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Investigations of temperature fluctuation spectra of atmospheric turbulence were performed
simultaneously by remote sensing and in situ measurements. A balloon borne instrumented
gondola measured temperature and velocity fluctuations up to an altitude of 18 km. Spectral
analysis of these data led to one-dimensional spectra. Simultaneously, the nearby stratosphere-
troposphere radar "Provence” obtained vertical profiles of reflectivity for both vertical and
oblique (15°) lines of sight and for various range resolutions. According to the classical
interpretation, the radar echoes result from the three-dimensional spectrum of refractive index
fluctuations, and its aspect sensitivity reflects the spectrum anisotropy at the half radar
wavelength. We thus separately reconstructed the reflectivity profiles for the two lines of sight.
For the oblique one, the in situ observed spectral level of temperature fluctuations (assumed
isotropic) was converted into radar reflectivity. For the vertical measurements, a theoretical
"universal” level was used, along with an isotropic conversion formula (a tentative account for
the known anisotropy is given in the appendix). Comparison of the reconstructed reflectivity
profiles with the observed one proves to be very puzzling. For oblique measurements, where the
reconstruction process uses only widely accepted hypotheses, the observed profiles are poorly
reproduced. By contrast, for vertical measurements, the proposed model leads to a good
reconstruction of the shape of the reflectivity profiles. In both cases, the predicted level is
always strongly overestimated. The discussion concludes that the discrepancy is real and calls for

further studies of this problem.

1. INTRODUCTION

The origin of the radar echoes in clear air conditions is
known to be the small-scale inhomogeneities of the refractive
index of air. Such inhomogeneities result mainly from
humidity fluctuations in the lower troposphere and from
temperature fluctuations in the higher troposphere and lower
stratosphere. Echoes are also obtained in the mesosphere, as a
result of inhomogeneities in the electronic density [Woodman
and Guillen, 1974]. The stratosphere troposphere (ST) radars
use theses echoes in order to study the lower atmosphere up to
= 20 km,

If the determination of the radial velocity of the scattering
medium is quite easy, the study of its turbulent state is still
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under question. The theory of electromagnetic wave
propagation in a turbulent medium [Tatarski, 1961] relates the
backscattered power to the three-dimensional spectrum of the
refractive index fluctuations. Within the classical framework of
isotropic and homogeneous turbulence theory, it is possible to
relate this three-dimensional spectrum to global parameters
such as the refractivity structure constant C,2l However, the
aspect sensitivity of VHF radar echoes [Réttger et al., 1978;
Green et al., 1979; Rottger et al., 1981; Tsuda et al., 1985)
shows that the three-dimensional spectrum is not isotropic for
a wavelength of = 3 m. Thus, the relationship between the
radar echoes and the local structure of turbulence is worth
studying with the help of in situ measurements. The results of
such a direct comparison experiment (the first to our
knowledge) are reported here, along with a tentative theoretical
interpretation.

A theoretical attempt to relate the angular variation of the
radar echoes to the local structure of the scattering medium was
made by Briggs and Vincent [1973]. This first approach
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Fig. 1. Vertical profiles of measured signal to noise ratio S/N for both vertical and oblique line of sight. The
three available range resolutions are plotted: Ar = 300 m (left panel), Ar = 750 m (middle) and Ar = 2400 m
(right). Oblique echoes (bold lines) are about 10 dB lower than vertical ones, especially in the stratosphere.
Continuous and dashed lines indicate measurements with different sampling altitudes. The strength of the echoes
seems to depend strongly on the precise altitude of measurement. There is also a noticeable time variability for a

given sampling point.

assumed that all inhomogeneities have the same size, the same
amplitude and an anisotropic gaussian shape. Recently,
Hocking [1987] extended this approach for the case of a
continuous distribution of sizes and amplitudes. A convenient
theoretical framework for such studies can be found in the
work of Doviak and Zric' [1984] because these authors did not
make any assumptions about the spectrum (and thus the shape)
of the scatterers and because they included the effect of the
curvature of the wave front.

In section 2, we give a rapid overview of the experiment and
of the main characteristics of the instruments used for both
remote sensing and in situ measurements. Typical results
obtained by the instruments are presented.

In section 3, we describe the quantities measured by each
type of instrument, and give the relationships between them
under the assumption of isotropy. We then present a new
physical interpretation of the radar observed anisotropy, which
stems from recent theoretical approaches of the turbulence in a
stratified medium. These approaches lead to turbulent
fluctuation spectra involving two terms corresponding
respectively to inertial (isotropic) turbulence and buoyancy
affected (presumably anisotropic) turbulence. Presently
available theories do not give any account for this anisotropy.
We thus introduce a semiquantitative model for the three-
dimensional anisotropic turbulent spectrum and we use it to
reconstruct the observed radar profiles, for both the oblique and
vertical directions, starting with the high-resolution balloon
measurements.

In section 4, we try to interpret the obtained results, and
compare them with previous models for radar reflectivity,
based either on a statistical model of the turbulence (oblique

measurements) or on a "Fresnel reflection” model (vertical
measurements). Our tentative reconstruction leads to puzzling
results:

1. In the oblique direction, where the classical theory is
expected to apply, the shape and dynamic ranges of the echo
profiles are poorly reproduced.

2.In the vertical direction, where we use our new
assumptions, the shape and dynamic ranges are conveniently

3.In both cases, the predicted levels are strongly
overestimated. However, if we assume that the buoyancy-
affected spectrum is isotropic (while the radar tells us that it is
not), we obtain (by chance?) the correct level in the vertical
direction.

We then examine the various experimental and theoretical
uncertainties, and conclude that the discrepancy is real. After a
discussion of the results of this work and a comparison with
previous models, we draw some conclusions and call for
further studies of this problem.

2. THE INSTRUMENTS
2.1. The radar

The radar used for this comparison was the stratosphere-
troposphere (ST) VHF radar "Provence” of the University of
Toulon located near Termes d' Armagnac (southwest of France:
0°01'W, 43°40'N, altitude 116 m). Its main characteristics are
as follows: frequency (wavelength), 47.78 MHz (AR =
6.28 m); power attenuation, o = 0.35; radiated peak power,
o Py = 10 kW; geometric area, Ag = 54.4 X 47.1 = 2563 m?%;
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Fig. 2. Ground projection of the trajectory of the instrumented balloon. This trajectory is labeled with the
universal time (above) and with the altitude of the balloon (below). The position of the ST radar is indicated
with a solid circle and the meteorological station of Duhort with a diamond.

zenith angle, 0° (vertical) and 14.5° (oblique toward west); and
range resolution used, Ar = 300 m, 750 m and 2400 m.

