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Abstract. The interpretation of the radar aspect sensitivity observed at VItF frequencies in 
the lower atmosphere is still a subject of controversy in the radar community. Indeed, scatte- 
ring from anisotropic turbulence layers and partial reflection from stable thin horizontally 
stratified layers are generally proposed without leading to a definitive conclusion. A cause of 
this persistent discussion has been a lack of in situ high-resolution observations which could 
identify and describe accurately the atmospheric structures at the origin of the radar aspect 
sensitivity. The Radars, Scidar and Balloons (RASCIBA 90) campaign (February-March 
1990, Aire sur l'Adour, France) was performed using simultaneously colocated VItF ST 
radars and balloon experiments. The objective was to obtain information about the small- 
scale structures of the lower atmosphere and then to identify the origin of radar echoes. The 
main result was produced by the high vertical resolution (20 cm) temperature measurements. 
For the first time, very strong (positive) temperature gradients within thin layers were detec- 
ted in the lower atmosphere (at least up to 27 lcm). Such an observation allowed then investi- 
gation of the partial reflection interpretation using available bifrequency radar measurements: 
a 45-MHz radar for which typical 15-dB vertical enhancement is observed just above the 
tropopause and a 72.5-MHz radar for which an aspect sensitivity of the same order is presen- 
ted for the first time at this frequency. A simple model considering flat and very extended 
sheets was assumed to estimate quantitatively the possible contribution of these temperature 
gradients to the VHF radar vertical power. Radar and reconstructed power reflection coeffi- 
cient profiles are in good agreement in shape and in level showing that partial reflection from 
atmospheric sheets is an important and generally dominant process at vertical incidence. 
Furthermore, the effect of sheets of limited extent is investigated using simple theoretical 
considerations, and this model shows that the correction to the infinite sheet approximation is 
probably weak. The sheet distortion effect is also approximately evaluated applying Gaussian 
rough models. The power loss from the flat sheet case at VHF in the vertical direction is 
weak for a mean roughness height lower than a few tens of centimeters and for larger heights 
if the correlation length of the irregularities is larger than a few hundreds of meters. Sheet 
generation mechanisms are also briefly discussed using two previously published models: the 
viscosity wave model (Hocking et al., 1991) and "sheet and layer" model (Gossard et al., 
1985). Neither of the models in their present forms seems to be able to account for the obser- 
vations. 

1. Introduction 

Doppler radars operating in the Vt• band have pro- 
ved to be an efficient method to measure atmospheric 

Copyright 1995 by the American Geophysical Union. 

Paper number 95RS00713. 
0048-6604/95/95RS-00713 $08.00 

parameters such as wind velocity and intensity of 
turbulence especially in the stratosphere and the tro- 
posphere. The VItF stratospheric and tropospheric (ST) 
radar echoes are produced by interaction processes 
between electromagnetic waves and refractive index 
fluctuations of the atmosphere. Very soon after their 
development, it was observed that the echo power 
depends strongly on the zenithal observation angle and 
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is maximtun in the vertical direction. This vertical echo 

enhancement was first noted independently by Gage and 
Green [ 1978] at 40 MHz and by Rtttger and Liu [ 1978] 
at 53.5 MHz. Later, many observations were reported, 
for example, by Sato et al. [1985] at 46.5 MHz and 
Woodman and Chu [1989] at 52.2 MHz. This pheno- 
menon, usually known as "aspect sensitivity," was 
mainly observed in the lower stratosphere with typical 
values of enhancements of 10 dB to 20 dB above the 

oblique level and less regularly and less strongly in the 
troposphere [e.g., Hocking and Rtttger, 1983; Tsuda et 
al., 1988]. Its interpretation is still a subject of contro- 
versy in the radar commlmity. Scattering from aniso- 
tropic turbulence [e.g., Gage and Balsley, 1980] and 
partial reflection from thin stable layers [e.g., Rtttger 
and Liu, 1978] are proposed independently or simulta- 
neously to explain this vertical enhancement. 

The aim of this paper is to provide some new 
experimental results in order to contribute to the 
understanding of this phenomenon. These results were 
obtained from the 1990 Radars, Scidar and Balloons 
(RASCIBA 90) campaign using remote sensing and in 
situ measurements: two VHF ST radars operated by the 
Laboratoire de Sondages Electromagnttiques de l'En- 
virolmement Terrestre (LS•T), a scidar, operated by 
the University of Nice, and instrumented balloons 
operated by the Service d'Atronomie (SA) and the 
University of Nice. The main information was obtained 
from the SA high-resolution (20 cm) vertical profiles of 
temperature showing the existence at least up to 27 km 
of very strong, always positive, temperature gradients 
within thin layers, the "sheets." These structures were 
reported and discussed previously in the paper by 
Dalaudier et al. [ 1994], hereinafter referred to as DSCV. 

In section 2, the characteristics of the VttF radar 
echoes (dependency in angle, frequency, and time) as 
well as proposed interpretations of the aspect sensitivity 
will be reviewed referring to investigations from several 
authors. 

In section 3.1, the aspect sensitivity results (intensity 
and height variations) for the 45-MHz radar will be 
outlined, and for the first time, in spite of technological 
difficulties, some results at 72.5 MHz obtained during 
RASCIBA 90 will be presented. 

Some in situ measurement data, especially high- 
resolution temperature and low-resolution observations, 
will be presented in section 3.2 referring to DSCV. 

In section 4, the partial reflection interpretation will 
be investigated by estimating the temperature fine 
structure contribution to the vertical power profile of the 
backscattered signal. The comparison between observed 
radar profiles for the two frequencies and reconstructed 
ones using in situ measurements and a simple model will 

be shown. The different assumptions and the conditions 
for which the results are justified will be specified. 

Finally, in section 5, possible generation mechanisms 
of the sheets will be briefly investigated. Important 
information will be given about the application condi- 
tions of the Hocking et al. [1991] theory which intro- 
duced viscosity waves as a possible origin of specular 
reflectors. Gossard et al. [1985] model, associating 
sheets with turbulent layers will be also discussed. 

2. Generalities of "Aspect Sensitivity" 
2.1. Echo characteristics 

Green and Gage [ 1980] hypothesized that the vertical 
echo power is proportional to the •uare vertical gradient 
of potential refractive index M' given by Ottersten 
[1969a] and therefore to N • (with N 2 the squared 
Bnmt-Vais'•il•i angular frequency) if humidity effects are 
negligible (i.e., in the higher troposphere and in the 
stratosphere). Experimental investigations confirmed 
that the parameter M 2 (or N • in the stratosphere) deduced 
from in situ measurements (temperature, humidity, and 
pressure) reproduced the backscattered power received 
at vertical incidence, indicating a strong correlation 
between static stability of the medium and the vertical 
echo power [e.g., Green and Gage, 1980; Gage et al., 
1985; Tsuda et al., 1988; Dalaudier et al., 1989, Chu et 
al., 1990]. 

Another aspect of the backscattered radar signal is the 
angular dependence. Due to the difficulty of angular 
scanning at VHF frequencies, the decrease of the echo 
power from zenith angles has not been yet clearly 
measured and results present a large variability both in 
altitude and in intensity. However, some investigators 
obtained indications on this subject. For example, Tsuda 
et al. [1986], using the MU radar (46.5 MHz) pointing 
in 16 different directions, showed aspect sensitivity up 
to 10 ø from the vertical direction. Hocking et al. [ 1990, 
p. 626], usingthe same instrument, apparently confirmed 
this observation and reported that "isotropic scatter is 
almost detected at about 10 degrees". Chu et al. [1990] 
presented results using the broad beam method intro- 
duced by Woodman and Chu [ 1989] in order to measure 
aspect sensitivity from Doppler spectra. These authors 
showed that radar detected isotropic scattering at angles 
greater than 4 ø to 10 ø, depending on the altitudes. 

