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Abstract-We report about a quantitative comparison of rocket observations of electron density fhrc- 
tuations and simultaneous 53.5 MHz radar measurements that were obtained during the MAC/SINE 
campaign in northern Norway in summer 1987. Out of three rockets launched during the Tur- 
bulence/Gravity Wave salvo on 14 July 1987, two were flown during conditions that allowed a detailed 
investigation. For a large part of the data from these rocket flights it is found that the radar reflectivity is 
about IO dB, enhanced over what would be expected from the rocket observations in the case of isotropic 
electron density fluctuations. The observations can be reconciled under the assumption of an anisotropic 
turbulence. Assuming a simple model spectrum for the electron density fluctuations, we derive a relation 
between the rocket and radar observations that covers the whole range from isotropic turbulent scatter to 
Fresnel scatter at horizontal density stratifications. For the observed dataset, an anisotropy which typically 
corresponds to a ratio of the horizontal to the vertical coherence length of about 10 is consistent with the 
comp~irison of rocket and radar observations. A similar a~isotr~p~ is found also from the observed aspect 
sensitivity of the radar echoes. The variation of the anisotropy with height and time shows an anticorrclatioll 
with the turbulence ievcl of the mesosphere as deduced from the spectral width of the radar echoes. The 
anisotropy is found to maxim& in heights where the electron density displays deep ‘bite-outs’. These 
depletions in the electron density were independently obscrvcd by a Langmuir and an admittance probe 
on board two of the rockets. 

t.INTltODUCTION 

In this paper, we report about the comparison of a 
series of in situ rocket-borne electron density measure- 
ments with simultaneous radar observations during 
the Turbulence/Gravity Wave salvo of the MAC/ 
SINE campaign. Such comparisons of ion or electron 

density measurements in the upper mesosphere on 
board rockets with ground-based radar observations 
have first been carried out by TF~RANE et al. (1981) 

and HOCKIK; and VENCENT (1982) using radars at 
transmission frequencies in the MF/HF frequency 
range. However, a quantitative comparison of the 
electron density fluctuations with radar echoes at 

these frcyuencies turned out to be difficult because 
radar waves at such low frequencies are subject to 

substantial D-region absorption and refraction. 
Moreover, these radar systems are difficult to 
calibrdtc. Ncvcrtheless, it could be concluded from 
these studies that turbulent scatter (THRANE t’t ul., 

1981 ; ROYRVK, 1985) and quasi-specular reflection 
(HOCKING and VINCENT, 1982) wcrc both important 
scattering mechanisms for mesospheric radar echoes 
at M FjHF frcqucncies. 

Similar cxpcrimcnts have been repeated later by 

R~YRVIK and SMITH (1984) at low latitudes and by 

ULWICK er ul. (1988) in the polar summer mesosphere. 
The latter experiment was carried out as a part of the 
STATE campaign which took place at Poker Flat, 
Alaska, in summer 1983. The above authors used 
rocket-borne Langmuir probe observations to com- 

pare with mesospheric radar echoes at 50 MHz. In 
both of these experiments, the mesospheric radar scat- 
ter was assumed to be caused by turbulent and iso- 
tropic electron density irregularities. ROYRWK and 

SMITI-~ (1984), however, utilized a radar with a poor 
range resolution so that only an order of magnitude 
comparison between the observed echo intensity and 

the estimated intensity from the rocket probe 
measurements was possible. They found consistency 
with their assumptions within these coarse error 

bounds. In the detailed comparison by ULWICK of 

ul. (1988) a good quantitative correspondence of the 
height profiles of the measured electron density irrcgu- 
larities and the backscattered radar returns was 
obtained in the height range between 80 and 90 km. 
However, in the height of the power maximum, the 
echo power estimated from the rocket measurements 
was systematically larger than the echo power 
observed in a 15 off-zenith beam direction if isotropy 
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of the electron density irregularities was assumed. 
In the recent past, evidence has grown from vertical 

and oblique radar observations that the scattering 
electron density irregularities at upper mesospheric 
heights are at least temporarily not isotropic even at 
VHF wavelengths (FUKAO er nl., 1979; CZECHOWSKY 
rt al., 1988). Moreover, it is difficult to understand 
why the horizontally stratified scattering layers that 
are inferred from the HF radar observations and that 
are sometimes assumed to have a vertical scale size of 
only some IO m should not have any influence on the 
irregularities at VHF scattering lengths of about 3 m. 
Some indirect evidence of these stratified density 
irregularities can also be found in the electron density 
spectra observed by rocket probes. At least for one of 
the rocket flights during the STATE campaign the 
obtained spectra show indications of a k- ’ wave num- 
ber range at wavelengths above some meters, which 
arc reminiscent of vertical electron density steps (KEL- 
LEY and ULWICK, 1988). The energy cascade inti- 
mately connects the energy spectral density at all 
scales of the buoyancy and the inertial range. As the 