The coefficient ¢ includes coaxial line attenuation, VSWR
(voltage standing wave ratio) effect and estimated losses in
radiating elements. The receiver used order 2 Bessel filters with
a bandwidth matched for each pulse length. The vertical
profiles of signal to noise ratio (S/N) were measured for the
three available resolutions and in both vertical and oblique
directions. Typical profiles are shown on Figure 1. As usual,
with this type of measurements, the vertical echoes are
roughly 10 dB stronger than oblique ones in the stratosphere
[Rottger et al., 1978]. High and medium resolution profiles
(300 and 750 m) are quite variable in time (see Figures 1 and
7) and their detailed structure may change drastically, depending
on the position of the sampling points.

2.2, The instrumented balloon

An instrumented balloon was launched from the Centre
National dEtudes Spatiales (CNES) base of Aire sur ' Adour
(0°15'W, 43°42'N, altitude 76 m) on May 4, 1984 at 1714 UT.
The ground projection of its trajectory, during its ascent, is
shown on Figure 2 along with the location of the ST radar and
of the radio-sounding station of Duhort (0°20'W, 43°43'N,
altitude 140 m). The minimal horizontal distance between the
balloon and the radar was = 8 km (north) at an altitude of
= 9 km, The instrumented gondola was hung 140 m below a
5000-m?> zero-pressure balloon. Taking into account the ascent
velocity and the known shear statistics, this distance is
sufficient to avoid any contamination of measurements by the
balloon wake [Barat et al., 1984].

The instruments included a two-axis (horizontal and vertical)
ionic anemometer [Barat, 1982], a pressure sensor and two
thermistors in order to provide coarse and fine temperature
measurements. The sampling frequency was 64 Hz. The fine

temperature sensor was designed to operate under stratospheric
conditions; thus it was saturated for altitudes lower than
= 8 km. The altitude of the gondola was precisely determined
by integration of the hydrostatic equation. Extensive spectral
analysis of vertical velocity and temperature data was
performed. The calculated one-dimensional spectra are
considered as longitudinal because the relative horizontal
velocity at the gondola level is always small compared to the
vertical one during the ascent. Transverse spectra of the
horizontal velocity could not be considered because the upwind
orientation of the horizontal anemometer was not operational
during the rapid ascent (= 5 m s in the troposphere and ~ 3
m s°1 in the stratosphere).

The scale range under study is slightly variable with the
balloon velocity, but always includes the half radar wavelength
AR/2 = 3.14 m. Furthermore, the balloon itself being
insensitive to such small-scale velocity fluctuations, the
anemometric data at these scales only correspond to
atmospheric fluctuations at the gondola level. The temperature
spectra are corrected for the time response of the sensor. This
density dependent time constant is in the range 0.3 - 0.5 s,
thus affecting scales smaller than 5 - 10 m. The correction,
when applied to the high-frequency white noise of the sensor
produces a spurious (+2) slope. Typical vertical velocity (W)
and temperature (T) vertical spectra are shown on Figure 3.
These spectra are obtained within a data section of about 1 km
just above the tropopause. An inertial subrange (with a slope
close to -5/3) is observed on both spectra for scales smaller
than about 10 m. At larger scales, temperature and velocity
spectra increase with a steeper slope (-3) because of
stratification effects. The physical nature of the fluctuations
leading to such slope is still uncertain. It can be seen as an
extension toward small scales of a "universal” gravity wave
spectrum, first introduced for the atmosphere by VanZandt
[1982]. Currently available gravity wave spectrum models
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Fig. 3. Temperature (lower curve and left vertical axis) and
vertical velocity (upper curve and right vertical axis) vertical
spectra as measured by the instrumented balloon in a 1-km
slab of the stratosphere, just above the troposphere. The
statistical 90% confidence level (constant in log-log
coordinates) is indicated on the left part of each spectrum. The
dashed line, with a -3 slope, corresponds to the prediction of a
gravity wave model [Sidi et al., 1988] for the vertical velocity
spectrum. The two smooth curves show a theoretical fit from
the turbulent theory [Dalaudier and Sidi, 1987] used in the
present work. The sharp peak in the velocity spectrum
corresponds to the gondola oscillation. Two regions can be
distinguished in both spectra: an "inertial" subrange (for small
scales) with a spectral slope close to -5/3 and a "buoyancy”
subrange (for large scales) with a spectral slope close to -3.
The half radar wavelength is clearly in the "= -5/3" part of the
temperature spectrum and well above the "blue noise” level
(the rightmost part with a slope of +2 ).

admit a -3 slope in their high wave number limit [Dewan and
Good, 1986; Smith et al., 1987; Sidi et al., 1988]. It can also
be interpreted as a "buoyancy range" of the turbulence
[Dalaudier and Sidi, 1987]. The conspicuous peak observed on
the velocity spectrum corresponds to a mechanical oscillation
of the gondola and must be ignored.

2.3. The rawinsondes

The experiment took place during the meteorological
campaign "Front 84" and, thus, many soundings of the
atmosphere were performed by standard rawinsondes launched
from the nearby mobile station of Duhort (see Figure 2).
These soundings provided vertical profiles of wind and
temperature along with humidity (in the troposphere) with a
resolution of = 30 m. These profiles will be used for
comparison with simultaneous radar measurements.

3. COMPARISON BETWEEN IN SITU AND
REMOTE MEASUREMENTS

Because the two kinds of instruments do not measure the
same physical quantity, in situ measurements cannot be
compared directly with the results of remote sensing.