Papers dealing with radar wavelength dependence 
showed that aspect sensitivity is not reported at 23 cm 
wavelength (corresponding to 1290 MHz frequency) 
[Balsley and Peterson, 1981]. Other experiments at 430 
MHz showed that the isotropic scattering process is also 
dominant at 70 cm wavelength [Sato and Woodman, 
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1982]. It can be noted that data are not available in the 
troposphere and the stratosphere at wavelengths larger 
than 7.5 m (corresponding to 40 MHz). 

Temporal persistency of some strong echoes observed 
vertically were reported by Hocla'ng andR6ttger [1983]. 
Using the 150-m range resolution of the Sousy radar, 
these authors showed echoes persisting at the same 
height for some tens of minutes and more (longer than 
50 mitt for one of them). R6ttger [1980b] also observed 
echoes produced by layers located around the tropopause 
with a lifetime longer than 1 day. Sato et al. [1985] 
observed with the Mid radar layers in the stratosphere 
with a thickness smaller than the 150 m radar range 
resolution. From their Figure 1 or 2 (respectively 
obtained during winter and summer), a lifetime of 
several hours can be deduced. A large lifetime can be 
interpreted as a large horizontal extent since these 
structures are horizontally advected by the wind field. It 
is interesting to note that thin layers (about 50 m thick- 
ness) were observed at 430 MHz [Sato and Woodman, 
1982] but in this case they were attributed to strong 
isotropic turbulent layers because aspect sensitivity was 
not observed. 

From these investigations, several mechanisms res- 
ponsible for the aspect sensitivity have been proposed 
and are reviewed in the following subsection. 

2.2. Interpretations of Aspect Sensitivity 
Interpretations of aspect sensitivity are still debated 

since it is difficult to observe the local structure of 
refractive index fluctuations in three dimensions with 

sufficient altitude resolution. Furthermore, one- 
dimensional in situ measurements are not sufficient if 

the fluctuation field is anisotropic. 
The aspect sensitivity is clearly due to refractive index 

structures with much larger coherence length in the 
horizontal dimension than in the vertical one, but views 
differ about the nature and the origin of these structures. 
Two main interpretations are generally given: on one 
hand, scattering from anisotropic turbulence [e.g., Gage 
and Balsley, 1980; Doviak and Zrnic', 1984; Waterman 
et al., 1985, Woodman and Chu, 1989; Dalaudier et al., 
1989] and on the other hand, partial reflection from 
stratified stable horizontally coherent layers [e.g., Gage 
and Green, 1978; R6ttger and Liu, 1978]. The second 
interpretation assumes the presence of a single or a few 
horizontal layers in a radar range gate. Fresnel scattering 
(or coherent scattering) (reflections from many thin 
layers distributed randomly in the vertical direction) 
[e.g., Gage et al., 1981; Sheen et al., 1985] and diffuse 
(or quasi-specular) reflection from thin layers 
corrugated by turbulence [R6ttger, 1980a] were also 
proposed to explain the overhead enhancement and can 

constitute extensions of the partial reflection mecha- 
nism. 

The study of scattering from turbulent media leads to 
a spectral approach. It was shown [Tatarski, 1961] that 
the power of the backscattered signal was proportional 
to the three-dimensional power spectral density of the 
refractive index fluctuations evaluated at half the radar 

wavelength for monostatic radars. The turbulent eddies 
would become anisotropic (i.e., their statistical proper- 
ties depend on direction) at larger scales in the 
"buoyancy subrange" separated from the isotropic 
turbulence by the transition scale Lb [e.g., Shur, 1962; 
Lumley, 1964; Weinstock, 1978; Hocla'ng, 1985]. Ani- 
sotropy models were presented by Doviak and Zrnic' 
[1984], Waterman et al. [1985],Dalaudier et al. [1989], 
and Gurvich and Kon [1993]. 

Nevertheless, the anisotropic turbulence interpreta- 
tion was not accepted by all the radar ½ommRnity. For 
instance, Gage et al. [1981] argued that this 
interpretation does not seem compatible with high- 
stability conditions of the atmosphere which are obser- 
ved with strong vertical echoes. R6ttger [ 1980a] showed 
that the temporal correlation of the vertical signals were 
too large to be attributed to typical turbulent echoes. 

The partial (or Fresnel) reflection theory assumes the 
existence of steplike structures or sharp refractive index 
gradients from thin layers with large horizontal extent 
(i.e., greater than the Fresnel length). Due to horizontal 
stratification, partial reflection would be preponderant 
in vertical direction and would explain the strongest 
echoes in this direction relative to oblique ones. Very 
early this mechanism was put forward to interpret 
transhorizon bistatic links (at grazing angles) in the 
lower troposphere by du Castel et al. [ 1966] and Saxton 
et al. [1964] and was supported by in situ measurements 
of refractive index sheets using microwave refracto- 
meters. From different analyses of these measurements 
Misme et al. [1958] proposed the presence of 
atmospheric sheets (at least, in the first kilometers of 
altitude) with horizontal dimensions of several kilome- 
ters and thickness of several meters. 

Scattering from isotropic turbulence, as developed 
first by Booker and Gordon [1950] and improved by 
Tatarski [1961] and Ottersten [1969b], is generally 
accepted to explain the echo power at oblique incidence 
(with zenithal angle greater than 10 ø according to the 
various observations already mentioned) and is combi- 
ned with the partial reflection mechanisms at and near 
the vertical direction. 

However, Woodman and Chu [1989] argued that the 
partial reflection mechanism must be rather exceptional 
at VHF frequencies because very thin layers of the order 
of a few meters are needed. They claimed that such 
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structures are "impossible to accept" because tempera- 
ture increases (of the order of 0.5 ø) can't be reached 
without being dynamically unstable and then without 
being destroyed by turbulem diffusion before their 
complete formation. They claimed also that angular 
dependence around the vertical direction would be sharp 
which is not observed by experimems, especially by their 
broad beam method. In fact, while anisotropic turbu- 
lence seems to be more appropriate to interpret the 
observed angular dependence (although the agreement 
is strongly a function of the model), diffuse reflection 
occurring from a rough surface (applied by Ratcliffe 
[ 1956] to the ionosphere and reintroduced in atmosphere 
studies by R6ttger [1980a]) can also reduce the specular 
nature of the partial reflection by broadening the scat- 
tered beam. This interpretation can be considered to be 
consistent with Misme et al.'s [1958] or du Castel's 
[1966] sheet distortion observations in the lower tro- 
posphere. 

The wavelength dependency predicted by both kinds 
of interpretation is strongly dependent on the assumed 
model. Dalaudier et al. [1989] investigated an aniso- 
tropic model of temperature fluctuations based on bal- 
loon observations. It predicted a 3J dependency of the 
three-dimensional spectra corresponding to a -3 slope of 
the scalar spectrum. The wavelength dependency pre- 
dicted by models based on "partial reflection" is strongly 
dependent on the shape of the reflecting structures 
assumed by the models [e.g., Green et al., 1979; 
Woodman and Chu, 1989]. As a general rule, the 
smoother structure leads to the stronger wavelength 
dependency. 

Although these two main mechanisms, scattering 
from anisotropic turbulence and partial reflection from 
stable layers, are usually introduced independemly, 
Doviak and Zrnic' [ 1984] showed that it is possible to 
unify these two concepts. From the Born approximation 
of the scattered field and including the effect of the 
curvature of the wave front by expanding the phase term 
at the second order, they obtained a general formula 
involving the three-dimensional (3-D) (anisotropic) 
specmam. They showed that this formula is identical to 
the "partial reflection" one in the case of an infinite 
horizontal anisotropy. On another hand, some investi- 
gators have proposed a combination of these two 
mechanisms. For example, Hocla'ng et al. [1990] 
suggested a combination of anisotropic turbulence 
confined at the edges of turbulent layers (also proposed 
by Woodman and Chu [ 1989]) and specular reflectors. 
The proposition of Hocla'ng et al. [ 1991 ] for viscosity 
and thermal conduction waves as the origin of such 
reflectors will be discussed in section 5. 

