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Abstract. An overview of the turbulent structures seen by observations. Thus, the article serves not only as a way to
MF, HF and VHF radars in the troposphere, stratosphere andescribe the characteristics of turbulence as seen by radars
mesosphere is presented, drawing on evidence from previoust these frequencies, but also chronicles the contributions of
radar measurements, in situ studies, laboratory observationthese radars to understanding the small-scale structures in-
observations at frequencies other than those under focus, arfterent within the turbulence. We also recognize that an on-
modeling studies. We are particularly interested in structuregjoing debate exists in regard to the relative contributions of
at scales less than one radar pulse length, and smaller than thrbulent scatter and specular reflection in VHF radar stud-
beam width, and especially the degree of anisotropy of turdies, and we will return to this issue later. For now, we simply
bulence at these scales. Previous radar observations are eecognize that turbulent scatter does exist at least some of the
pecially important in regard to the degree of anisotropy, andtime, and in this article, we choose to focus for the most part
we highlight the role that these studies have had in furtheringon this type of scatter. We will discuss here only turbulence
our understanding in this area. The contrasts and similaritiesn the neutral atmosphere. Scatter from plasma turbulence
between the models of anisotropic turbulence and speculaand plasma waves in the ionosphere will not be covered we
reflection are considered. The need for more intense studiesefer to Sahr and Fejer (1996) for a corresponding review of
of anisotropy at MF, HF and VHF is especially highlighted, ionospheric turbulence.

since this is an area in which these radars can make impor- Before beginning, we first need to define what we mean
tant contributions to the understanding of atmospheric turbuty the concept of turbulence within this article. We con-

lence. sider turbulence to be quasi-chaotic, non-linear, partly rota-

Key words. Meteorology and atmospheric dynamics (turbu- _tional a_tmospheric motions which produce inhomogeneities
lence) — Atmospheric composition and structure (instrumentdn density and temperature (and other parameters such as hu-

and techniques) — History of geophysics (atmospheric sciMidity and pressure) that lack a dominant coherent structure
ences) and which can best be described in terms of statistics and

correlation functions. The quasi-random motions which en-
sue within a patch of turbulence, and the subsequent temper-
ature and density (and other) variations produce refractive
index inhomogeneities which are responsible for backscat-
ter of radio waves. The refractive index perturbations can be
radio refractive index in order for them to be able to func_?epresen_teq as a spectrum, with certain critical scalgs defin-
tion as tools for atmospheric studies. Turbulence, both i ing the limits of the turbulence_. Impprtant scalgs include

: DOt My o Kolmogoroff microscale, which defines the regime where

by which h turbati duced. Our int She scales are heavily damped due to viscous heat losses,
way by which such perturbations are produced. DUrinten=, 4 4, buoyancy scale, which defines the typical scales at
tion in this article is to develop a picture of the structure of

: which the turbulence is generated. Turbulence is considered
turbulence as seen by MF, HF and VHF radars in the uppe 9

troposphere. the stratosph d the h We ere to be generally the result of a non-linear breakdown of
roposphere, the stratosphere an mesosphere. W rger, more organized structures which have become unsta-
draw our evidence from a ‘.’a'f'ety of sources, espef:lally CONYe  with scales comparable to or larger than the buoyancy
centrating on (but not restricting ourselives to) previous radarscale. Our definition of turbulence includes the cases of
Correspondence tddV. K. Hocking growing, steady-state and decaying turbulence, although we

(whocking@danlon.physics.uwo.ca) recognize that many theories of turbulence concentrate only