3.1. The ST radar

Under clear air conditions, the reflectivity of the atmosphere
produced by density {or temperature) and humidity fluctuations
can be measured by the radar, The backscattered signal from a
given volume is directly proportional to the three-dimensional
spectrum of refractive index fluctuations [Tatarski, 1961;
Ottersten, 1969b] at the radar half wavelength, along its line of
sight. The spatial distribution and the shape of the density
inhomogeneities (scatterers) can range from very ordered to
completely random. For example, Gage and Balsley [1980]
distinguished Fresnel reflection, Fresnel scattering, and
turbulent scattering (anisotropic or isotropic). Other
mechanisms were also proposed such as the "diffuse reflection”
[Rottger, 1980] in which horizontal inhomogeneities (laminae)
are "corrugated” by turbulence. However, for all the
mechanisms that assume a random distribution of scatterers,
the properties of the medium can always be described by a
three-dimensional spectrum. With this formulation, there is no
need for a special expression for the case of a stratified
medium; the aspect sensitivity of the radar is simply
interpreted as resulting from the anisotropy of the three-
dimensional temperature spectrum. This formulation, using a
three-dimensional spectrum, cannot account for discrete
reflection phenomena sometimes observed in the vertical
direction. However, this kind of echo is rather exceptional:
Sheen et al. [1985] report 10% of partial reflections for a range
resolution of 300 m, and argue that longer pulses should
reduce this proportion. Furthermore, they affect only one gate
and can be easily identified. In the other cases, the anisotropic
inhomogeneities responsible for the radar echoes "fill" the
observed volume, leading to a backscattered power (roughly)
proportional to the pulse length [Green and Gage, 1985). The
possible intermittent structure of the fluctuation field ("filling
factor™) is readily taken into account through the global level
of the three-dimensional spectrum.

Taking into account the finite volume of measurement and
the sphericity of the wave surface, Doviak and Zmic' [1984]
showed that this three-dimensional spectrum should be
convolved with a "spectral sampling function" (SSF)
depending on the range resolution and the radar characteristics.
This convolution procedure produces a noticeable effect only if
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the variations of the three-dimensional spectrum are important
inside the spectral volume sampled by the SSF. For the
present study, the range resolution used is sufficiently large in
order to ignore its effects on the spectrum (variation less than
1%). Regarding the lateral extent of the scattering volume (the
lobe width is here = 5.2°), its effect can be important if the
three-dimensional spectrum is highly anisotropic with a
characteristic width smaller than (or comparable to) the lobe
angular resolution. The observed angular extent of the
anisotropic echo around the vertical (see, for exemple, Tsuda et
al. [1985]) is precisely of this order. An estimate of the
combined effect of the lobe width and of the spectrum
anisotropy is given in the appendix.

Except for this angular convolution effect, the formulas used
to convert the three-dimensional spectrum of temperature
fluctuations into signal to noise ratio (S/N), assuming that
cosmic noise is dominant at this frequency, are [VanZandt et
al., 1978; Ottersten, 1969a, b]

P
sN=% g_kl;‘ﬁ? (A') @nkr) Ne1 Gnkr)  (19)

On = (;‘g"é;) ot av)
da=(%2) 01 10

where (1b) gives the general case and (1c) gives the "dry air”
case, with

On three-dimensional spectrum of refractive index fluctua-
tions;

Ot  three-dimensional spectrum of temperature fluctua-

tions;

generalized gradient of potential refractive index

[Ottersten, 1969a];

Brunt-Viisili frequency;

conversion factor between densny and "dry" refractive

index (= 2.23x10-4 m3 kg-1);

gravity acceleration;

air density;

air temperature;

radar wave vector (with modulus kg =2 1t/ AR);

1 number of coherent integrations used to make the
measurement;

Ar range resolution;

r radial distance;

c velocity of light;

kp Boltzmann constant;

T cosmic noise temperature (= 6700 K).

-0 m
&%

The cosmic noise temperature Ty was determined for each
measurement by logarithmic interpolation between maps of
the radio sky at three frequencies: 38 MHz [Blythe, 1957], 64
MHz [Hey et al., 1947] and 150 MHz [Landecker and
Wielebinsky, 1970]. For the sake of simplicity, we used a
constant value; the systematic error associated with the
variation of TN during the experiment is given in section 4.3,

In the "dry air" case, we have used a direct conversion between
density and _refractive index through the factor
Q = 7.76x10-7 R (taking into account the conversmn of
pressure from millibars to pascals), R = 287 J K-1 kg-! being
the gas constant for air. This conversion formula will be used
above 8 km where the effect of humidity is negligible.

3.2, In situ measurements

Measurements made by regularly sampling the local
medium properties, along approximately straight and uniform
trajectories, lead (with the help of the Taylor hypothesis) to a
one-dimensional spectrum of these quantities. The one-
dimensional spectrum S corresponds to an integration (in wave
number space) of the three-dimensional spectrum (I) along two
planes perpendicular to the velocity direction, symmetric with
respect to the origin, their distance to the origin being the
observed wave number. For example, if the instrument
velocity is vertical, the one-dimensional spectrum is (kx, ky
and k; being the components of k)

S0 = [[00c Ky k) diy diey + [[crky k) diy ey @)

k; being kept constant during the integration. In general, it is
not possible to deduce the value of the three-dimensional
spectrum at a given point from the knowledge of the one-
dimensional spectrum S(k). Conversely, the knowledge of the
three-dimensional spectrum (), limited to only one wave
number modulus (as with ST radar measurements) does not
allow us to deduce, in general, the one-dimensional spectrum.

3.3. Isotropic conversion formulas

However, if the three-dimensional spectrum is isotropic,
that is, depends only on the modulus of k, conversion between
three-dimensional and one-dimensional spectra becomes
possible. The relation is {Monin and Yaglom, 1975]

L - ankb® ®

for the spectrum of a scalar quantity. Another spectral
representation, commonly used in theoretical studies, is the
scalar spectrum E. It corresponds to an integration of the three-
dimensional spectrum on a spherical shell of radius k. This
definition shows that, in the isotropic case

E=4nk? Q) @

Usually, the one-dimensional spectrum can be expressed as
a power law (at least in some vicinity of k). If the spectral
index is p, conversion formulas become

E=-pS=4xk?{®K) ©)

Thus, in the isotropic case, the in situ measurement of a
one-dimensional temperature spectrum allows us to reconstruct
the vertical profile of S/N ratio observed with an ST radar. We
will present our results in the form of S/N profiles instead of
the more classical C2 profiles, because this parameter can be
defined unambiguously only in the case of inertial and
isotropic turbulence. Experimental evidence points against
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Fig. 4. Vertical profile of C% deduced from in situ
measurements of the temperature spectra at 3.14 m (the half
radar wavelength). The conversion formulas assume that the
humidity is negligible and that the spectrum is isotropic with
a -5/3 slope. Each estimate corresponds to 10 s of
measurement (= 30 to 50 m ). The local dynamical range is
larger than one decade everywhere, thus indicating that the
noise level does not significantly affect the estimation.

such a simple hypothesis, especially for the comparison with
vertical radar measurements.