3. Experimental Results 

The RASCIBA experiment took place at Aire sur 
l'Adour (0ø15 ' W, 43042 ' N) in February and March 
1990. Three kinds of instrumentation were used in order 

to study the fine scale structures of the lower atmosphere 
and to compare measurements from Radars, Scidar and 
Balloons. The radars used were the 45-MHz ST VHF 
radar "Provence" and the "INSU Meteo" 72.5-MHz ST 

VHF radar operated by the LSEET. Their main cha- 
racteristics are given in Figure 1. The scidax was operated 
by the University of Nice but its results will not be 
presented in this paper. Four balloon flights were per- 
formed during four nights and one or two gondolas were 
carried by each balloon. A brief description of their 
instrumentation is also given in Figure 1 and more pre- 
cisely in DSCV. 

3.1. Radar Measurements 

Figure 2 displays 45-MHz oblique and vertical signal 
to noise ratio (S/N) profiles averaged on about 1 hour 
during the four balloon flights. They were obtained from 
2250 m up to 18,450 m with a 600-m s •ampling interval 
and a 600-m resolution ( 4-[ts pulse duration). A typical 
vertical enhancement appears always around 11.5-12 km 
(about 15 dB). The first vertical echo profile (obtained 
on February 19) is particularly stronger than the oblique 
one beyond 8 krn and below 4.5 lcm_ A more isotropic 
zone (which corresponds to an oblique enhancement) is 
observed between these two heights. The second S/N 
profile (from Februm3r 20) shows the weakest aspect 
sensitivity below 8 krn (i.e., in the troposphere) and 
above 14 km (less than 5 dB). The third one (on Februm3r 
22) reveals aspect sensitivity for all altitudes but with 
decreasing intensity below 6 lcm_ The last day of 
observation (on March 1) displays the strongest aspect 
sensitivity (mainly in the troposphere) with a 30-dB 
maximum at 6450 m. 

Finally, these observations show that the vertical 
echoes are always stronger than the oblique ones just 
above the tropopause identified by the balloon (marked 
by arrows) and in the lower stratosphere, but the aspect 
sensitivity is intermittent in time in the troposphere. The 
first three periods correspond to weak wind conditions 
and the fourth one to disturbed meteorological condi- 
tions (see rawinsonde measurements obtained at Bor- 
deaux (0035 ' W, 44050 ' N, 128 krn northward from Aire 
sur l'Adour), Figure 2 of DSCV). 

Because of technical difficulties (like Doppler arti- 
facts and coding problems), the data sets were difficult 
to analyse at 72.5 • and only one period without 
coding is presemed in Figure 3. S/N ratio profiles were 
obtained with a 750-m sampling interval and a 2400-m 
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Parameters Provence Insu Meteo 

45 MHz Frequency 
Antenna type 
Antenna dimension 

colinear coaxial 

# 2500 m •' 

colinear coaxial 

# 1290m 2 

Pulse peak power # 18 KW # 4.2 KW 
Pulse width 4 •s 16 • s 

Height resolution 600 m 2400 m 
Sampling interval 600 m 750 m 
'nme resolution 6 mn 30 s 1 mn 45 s 

Beam width # 5 ø # 5 ø 

Beam pointing direction Ver•cal Ver•cal 
2 obliques: 2 obliques: 
Azimuts: 225 ø/135ø Azimuts: 0 ø/90 ø 

Temp. cosmic noise # 6000 K # 2200 K 
Receiver noise # 300 K # 300 K 

Wind velocity '1 <• TEMPERATURE: (20 cm, 6 mK) 

C•-estimation I] Temperature: (10-15 m, O. 1 K) 3 high resolution sensors 

C 

Figure 1. System parameters for Provenc• and Insu Meteo ST radars and gondola description. 

range resolution (16-gs pulse duration) and averaged 
over about 4 min. Vertical enhancement of about 15 dB 

is also observed at this frequency around 11 kin. The 
vertical S/N ratio seems also slightly stronger than the 
oblique in the troposphere. The enhanced oblique (dotted 
line) S/N around 14 km could be due to a residual 
Doppler artifact and may not have geophysical origin. 
However, it is interesting to note that the aspect sensi- 
tivity is still large at a radar wavelength of 4 m. 

3.2. In Situ Measurements 

The description of the in situ measurements will be 
limited to the minimum required for the estimation of 
the reflection factor. The reader should refer to DSCV 
for more details. 

During the continuous radar measurements, four 
instormented balloons were launched at the same site 

and during the night in order to avoid the effects of 
insolation on the sensors. Each balloon carried two 

gondolas (or one for the first flight). The main one, hung 
175 m below the balloon itself, was operated by the 
Service d'A6ronomie and gave high-resolution (better 
than 20 cm) vertical temperature measurements owing 
to three fast response sensors (with time constant less 
than 10 ms at all altitudes and placed 1 m apart at the 
comer of a square). This gondola also carried a high- 

resolution pressure sensor, allowing an accurate deter- 
mination of the gondola altitude by integration of the 
hydrostatic equation. The second gondola, hung 65 ra 
below the first, was operated by the Astrophysic 
Department of the University of Nice and was intended 
for coarse C•, temperature, and humidity measurements. 

Temperature measurements. The high vertical 
temperature resolution allowed the detection of very thin 
layers (typically less than 10 m) with strong positive 
gradients from about 30 to 300 K km '1. These kinds of 
structures have already been observed in the 1960s in 
the lower troposphere [Misme et al., 1958; Saxton et al., 
1964] using refractometers, and more recently, Gossard 
et al. [ 1985] described such structures for temperature, 
humidity, and wind using the 300-ra meteorological 
Boulder Atmospheric Observatory (BAO) tower. 
However, to our knowledge, the DSCV paper constitutes 
the first report of thin temperature sheets at least up to 
27 kin. It is also interesting to note that similar struc•es 
were observed in the ocean [e.g.,Luek, 1988] or in lakes 
[e.g., Imberger and Ivey, 1991]. 

An example of these sheets is given in Figure 4 and 
additional examples are given in DSCV. This Figure 
shows three successive close-ups (2000, 200 and 20 m) 
from the complete profile (see Figure 6) obtained from 
the ground up to 27 km for the fourth flight. In the third 
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Figure 2. The 45-MHz oblique and vertical signal to noise ratio profiles averaged on about 1 hour during 
the four balloon ascents. The strongest aspect sensitivity zone appears just above the tropopause. The 
most disturbed meteorological condition day (March 1) shows the strongest aspect sensitivity, while 
February 20 (corresponding to weak wind conditions) shows the weakest one in the troposphere and 
beyond 14 lcm. The small arrows indicate the tropopause level determined from the temperature 
soundings and by using the meteorological criterion. Small horizontal bars show the estimation errors 
from the moment method for the vertical and the first oblique profiles (for more legibility, the second 
oblique profile errors are not presented). 
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21. 

18. 

12. 

Vez•ioal 

o•Aiq, se (o', 75') s/• 

Oblique (180', 

22rid 

Oe 

-20.-10. O. 10. 20. $0. 40. 