1 Introduction

Radars depend on scatter or reflection from perturbations i
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on the steady-state. level of stratification, but also evidence for wave-like struc-
When we talk here about scales of turbulence, we needures in the wind-field. These are associated with a spectrum
to recognize that radar backscatter results from scales in thef gravity waves (e.g. Van Zandt, 1982; Hines, 1991a, b).
turbulence spectrum (which in turn determines the radio re-The interactions between these waves, and with the back-
fractive index variation spectrum), which are equal to one-ground wind-field, are often responsible for the generation
half of the radar wavelength (the so-called Bragg scale). Theof turbulence in the mesosphere and stratosphere. (Indeed,
backscattered power is the ensemble average over the totghdar studies of wind fluctuations played a very important
illuminated volume, often (but not always) consisting of a role in establishing the importance of gravity waves in the
multitude of so-called “scatterers”. Such scatterers can b&tmosphere, but that topic is beyond the scope of this arti-
guite arbitrarily and inhomogeneously distributed in the vol- cle.) If it is assumed that these waves satisfy a so-called
ume, and the volume filled by the scatterers is usually mucHuniversal spectrum”, and that there are many waves prop-
larger than the Bragg scale. The radars cannot normallyagating up and down with various (random) phases, then the
resolve turbulence structures at the Bragg scale itself, buvelocity and temperature fields associated with these waves
they can sometimes resolve scales which are larger than thaill add in such a way that, on occasion, they will produce a
Bragg scale but smaller than the volume filled by the tur-regime in which turbulence will naturally develop (Richard-
bulence. The actual resolution is often defined by the radason number less than 0.25). It is possible to produce a statis-
pulse length, but on occasions, with suitable special techtical investigation of the likelihood of such levels developing,
niques, it is possible to do better. These special techniqueand thereby obtain a statistical summary of the likely depths
are noted in this article, together with the description of theof these layers, their frequency of occurrence, and their likely
radar-observed structures and their morphology. vertical spacing. Figure 2 shows an example of such statistics
Radars have been especially good for looking at the larger{Hocking, 1991, after adaptation from Desaubies and Smith,
scale nature of atmospheric turbulence and particular cohert982). Similar calculations have been performed by Fairall
ent structures, and these results will be described here. Howet al. (1991) for the troposphere, and by Hines (1991a, b, c)
ever, despite the strong dependence of radar backscatter dar the mesosphere.
turbulence, it has, in fact, been rather difficult to deduce cer- Radars have not only been useful in helping us understand
tain other types of information about turbulence from thesethe distribution of turbulence, but have also been useful in
radar studies. This is especially true with respect to studiedelping to measure the energy dissipation rates associated
at very small scales, particularly at sizes less than the pulswith it (e.g. for reviews of these methods, which involve both
length used by the radar. Therefore, many of the most usefuibsolute power measurements and spectral-width determina-
studies have incorporated a mixture of special radar observaions, see Hocking and Mu, 1997; Hocking, 1999). Radars
tions, in situ studies, and careful deduction. can also be used to parameterize the processes of diffusion in
the atmosphere. While we will not consider this application
in any detail here since the focus of the paper is related to
2 Large-scale studies%100m) the structure of turbulence, there is one aspect related to the
issue of diffusion that we do wish to discuss, and this is the
Perhaps the most obvious feature that is clear from radamechanism of diffusion itself, since it relates closely to the
studies is the horizontally striated nature of atmospheric turissue of the spatial and temporal morphology of turbulence
bulence, at least at scales of more than a few hundred metrei the atmosphere.
Figure 1a shows some radar observations of the mesosphere Particulates and chemicals may diffuse across a patch of
carried out by Czechowsky et al. (1979). The stratified natureturbulence in the classically accepted manner, being driven
of the scatter is quite evident; this is very common. For com-along a “random walk” by the velocity field embodied in the
parison, Fig. 1b (from Bondarev et al., 1992) shows some inturbulence. However, this only permits counter-gradient dif-
situ smoke trails released simultaneously by 4 rockets intdfusion across the layer itself. What about diffusion over ver-
the atmosphere (in this case, the results refer to the stratdtical scales much deeper than a typical layer thickness? How
sphere). The layering in the wind-field is quite evident, with can diffusion occur over such large scales? To understand
adjacent trails very similar in shape. Figure 1c shows morethis process, we must return to Fig. 2. Layers of the type
radar observations of thin layers, also called sheets or lamishown in Fig. 2a form at various intervals of time, and have
nae, in this case for the troposphere and lower stratosphengarious lifetimes. Diffusion can occur across such a layer,
(Hocking and Rttger, 1983). It is clear that layered and but once a particle diffuses to the edges, it can go no further.
stratified phenomena are common in the atmosphere. Simit then waits until, purely by chance, another layer forms on
ilar results have been observed using rocket releases in th@p of the particle, but displaced vertically relative to the pre-
mesosphere (e.g. Blamont and Barat, 1967). vious layer. Diffusion may then occur across this new layer,
Radars have played an important role in demonstrating theintil the particle reaches an upper or lower edge (depend-
prevalence of atmospheric stratification. When combineding on the direction of diffusion) or until the layer dissipates.
with suitable modeling studies, it is even possible to makeThus, the rate of vertical diffusion over scales deeper than the
some estimate of the expected degree of stratification anélypical layer depths depends on factors including the depth of
structure in the atmosphere. Figure 1b shows not only a highihe layers, and the frequency of occurrence of the layers, (as