electron density largely behaves as a passive tracer 
in the turbulent motion of the neutral air, a similar 
interdependence of different scales can be expected to 
exist for the electron density fluctuation spectrum. 
Conscqucntly, only a gradual change from the 
predominant horizontal stratification at larger 
wavelengths to isotropy at small wavelengths should 
occur. 

It must be stressed that both the radar and the 
rocket probes can see mesospheric turbulence only 
indirectly by means of the electron density Auc- 
tuations. The link between turbulence and density 
fluctuations is provided by the widely accepted 
assumptions that the mesospheric ions can be con- 
sidered as a passive tracer (HILL and BOWHILL, I976 ; 
THRANE and GRANDAL, l981), and that the electron 
charge density screens the ion density to maintain 
quasi-neutrality. The latter assumption is certainly 
satisfied at scales longer then the Debye length of the 
plasma, while the first assumption loses its validity 
somewhere at very large scales for which the eddy 
turnover time exceeds the lifetime of the ions, HILL 
and BOWHILL (1976) estimate their lifetime in the 
mesosphere to be longer than 100 s. For scales of the 
order of the radar wavelength that are of interest here, 
the first of the above assumptions is therefore very 
likely to hold because the typical autocorrelation time 
of mesospheric 3-m irregularities as inferred from the 
width of the radar signal is only of the order of I s or 
less. 

In order to understand turbulent transport and dis- 
sipation in the upper atmosphere, a quantitative mea- 

sure of the anisotropy of the electron density irregu- 
larities at various length scales would be desirable. In 
the present work, we attempt to determine a par- 
ameter that measures the anisotropy of mesospheric 
turbulence both from the radar aspect sensitivity and 
from the comparison of the radar and rocket obser- 
vations. The paper is organized as follows : in Section 
2 we explain some experimental details and the 
geometry of our experiment, in Section 3 the exper- 
imental results of the rocket and radar observations 
are presented and are quantitatively compared in Sec- 
tion 4, and a final discussion and summary is pre- 
sented in Section 5. 

2. EXPERIMENTAL SET-W 

As part, of the MAC/SINE campaign, four Super 
ARCAS rockets were launched from the Andsya 
Rocket Range, Andenes, Norway, on I4 and 15 July 
1987. Among these four rockets, three were dedicated 
to study mesospheric turbulence and gravity waves in 
a joint observation on I4 July over a time period of 
several hours together with ground-based and other 

rocket measurements (Turbulence,/Gravity Wave 
salvo). The fourth rocket was launched on I5 July 
1987 when in addition to other ground-based facili- 

tics. the EISCAT radar was operating (EISCAT 
salvo). The results of this latter experiment will be 
reported elsewhere (KELWY et al., 1990). 

All four Super ARCAS rockets had simple d.c. probes 
(Langmuir type) for the measurement of electron cur- 
rents at high resolution, as were flown on the STATE 

rockets (UL.WICK ef ul., 1988). The relative electron 
density was measured by monitoring d.c. electron cur- 
rent to the isolated tip of the nose cone, which was 
held at a fixed +3 V bias potential with respect to the 
rocket skin. The collected current was converted to a 

l&bit digital number and transmitted to the ground 

at a rate of 8000 bytesjs. This gives excellent data to 
carry out power spectral analysis. but does not give 
absolute electron density necessary for calculating the 
radar reflectivity from the rocket data. Furthermore, 
the STATE data revealed electron depletions in the 
intense backscatter regions, including for STATE 3 a 
deep ‘bite-out’ in the electron density of more than an 
order of magnitude. To determine to what extent the 
electron depletions were real, two of the MAC/SINE 
Super ARCAS rockets had, in addition to the d.c. 
probe, an RF capacitance probe for the measurement 
of absolute electron density. This probe has been used 
in several mesospheric investigations (e.g. HARRIS cut 
al., l983), and details of a description of the probe are 
contained in this reference. Briefly, an RF generator 
generates 3.0 MHz and the oscillator output is fed 
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through an RF bridge to one-half of the instruments 

dipole antenna and the guard electrode. The ground 

return for this dipole is the Super ARCAS rocket 
body. When immersed in the ionospheric plasma, the 

dipole can be equated to a simple parallel RC circuit 

with values of R and C dependent upon electron den- 
sity of the ionospheric medium. As these values 
change due to changes of electron density of the 
plasma, imbalances in the RF bridge circuitry result. 
These changes are amplified and synchronously 
detected, and are commutated to form the output of 
the probe. We only flew the RF probe on two of the 

rockets because of concern that this ‘heavy’ payload’s 
apogee would be marginal relative to the peak altitude 
of the intense backscatter region near 90 km. 

