and data acquisi-

tion system is housed in four small cabinetts, and with a suitable antenna array fores

a complete operational VHF radax. Additionally, a hardware decoder, correlator or array
processor can be attached {e.g., Woodman et al.,1980), and the whole system can be most
flexibly controlled and monitored by a mini-computer, as done with most radars now-
adays. This alsoc would allow some real-time raw data display and analysis as well
as automated real time transfer of meteorological parameters via a telephone
modem. These expansions evidently depend on the individual necessities and requirements
of the experimenters. The described mini-system, however, is already sufficient for a
fairly optimized radar cperation .

Descriptions of the early VHF radar systems were given by Woodman and Guillén,
1574, Green et al., 1975; Czechowsky et al., 1976; Rittger et al., 1978; Balsley et
al., 1920), 20 desiga considerations were summarized by Balsley (1978a,b}, Gage and
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palsley (1378) and Balsley and Gage (1382).

9. Sensitivi . ! b .

9.% Empirjcal estimates

The sensitivity of a radar can be defined by the minimum detectable reflzctiv-
ity. The detectability, which is the probability of discriminating a signal from noise,
is given by the ratio of the average signal power to the noise power, multiplied by the
sjuare root of number of observations. The average signal-to-noise ratio (SNR) depends
on the radar reflectivity and instrumental parameters and thus can be used to estimate
the sensitivity of MST radars for a given number of data samples.

The noise in the lower VHF-band is essentially given by the sky noise. [=pend-
ing on antenna beamwidth and direction as well as on time, the sky noise varies between
about 1500K and 80COK at freguencies around 50 MHz.The noise power Pn is defined as the

average power of sky noise within a typical signal bandwidth (here 3 Hz). The radar
equation yields the signal powe:;ivva'Ar-Cz, where Pz?a {see section 2.3}. The ef-
fective radar reflectivity Cz and hence the signal power and sensitivity cannot easily
be determined from theory, as was pointed out in earlier sections. We, thus, will use
an empirical approach to determine the sensitivity of VHF radars, which can suprlement
the detectability estimate deduce@ by Gage and Balsley {1978).

In Fig.15 a typical tropospheric/stratospheric height profile of the sigmal-
to-noise ratio SNR = ﬁ'an {in logarithmic units} is shown. Since SNR depends on the
instrumental parameters P, A and Ar, the abscissa x has to be shifted accordingly. A
useful way is to define the abscissa x’=log(P-A-Ar)— log SNR, since this directly
allows to determine log SNR = log(P'A-Ar)wx' for a given altitude z and given imstru-
mental parameters P, A and Ar. These parameters are jnserted in W, nz and units of
300m, respectively. The solid curve Fez(x") directly yields the altitude z, where the
signal-to-poise ratio is unity; e.g., zo=20 km for log (P-A-Ar) =7, which can coarre-
spond to P=10%, A=10% n? and ar=300 a.

The curve ?"o below 20 km was measured with the SOUSY-VHF-Radar in the spaced
antenna mode (vertical beams). It represents an average over 230 hours of operation
during 12 days between 28 Oct. and 12 Nov. 1981. This curve is characteristic fa other
VAF-radar observations in the middle latitudes. It shows the exponential lapse of recei-

ved echo power with altitude and the typical increase of echo power ahove the txopo-
pause. There are several regions with different echo lapse rate 3‘=Alog5ﬁRMz, these
are: the lower troposphere (z<4 km} with Tx-0.4 km-1, the middle and upper troposphere
{4¢z<10 kn) with A=-0.5 km'1. the tropopause region (10¢z<12 km} with E=+10.2 lcln-1-
the lower stratosphere (12<z<25 km) with Bx-0,25 km_1 and the middile stratosphere (2325
%m) with 8-0.2 km'1. It cannot be excluded, however, that the middle stratosphere
lapse rate is underestimated because of low signal-to-noise ratioz of the measunpements.
The extrapolation of § to larger altitudes than 20 km was done by using the lapse

wid
rates & from Riister et al. (1980)¢Eﬁisley and Gage (71981).
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additionally, other limits are drawn in Fig.15. Since the signal power for re-
flection depends on AK {1¢k¢2) instead of A, one expects for PeA=const a higher SNR if