W. K. Hocking and J. Rttger: Structure of turbulence in the middle and lower atmosphere 935

POWER PROFILES 29 SEP 1978 20CT 1978 §

6 MARCH 1981

17.3

1434

[
|

Height (km)
&®
w
|

53

23 s
1100 1110 1120 1130 1140 UTC

Fig. 1. (a)lllustration of stratification of radar echoes at VHF (from Czechowsky et al., 19B®Evidence of horizontal stratification of
atmospheric winds using in situ techniques (smoke trgit3)Stratification of persistent thin sheets in the troposphere and lower stratosphere
(from Hocking and Rttger, 1983).

well as the strength of turbulence within the layers). More data from other frequencies if it helps us to understand the
details about this process can be found in Dewan (1981)processes which are observed within the MF, HF and VHF
Woodman and Rastogi (1984), and Hocking (1991, 1999)bands. These images clearly help us visualize these smaller
among others. This understanding of turbulent diffusion hasscales. However, such images are generally only possible
been developed, in part, due to the contributions of radar obin the lowest few kilometres of the atmosphere, since the
servations which offer one of the best tools to implement cal-radars used for these studies receive very little backscatter
culations of diffusion in this manner, as described by Wood-from higher altitudes. Hence, there is also the possibility that
man and Rastogi (1984). some of these results are specific to the atmospheric bound-
ary layer and lower levels of the troposphere. Nevertheless,
there are still some features which we can find useful.

First, the figures do demonstrate that “cat's-eye” struc-

While radars have made important contributions to our un-{Urés are not uncommon in the atmosphere as a precursor
derstanding of the large-scale structure of turbulence, they? turbulence breakdown (Fig. 3), and such structures are of-
have also made contributions at smaller scales. Interestingly€n @ssociated with Kelvin-Helmholtz (K-H) billows. How-
this has been a difficult challenge, since it often involves ex-EVel: Some caution is needed with regard to this observa-
amination of scales which are less than the radar pulse lengtffion- [t needs to be kept in mind that K-H need not be the
Various specialized techniques must be employed in ordeP"ly mechanism responsible for the formation of cat's-eye
for scales of the order of 10 m or less to be resolved, includ-Pillows; Smyth and Peltier (1989) have indicated that other
ing techniques like frequency- domain interferometry (FDI), M&chanisms, such as the Holmboe instability, can also gen-
which is a simplified FM/CW radar techique, as well as more 9rate _such structurefs.. Indeed, K-H instabilites are only dom-
sophisticated deconvolution procedures. m_elmt.m weakl_y stra_ttlﬁed flows, wh_e_reas the Holmboe insta-
It is even possible to look at metre-size scales if a radaP!lity is more likely in strongly stratified flows.
has a Sufﬁcienﬂy h|gh frequency, with a Corresponding]y Second, we see from Flg 4 that there can be occasions
short wavelength. At these higher frequencies, large bandwhen other mechanisms of breakdown can be responsible for
widths are possible, thereby allowing very good range resthe turbulence; the formation of cat's-eye structures is only
olution. For example, powerful FM-CW radars have beenone possible mechanism. Cat's-eye structures are visually
used to obtain high resolution studies of turbulent events ifmpressive, so they tend to dominate the literature, but it is
the atmospheric boundary |ayer (eg Gossard et al., 1970’,\0'[ clear whether they are in fact the main mode of turbu-
1978; Eaton et al., 1995). Figures 3 and 4 show exam/lence breakdown at all.
ples of such observations taken from Eaton et al., (1995); Thus, while high-resolution studies of the type shown in
these figures are very informative, and show excellent resoluFigs. 3 and 4 are very useful, it is still not clear how rele-
tion. The radar used to create these pictures works at a muckant these boundary layer studies are to understanding tur-
higher frequency than the ones under general discussion ibulence generation in the stratosphere and mesosphere. Cho
this review, but we have already indicated that we will utilize et al. (1996) have made higher level, high-resolution stud-