S/N (dB) 

Figure 3. The 72.5-MHz oblique and vertical signal to noise 
ratio profiles averaged on about 4 rain during the third balloon 
flight. The oblique (180 ø, 75 ø ) S/N enhancement with respect 
to the oblique (0 ø, 75 ø) S/N profile can be due to a residual 
Doppler artifact and may not have a geophysical sense. 
Strong aspect sensitivity can be noted around 11-12 km.•e 
small arrows indicate the tropopause level determined from 
the temperature soundings and by using the meteorological 
criterion. Small horizontal bars show the estimation errors 

from the moment method for the vertical and the first oblique 
profiles (for more legibility, the second oblique profile errors 
are not presented). 

frame all three sensor measurements are shown. The 

sheet has a thickness of 3.6 m and corresponds to a 
temperature increase of 0.58 K, or a gradient of 160 K 
km -!. 

The notion of a sheet is somewhat arbitrary and cannot 
be connected only to the gradient threshold. The pro- 
cedure, described in DSCV, selects temperature gra- 
diems that were shown to be generally compatible with 
the expected properties of sheets (i.e., large horizontal 
extent, strong temperature increase and thinness). This 
procedure consists of the following steps. The potential 

temperature profile O(z) is low-pass filtered with a cutoff 
of 10.8 m. An N z (squared Bnmt-Va•s'g.l•t frequency) 
profile is computed at 5.4 m (Nyquist) resolution. Then, 
N 2 values larger than a given threshold (10 -• in the tro- 
posphere and 2.10 -• in the stratosphere) are selected. 
Finally, after rejecting spurious regions (usually due to 
turbulent wake of the balloon), the thickness Az was 
determined manually and the temperature increase AT 
was deduced accordingly using the high-resolution 
profile. The parameters of this procedure are quite 
arbitrary. However, the cut-off frequency of the filtering 
was chosen in order to suppress (as far as possible) the 
random fluctuations and instrumental noise while kee- 

ping a good vertical resolution. The thresholds were 
chosen in order to select the strongest sheets (the main 
objective of the DSCV paper). A sensitivity analysis 
shows that the main parameter which contributes to the 
variation of the number of selected sheets is the thres- 

hold. In the present work another threshold will be 
introduced in order to test the influence of this parameter 
on the reconstructed profiles presented in section 4. The 
main conclusions of the sheet analysis are presented 
here. More details are given in DSCV and the reader is 
invited to refer to it. Most of the sheets appear above the 
tropopause, but some can be observed in the troposphere 
(Figure 6). They are frequently observed in groups and 
seem to be connected with meteorological conditions 
(with the largest occurrence during the fourth flight 
corresponding to disturbed conditions, with wind speed 
larger than 40 ms 4 between 5 and 10 kin). It could be 
noted that some of them are thinner than 2 m and reach 

a temperature gradient greater than 200 K km 4. 
Information about horizontal extent is difficult to 

obtain from these in situ data sets because of the lack of 

high-resolution measurements in the horizontal direc- 
tion. However, a preliminary conclusion was deduced in 
DSCV from comparisons between high-resolution 
sensor profiles ofthe main gondola and coarse resolution 
sensor (about 10-m and 0.1-K resolutions) profiles of the 
second gondola, 65 m below the main one. It was 
concluded in DSCV that their typical horizontal extent 
is possibly much larger than 50-100 m and their lifetime 
was much longer than 12 s for the most important sheets. 
Sheet roughness was also noted from these two mea- 
surements (Figure 4 of DSCV) but the different spatial 
resolution of the two sensors lead to uncertainties about 

the magnitude of this distortion. The extreme estimations 
of the distortion were made for each sheet observed from 

two points of measurement horizontally separated. 
These estimations define a confidence interval in which 

the "true" distortion should be found. Consequently, a 
realistic estimate of the root mean square (rms) vertical 
distortion should thus be significantly smaller than the 
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Figure 5. Specific humidity data (grams per kilogram) 
obtained by the second gondola (thick solid line) between 0 
and 8 Icm, The high-resolution temperature profile (thin solid 
line) 'm superimposed with selected sheet positions from the 
DSCV criterion using the lower threshold (thin horizontal 
ticks) and the higher one (thick horizontal ticks). Note the 
correlation between sheet position and the humidity gra- 
dients. 

raw rms estimation (5.9 m) from DSCV data. Using the 
available observations, we can temporarily conclude that 
the vertical distortion is larger than a few tens of centi- 
meters (the sheets are definitely rough) and smaller than 
a few meters. Future measurements should improve this 
coarse estimation. 

It is interesting to note that Misme et al. [ 1958] and 
du Castel [ 1966] studied the same kind of stable sheets 
of refractive index in the lower troposphere and gave 
details about their mean characteristics from their 

observations obtained from refractometers carried by 
aircraft. Du Castel proposed that sheets are distorted by 
primary and secondary irregularities. The primary ones 
would have a characteristic height of several meters with 
some tens of meters length, and the secondary ones, 
characteristic height of some tens of meters with several 
kilometers length. But it was specified that these orders 
of magnitude were deduced from few measurements and 
therefore must be considered with caution. 

Humidity measurements. Humidity usually plays 
an important role in the echo power generation in the 
lower troposphere and should be taken into account 
below 8 k-m [e.g., Gage and Balsley, 1980]. Because of 
the poor altitude resolution, it is impossible to identify 
humidity sheets. However, the humidity data (Figure 5) 
show the presence of strong gradients, some of them 
being correlated with temperature sheets; see, for 
example, around 3.5 k-m and 4.5 k-m on February 20 or 
around 6.5 Icm and 7.1 Icm on March 1. Note that these 

humidity gradients are not necessarily negative. Others 
are not associated with temperature sheets, for example, 
at 2.4 k-m on February 20 or at 1.5 k-m on February 22. 
Consequently, the presented data do not allow to confirm 
or to infirm a very high correlation between humidity 
and temperature sheets in the planetary boundary layer 
as reported by Gossard et al. [1985]. 

4. Sheet Contribution to Radar Echoes 

In light of these new observations it is interesting to 
investigate the possible sheet contribution to the vertical 
echo enhancement. Our first approach is essentially 
qualitative. The simultaneity of in situ and remote sen- 
sing measurements performed around the same location 
allows a direct comparison of the two kinds of data sets. 
A quite good correlation is observed between vertical 
radar echo enhancement and temperature sheet posi- 
tions. For instance, it is striking to note that sheets 
identified around the tropopause correspond very well 
to vertical echo enhancements (Figrue 6). When the 
temperature is not changing abruptly at the tropopause, 
as on February 20, the presence of sheets on each side 
of the tropopause and the vertical echo enhancements at 
these altitudes varies accordingly. 

The next approach is quantitative, and its objective is 
to determine power reflection coefficient profiles from 
the high-resolution temperature data using a simple 
model and to compare them to the radar echo power 
profiles expressed in term of power reflection coeffi- 
cient. 
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Figure 6. High-resolution tem•mmre profiles up to 2:5 km for the four balloon ascents. Small ticks show 
the sheet positions selected from the DSCV criterion. They mainly occur just above the tropopause and 
in the stratosphere (in regions of high static stability) but can be also observed in the troposphere. The 
most disturbed day (March 1) indicates the largest number of sheets, especially inthe stratosphere. At 
the right of each temperature profile, the vertical and oblique (1) S/N is presented to show the good 
correlation between vertical radar echo enhancement and temperature sheet positions particularly around 
the tropopause. The strong enhancement observed on March 1 is associated with simultaneous tem- 
perature sheets and strong humidity gradient (Figm• 5). 

4.1. Hypotheses and Approximations 

1. Sheet surfaces are assumed to be fiat (distortions 
effects are not taken into account but will be discussed 

in section 4.5). 

2. Due to various effects (such as sheet distortions, 
horizontal and vertical advections), vertical separation 
between sheets may be varying randomly. Conse- 
quently, interferences between sheets in the same radar 
volume may be also varying randomly. In these 
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conditions the received average power is obtained by 
summation of the backscattered powers from each sheet. 

3. In order to use a simple reflection computation 
model, the horizontal dimension of the sheets is assumed 
to extend beyond the first Fresnel zone of radius 
Rf = • (see Table 1 for an evaluation) independently 
of the sheet thickness. See discussion in section 4.4 for 
limited extent correction. 