However, in order to allow comparison with typical
published values, we have plotted on Figure 4 a profile of CZ
deduced from the observed one-dimensional temperature spectra
(for k= 2 rad m-1) through the inertial and isotropic
conversion formula: CZ = 4.02 (Q p / T)2 E k5/3, The
reported values are approximately in the range 10-17 to
5%10-16 m-2/3 in the stratosphere with a strong increase
(values above 10-15 m-2/3) just above the tropopause,
probably associated with the jet (about 35 m s-1) observed
around 10.5 km. Such values of the refractive index structure
parameter can be considered as large, when compared with
other published data [Azouit et al., 1980], but are probably
representative of disturbed meteorological conditions.

3.4. Characteristics of the vertical echoes

It is well known that VHF radars obtain stronger echoes
from the vertical direction than from the off-vertical one

(aspect sensitivity, for example, see Tsuda et al. [1985]). In
order to interpret this angular variation, Doviak and Zmic'
[1984] proposed that the three-dimensional spectrum can be
approximated as the sum of an isotropic part and of a strongly
anisotropic one with a sharp maximum in the vertical
direction. Estimates of the anisotropy were made by Waterman
et al. [1985] with the sounding system (SOUSY) radar
(50 MHz) at Arecibo. Assuming an ellipsoidal geometry for
the autocorrelation function, they found that, for most
altitudes, the ratio of horizontal to vertical correlation length
is larger than 5.

Another characteristic of the vertical echoes is their strong
sensitivity to the medium stability, measured by the Brunt-
Viisild frequency Npy [Tsuda et al., 1985]. Gage et al. [1985]
proposed a semiempirical model for vertical echoes where the
reflectivity is proportional to Ngy. This model assumes that
the inhomogeneities, responsible for the vertical echoes, result
from the vertical displacement of fluid particles in the stably
stratified fluid. Their spectrum is thus proportional to the
squared vertical dient of potential refractive index
M = (Q p /g) Nfyy. This model reproduces very well
(within an adjusted constant) the observed vertical profile of
S/N. A recent experimental study by Tsuda et al. [1988] also
concludes that the vertical echo power and M+ are
proportional,

Finally, the aspect sensitivity is known to be very
dependent on the radar wavelength. For example, Balsley and
Peterson [1981], using the Chatanika radar with a 23-cm
wavelength reported the absence of aspect sensitivity. This
observation constitutes an indication that the anisotropic part
of the spectrum, responsible for the aspect sensitivity,
decreases faster than the isotropic part as the wave number is
increased.

3.5. Approach used for vertical and oblique reconstruction

It has been suggested that the physical process responsible
for the radar echoes in the vertical direction could be a field of
small-scale random gravity waves [VanZandt and Vincent,
1983; Gage et al., 1985]. Besides the fact that gravity waves (a
linear phenomenon) probably cannot persist in the same scale
range (here = 3 m) as the observed turbulent (fully nonlinear)
fluctuations, this interpretation is incompatible with the in
situ observed energy level of the vertical velocity one-
dimensional spectrum. For scales smaller than = 10 m, the
observed spectrum is at least an order of magnitude above the
predicted energy level for a saturated wave field. Figure 3
shows the vertical velocity spectrum (dashed line) predicted by
the model of Sidi et al. [1988]. The parameters of this model
were fitted to the same in situ data set for scales larger than
=200 m, but the discussed result is typical and any available
gravity wave model would have lead to a similar conclusion,
owing to the strong anisotropy assumed for the velocity field.

Other theories are in competition in order to account for in
situ measured one-dimensional spectra. One [Holloway, 1983]
is derived from a closure approach intended to describe, in a
single framework, gravity waves, vortical modes and turbulent
motions. Another [Dalaudier and Sidi, 1987] follows the
approach of Lumley [1964] and Weinstock [1985] in order to
generalize the classical turbulence theory in the presence of a
stable stratification. While the two approaches are rather
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different, they both agree on the following description of the
temperature spectrum as a superposition of two components.
The first one corresponds to the turbulent advection of fluid
particles and exhibits the well known k-3/3 power law in the
inertial subrange (ISR) if it exists. The second one corresponds
to the vertical displacement of fluid particles in the stratified
background. It dominates the scalar spectrum at low wave
numbers, in the so-called "buoyancy subrange” (BSR) with a
universal energy level scaling like Nfjy k-3 (the two spectral
domains are observed in Figure 3). Both theoretical
considerations and experimental evidence point toward the
anisotropy of the temperature spectrum, at least in the BSR.
For clarity, this anisotropic component, present at all scales,
will be termed hereafter "the BSR spectral component”, even if
we consider it at scales much shorter than those of the BSR.

Thus, the physical interpretation used below, in order to
reconstruct the radar signal, is similar to the one used by
Doviak and Zrnic' [1984]. The oblique signal is supposed to
result from the inertial and isotropic spectral component, the
level of which is obtained by in situ temperature
measurements. The vertical signal is supposed to result from
the three-dimensional anisotropic BSR component. Owing to
its anisotropy, this spectrum dominates the inertial one for
directions close to the vertical (in agreement with radar
observations). This physical interpretation allows us to
understand in a natural way the dependency of vertical echoes
upon the local stability and the disappearance of the aspect
sensitivity for smaller wavelengths (because of its -3 slope,
the BSR spectrum decreases faster than the inertial one for
high wave numbers).