3 Intermediate-scale studies{1m - 100 m)
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Fig. 2. (a)Another example of stratified radar echo@y. Typical profiles of Brunt-Vaisala frequency, wind shears, and resultant Richardson
numbers, for a sample gravity wave fiel@) Distribution of the thicknesses of layers of turbulence expected in the stratosphere. Scales are
only representative, and somewhat larger in the mesosphere than in the stratqshéistogram of expected layer spacings. These figures
have been adapted from Hocking (1991).
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Fig. 3. FMCW radar images of low level turbulence, in this case, showing Kelvin-Helmholtz billows (from Eaton et al., 1995).

ies using astronomical telescopes working at a frequency o& corresponding improvement in horizontal resolution, and
2320 MHz, and Woodman (1980) has used the Arecibo 2380he ideal procedure would be to apply both FDI and SDI si-
MHz radio telescope to perform high-resolution studies of multaneously to produce improvements in both vertical and
stratospheric layers; such studies are rare. Nevertheless, wwrizontal resolution (seed®ger et al., 2000).
recognize that radars are at least able to make some useful
studies of turbulence breakdown at high-resolution, and have
already been very useful in this regard. More of such studiest  Small-scale studies (metres and less)
are very much needed. It is especially important to develop
statistics about the probabilities of turbulence generation byAt scales of metres and less, radars provide even less direct
different mechanisms, free of any preconceived theoreticalnformation than at intermediate scales. Nevertheless, these
biases. This remains a tOpiC for future experimental StUdieS.sca|es are still of great interest. As an examp|e of the types
We now return to the focus of this paper, which is radarsof motions which we would like to observe, Fig. 6 shows
operating in the frequency range between 2 MHz and 30Gstreak-photographs of small-scale motions taken in a labo-
MHz (MF to VHF). These radars cannot achieve the resolu-ratory setting (in this case, for two-dimensional turbulence,
tion of FM/CW radars operating in the Gigaherz frequency so it may not be entirely representative of small-scale atmo-
range (discussed above), but they can achieve a better heigbpheric turbulence). Eddy motions are clear in both figures,
coverage. VHF radars can detect signals as high as 90 krand some ellipticity is evident in some eddies. It is important
in altitude in the middle atmosphere. These radars are ofto know just how representative these pictures are of atmo-
ten pulsed, with pulse-lengths in the range of 150 m to 2 km.spheric processes at scales of a metre and less. Can radars
Normally these radars cannot resolve structure at scales lesgveal anything about the motions at these smallest scales?
than the pulse length. However, there are certain procedureg/e have seen that FM CW radars can provide information
which can be used to improve the resolution under certain cirabout backscattered or partially reflected powers at scales
cumstances. One example is shown in Fig. 5, which demonapproaching this resolution, but they have yet to produce ve-
strates the application of deconvolution procedurestfer  locity maps at such scales. What about VHF and lower fre-
and Schmidt, 1979). quency radars? Can they provide any information at these
Reid et al. (1987) have shown high-resolution studies ofscales? In fact, they can, at least indirectly, and one area in
cat's-eye like structures in the mesosphere using a VHFwhich radars have made very important contributions is in
radar. Other procedures also exist to achieve better spatidhe area of anisotropy studies.
resolution, such as FDI (Frequency Domain Interferometry, To demonstrate the issue at hand here, we show Fig. 7.
e.g. Kudeki and Stitt, 1987; Chilson et al., 1996, amongThis figure (adapted from Pao, 1968) shows flow around an
others), SDI (Spatial Domain Interferometry, e.g. Pan andobject in salt-stratified water, at points close to the object as
Rottger, 1996; Hocking, 1997) and newly developed signalwell as further downstream, and the point to be emphasized
processing methods (e.g. Luce et al., 2000; Palmer et alhere is the way in which the turbulence tends to “striate” and
2000). However, it should also be noted that the advantagestratify as it dies out. The initial active turbulence is clearly
of improved vertical resolution can be negated if there is notisotropic at the smaller scales, while the turbulence which
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Fig. 4. Another FMCW radar image of low level turbulence, in this case, showing frontal turbulence with no sign of K-H billows (again
adapted from Eaton et al., 1995). The entire picture covers a period of one hour in duration, and covers the height range from a 40 metre
altitude to 1.8 km altitude.
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Fig. 5. Results of the application of deconvolution procedures to achieve sub-pulse-length resolution with a VHF radar. Cat's-eye structures
are evident.