4. Temperature sheets measured by the balloon are 
supposed to be representative of temperature sheets in 
the radar volume of resolution. In other words, the 
horizontal extent of the regions favorable to sheet 
existence for the specific radar resolution must be thus 
greater than several tens of kilometers. 

4.2. Computation Method of the Power Reflection 
Coefficient Proffies From Selected Sheets 

For each selected sheet, we computed numerically the 
power reflection coefficient by using the relation (2). 
The 20-cm resolution of the balloon measurements is 

adequate for a numerical computation of the reflection 
coefficient. In order to reduce the small scales fluctua- 

tions (due to possible turbulence within the sheets), the 
three sensor profiles have been averaged, contrary to 
DSCV work for which only one of the three sensors was 
used. 

For each radar range gate characterized by index i, the 
estimated contribution of the sheets I P [•t• is computed 
as a weighted average of the power reflection coefficient 
of each sheet: 

j --N i 

I p I•,•-- •=• 

The propagation of an incident electromagnetic wave 
in a stratified medium leads to a partially reflected wave. 
The reflection coefficient p is the ratio between the 
complex amplitude of the incident and reflected plane 
waves. The power reflection coefficient from a hori- 
zontally stratified layer is obtained from the generalized 
WKB solution and by neglecting the multiple reflections 
within the layer. Its expression is given by Wait [ 1970]: 

œ 

• 1 fldn [ 0 I.•= • I • exp(-ik•z)dz 
L 

(1) 

where L is the thickness of the layer, /% the Bragg 
wavenumber such as )% = •,•J2, and n(z) the refractive 
index profile in the layer. This result can be applied only 
if the horizontal dimension of the stratified layer extends 
beyond the first Fresnel zone. For example, the layer 
must cover at least a 400-m diameter at 12 lorn range for 
45 MHz frequency. 

Unfortunately, humidity data sets are not available 
with a sufficient resolution to observe humidity sheets. 
This is why computations are made with only the dry 
refractive index profile, valid wherever humidity gra- 
diems are negligible. Neglecting humidity, (1) becomes 
approximately 

•I77.6xlO-•P=!2 •dT . 12 I P I• = T,2 ß I •. •z-zeXp(-tk•z)dz (2) 
where Pa and T• are, respectively, the mean pressure (in 
mbars) and the mean temperature (in Kelvin) in the sheet, 
and T(z) the temperature profile (in Kelvin) of the sheet. 

where N• is the number of selected sheets in the corres- 
ponding gate. The amplitude weighting function W(z) is 
a convolution between the transmitted radar pulse and 
the impulse response of the matched filter of the receiver. 
W2(z) is approximated by a symmetric triangle with a 
full width at half maximum equal to the radar range 
resolution (600 m for 45 MHz and 2400 m for 72.5 MHz). 
This computation method was thus applied to the sheets 
selected by the DSCV procedure. But the choice of the 
threshold parameter is not necessarily appropriate to our 
present computation (as already explained in a previous 
section), and some sheets, even less strong, can account 
for part of the power reflection coefficient. The sheets 
selected in DSCV will be compared here with results 
from another set of sheets deduced from different 

thresholds. This set was obtained by decreasing the 
thresholds to 1.5 x 10-s(tad/s) 2 in the stratosphere instead 
of 2x 10 -s and to 7.5x 10-•(tad/s) 2 in the troposphere 
instead of 10 -a (corresponding to a decrease of 25%). The 
main consequences are an increase of sheet nnmber by 
72% (from 189 to 325) and the decrease of their mean 
temperature increment by 35% (from 0.4 ø to 0.26ø). 

We deduced the radar power reflection coefficient 
profile by the relation (e.g., from Gage and Green 
[1978]) 

81• Tsc 3?r • S 
• (4) I p I=•= ct/,tA•aNcAr N 

S/N is the signal to noise ratio, P, the transmitted power, 
A• the effective area of the antenna, a the transmission 
line and antenna efficiency, r the range, N, the number 
of coherent integrations, Ar the range resolution, c the 
light celerity, k Boltzmann' s constant, and Ts the cosmic 
noise temperature. 
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4.3. Results of the Comparisons 

Figures 7 display the comparison between the obser- 
ved vertical radar power reflection coefficient profiles 
computed with (4) and the reconstructed ones computed 
with (2) and (3) from the two different sets of selected 
sheets. 

Several radar profiles obtained during the balloon 
ascent are shown. The results are given only for the third 
flight at 72.5 MHz. The interruption of the reconstructed 
profiles means a local absence of sheets according to the 
selection procedure. We note first that the observed and 
calculated profiles fit quite well in shape. Enhancements 
at the tropopause level are identified by both radars and 
theoretical calculations and extrema locations of 

reconstructed profiles are in good agreement with the 
45-MHz and 72.5-MHz radar observations for the two 

sets. The power reflection coefficient level is also well 
reproduced without amplitude normalization. This 
result is interesting if we assume that the radars were 
well calibrated in power level. However, some uncer- 
tainties still exist about the estimated radiated power, 
antenna loss or temperature noise. The present 
calibration is in agreement with previous comparisons 
with scidar measurements [Vernin et al., 1990] and with 
simultaneous oblique comparisons with scidax (Luce et 
al., paper in preparation, 1995). An error of calibration 
at 45 MHz could produce a change of the power 
reflection coefficient of several decibels but wouldn't be 

prejudicial to our main conclusion: the comparison leads 
to the same order of magnitude in power level. As 
concerning the 72.5-MHz radar calibration, the uncer- 
tainties have not yet been clearly established and com- 
parisons in power level must be made with caution. 

The comparison between power reflection coefficient 
profiles obtained from the two sets of sheets shows that 
the lowest threshold choice extends and enhances the 

reconstructed profiles. This is especially the case on 
February 19 at 6.5 km and 10.5 km and on February 22 
at 6, 8.5, and 16 knx The lowest threshold implies also 
enhancements of the computed profiles for example on 
February 19 around 16 km and on February 20 around 
9 kin. However, the general conclusions are the same for 
both sheet selection procedures. This means that the 
reconstructed power reflection coefficient profiles are 
not qualitatively very sensitive to the threshold. This 
result can be understood in the following way: a lower 
threshold leads to the selection of a larger number of 
sheets, but with a much smaller individual contribution 
to the power reflection coefficient (2) and probably with 
a smaller horizontal extent. Furthermore, this smaller 
threshold also introduce temperature fluctuations 
resulting presumably from turbulence, which are not in 

agreement with the model used. However, in some 
altitude range, the difference between the two recons- 
tructed profiles can be significant ff the number of 
additional small sheets is locally large. The contribution 
of the turbulent structures to the radar signal should be 
accounted for with a different kind of model. 

Some discrepancies between radar and reconstructed 
profiles can still be noticed: 

1. Vertical enhancements between 7 and 9 km on 

February 22 and between 8 and 10 km on March 1 are 
not (or poorly) explained by the presence of sheets. The 
power reflection coefficient level on March 1 is strongly 
underestimated in the troposphere. In fact, humidity 
sheets were observed by Gossard et al. [1985] in the 
boundary layer, and it is reasonable to think that it is 
likewise true in all zones where humidity is present, as 
suggested by our humidity measurements (see Figure 5). 
The reflection coefficient computed from the dry 
refractive index would then be obviously underesti- 
mated in the case of the presence of humidity sheets 
although a continuation is necessary. 

2. Strong computed reflection coefficient at 14,850 
m on February 20 corresponds to the presence of very 
thin sheet of about 1-m thickness with strong tempera- 
ture increase (0.27 K). Such a strong gradient (= 300 K 
km 4) is exceptional and it is not surprising that it is not 
observed in the radar lobe at the same altitude. Fur- 

thermore, because this gradient is so thin, we expect that 
its horizontal extent is limited and possibly smaller than 
the Fresnel scale, thus leading to a further reduction of 
the reconstructed reflected power. 