. ~ ]
the ratio A/P increases. Thus, curves SO,E] for two reasonable ratios A/P=0.1 (e.q.
S0USY) and A/P=1 (e.g. Jicamarca) are drawn. These two curves are valid only for quasi-

vertical incidence. The aspect sensitivity 3 reduces the SNR for off-vertical beams,
A~
5

which yields the lower limit curve 2
of log SNR of 0.1/degree in the troposphere and 0.15/degree in the stratosphere is

A zenith angle 6O=7° and an angular dependence

~
5

used; 3

is for & =15°.
pData points from other measurements taken at different radars with different
zenith angles are included. Some uncertainty remains on these data polnts, since the
exact average power aperture product and/or the noise bandwidth was not available. The
different measurements also suffer from the varying noise level which yields an un-
certainty in log SNR of about 0.4 units. However, the measured points generally confirm
that the sensitivity relation given by ¥ in Fig.15 can be used as an average standaxd.

The mesosphere echoes (Czechowsky et al., 1979; Fukao et al., 1979%; Ecklund and
palsley, 198%1) are much more variable and cannot as easily be predicted; a brief de-
scription can be found in the following section and in Figs.16 and 19.

The effective reflectivity and hence the average sensitivity change due to
variable strength of turbulence and refractive indez structures, which depend on the
meteorological conditions {e.g. Nastrom et al., 1982). Height variations of the tropo-
pause, which may be as high as 16 km in the tropics, change the position of the sec-
ondary maximum around 10 km. The tropospheric reflectivity is higher when the humidity
is increased. The average distribution of the logarithm of the reflectivity (gloq ™H
is in a good approximation log-normal with rms deviation LI A height profile of o is
plotted in the left-hand corner of Fig.15, which was obtained from the 12 days observa-
tion period. It represents the general variability of the radar reflectivity, which de-
creases with height and is obviously higher in the troposphere (about % 0.6 log-units)
than in the stratosphere {about + 0.3 log-units), The high uo-values in the lower stra-
tosphere are due to the fact that the tropopause height is fairly variable.

2.2 Some typigal MST radax records

Fig.15 shows profiles which were obtained by averaging over many days, but ob—
viously also a seasonal variation occurs. This is depicted in Fig.16, where we notice
that the upper stratosphere height of detectable signals is lower in summer than in
winter. An explanration of this observation may be that the turbulence activity in the
lower stratosphere differs with season (Balsley et al., 19%83).

In Fig. 17 an example of the medium-term variability {period of a day} of re-
flectivity is shown, which is characterized by some relevant structures. This contour
plot, which is discussed in detail by Réttger and Schmidt (1981) and Larsen and ROttger
{1982), indicates the usefulness of VHF radar operations to observe the tropopause
height and frontal boundaries. The reflectivity records combined with the observations
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of aspect senszitivity and signal persistency allow to estimate the atmospheric stabi-
lity (e.g., Gage and Green, 1979; Green and Cage, 1980; Réttger, 1980a) and to retrieve
the temperature profile {e.g. Cage and Green, 1982; Westwater et al., 1981).

An impression on the signal variability at short-time and height scales can be
obtained frum the modified height-time intensity plot (Fig.18). This plot is obtained
by suppressing the mean profile (average over many hours) and displaying only the resi-
dual power data. The thin structures, observed with vertical beam, are due to reflec-
tion from almost horizontal stratifications of refractive index changes. These are alsa
called sheets or laminae because they are often even thinner than the nermally applied
range resolution of 150 m {R&ttger and Schmidt, 1879). It is often found that they
occur in multiples or patches which may be because they are signifying the outer
boundaries of turbulence layers. They even indicate periodicities which can point cut
that they are connected with atmospheric wave structures. These sheets can gain a sub-
stantial increase in reflectivity by an order of magnitude or more. The fine-scale time
variation of the sheets is characterized by cocherence times of some seconds to some ten
seconds .