persists further downstream (which may be either steadydoes have a broadly elliptical shape with a smoothly varying
state or decaying) is more anisotropic. Therefore, we ask theross section, where the cross sectional profile is often as-
question: to what level do we expect atmospheric turbulencesumed to be Gaussian. In determining the general properties
to be isotropic? Do the “eddies” shown in Fig. 6 form, and if of radar backscatter, it is often this correlation function which
so, do they exhibit any form of anisotropy, i.e. do they tendis most important (e.g. see Doviak and Zrnic, 1984). Thus,
to be elongated horizontally relative to their vertical extent?we often represent atmospheric radio-wave scatterers as if
This is an area where radar studies have made substantitiey were ellipsoids, since the spatial correlation function of
contributions. a field of ellipsoidal scatterers with Gaussian cross section
To understand the contributions of radars in this field, itis also an ellipsoidal function with Gaussian cross section.
is necessary to show how “eddy anisotropy” is parameter-Thus, we can represent the refractive index fluctuations in a
ized; this is illustrated in Fig. 8a. As seen in Fig. 6, velocity turbulent field as if it were comprised of such structures, as
trajectories are often elliptical in shape, but individual refrac- shown in Fig. 8a (also see de Wolfe, 1983).
tive index “entities” (radio-scatterers) are not always so orga- The eddies which are most effective at producing radar
nized. Even an initially “organized” shape is quickly torn in backscatter are those with vertical dimensions of the order
various directions by the underlying velocity field, so thatin- of 0.1 to 0.5 radar wavelengths (which contain significant
dividual refractive index “entities” within a turbulent region Fourier components at the Bragg scale). Larger and smaller
often have stretched and distorted string-like shapes just astructures are very inefficient scatterers. Hence, studies of
one can see different “shapes” and structures within an ordithe degree of anisotropy of backscatter allow us to investi-
nary water vapour cloud. Hocking and Hamza (1997) havegate the structure of the turbulence at scales which are below
discussed this process in some detail. However, despite thihe radar wavelength, and comparable with the Bragg scales
fact that individual entities may be distorted in shape, the spafe.g. see Hocking 1987a). When we recognize that such
tial correlation function of the refractive index fluctuations anisotropy exists, then it also becomes clear that a mono-
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Fig. 6. Streak photography images of small-scale turbulence (in this case, the graphs are for two-dimensional turbulence). The graphs refer
to different conditions of stability; from Hopfinger (1987), who adapted it from Maxworthy et al. (1985).

static radar will produce backscattered power that varies as apheric structures, high-resolution radar observations, com-
function of the beam bore direction. bined with high-resolution in situ measurements are required

When the radar beam is pointed vertically, backscatterecfe'g', Luce et al., 1995). These special reflectors were first
power will be at a maximum, whilst backscattered power de-considered as early as almost forty years ago (Beckman and

creases with increasing zenith angles as the beam is pointegPizzichino, 1963; Atlas, 1964). Their existence and the
further and further off vertical. This is very common for fact that the reflection is from a rough or corrugated surface

radars operating at wavelengths of larger than a few meMmust be recognized. Further discussions about them can be

tres with antenna beams pointing at or close to the vertifound in Gage (1990), &tger and Larsen (1990), Hocking

cal. Such aspect sensitivity has so far not been detected witRt @- (1991), and Hocking (1996), among others. How these