3.6. Effect of anisotropy

In order to investigate the effect of an assumed anisotropy of
the three-dimensional spectrum on both balloon and radar
measurements, we have made some analytical calculations
with a simple model of anisotropy (See appendix). In this
model, the anisotropy is characterized by the (constant) ratio B
between horizontal and vertical correlation lengths. If the scalar
spectrum E presents a spectral slope p, the observed one-
dimensional vertical spectrum is then S = E for the strongly
anisotropic case and S = - E/p for the isotropic one. The ratio
between the two extreme cases (-p) is quite small compared to
the range of "natural variability” of the observed spectral level.
Thus, it is not possible to infer the amount of anisotropy from
the in situ observed one-dimensional spectral level in the BSR.
By contrast, the vertical thre@-gimensional spectrum
$(0,0k;) = - (0 A)/(4 n B) (ko/B)'P~ changes very rapidly
with B. Even if this variation is limited, for radar
measurements, by the finite size of the lobe (as shown in the
appendix), the increase for a typical value of the anisotropy (B
2 5) is larger than 65. Furthermore, the angular variation is
very rapid and the ratio between the anisotropic contribution to
vertical and oblique measurements is expected to be always
larger than 10. This explains why the radar can see the
anisotropic spectrum in the vertical direction but not in the
oblique one, while for in situ measurements, the isotropic
spectrum dominates for the same scale.

However, in the following comparison, we will use only
isotropic relationships. This seems quite reasonable for oblique
measurements, as the three-dimensional spectrum is supposed

to correspond to the presumably isotropic inertial domain of
turbulence. For the vertical direction, however, the spectrum is
suspected to be anisotropic, but the exact nature and amount of
this anisotropy are unknown and the in situ measurements
cannot help in determining its characteristics. Thus the
comparisons will be made by using isotropic formulas,
keeping in mind that this will produce a strong
underestimation of the predicted S/N ratio in the vertical
direction.

3.7. Oblique comparison

The spectral density of the temperature fluctuations at half
radar wavelength (k = 2 rad m"1) is estimated from smoothed
periodograms computed every 10-s data section. The associated
noise equivalent bandwidth (Ak = 0.8 rad m-!) ensures a
sufficiently small statistical confidence interval. Depending on
the balloon ascent velocity, each data section corresponds to a
layer thickness = 50 m in the troposphere and = 30 m in the
stratosphere. This vertical resolution is far better than the
smallest range resolution of the radar. The spectrum is then
converted from one-dimensional to three-dimensional with the
help of (5) assuming p = - 5/3 and the height series is
smoothed with the radar height sampling function. This
function is taken to be triangular with a full width at half
maximum equal to the range resolution considered reduced by
the geometrical factor cos(15°). The profile of the S/N ratio is
then reconstructed using (1) with the same sampling altitude as
that of the radar. The result is plotted, along with the
corresponding radar measurements, on Figure 5 for the three
range resolutions available.

As can be seen, this reconstruction is quite disappointing;
some outstanding problems can be noted: (1) The general level
is overestimated by a factor = 30 (15 dB). (2) The dynamic
range of the reconstructed signal is too low compared to the
observed one. (3) The shape of the observed profiles is poorly
reproduced.

All these discrepancies will be discussed below, after the
vertical comparison.

3.8. Vertical comparison

As explained above, in situ measurements of spectral levels
cannot be used to reconstruct vertical radar profiles. Instead,
theoretical spectral levels are used with only an adjustment to
the local mean temperature and Brunt-Viisili (B-V) frequency.
Conversion between scalar and three-dimensional spectra is
made through the isotropic relation (4). Then, the
reconstruction process is similar to the one used for oblique
measurements, except for geometrical factors. The proposed
thesogetical scalar temperature spectrum is [Sidi and Dalaudier,
1988]

T2

where B, is the Batchelor constant (B, = 1.16). With this
spectrum, the reconstructed signal will be proportional to
Ngv. as in the model of Gage et al. [1985], but there is no
parameter adjustment before comparison. The reconstructed
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Fig. 5. Vertical profiles of measured (solid line) and reconstructed (dashed line with asterisks) signal to noise
ratio (S/N) for oblique radar measurements. The regions where the radar echoes cannot be distinguished from the
noise are shaded. The reconstruction process uses the C% shown on Figure 4 and a triangular convolution
window with a full width at half maximum equal to the corresponding radar resolution. The four panels
correspond respectively to range resolutions Ar = 300 m (left panel), Ar = 750 m (the two central panels) and
Ar = 2400 m (right). The comparison shows that the shape and the dynamic range are poorly reproduced.
Furthermore, the level of the reconstructed profile is 10 to 15 dB above the measured one.

profile is plotted, along with the corresponding radar
measurements on Figure 6 for the three range resolutions
available.

This reconstruction is rather good, especially for medium
and coarse resolutions: (1) The general level is close to the
observed one (slightly underestimated). (2) The dynamic range
of the reconstructed signal is comparable, or slightly lower,
than the observed one. (3) The detailed shape of the profiles
are very similar, except for some "high-resolution” profiles.

Because only moderate resolution temperature profiles are
needed for this vertical reconstruction, it is possible to use
radio-sounding data. Four reconstructions were performed at
different times and days, each being compared with three radar
profiles, separated by about half an hour, corresponding
approximately to the beginning, the middle and the end of the
radio sounding. The vertical resolution of the sounding was
= 32 m while the radar range resolution was always 750 m.
The results of these reconstructions, including the effect of
humidity in the troposphere, are shown on Figure 7 along
with the radar measurements. Here again, the reconstructed
profiles are very similar to the measured ones (taking into
account the time variability of this kind of measurements) and
the same remarks as for Figure 6 can be made. Under 8 km,
the reconstructed profile of S/N sometimes presents sharp
decreases that are not observed by the radar. These localized
discrepancies are artifacts linked with the low local value of the
humidity (under the detection level of the rawinsonde
equipment).

4. INTERPRETATION AND DISCUSSION

4.1. The "successful"” vertical reconstruction

The detailed shape agreement observed on Figure 6
constitutes a confirmation of earlier results [Gage et al., 1985;
Tsuda et al.,, 1988] showing that the part of the three-
dimensional spec N‘frum responsible for the vertical echoes is
proportional to Ngy. A natural interpretation of this relation,
as pointed out above, is that these temperature fluctuations
result mainly from the vertical (and adiabatic) displacement of
fluid particles in the stably stratified background.

The fact that the medium and coarse resolution profiles are
better reproduced than the high-resolution ones can be easily
understood as a consequence of the finite horizontal and
temporal extent of vertical structures. This extent is expected
to be larger for larger vertical scales and should be compared
with the space and time distance between the measurements of
the two instruments.