The long-term variation of echoes from the mesosphere can be seen in the upper
part of Fig.16. These continuous observations are from Pokerflat/Alaska at high lati-
tudes (Balsley et al.,1983), and can be used alsoc to estimate the detectability of
mesospheric echoes as compared to tropospheric/stratospheric echoes. It was found hers
that there is a very marked change in the mesospheric eche height with season. In
sunmer the echoes occur in the height range 80-100 km, whereas in other seasons the
echoes range from about 55 to 80 km. The transition takes place abruptly in May and
September, A similar seasonal variation of echo occurrence was alsc chserved with the
SOUSY-VHF-Radar {(Czechowsky et al, 1979). Ecklund and Balsley (1981} reported that the
peak signal-to-noise ratio is 1-2 orders of magnitude larger in summer than in autumn,
and it even may occur that echoes are almost absent from January to March. It is as-
sumed that the seasonal variation of the mesospheric echoes is possibly connected to
the varjable strength of turbulence. ¢n the other hand, vertical gradients of electron
density must be present. This connects the echo appearance to times when either high
energetic particle precipitation enhances the electron density in the auroral meso-
sphere, or normally to the daylight hours. This diurnal variation is clearly depicted
in Fig.19, which shows the mesospheric echo appearance for low latitudes
[ArecibofPuerto Rivo), The mesospheric echo structures are also characterized by layers
and sheets with different thicknesses and lifetimes (e.g., Czechowsky et al., 1979;
Réttger, 1980). This makes it even more difficult to obtain a comtinuous altitude pro-
file of echo power and wind velocity ir the mesosphere, Additicnally, meteor echoes can
be observed between 90 and 110 km, These peak in the morning hours and also were used
to measure wind velocitites (e.g. Avery et al., 1983). The time and height variability

of mesospheric echoes makes it almost im possible at this time to predict the sensi-
"]
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tivity of VHF radars Eor operational studias of the mesosphere. A crude estimate can

only be given {e.g.Fig.2), and we assume a power aperture product of 107 _ .48 02

be necessary for suitable mescspheric investigations.

10. Conglusion

During the recent years the number of MST radars has considerably increased,
which proves the confidence in the applicaticn of this technique for remote sensing of
the atmosphere. In Table 1 a summary of those radars i5 given which are operational,
under construction or in a definite planeing state, Also the incoherent scatter radars
[IS) are included since all of them had been or will be used for ST work. Except of the
Jicamarca radar, all IS radars operate at high VHF or UHF, and are not regular MST
radars in terms of the definition of mesosphere-stratosphere-troposphere turbulence
scatter. Some numbers of the technical parameters in this list (e.g., average power,
min.pulse width, duty cycle, aperture and beam width) are uncertain to some extent,
because either varying operation modes are used or these terms are defined in a slight-
ly different manner according te the different experimentexrs' requirements, However,
they give a gross overview and allow the determination of the minimum, average and
maximum technical standar@ of the transmitter-receiver-antenna system. All these radars
apply digital control, signal acquisition and processing. The radar controller is
mostly a programmable hardware unit, whereas preprocessor {integrator, decoder, cor-
relator, array processor) are either separate hardware units or implemented in the
supervising host computer. The application of coding is not yet general standard but
its implementation is often planned. The smallest radars, particularly those of the
Platteville-type, operate only at a power-aperture product of 106 sz and detect echoes
up to the lower stratosphere. The Jicamarca radar has the highest power-aperture pro-
duct of 1010Hm2, but its outstanding sensitiwvity is still barely sufficient to detect
evaluable echoes from the gap region between 45 and 55 km altitude, A large inter-
national MST system is planned for operation close to the eqguator especially to
allow the measurements of (vertical) velocities through almost the entire middle atmo-
sphere (Balsley, private communication). This venture is of eminent interest for
studying the dynamics of the middle atmosphere, particularly the glebal circulation
rattern (e.g. Geller, 1979; Gage and VanZandt, 1981). One of the essential contribu-
tions of MST radars to dynamical meteorclogy of the middle and lower atmosphere is
their capabilily to measure vertical velocities [e¢.g., Gage 1983). The determination of
instrumental limitations and the development of optimum and error-minimized methods to
measure the vertical velocity is still one of the outstanding tasks for the MST radar
experimenters.

The evident capabilities of MST radars to investigate and monitor waves and
turbulence and their mutual coupling with the mean flow of the general circulation
pattern as well as the impact on vertical transport is recognized and accepted (e.g.,
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GCage and LlarkL 1974; Gage, 197%; Woodman, 1980; Klostermeyer, 1981; Lindzen, !1981;
Woodman et al., 1981 ; Larsen et al., 1982}, It is good exercise for the experimentens
to fully develop existing as well as introduce new methods to measure whith optinum
accuracy as many parameters of waves and turbulence as possible.