4.4. Limited Horizontal Extent Effects 

If the horizontal dimension of a single stratified layer 
extends beyond the first Fresnel zone, the received 
power P• at vertical incidence from a flat and horizontal 
reflecting layer at r range is given by the basic relation 
[Friend, 1949] 

P•- 43•re I P [,•,t = Kip I,• (5) 
Pt is the transmitted power, A• the effective area of the 
antenna and • the transmission line and antenna effi- 

ciency. K is a function of r, distance sheet radar, and will 
be used in the power evaluations in the following 
sections. 

The diffraction by the edges of a limited surface 
produces a broadening of the reflected beam pattern and 
a decrease of the power reflected in the specular direc- 
tion. An estimation of the power reflected by a hori- 
zontally limited sheet was given by Friis et al. [1957] 
by using the diffraction theory for a square aperture. The 
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Figure 7. (a) The 45-MHz radar power reflection coefficient profiles log(I p •) (in dotted lines) and 
estimated power reflection coefficient (in log) computed from temperature sheet set (in thick solid lines) 
obtained by applying the DSCV threshold (see sections 3.2 and 4.2 for more explanations). The present 
result is adapted from DSCV but with an altitude recalibration (300 m) and the three-sensor temperature 
profiles are averaged. Possible discontinuities in the reconstructed profiles are due to altitude ranges 
without selected sheets. It can be noted for the two sets a good agreement in shape and in level. (b) Same 
as in (a) but with another selected sheet set using a less drastic threshold. (c) Same as in (a) for 72.5 MHz. 
(d) Same as in Co) for 72.5 MHz. 
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sheet horizontal dimensions are supposed to be large 
compared with the wavelength in order to use this theory. 
He showed that in the Fresnel approximation, the 
backscattered power expression Pf (f is the finite hori- 
zontal extent) can be written: 

P•=4K{C2(u)+S2(u)}2IP I•.• (6) 

where I P li.• is the reflection coefficiem for an infinite 
surface, C(u) and S(u) are the Fresnel integrals, and 
u = L/(XI•'Rf), where L is the horizontal dimension of the 
layer. The quantities C(u) can be approximated by u and 
S(u) by 0 if u < 1/•(or L < Rf). Then, ill is smaller than 
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the Fresnel zone radius Rf, an approximate relation can 
be found. The ratio between the power backscattered 
from a sheet of horizontal limited extent and the one 
backscattered from a flat and infinite sheet is then 

•,,= • =•.2r' L<R• (7) 
This result can also be obtained from Beckmann and 

Spizzicln'no's [1963] work but only in the Fraunhofer 



1018 LUCE ET AL.: IN•••TA•ON OF VHF RADAR ECHOES 

22000. 

20000. 

18000. 

16000. 

14000. 

12000. 

10000. 

8000. 

6000. 

4000. 

2000. 

ß 

I 
Feb. 22nd 

-18 

I I I I 

-17 -16 -15 -14 -13 

Log 10 (I P 12) 

Figure 7. (continued) 

zone and a similar result was introduced by Balsley and 
Gage [ 1981 ] by considering a circular surface instead of 
a square one. It can be noted that for the extreme case 
L>> Rfthat is, u >> 1/•, C(u)--S(u)=l/2 that the classical 

result (4) ofteffected power from an infinite area is found 
again. From a physical point of view the power depen- 
dence proportional to L • can be interpreted by a com- 
bined effect of "leakage" of the incident power outside 
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the surface of the sheets and of the broadening of the 
diffracted power. The geometrical surface of the sheet 
is proportional to L 2 and the diffraction angle is pro- 
portional to L '2, thus a combination of the two effects 
produce the L • dependence. 

Power of the backscattered signal Pf follows a r '• range 
dependency law characteristic of backscatter from dis- 
crete targets. This relation allows us to give an order of 
loss magnitude introduced by the weighting function 
(L/Rf) •. For example, at 10 km the Fresnel zone diameter 
is 360 m. For a sheet of 100-m dimension, losses reach 
about 10 dB. Then, to have a sufficient contribution to 
reflected power, horizontal sheet dimensions must be at 
least of the order of a Fresnel zone in length (see Table 
1). 

4.5 Distortion Effects of the Sheet Surfaces 

The effect of the distortion of sheet surfaces is equi- 
valent to focusing and defocusing effects and can pro- 
duce a change of the estimated power backscattered 
towards the antenna. A smooth surface reflects the 

incident wave in specular direction while a rough one 
produces a broadening of the scattered beam. 

As already mentioned in a previous section, little 
information was obtained about vertical distortions of 

the sheets. In particular, it is still impossible to distin- 
guish between corrugated or random horizontal struc- 
tares (DSCV). 

However, in order to give an order of magnitude of 
losses introduced by sheet roughness, a Gaussian ran- 
dom assumption will be used to describe irregularity 
structures, keeping in mind that a Gaussian process may 
not be correct for this kind of structures. According to 
Beckmann and Spizzichino [1963], the ratio of the 
reflection coefficient for a rough and a flat sheet can be 
calculated as if the sheets were infinitely thin. The dis- 
tortion model assumed by these authors is characterized 
by a Gaussian autocorrelation function (ACF) in the 
horizontal direction with a correlation length L,. Since 
the vertical translations do not affect the vertical ACF, 
if we assume the latter to be Gaussian, with a mean 
square roughness height called h', the statistical des- 
cription of the rough sheets is equivalent to the spectral 
models (ming oblate spheroids for the ACF) used by 
Doviak and Zrnic' [ 1984] and Hocla'ng et al. [ 1990]. 

In the following section, slightly rough surfaces will 
be investigated first by using the work of Beckmann and 
Spizzichino [ 1963], who studied scattering from rough 
surfaces for bistatic links. Then, the facets method [e.g., 
Barrick, 1968], which results from physical optics and 
stationary phase analysis, applied to sheet surfaces will 
be used for the study of very rough surfaces in a follo- 

wing section. For both cases, strong power losses in the 
specular direction would disagree with the partial 
reflection interpretation of the aspect sensitivity. 

Slighfiy rough surface. The Kirchhoff or physical 
optics method uses the "tangent plane" approximation 
(points of slope discontinuity are excluded) in order to 
obtain the approximated field on the surface. This 
method is valid if the following conditions are verified: 
2kr, cos0 >> 1 and 1/2kr, cos•0 >> 1 [e.g., Valenzuela, 
1978], where r, is the local radius of curvature of the 
surface and 0 is the local angle of incidence (it must be 
noted that these conditions are not necessarily true in the 
real case). The scattered field in the general case of 
bistatic links is then obtained from the Stratton-Chu or 

Franz vectorial integral equations [e.g., Valenzuela, 
1978]. However, Beckmann andSpizzichino [ 1963] used 
the scalar expression of the Helmotz integral by 
demonstrating that there is no depolarisation if the 
incident wave is linearly polarized for longitudinally 
scattered waves and thus in backscatter conditions. 

Consequently, for slightly rough surfaces in the 
backscatter case, the conditions of application are 
r, >> Lt• (r, >> 2 m for 45 MI-Iz) in order to use the tangent 
plane approximation hypothesis, 4k2h 2 << 1 or h < Lt4• 
(h< 50 cm for 45 Mltz) for the slightly rough approxi- 
mation, and 3, << L, << L for the general conditions of dif- 
fraction theory. The field is calculated in Frauahofer 
zone and the multiple scattering phenomenon is 
neglected. 