The dynamic range of the reproduced profiles is comparable
to, but slightly lower than the observed one. This "statistical”
property depends on the value of the exponent of Ny in (6).
The general agreement shows that 4 is a good value, and a very
simple mechanism can be proposed to slightly increase the
dynamic range. It is known that the three-dimensional
spectrum responsible for vertical echoes is anisotropic. This
anisotropy is presumably dependent on the local stability, a
stronger stratification leading to a higher anisotropy and thus
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Fig. 6. Vertical profiles of measured (solid line) and reconstructed (dashed line with asterisks) signal to noise
ratio (S/N) for vertical radar measurements. The regions where the radar echoes cannot be distinguished from the
noise are shaded. The reconstruction process is based only on the in-situ measurements of the vertical gradient of
potential temperature and uses a triangular convolution window as for the oblique direction. The range
resolutions are, respectively from left to right, Ar = 300, 300, 750, 750 and 2400 m. The shape is now well
reproduced, particularly for medium and coarse resolution. The dynamic range is also quite satisfactory, although
slightly smaller than the observed one. The mean level of the reconstructed profile is now smaller than the
measured one.
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Fig. 7. Vertical profiles of measured (solid line) and reconstructed (dashed line with asterisks) signal to noise
ratio (S/N) for vertical radar measurements. The regions where the radar echoes cannot be distinguished from the
noise are shaded. The reconstruction process is here based on rawinsonde measurements of the vertical gradient of
potential refractive index (taking into account the effect of humidity in the troposphere). The range resolution is
always Ar = 750 m and the three radar profiles in each panel are separated by half an hour (this allows estimation
of the time variability for vertical measurements). The comparison gives similar results as in Figure 6 except
for some discrepancies in the troposphere, probably linked with poor humidity measurements (saturation of the
sensor).
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to a stronger echo (see the appendix, section A.5). VanZandt
and Vincent [1983] suggested that the vertical echoes could be
due to the spectrum of gravity waves. This interpretation is
rather different than the proposed one {see the discussion in
section 3.5), but in both cases, the Njy dependency results
from adiabatic vertical displacements. In their model, a slight
increase (0.5) of the exponent is a consequence of the variation
of the total energy with the local stability assumed in the
model of VanZandt [1982]. While the anisotropy of their
model spectrum does depend on the local stability, as assumed
here, this effect has no consequences on their exponent, since
the radar lobe was assumed to be "large” with respect to the
model spectrum.

However, the nearly perfect level agreement in Figure 6 and
7 must be considered as spurious because of the spectrum
anisotropy. The effect of this anisotropy, as estimated in
section 3.6, is to increase by an unknown, but large (order of
102) factor, the predicted level. At the present time, we have
no satisfactory explanation for this huge discrepancy.

4.2. The poor oblique reconstruction

The problem of the shape agreement, i.e., the altitude and
relative importance of maxima and minima, without
consideration of level or dynamic range, can be understood, in
the same way as for vertical reconstruction, as an effect of
horizontal and temporal extent of vertical structures.
Furthermore, the turbulent temperature fluctuations used here
have probably a smaller extent than the mean temperature
gradients used for the vertical comparison, because of the
intermittence of the turbulent patches.

In order to increase the small dynamic range of the
reproduced oblique signal, it is possible to suppose, as already
suggested for the vertical comparison, that the turbulent
inertial three-dimensional spectrum is not isotropic for scales
= 3 m. This assumed anisotropy would have to depend on
local properties of the medium (stability, wind shear, etc.) and
should be far smaller than the vertical one (otherwise it would
have been detected by the radars). This hypothesis, while not
unreasonable, is largely speculative and in any case is quite
"ad hoc." Furthermore, as for the vertical case, the
introduction of a moderate anisotropy in the spectrum would
increase the level discrepancy (see Figure Al in the appendix).

It is possible that noise contamination from the temperature
sensor (see Figure 3) could mask the true spectrum at the
observed scale. This can occur for weak temperature
fluctuations and would produce both an overestimation of the
minima level in the reconstructed profiles and a reduction of
the dynamic range. However, a careful examination of the
individual spectra shows that this circumstance is quite
exceptional. An attempt was made to subtract this noise level
from the spectrum before correction for the time constant, but
no improvement resulted in the reconstructed profiles.

4.3. Uncertainties

We will start this discussion with an examination of the
possible error sources in order to establish clearly that the
observed discrepancy is real.

For in situ measurements, some error sources can be listed.
The altitude and vertical velocity of the balloon are deduced by

two independent methods (radar tracking and integration of the
hydrostatic equation); the results are consistent and can be
considered as accurate. Temperature measurements are obtained
from two micro bead thermistors, carefully calibrated before
the flight, Their indications coincide with those of the coarse
temperature sensors and with nearby radio soundings; thus
only high-frequency perturbations can be suspected. An
attenuation is indeed observed as a result of the time constant
of the sensor. The temperature spectra are corrected for this
attenuation and an error in the estimation of the time constant
could produce a spectral level and slope variation. The time
constant is calculated as a function of density from the
physical characteristics of the sensor and this theoretical
determination was checked during the flight when the sensor
occasionally slipped into the shadow of the gondola, and was
thus subjected to a step of temperature. Another check is
possible in some turbulent layers where the temperature
spectrum retains the same -5/3 slope (after correction)
throughout the attenuated range down to the noise level. As
discussed earlier, this noise level can lead to an overestimation
of the spectral level in regions where the latter is very low;
however, these situations are quite exceptional. Furthermore,
the observed dynamic range of the C% parameter (Figure 4),
deduced directly from the spectral level at k = 2 rad m*1, is
larger than one decade at any altitude. This constitutes strong
evidence that the spectrum is well over the noise level for this
scale range.

The comparison between in situ and radar measurements is
made through (1) and (5), the latier relying on the isotropy
hypothesis. The very existence of an aspect sensitivity for
radar measurements shows that this hypothesis is certainly
wrong for the vertical comparison, while for the oblique one it
appears quite reasonable. The presence of this known
anisotropy constitutes the only cause of (serious) discrepancy,
for vertical measurements, between the theoretical predictions,
based on measured temperature (and humidity) gradients, and
the observed S/N profile. Equation (1) contains some factors
that cannot be precisely determined. The radiated power o Py is
known with an uncertainty of = 50% because the various
resistive losses and the power attenuation o are not well
known. The effective area of the antenna A, = 4/9 Agis
deduced from a theoretical calculation and is not precisely
known. The associated error can be as large as 30%.