radars working at wavelengths of less than about one me€0rrugated sheets and laminae are generated and how they

tre. For scatterers of the type described, the power falls oft'® related to turbulence remains a challenging question to
proportionally to expEsin2d/sin,), whered is the angle be sollved. We will come back to a consideration of these
of tilt of the beam from vertical, and, is referred to as the duestions shortly.
“aspect-sensitivity” parameter. Smaller valuegpfefer to It has also been found that these scatterers have an azi-
more anisotropic scatterers, when the rdtjoh (Fig. 8a) is ~ muthal asymmetry, and this is also an area of some interest.
largest. By measuring the power received as a function ofror example, Hocking (1987b) showed an azimuthal varia-
angle, it is possible to determine this parameter. Other methtion of the so-called “Rice parameter” which may indicate
ods may also be used which involve comparison of signalpreferential stretching of the scatterers according to the wind
characteristics recorded with radar beams pointed at differdirection, and Tsuda et al. (1997) also found anisotropy in
ent zenithal angles. An example of such measurements ige backscattered power as a function of azimuth. Neverthe-
shown in Fig. 8b, in this case for a 2 MHz radar. More ex- less, considerable extra work is required in this area, but the
tensive discussions of the conversions betwegh and 6 point remains that radars have a lot to offer in this regard.
can be found in Hocking (1987a), Lesicar et al. (1994) and Thus, with due care, radars can be used to measure the de-
Hocking and Hamza (1997), among others. gree of anisotropy in a turbulent regime. This is an important
A word of warning must be noted here, however. Not all Parameter which cannot be otherwise easily accessed. It also
atmospheric radio scatterers take the form of turbulent entin€€ds to be recognized that the aspect-sensitivity parameter
ties. There are also other, highly structured so-called “speciS generally scale-dependent, as described by Hocking and
ular reflectors” in the atmosphere, which produce “mirror- Hamza (1997). Multiple frequency radar studies can help
like” partial reflections. In calculating, it is necessary to ~€xamine this scale dependence.
be certain that such specular reflectors do not coexist near the There is one further feature which needs to be recognized
turbulence, thereby contributing a non-turbulent componenin regard to the turbulence anisotropy, and this is the fact
to the radar signal. The cause of these thin sheets or lamithat the degree of anisotropy has long been recognized to be
nae is still uncertain, although various suggestions have beea function of position within the turbulent layer. Several au-
made (e.g. Hocking et al. 1991).6Rger (1980b) and oth- thors have recognized this (e.g. Peltier et al., 19%8tder et
ers have suggested that it would be useful to compare suchl., 1981; Hocking, 1985; Woodman and Chu, 1989; Hock-
radar observations with observations of similar structures ining, 1991). Figure 9 shows one such illustration of the ex-
the ocean. For an improved understanding of these atmopected variation of anisotropy across the layer, with more
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Fig. 7. Photographic images of turbulence generated by a flow around an object (Pao, 1968). The left-hand panel refers to the flow close to
the object, and is clearly fairly isotropic at the smaller scales. The right panel shows the flow further downstream, as the turbulence dies out,
and stratification is clearly evident.

anisotropic scatterers towards the edges. Other authors haweell. We will first discuss why an adiabatic mean temper-
presented similar diagrams (e.gotRyer 1981; Lesicar and ature gradient produces small temperature fluctuations, and
Hocking, 1992; Lesicar et al., 1994). Some of these deliberathen consider the implications for radar backscatter.

tions have their origin in initial proposals by Bolgiano (1968)  ~gnsider a parcel of air embedded in the atmospheric
about the structure of the atmospheric turbulence (and espgs,ckground, and assume that the parcel and the background
cially with regard to the edges of the layers). We note that,q jgentical in density, temperature, humidity and so forth.
the recent modelling work using super computers (Fritts ety assume that the parcel is displaced vertically by the
al., 1994; Werne and Fritts, 1999; Gibson-Wilde et al., 2000)hylence. It undergoes adiabatic changes in temperature
just confirm these principles wh|ch_ had been developed and,;,4 density. At the same time, the temperature of the back-
have emerged from radar observations over the past decadegsround air also changes as the height of the parcel changes,