It can then be found that the ratio between the mean 

backscattered power and the one backscattered from a 
flat and infinite sheet is 

<P•> 

Pt, 

(œ < •) (8) 

This expression includes two contributions: the spe- 
cular one for h=O and a diffuse one for h • 0. Since L c is 
smaller than L, 16•h2/•2L, 2 is also small compared with 
L 2 and is negligible. The main factor is then 
exp(- 16•h2/)• 2) with a -4-dB value for h = 3d(4•r) (equal 
to 50 cm at 45 MHz, limit of validity of this theory) and 
with a -0.6-dB value for h=20 cm (see Table 1). 

Strongly rough surface. Geometrical optics use the 
fact that only facets normal to the incident direction 
contribute to the scattered field. The surfaces must be 

sufficiently distorted in order that scattered fields bet- 
ween facets may be decorrelated and scattered powers 
added incoherently. The conditions of validity are (1) 
k2h2cosZ0 >> 1; for vertical incidence, this condition is 
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reduced to k•h • • 1 or h> 1 m for 6.67 m wavelength. (2) 
The tangent plane approximation must still be verified 
with re :• 2 m at the same wavelength. Kodis [1966] 
introduced this concept for a perfectly conductive sur- 
face and obtained the cross section per unit area 
expressed as a function of the average product of the 
principal radii of curvature of the surface and <N> the 
average number of efficient facets per unit area: 

Oo = •ara <IV > (9) 

Barrick [1968] extended this result to finite conductivity 
and expressed the cross section per unit area in terms of 
the joint probability density of slopes of the surface. For 
a Gaussian density and for an application to sheet sur- 
faces, this expression becomes 

1 1 cotan(03ex_ I (10) oø(0)--cos'0 00 
where I P I,• is the reflection coefficient from a flat and 
"infinite" sheet, 0 is the angle of incidence and 
tan•Oo--4h•/L• is the mean square value of the total slope. 

Then, for a vertical incidence and a horizontally iso- 
tropic pattern, the radar cross section is given by 

0--0•0 

The function if(O) describes the power antenna beam 
pattern and is given approximately by 

• ex -• (12) 

where 0•. -- f•/(4•n•) and fi0 is the 3-dB angular width 
(5ø). After integration it can be found that 

A • 

1 +A •lp I.•,,• (13) 
with 

A • = • • 1.375 10 -5 L• (14) 
81n2tan•00 4h • 

The mean backscattered power expressed in terms of the 
radar cross section is 

Pc4, 2 
< P•> = 4•t?r• o (15) 

The ratio between the mean power backscattered from 
the rough sheet and the one backscattered from a flat and 
infinite sheet is 

<P• > A • L• 2 

P• I+A • L•+2.9 103h 2 
(16) 

The ratio is equal to -3 dB for h=2.6 m and L•=140 m 
corresponding to a mean slope of 00 = 2.1 ø. Figure 8 
shows this function for different L• values. For h values 
around 2.5 m, a correlation length L• of some 100 m is 
needed to observe a low decrease (few decibels) of the 
received power. An increase of h and a decrease of Lc 
lead to a decrease of the power ratio (16) (see Table 1). 

4.6. Discussion of the Models 

It was shown that limited horizontal extent of the 

sheets (i.e., with a dimension less than the first Fresnel 
zone) can produce a large decrease of the estimated 
reflection coefficient. Then, the reconstructed power 
reflection coefficient using the simple model is realistic 
only if sheets have surface extents at least of the order 
of the Fresnel radius. 

Sheet roughness was taken into account by studying 
the cases of slightly and very distorted surfaces. The 
results are only indicative and can't be taken to be 
representative if the required conditions of validity are 
not verified. The tangent plane approximation is always 
assumed, and a sufficient radius of curvature of surface 
structures with respect to the radar wavelength is needed. 
As expected, it can be concluded that a slightly rough 
surface introduces weak losses in specular direction. 
Distortions of a few tens of centimeters observed from 

high-resolution temperature profiles do not produce a 
substantial decrease of the estimated power reflection 
coefficient. In the case of a very rough surface, the power 
received in the specular direction strongly decreases if 
the correlation length of the irregularities is not suffi- 
ciently large (it has to be much larger than 100 m for h 
of the order of 2.5 m at 45 MHz). 

Discussion About Some Sheet Generation 
Mechanisms 

Generation mechanism(s) of these temperature sheets 
is/are still a very controversial subject. Several hypo- 
theses were investigated: Bolgiano [ 1968] and Peltier et 
al. [1978] explained these temperature gradients as a 
consequence of Kelvin-Helmotz (KI-I) instabilities. The 
turbulence in a stable atmosphere is produced by wind 
shear which gives rise to KH instabilities. The mixing 
of the turbulent layer leads then to strong gradients at 
the boundaries. Van Zandt and Vincent [1983] suggest 
that these structures were associated with low-frequency 
buoyancy waves but Hocking et al. [ 1991] refuted this 
hypothesis because the equiphase plane of these waves 
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Figure 8. Attenuation effect due to distorted sheets for different correlation lengths Lc, in the case of 
strongly rough surfaces estimated by the facets method for a Gaussian probability density function of 
surface slopes. (Application conditions: h> 1 m, re > 2 m for 45 MHz). 

are necessarily tilted from several degrees due to pre- 
sence of the viscosity. Consequently, they cannot 
explain the reflected echo received at vertical incidence. 
New possible mechanisms will not be introduced, but 
the aim of this section is to discuss two mechanisms 

which were proposed by Hocking et al. [1991] and 
Gossard et al. [ 1985]. 

$.1. Viscosity and Thermal Conduction Waves: 
Theoretical Hypothesis 

Hocking et al. [ 1991] proposed that viscosity and/or 
thermal conduction waves could be responsible for the 
specular reflectors both in the stratosphere and the 
mesosphere. These waves would arise from partially 
reflected gravity waves and from gravity waves which 
become strongly nonlinear and then reach a critical level. 
They are strongly damped and they would propagate 
only on a vertical distance ofthe order of one wavelength 
)•. This wavelength is proportional to the square root of 
the viscosity (or thermal conduction) and to the temporal 
period T of the primary gravity wave. The authors sho- 
wed that the equiphase plane can be almost horizontal, 
justifying the vertical nature of the specular reflection. 
These kinds of waves would produce temperature (or 
density) fluctuations which, added to the mean gradient 

of the zone where they are created, can have the 
appearance of the sheets observed by our measurements. 
Moreover, they noted a good agreement between the 
vertical scales of the viscous waves and the Bragg scales 
of regions of highest aspect sensitivity in the stratos- 
phere (at VttF frequencies) and in the mesosphere (at 
MF frequencies), supporting their hypothesis. The 
values of gravity waves period and viscosity parameter 
in the stratosphere can produce viscosity waves wave- 
length of the order of magnitude of the observed sheet 
thickness. Such agreements would then appear favorable 
to their theory. 