However, all rockets reached altitudes above 93 km 
with the peak altitude more dependent of winds than 
the extra 2 lb. of weight of the ‘heavy’ payload. In the 
next section the probe measurements are compared 
and discussed ; the value of adding the RF probes is 
clear and any future flights will have both probes. 

During the time of the rocket launches and in 
between, the mobile SOUSY-VHF radar system was 
operated at 53.5 MHz in a 6-beam mode looking 

sequentially into the vertical, towards NE, NW and 
SW with a 4 angle and towards N and W at a 5.6” 
angle off-zenith. The integration time for each single 
beam measurement was about 10 s, so that a full beam 

cycle took about 1 min. The range resolution was 
Ar = 300 m and a height range from 60 to 100 km was 
covered. The radar was operated at a peak transmitter 
power of P, = 75 kW, which is about half the 
maximum possible power. The low power mode was 
chosen in order to reduce the possibility of a trans- 
mitter failure during its continuous operation for the 
time of the MAC/SINE campaign of more than a 
month. A list of the other radar parameters and a 
further description of the radar system can be found 
in CZECHOWSKY et al. (1984). 

The radar receiver was calibrated both by a noise 
source of known temperature (varied between 0 and 
12,000 K) and independently by an attenuated trans- 
mitter signal that was directly fed into the receiver 
after measuring its amplitude. Both methods gave 
results consistent within lo%, the error probably 
being due to the uncertainty with which the receiver 
bandwidth is known. The calibration was repeated for 
another radar program with a different code, pulse 
length etc., and a deviation of the calibration constant 
of only 20% was found if the effects of coding, pulse 
length and attenuation were accounted for (HOCKING 

et al., 1983). This calibration procedure enabled us 
to convert the received power P, from tape units to 
physical units so that we did not have to guess the 

noise power and then use the signal-to-noise ratio 

to infer the received power. The noise power P,, is 

essentially due to galactic and instrumental noise and 

the first of these noise sources varies appreciably in 

Andenes by more than a factor of 2 within a sidcral 
day. This makes signal-to-noise ratios difficult to com- 
pare during the course of the day. 

The noise power is needed here only for subtraction 
from the received power. This difference, the echo 
power P,- P, from a distance Y is often expressed in 
terms of a radar reflectivity v,,~~,~ (BATTAN, 1973) 

(1) 

where krirdar = 1.12 rad/m is the radar wave number 

of the SOUSY system, G = IO3 55 is its antenna gain, 
and LX takes account of losses on the transmission and 
receiving path of the radar system (of about 3 dB for 
the SOUSY radar). For a typical noise power, a 1 dB 

signal-to-noise ratio with P, = 2P, from a height of 
85 km yields for the SOUSY parameters a reflectivity 
of about 6.5 * lo- “mm ‘_ In physical terms, qradclr is 471 
times the differential backscattering cross-section of a 
unit volume. Equation (I) assumes that the total radar 

volume contributes homogeneously to the scattered 
signal (volume-filled scattering). The radar volume at 
a distance r is fRr2Ar, where fi = 471/G denotes the 

solid angle of the antenna beam characteristic. The 
horizontal extent of the radar volume in a height of 85 
km is about 4 km in diameter. One of the fundamental 

assumptions upon which the interpretation of our 
observations is based is the statistical homogeneity of 
the electron density turbulence over at least the scale 
size of the radar volume. 