Figure 10 shows the expected structure across a turbulerut in @ manner different to that of the displaced parcel. The
layer in even greater detail. This graph, adapted from Hockthange in the background with increasing helght'depends on
ing (1991), combines data from modeling studies (Klaasser{® mé&an background temperature gradient (which need not
and Peltier, 1985a, b), in situ observations (Dalaudier and®® adiabatic). The temperature fluctuations measured by a
Sidi, 1987), and knowledge about aspect sensitivity deduced™oPe will depend on the difference between the tempera-
from radar observations.The right-hand profile (solid line) ture of the displaced parcel and the immediate environment.
shows the expected mean temperature profile across a typicql the mean background temperature gradient is adiabatic,
turbulent layer, as determined by modeling studies (Klaasseff'€"e Will be no difference between the temperature of the
and Peltier, 1985a, b). Note, in particular, the relatively sharpP@'cel and that of the background, resulting in zero (or at
edges of the layer, and the near-adiabatic conditions in théfast small) temperature fluctuations.
middle of the layer. The consequences of this structure are Now recall that the refractive index of the air depends upon
to produce more anisotropic scatterers or specular reflectiothe temperature, humidity and/or electron density. Just as
at the edges, where the background temperature is horizorthe temperature fluctuations observed by a probe depend on
tally stratified but highly fluctuating as a function of height the difference in temperature between the temperatures of a
(therefore containing large gradients), and to produce moralisplaced parcel and its surrounding medium, similarly the
isotropic scatterers towards the centre, where the temperaturadar backscattered signal strength depends on the difference
profile is closer to adiabatic. This is illustrated by the cen-in the refractive index between the displaced parcel of air and
tral part of the figure, which shows anisotropy at the edgeghe refractive index of the surrounding background air at the
and more isotropy towards the centre. The graph on the lefsame height (e.g. see Hocking 1985 and references therein).
shows the wind and temperature fluctuations measured bif the atmosphere is dry and electron-free (as in the upper tro-
a balloon passing through such a turbulent layer. Note thaposphere and stratosphere), then the refractive index depends
the wind fluctuations are similar throughout the layer, but theonly on the temperature, and so there will be no associated
temperature fluctuations are much larger at the edges, anefractive index fluctuations in the case that the mean tem-
smaller in the adiabatic portion. The fact that the tempera-perature gradient is adiabatic. Hence, the turbulent layer will
ture fluctuations are small near the centre of the layer arisde “invisible” to the radar. If a layer exists like the one in
because the background temperature gradient is close to adkig. 10, then only the edges of the layer will actually be seen
abatic. This has important implications for radar scatter asby a radar, giving rise to an apparent “dual layer”. Thus, one
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Fig. 8. (a)lllustration of the representation of atmospheric scatterers within a patch of turbu{eh@espect sensitivity parametég as a
function of the month of the year for a 2MHz radar detecting scatter from an 82 km altitude in the mesosphere (from Lesicar and Hocking,
1992).