Furthermore, Hocking et al. [ 1991] concluded that an 
horizontal perturbation velocity of the order of 1 cm s 'a 
is sufficient to generate the typical values of equivalent 
C, 2 at 20 Icm in the stratosphere. But their quantitative 
result is conflicting with the 0ø3K temperature increase 
for a 3-m wavelength • of the viscous wave, because 1 
rn s 4 wind perturbation is needed in this case (bottom 
right, page 1291 of their paper). This (small) computed 
value of velocity gradient is incorrect due to an error in 
the expression of refractive index ( formula (20) of their 
paper) where the pressure p is assumed to be in Pascals, 
while it should be taken in millibars with the given 
numerical coefficient. This error leads to an underesti- 
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Table 1. Orders of magnitude of losses 

Fresnel Radius, m 

r, m 45 MHz 72.5 MHz 

5000 129 102 
10000 182 144 
1500o 223 176 

Limited Extent Effects 

P/P, = (L/RI) 4, dB 

L=50m L=100 m L=150m 

-16.5 -12.3 -4.4 -0.3 0 
-22.4 -18.4 -10.4 -6.3 -3.3 
-26.0 -21.8 -13.9 -9.8 -6.8 

0 
0 

-2.7 

Slightly Rough Surface Effects 
< P, >/P, ,, exp(-16•h •/•,•), dB 

h, m 45 MHz 72.5 MHz 

0.1 .0.1 .0.4 
0.2 .0.6 .1.6 

0.5 -3.9 not applicable 

Strongly Rough Surface Effects 
< P, > /P, = L•/(L• + 2.910:•h2), dB 

h, m Lc=50 m Lc=100 m L•=200 m L•=300 m 
2.5 -9.2 -4.5 -1.6 -0.8 
4 -12.9 -7.5 -3.3 -1.8 
6 -16.3 -10.6 -5.5 -3.3 

Orders of magnitude of losses produced by the limited horizontal extent of the sheets and by their 
possible distorted surfaces for the "slightly rough" and the "strongly rough" cases using Gaussian statistic 
treated in the text for 45 MHz and 72.5 MHz. The parameter ß is the distance sheet radar, h is the mean 
roughness height, and Lc is the correlation length of the irregularities. These results show that horizontal 
sheet dimensions must be at least of the order of a Fresnel zone in length, and h must be less than about 
20 cm for the sllghfiy rough case in order to have weak losses. In case of greater roughness height (several 
meters), Lc must be of the order of several hundreds of meters in order to have losses of the same order (less 
than3 dB). 

mate of the velocity perturbation by a factor of 100; the 
authors should have then obtained an order of 1 m s '• 
instead of 1 cm s a. Consequently, the viscosity waves 
model in its present form does not seem adequate 
because it would predict unstable sheets associated with 
unrealistic wind perturbations. However, the physical 
model behind viscosity waves seems interesting and it 
is possible that a modified version of this model can 
account for some of the observed sheets. 

5.2. Planetary Boundary Layer Observations and 
"Sheet and Layer" Models 

Gossard et al. [1985] presented a "sheet and layer" 
model where the generation of such structures is asso- 

ciated with turbulence. The authors pointed out the 
presence of stable temperature sheets associated with 
fine humidity and wind structures under 300 m height 
in the boundary layer. In the present paper the connection 
between temperature and humidity structures ( in the 
troposphere) was already discussed in section 3.2. In the 
boundary layer these sheets are generally preceded by 
large positive heat fluxes associated with superadiabatic 
zones resulting from a breaking gravity wave pheno- 
menon. Such superadiabatic zones are not observed from 
our detailed temperature measurements in the 
troposphere and stratosphere. But, the idea that the 
temperature sheets can be associated with turbulent 
layers is partially supported by observations in DSCV 
where the presence of turbulence just above or below 
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some of the sheets was already noted. However, no 
systematic investigation was performed and a definite 
conclusion will be reached only when all the available 
data, including velocity, are carefully analyzed. 

6. Conclusion 

Colocated VHF ST radar and balloon measurements 

were simultaneously performed during the RASCIBA 
campaign in February and March 1990. Examinations 
of the radar echo profiles show aspect sensitivity (ver- 
tical echo enhancement with regard to the oblique ones) 
at the 6.67 m wavelength (45-Mttz frequency) as it could 
be expected from previous experiments at similar 
wavelength [e.g., Gage and Green, 1978; Sato et al., 
1985]. But it was shown for the first time that an 
overhead enhancement can also be very large (up to 
about 15 dB) at the 4-m wavelength (72.5-Mttz fre- 
quency). 

The refractive index structures responsible for the 
aspect sensitivity were not previously clearly identified. 
This was mainly due to the lack of in situ observations 
with a sufficient resolution. However, thin layer struc- 
tures were assumed by several investigators [e.g., 
R6ttger and Liu, 1978] to be at the origin of the aspect 
sensitivity but have not previously been observed with 
sufficient resolution. The presented in situ experiments 
provide vertical temperature profiles at very high reso- 
lution (20 cm) that reveal the existence of these stmc- 
tares as temperature "sheets." Enhancement of the radar 
signal in the vertical direction is clearly related to the 
occurrence and location of these gradients (Figrue 6). 
This fact indicates moreover that the horizontal extent 

of the altitude zones favourable to sheet presence is 
longer than several tens of kilometers corresponding to 
the distance of the balloons from the radar site (reaching 
130 kilometers for one of the four balloon flights). In 
light ofthese temperature sheet measurements the partial 
reflection mechanism was then investigated to explain 
the VtlF aspect sensitivity by using a simple model that 
assumes a flat and largely extended sheet. Reconstructed 
power reflection coefficient profiles were compared 
with those obtained fromradar soundings. The two kinds 
ofprofiles (Figure 7) are quite similar in strength without 
any nommlization factor and in shape, suggesting that 
partial reflection from temperature sheets is an important 
and generally dominant process in the vertical direction. 
But the lack of information about horizontal extent and 

surface roughness prevented the computation of an 
accurate power reflection coefficient profile. The strong 
correspondence of computed and observed I p I • suggests 
that these effects are small. However, under some 
assumptions, such as sheet horizontal extent greater than 

the Fresnel zone and very slightly rough surface, the 
computed values can stay in the same order of magni- 
tude. In case of strongly rough surfaces (h of the order 
of a few meters), the correlation length of the 
irregularities must be larger than hundreds of meters in 
order to have weak losses in the specular direction (i.e., 
very small slopes are needed). The angular variations of 
the echo power observed by several authors [e.g. Tsuda 
et al., 1988; Chu et al., 1990] can be explained by sheet 
roughness [ROttger, 1980a] although a more detailed 
study is necessary to confirm this hypothesis. 

The well known correlation between the vertical radar 

power and N • [e.g., Tsuda et al., 1988; Dalaudier et al., 
1989] is compatible with the partial reflection hypothesis 
from sheets because they are generally located in regions 
ofhigh stability. However, the vertical sheet distribution 
does not allow to account quantitatively for the exponent 
4. This observation does not explain by itseft the reason 
of their existence and what sort of mechanism(s) gene- 
rate(s) these structures. Two families of mechanisms 
were proposed to explain the origin of the sheets: 
generation mechanisms associated either with waves or 
with turbulence. The direct association of sheets with 

gravity waves was ruled out by Hocla'ng et al. [ 1991] 
because of the necessary inclusion of viscosity in the 
equations. However, the alternative model proposed by 
these authors, viscosity waves, was shown to be inade- 
quate in its present form because of a large error in a 
numerical coefficient. Nevertheless, the viscosity waves 
interpretation is not completely excluded for some of the 
observed sheets. On the other hand, the sheet and layer 
model, used by Gossard et al. [ 1985] in the boundary 
layer, could be adapted for higher altitude and then 
account for the part of observed sheets that are associated 
with turbulent layers. More definitive conclusions on 
this subject are expected from further investigations, 
currently performed, on the global present data set. 

Future experimental investigations are thus needed for 
a better understanding of the 3-D temperature field. A 
better knowledge of the morphology of the fine scale 
refractive index structures will allow a complete 
understanding of the aspect sensitivity at VHF fre- 
quencies. A 2-D sounding of the temperature sheets 
would improve the knowledge about their horizontal 
structures and would lead to a global understanding of 
the partial reflection contribution at vertical incidence. 
Such a description would be very usefid to get an insight 
on the generation, evolution, and destruction mecha- 
nisms ofthe sheets which are presently largely unknown. 
In a parallel way a better knowledge of the vertical 
enhancement mechanism can be obtained by an impro- 
vement of the radar system. A better vertical resolution 
( better than 600 m) with a narrower antenna beam and 
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the introduction of interferometric methods can be very 
adequate to observe the aspect sensitivity in light of 
future atmospheric sheet observations. 
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