The systematic error, linked with the use of a constant noise
temperature Ty = 6700 K instead of an interpolated one, is
small on Figure 7 (-0.7 to +0.3 dB) but corresponds to a shift
of the calculated profile of +1.6 dB on Figure 6 and +2.6 dB
on Figure 5. This effect tends to increase the S/N discrepancy
for oblique measurements. The statistical error associated with
the interpolation between the three temperature maps is
= 10%.

The maximum integration time used in this experiment
7=0.624 s can be compared to the observed decorrelation
time of the medium, larger than 1 s (as deduced from the
Doppler width of the echoes). The corresponding error on the
associated number of coherent integration Ny is thus small.
The other coefficients in equation (1) are well known and
cannot contribute significantly to the discrepancy.

Thus, the global uncertainty in the comparison between
reconstructed and measured profiles of S/N is smaller than a
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factor 2 or 3 (less than 5 dB), and the observed discrepancy
must be considered as real.

4.4. Discussion

These discrepancies are in the same direction for the oblique
and the vertical comparison (an overestimation of the
reconstructed profiles), taking into account the known (though
not quantitatively) effect of the spectrum anisotropy. It is
difficult to say whether they are of the same order for the two
directions; a crude estimate of the effect of anisotropy suggests
a positive answer. It is worth noting that if the losses in the
radiating elements of colinear-coaxial antennas (included in o)
are underestimated, the discrepancy observed in both directions
would be reduced.

To our knowledge, the present work is the first attempt to
make a direct comparison, without any adjustable parameter,
between an ST radar and nearby in situ measurements. Thus it
is difficult to compare it to other published results.

For oblique measurements, VanZandt et al, [1978] proposed
a statistical model in order to reconstruct C3, and thus S/N,
profiles. This model uses the classical hypothesis of inertial
and isotropic turbulence, and relates the "external scale” L to
the local CZ parameter. It then computes the probability of
occurrence of a turbulent layer as a function of the mean
properties of the medium, using a Richardson stability
criterion. This model uses rawinsonde data and predicts a
profile of mean C% whose agreement with the radar
measurements is quite good. The parameter Ly is used as an
adjustable constant; the value leading to the best fit with
experimental data (10 m) appears very comparable with direct
in situ measurements [Barat and Bertin, 1984] or with stellar
scintillation data [Coulman et al., 1988]. However, the
hypothesis that no temperature fluctuations exist in regions
where Ri > 1/4 seems very unrealistic. Such fluctuations
correspond to decaying or "fossil" turbulence and their
inclusion in the model would have led to an overestimation of
the predicted C3.

As regards vertical measurements, the Fresnel scattering
model of Gage et al. [1985] produces an equivalent
reconstruction of the observed radar reflectivity profiles. This
model assumes, as in the present work, that the refractive
index fluctuations result from vertical displacements in a
stably stratified medium, and thus implicitly predicts the same

ndency of radar reflectivity upon the local static stability
d(g%ev). However, this comparison uses a "Fresnel reflection”
formula, equivalent to an "infinite anisotropy” hypothesis
[Doviak and Zrnic', 1984], and adjusts the observed and
predicted profiles with an empirical coefficient.

4.5. Conclusions

When the radar equation is directly used with in situ
measurements in order to reconstruct the observed S/N profile,
some surprising results are found:

For oblique measurements, where the classical isotropy
hypothesis is supposed to be valid, the reconstruction is very
disappointing. The shape is poorly reproduced, the dynamic
range is smaller than observed, and the S/N is strongly
overestimated. For this last point, we could not find any

satisfactory explanation. For the first two points, the highly
intermittent nature of turbulence allows us to understand why
statistical models, based on mean properties of the medium,
with presumably large horizontal extension, give satisfactory
results when compared with medium vertical resolution, time
averaged, radar measurements, It is clear that the dynamic range
observed on both in situ and radar high-resolution profiles
results partly from an important time variability, and that a
time average would reduce it.

As regards vertical measurements, the hypothesis used,
namely the predominance, at scales = 3 m, of an anisotropic
temperature spectrum due to the vertical displacement of fluid
particles in a stably stratified background, appears very
satisfactory regarding the reconstruction of the shape and
dynamic range observed with the radar. However, the predicted
level is strongly overestimated, as for oblique measurements,
when the anisotropy is included, even qualitatively, in the
reconstruction process. This constitutes a puzzling maze, since
the buoyancy range theory is in perfect agreement with in situ
measurements [Sidi and Dalaudier, 1988] and since the aspect
sensitivity of the radar echoes constitutes a proof of this
anisotropy and gives some clues to its order of magnitude.

The general conclusions of this work cannot be considered as
definitive, since they are based on a single comparison which
was made with a small number of radar profiles (with no
accurate calibration) and only one balloon ascent (and some
rawinsondes profiles). However, to our knowledge, this work
is the first attempt to make a quantitative assessment of the
radar equation (1). The partial failure of this comparison,
especially for the determination of the level of signal returns,
can be considered as a warning for a cautious use of the radar
equation.

This failure of a direct comparison between individual
measurements does not contradict the success of such
reconstruction for the mean radar profile based on large-scales
properties of the medium. However, up to now, such models
used arbitrary constants in order to adjust the predicted level to
the observed one, and thus, do not constitute an assessment of
the coefficients of equation (1).

From a pragmatic point of view, the success of the
reconstruction obtained in Figure 6 and 7, when ignoring the
effect of the anisotropy, can be viewed as a new empirical
model for the vertical VHF radar measurements. This model,
while based on a different hypothesis, is similar to the one
proposed by Gage et al, [1985], except that no adjustment
constants are needed.

A more detailed comparison between in situ and remote
sensing measurements of the temperature (or refractive index)
fluctuations is currently planned in April 1989 with the
participation of other instruments.