In the left part of Fig. 1 the geometry for the exper- 
iment at the Andoya Rocket Range is shown. The 
rocket launch site is at the origin and an arrow shows 
the general azimuth of the Super ARCAS launches, 
with a legend giving the approximate range and alti- 

tudes of the rockets at various points along the ground 
track. The location of the SOUSY radar is shown 
along with the azimuths for its five off-zenith beams 
and the intersection of these beams with a plane in an 

altitude of 85 km, where echoes most probably occur 
during the summer. The data obtained during the 
ascent of the rocket flight were thus obtained about 
20 km north and 5 km east of the closest SOUSY 
beam (north beam). The velocity of the rocket at a 
height of 85 km was about 450 m/s during the ascent 
and the velocity vector made an angle of roughly 30’ 
with the vertical in this height. The right part of the 
figure shows a sketch of the beam and rocket geo- 
metries as another perspective. 
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Fig. 1. Sketch of the relative location of the Super ARCAS rocket trajectories and the SOUSY antenna 
beams. There are six antenna beams of the SOUSY radar pointing vertically, towards NE. NW and SW 
with 4’ off-zenith angle and towards N and W with 5.6’ off-zenith angle. The left part of the figure is a 
view from the top. The crosses denote the horizontal coordinates of the radar beams at a height of 85 km ; 
the open circles give the rocket position at the indicated height. The right part of the figure shows a side 

view of the beam configuration and the rocket trajectory. 

3. EXPERIMENTAL RESULTS 

The three Super ARCAS rockets dedicated to 
the Turbulence/Gravity Wave (TGW) salvo were 
launched on 14 July 1989 at 0800, 0929 and 1255 UT. 

In the following, WC shall briefly refer to these launches 
by their sequence number 1, 2 and 3, respectively. In 
Fig. 2 we show the echo power obtained for the ver- 
tical beam of the SOUSY radar during this time inter- 

val. The rocket launches are indicated by a vertical 
vector above the time axis. At the beginning of the 
time interval, between 7 and 8 UT, there was sub- 

stantial backscatter of more than 40 dB above the 
noise. The backscatter intensity then declined steadily 
until it almost disappeared entirely after about 12 UT. 
The high echo intensity fingers pointing downwards 
in time from the bottom side of the echo layer between 
8 and 10 UT are probably indications of gravity waves 
propagating from below (FRITTS et al., 1988). 

3.1. Rocket probe results 

The d.c. (Langmuir type) probe has been used 
extensively in research studies on the ionization in the 
upper atmosphere. It has been shown to be especially 
useful in investigations of electron density structure 
in the F-region (e.g. Szuszcz~wrcz et al., 1980 ; KEL- 
LEY et al., 1982), in the E-region (e.g. PRAKASH et al., 

1972; PFAFF et al., 1982), in the mesosphere (e.g. 

ROYRVIK and SMITH, 1984; ULWICK et al., 1988) 
and in barium clouds (BAKER and ULWICK, 1978). 

However, it is common to calibrate the d.c. probe 

using some other form of electron density measure- 

ments because no satisfactory method is available to 
derive the electron density from the fixed-bias d.c. 

probe collected current. There is a danger in this, 

as pointed out by BAKER et al. (1985), because the 
sensitivity of the Langmuir probe depends quad- 
ratically on the Debye length. In MAC/SINE one 

of our objectives was to determine the extent and 
limitations of using the fluctuations AI/Z in the current 
to derive electron density scale lengths and fluctuation 
levels AN,/N, in the mesosphere. Therefore, two of 
the rockets were flown with an added RF capacitance 
probe. The second and third rockets of the TGW salvo 
were chosen to provide consecutive measurements of 
an intense backscatter region decaying to a low or no 
backscatter situation. 

Figure 3a shows the superposition of the RF probe 
electron densities on the densities derived from the 
d.c. probe currents for the second rocket flight. The 
attempt is to achieve the best fit to the results above 
and below the region of electron depletion. Except 
for the depletion region there is surprisingly good 
agreement in the two profiles, even in fine scale struc- 
ture in the mesosphere region, i.e. below 90 km. Above 
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Fig. 2. Relative echo intensity observed in the vertical SOUSY beam during the time of the Tur- 
bulence/Gravity Wave salvo. The distance from one range gate to the next is 300 m. The height of the 
grey-shading within each range gate is proportional to the logarithm of the echo intensity in the height 
such that a grey-shading over a full range gate corresponds to a signal-to-noise ratio of 40 dB. The launch 

times of the Super ARCAS rockets are indicated by arrows above the abscissa. 

90 km the electron density derived from the d.c. probe 
currents becomes progressively less than the electron 

density inferred from the RF probe. This discrepancy 

is most likely due to spin-related wake effects or 
changing Debye shielding effects (BAKER et al., 1985). 