needs to take care with the interpretation that the strongestible mechanisms to explain these specular reflectors have
scattering layers are the layers of strongest turbulence. Inbeen given by various authors. Bolgiano (1968) considered
deed, sometimes the more intense turbulence layers can libat they might be sharp edges to turbulent layers, Van Zandt
the least easily seen with radar. This fact was also recentlyand Vincent (1983) suggested the possibility that they were
raised by Gibson-Wilde et al. (2000) using computer simu-short wavelength gravity waves, Hocking et al. (1991), (with
lations, although unfortunately, these authors did not drawan errata in Hocking, 1996) considered the importance of so-
a parallel between their observations and the extensive refealled viscosity waves, and Klostermeyer (1992) discussed
erences and types of discussions in the literature consideretthe possibility that gravity- wave breakdown does not lead to
here. chaotic motion, but leads rather to small-scale organized mo-
tions via parametric instability. In this last model, the motion
remains organized down to very small scales, but the super-
5 Specular Reflections position of the many different small-scale waves produced in
this way gave the appearance of a “turbulent” region.
While we have concentrated so far on the consideration of Experimentally, there have been a wide variety of in-
turbulence as the primary scatter mechanism, we also haveerpretations of radar backscatter characteristics. Tsuda et
commented on the importance of specular partial reflectional. (1997) attribute their observed azimuthal anisotropy en-
This review would not be complete without at least some dis-tirely to “the characteristics of specular reflection rather
cussion about these reflectors. Observations of strongly aghan the effects of localized turbulent scattering”. Cho and
pect sensitive reflections have been reported many times iRottger (1997) discussed whether that polar mesospheric
the literature, (e.g. &tger and Liu, 1978; Gage et al., 1978; summer echoes contain substantial contributions from spec-
Hocking, 1979; Fukao et al., 1979; Tsuda et al., 1986; Hock-ular reflections. Other observers have attributed all their ob-
ing et al., 1990, 1991; Hooper and Thomas, 1995), to nameservations to turbulent scatter. In an attempt to delimit tur-
but a few. Observations of very slow fading times have alsobulent and specular reflections, Hocking and Hamza (1997)
been associated with specular reflections. developed a formalism which related the extreme values of
These studies have been the subject of some controversy; to geophysical parameters like the Richardson number. It
At the one extreme, there have been proposals that specularas possible to place lower limits on the expected values for
reflectors are artifacts of the analysis, and all scatter is, irg;, under the assumption that the scatter was due to turbu-
reality, turbulent. Proponents of this approach claim that alllence. Any smaller values must have been the result of spec-
anisotropy is due purely to turbulent anisotropy. They cite ular reflection. Unfortunately, the process does not work in
the fact that in order for specular reflectors to occur, verti-reverse. In principle, specular reflectors can have any value
cal steps in the refractive index of less than a quarter of theof 6;; larger values are permitted simply by allowing a greater
radar wavelength are required (e.g. see Hocking aittgRr,  variance in the degree of tilting or surface roughness.
1997), which must be horizontally extended over typically a Hence, it must be kept in mind when considering the
Fresnel zone in size, and they consider this to be unrealisticpoints raised in this paper that there is a possibility that tur-
At the other extreme, there have been proposals which clainbulent scatter may not be the dominant scatter mechanism for
that almost all scatter is, in fact, a reflection from specularVHF, HF and MF radars. Our own opinion is that both types
reflectors, and that variations in the parameétearise sim-  of scatter exist, and care must be taken to determine which
ply due to the fact that the specular reflectors have varyingapplies. Hocking (1987a) has shown examples of the simul-
degrees of tilt. A superposition of specular reflectors with taneous occurrence of specular reflectors and turbulent scat-
various tilt angles will produce a corrugated surface. Pos+er at MF, so it is our belief that the mechanisms of backscat-
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Fig. 9. lllustration from Woodman and Chu (1989) showing a proposal for the structure of radio-wave scatterers within a turbulent layer.
More anisotropic scatterers are expected near the top and bottom of the layer. Several other similar proposals appear in various papers in th
literature (see text for details).
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Fig. 10. Expected behaviour of velocity, temperature, and refractive index inhomogeneities within a turbulent layer. In the left-hand two
graphs, the smoother lines represent the mean wind and temperature profiles (labelled (2)), while the more rapidly varying lines passing up
through the centre (labelled (1)) represent fluctuations of the appropriate parameter about the mean. In the right-hand graph, the broken line
represents an intitial temperature profile and the solid one represents the profile after the turbulence is established (from modeling studies)
Note that the vertical scalings are slightly different in the left- and right-hand profiles, since each comes from a different source. We have
adjusted the scalings so that the temperature profiles look similar. In between these graphs we show the shapes of “average” eddies as
function of position within the layer, demonstrating greater anisotropy at the top and bottom of the layer. See text for other details.

ter are neither exclusively turbulent, nor exclusively specularturbulent atmospheric regions. This paper has concentrated

The comments we have made within this article refer onlyespecially on the contribution which radars have made to

to the cases in which turbulent backscatter is the dominanthese determinations and how they can continue to contribute

mechanism responsible for the returned signal. further. The combination of in situ and modeling techniques
will certainly supplement these investigations.

6 Conclusions AcknowledgementsTopical Editor J.-P. Duvel thanks T. E. Van
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