APPENDIX

A.l. Definitions

In this appendix, the relations between three-dimensional,
one-dimensional and scalar spectra are established for the case
of a simple anisotropic model. The first assumption is that the
anisotropic auto correlation function (ACF) R, corresponds to
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an isotropic one R; flattened in the vertical direction. In other
words the "iso-ACF" are oblate ellipsoids with an aspect ratio
B independent of k. This can be written

Ra(x’)'»z) = Ri(x:YvB Z)

The second assumption is that the one-dimensional vertical
spectrum S; associated with R; is a power law with a spectral
index p. If Q; is the associated isotropic three-dimensional
spectrum, this means

(GV))

Si=AK ¢._-Lk(l"2) (A2)

The anisotropic three-dimensional spectrum (]), is the
Fourier transform of R,. Thus, withz' = z

0a= HIRa(X.y,Z) elkrdx dy dz
= [[IRix.y.2) €l G + Ky +K,2/B) ax dy dz'/p

Dalkxky.kz) = (1) PiCkx.kykz/B) (A3)

A.2, The one-dimensional vertical spectrum
By definition, the one-dimensional spectrum is
Satkp =2 [ ¢. dky dky

= 27 P HOS( +k /|32)(P-2)/2dk dky

with the variable change k + k§ = r2, dky dky = d(x r2) and
k2/B2 = c2 the two fold integral is

x J(rz +)P D242 = x Ja(l"z)’ 2t = 22 P
P
C
and thus

Sa(kz) = (A/B) (k/B)° (A9

A.3. The scalar spectrum
In spherical coordinates (k,0,), the scalar spectrum reads

EM= - LA [[ R k2 5in6 do do
-2
R = (k2 5in20 sin2g + k2 sin20 cos2 + k2 cos2(-)/|32)(p "

1
E,(k) = --EBA— kPJ[1+(cos2e)(1/132-1)]("'2)ﬂd(cose) (AS)

This shows that the scalar spectrum is a power law as in the
isotropic case. Setting m = (1/B2-1) and y, = cos0, the integral
in the right-hand side reads

3

Fp(8) = 0] [+me2® “6)

For the special case p = -3, this function is known to be
AR m E2 2
Fi®= (1+ m&i) 3 (l+ mé2 a7
and the scalar spectrum reads
E0=2R F,)k3= @+pHAKS  (A9)

B

A4, Relation for strong anisotropy

For a given k, the ratio between the vertical ancbt%e
horizontal value of the three-dimensional spectrum is B
For values of p smaller than -1.5 and values of P larger than 5
[Waterman et al., 1985] this ratio is larger than = 300. With
such a strong anisotropy, the only region contributing to the
integral for both one-dimensional and scalar spectra is the
region close to the vertical axis. In this region, the two
integration surfaces differ very slightly (a sphere and its two
tangent planes are very close near the axis of symmetry).
Thus, for large anisotropy, the vertical one-dimensional
spectrum and the scalar spectrum are (nearly) identical.

This relation can be verified i m the case p = -3, where exact
integration was performed, as B2 is very close to (B2 + 2) for
large values of B.

AS. Variation of the radar signal with the anisotropy

As stated in section 3.1, the radar signal, as a function of
beam pointing angle, is proportional to the angular
convolution of the three-dimensional spectrum with the radar
lobe. In order to simplify the computation, an equivalent
"conic lobe" (with an efficiency of 1 inside the lobe and 0
outside) of total width 5.2° is used. The convolution then
reduces to a simple integration of the three-dimensional
spectrum into the solid angle associated with the lobe. In order
to study the variation of the signal with the anisotropy, for a
given scalar spectrum E, this integral must be normalized by
two factors. First, it must be divided by the solid angle
corresponding to the integration domain, thus giving a
quantity equivalent to a three-dimensional spectrum. Then, in
order to obtain a dimensionless quantity, it must be divided by
the isotropic three-dimensional spectrum that would produce
the assumed scalar spectrum E. Using (A6), this normalized
signal reads
Fp(c1) - Fp(c2)
CeP) (c1-¢2)

-0
Fp(1) - Fp(0)

(A9)

where ¢ and co are the cosines of the integration limits
(0° and 2.6° for vertical measurements or 11.9° and 17.1° for
oblique ones). Using this simple model, an estimate of the
radar signal can be obtained in two steps: First, starting with
either an in situ measurement or a theoretical estimate of the
temperature spectrum, the echo power is computed using (1)
along with the isotropic conversion formulas (5). Second, the
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Fig. Al. Variation of the expected radar signal as a function
of the assumed anisotropy of the temperature three-dimensional
spectrum. The calculation is made with the simple anisotropic
model stated in the appendix, for vertical and oblique
measurements and for the two spectral slopes p = -3 (solid) and
p = -5/3 (shaded). The finite size of the radar lobe is taken into
account and leads to a saturation effect for vertical
measurements, when the "width" of the spectrum is smaller
than the lobe. For oblique measurements, after an initial
increase for moderate anisotropy, a rapid decrease of the signal
is expected for large anisotropies, when all the energy of the
spectrum concentrates around the vertical direction.

correction factor Gp(B) is applied in order to account for the
assumed anisotropy of the scattering medium.

For any given spectral slope p, this function can be
computed by numerical integration. Its variations are shown
on Figure Al (in log-log coordinates) for both vertical and
oblique direction and for two values of the spectral slope:
p=-3 and p = -5/3. It appears that, for vertical measurements,
the finite size of the radar lobe limits the effect of the
anisotropy. For values of P larger than = 30, both signals are
close to the saturation value, 1/(1 - cos(2.6%), = 970 times the
isotropic level. For p = -3 and B = 5, the increase of the
vertical signal is = 65; this is only 10% of the increase of the
corresponding three-dimensional spectrum in the vertical
direction (B4 = 625).

For oblique measurements, the signal increases up to a
maximum for both spectral slopes (G_3(3.6) = 8.3, G_5/3(4.6)
= 7.2) and then decreases rapidly (with a slope p for large B).
Since the presumably isotropic scalar spectrum, as deduced
from in situ measured turbulence (with a -5/3 slope), is
usually more than a decade above the theoretical BSR spectrum
(with a -3 slope) as given by (6), the effect of the anisotropy
cannot be seen in the oblique direction (with k = 2 rad m™1),
even for large values of B.
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