In the region of electron depletion from about 82 to 
88 km, the d.c. probe indicates a smaller electron 
density than the RF probe. The d.c. probe results 

are reduced in a nonlinear fashion with the largest 
deviation at the ‘bite-out’ in the electron density at 
86 km. KELL~Y and ULWICK (1988) suggested the 

presence of heavy water cluster ions in this uniquely 
cold region of the atmosphere to explain the intense 
summer radar echoes. This suggestion is supported by 

the fact that these ions are known to sometimes form 
sharp density gradients in the mesopause region. their 
appearance is favored by small electron densities as 

they exist inside the ‘bite-outs’ (e.g. REID, l989), and 
they are supposed to enhance the backscatter by 
reducing the ion density diffusion (KELLEY et al., 
1987). The presence of the water cluster ions may also 
be related to the lower relative current readings in the 
‘bitt-out’ region. At the moment, however, we cannot 
rule out the presence of other positively charged heavy 
ions or dust particles to account for the anomalous 
d.c. probe response inside the ‘bite-out’ or the effect 
of payload charging. These possibilities will be studied 
further in a future publication. 

In Fig. 3b, the RF probe electron densities from the 
ascent of the third rocket flight are superimposed on 

the d.c. probe densities to obtain the best fit to the 
data above and below the depletion region, as was 

done for the second flight. The results show a small 
‘bite-out’ in the electron density profile of about 10% 
and in the d.c. probe densities of about 35% at 82 km. 
Above this region up to a height of 88 km the RF 

probe electron density is slightly higher than the d.c. 
probe density by an almost constant factor. Overall, 
however, there is very good correspondence between 
the RF and d.c. density profiles as in the results of the 
second flight. Furthermore, the correction factor to 
change the d.c. probe currents to electron densities is 

almost identical for both flights, which is also very 
encouraging. Therefore, we will use this constant 

factor, 4.5 x IO’ electrons/(cm ampere), to obtain the 
electron density from the d.c. probes for the profiles 
of the first rocket of the TGW salvo presented in this 
paper, and also for those from the rocket launched at 
the EISCAT day on 15 July 1987 (KELLEY c’t cd., 
1990). For the depletion regions a first-order empirical 

correction factor will be invoked when electron dcn- 
sities are required in the calculation of the radar 
reflectivity from the rocket probe measurements. 

We often observe that the d.c. probe currents near 
the peak of the trajectory and on rocket descent are 
smaller than the ascent values, presumably due to 
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Fig. 3. Superposition of the d.c. probe electron currents to a best fit to the corresponding electron densities 
from the RF probes for the second (a) and third (b) rocket flight of the TGW salvo. The resulting 
conversion factor to obtain the electron density from the d.c. probes is 4.5 x 10’ electrons/(cm’ ampere) 

and is nearly identical for both rockets. 

spin/wake effects. This effect exists until aerodynamic 
torque causes the spacecraft to tip over and align 
with the velocity vector rocket tip near 80 km. Our 
experience with RF probe measurements, however, 
shows no such effect for these types of probes. This is 
shown in Fig. 4a,b, where we have overlaid the descent 

results on the ascent results for both rockets. Note 
that although the ascent results are higher than the 

descent results near 88 km for both flights, above 
and below this region there is good agreement. The 
agreement also includes the structured ‘bite-out’ 
regions which are horizontally separated by more than 
35 km. For the second rocket there is an added ‘bite- 
out’ region near 83 km on rocket descent not present 
in the ascent results. This, however, is the same alti- 
tude of the ‘bite-out’ shown in the results from the 
third rocket obtained about 3.5 h later. These data 
show that at vertical scales of a few kilometers some 
features are similar over horizontal separation dis- 
tances of tens of kilometers indicating a horizontal 
coherence length of at least 10 times the vertical co- 

herence length for these density structures. At vertical 
scales of meters, however, features are not the same 
between the ascent and descent of the rocket tra- 

jectory. 

3.2. Rocket-radar comparison 

The comparison between the ascent rocket electron 
density profiles and the radar cross-sections for the 

north beam, which is the closest SOUSY beam, is 
presented in Fig. 5 for the TGW salvo. The EISCAT 
salvo results are also shown in Fig. 5d for comparison 
purposes. As noted above, the electron density profiles 
were obtained from the d.c. probe that was calibrated 
using the RF capacitance probe measurements. The 
radar reflectivity is the result of an averaging over 
three records (=3 min) centered around the time 
shown. In Fig. 6 we present the square of the spectral 
width of the radar returns from the vertical beam for 
about the same instances, although averaged over 10 
min to give more reliable estimates. 