Finally, it shall be stressed here that the M5T radar technique recentlylhas
developed intol a state which allow its routine application for operational meteornlogy
(e.g., Rotter, 1981a; Salsley and Gage, 1982; Hogg et al., 1983; Strauch et al., 1983
and Westwater ot al., 1983). The capabilities of the MST radars to observe continuously
the 3-dimensiohal wind field, fromtal structures, the tropopause and static stability
is more and mere recognized (e.g., Lhermitte, 1979; Larsen and Rottger, i1982; iLarsen,
1383b). The conclusive step-forward for the experimenter and system designer is to
prepare MST radar equipment which operates tontinuously and unattendedly as well 23 to
allow real-time analysis, access and tramsfer of relevant meteorological data.

Besides continuing to be used as vefy suitable research tools it now can be
foreseen that within the next decade MST and ST radars may be linked in routine mat-

works for real-time meteorological operationms.
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Fig. 1 Range-time diagram.

Fiq. 2 Altitude variation of relative reflectivity con-
tributions for VHF radars (after Gage and Balsley,
1980} .

Fig, 3 Basic principle of an MST radar system.

Fig. 4 Range-time-amplitude diagram.

Fiqg. 5 Time display of quadrature components in a fixed
range gate.

Fig. & Principle of three-dimensional velocity measurements
with MST VHF-radars (from RGttger, 1981b}.

Fig, 7 Wind speed and direction measured with spaced antenna
method (stippled distributions), aircraft {circles
a) and radiosonde (circles b).

Fig, 8 Spectra measured with an elevation scan at fixed
azimuth.

Fig., 9 Mean zonal (U) and meridional (V) wind velocities
measured with the Arecibo radar (dots} and rawin-
sondes (after Fukao et al., 1982),

Fia, 10 The principle of phase measurements at antennas A,
and az.

Eig., 11 Vertical velocity oscillations due to a gravity wave,
measured at two slightly different zenith directions
with the interferometer technique.

Eig. 12 Yagi-antennas of the S50USY radar on Andoya/Norway,

4

{photo:P.Czechaowsky).
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Fig. 13 Example of a transmitter-receiver system {(after
Rottger et al., 1381).
Fig. 14 Example of the digital part of an MST radar system.
The functions of the parts in the dashed boxes are -
mostly executed by a computer (after Rottger et al.,
1981).
Fig. 15 Average signal-to-noise ratio as function of
altitude; the abscissa x is for P A-ar=10". e
The abscissa x' gives log SNR for radars with
given power-aperture-range gate product (P-A-Ar).
S is for 870°, k=1.0 and a/P=0.1. ¥: §=0°,
k=1.25 (2>12), k=1.2 (z<10), A/P=1. §: §=7.5°, =
3=0.15/deg (z=12), 4=0.1/dey (z(10), E}: Qf15°. The :
circles denote measured upper heights (log SNR=0) with R
different radars (1,2,3=S0USY; 4=S50US5Y-Arecibo; :L-T
S=Jicamarca; 6=Pckerflat; 7=Platteville; 8=5unsei). [l
The open circles denote vertical antenna beams, the
crossed circles & denote off vertical beams (Qf?ol, i;
& dencte §f15°—30°. ooﬂ}s the log-normal ér
standard deviation of S, -
Eig, 16 Occurrence of MST radar echoes (P+A w5-1O7Wm2)
as function of season (after Balsley et al., 1983) H i
: =
Fig. 17 Reflectivity contour plot {contour line difference : :
2 d8, the intensity of shading corresponds to the H E - }h -
intensity of reflectivity). The bars indicate the : ! ‘¢"F+N =
tropopause height measured with radiosonde (from L - ]: i ';ui ‘l-° 1 1 -
o " o e

Réttyger and Schmidt, 1981).

Fig. 18 Modified height-time-intensity plot showing the
fine-structure gf VHF-radar returns (from Hocking and

Rtttger, 1983).
Fig, 13 Occurrence of mesosphexe echoes measured with the

SOUSY-VHF-Radar at the Arecibo Observatory
(p-a = 2.5-10° wa?).
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