In gene1 al, the large fluctuations and strong gradi- 
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Fig. 4. Comparison of the rocket ascent and descent RF probe electron density results for the second (a) 
and third (b) rocket flight of the TGW salvo. 

ents in electron density occurred in the regions of most 
intense backscatter. This was also true for the two 
STATE rocket measurements. It is obvious that the 
radar reflectivity on the EISCAT day was much 

stronger (by more than one order of magnitude) than 
the highest measured reflectivity on the TGW day. 
However, equally obvious is that the electron density 
in the peak scattering region during the EISCAT 
rocket flight was about an order of magnitude greater 
than during the TGW event. Such variations in D- 
region electron density are quite interesting and may 

be caused by a combination of enhancements due to 
particle precipitation and changes in recombination 
rates due to the formation of cluster ions. The 
EISCAT rocket electron density profile and that of 
the first rocket flight on TGW day are characterized 
by highly variable or ‘turbulent’ fluctuations similar 
to the STATE I results. As shown in Fig. 6a, the 
vertical velocity fluctuations are substantial at that 
time in the whole height range between 80 and 90 km. 
The same holds true for the fluctuations during the 
EISCAT day flight (KELLEY et al., 1990). 

The second TGW rocket electron profile, on the 

other hand, is very similar to the STATE 3 results in 

that the region of radar backscatter partly cor- 
responds to the altitude of steep gradients in the elec- 
tron density caused by a deep “bite-out’ in the electron 

density of almost an order of magnitude. The lower 
of the two echo layers that formed at 0930 UT seems 
to be associated with this ‘bite-out’ observed just 
above 85 km. The vertical velocity ~uctuations (Fig. 
6b) have a marked minimum at that height so that 
the scattering mechanism is either quasi-specular 
reflection or some chemical processes give rise to both 

the electron ‘bite-out’ and the backscatter inten- 
sification as proposed by KELLEY and ULWICK (1988). 
As mentioned above, the different response of the d.c. 
and RF rocket probes to the ‘bite-out’ may be taken as 
an indication of such chemical processes. The second 
echo layer at slightly below 90 km seems in the reverse 
to be associated with strong vertical velocity fluc- 
tuations comparable to the ‘turbulent’ fluctuations 
observed during the first rocket flight. 

The third TGW salvo rocket results show only a 
small depletion (about 10%) near 83 km which cor- 
responds to a small backscatter signal just above the 
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Fig. 5. Comparison of the ascent rocket electron density profiles from the d.c. probes and the SOlJSY 
radar reflectivity observed simultaneously in the northward beam for the four MAC/SINE rockets. The 
panels (a) -(c) show the results of the TGW salvo flights No. l--3, respectively ; panel (d) displays the results 

of the EISCAT salvo. 
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SOUSY VHF - 14 July 1989 
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Fig. 6. Height profiles of the squared spectral width of radar signal observed in the vertical beam during 
the TGW salvo rocket flights. The values are averaged over 10 min centered around the times indicated. 

noise level. Above about 89 km there are some small- 

scale structures which give rise to somewhat stronger 
echoes. Neither the processes forming the ‘bite-out’ 
nor the vertical velocity fluctuations are obviously 

sufficient to produce remarkable backscatter at 1250 
UT. 

In order to quantitatively compare the rocket obser- 
vations of the small-scale density fluctuations and the 
radar reflectivity, we use the same approach as with 
the STATE results, i.e. we power-spectrally analyze 

the probe data and use the formula given by ROYRVIK 
and SMITH (1984) to obtain equivalent reflectivities 

v,,,~,~ based on the assumption that the observed elec- 
tron density fluctuations are isotropic. The relation 

used by ROYRVIK and SMITH [ 1984 ; equation (6)] can 
be written as 

%“&,(k,,) = fl8x i r 
( ,) 

; 2 S,(h) (2) 

where Y,. = 2.82 * lo- I5 m is the classical electron 
radius and 

is the power spectral density of the electron density 

fluctuations Siv,. at wave number k, along the rocket 
trajectory, n is the spectral index of S,,+, Vis the rocket 
velocity and T the length of the time interval con- 
sidered for the power spectral estimation. Here, VT 
was chosen such that a spatial resolution comparable 
to the radar range resolution of 300 m was obtained. 
The probe data from the first two rockets in the TGW 
salvo were analyzed, but not the third, because the 

echoes were too weak at that time. For the second 
rocket we used the absolute electron densities from 

the RF probe and the spectra from the d.c. probe. For 
the first rocket the calibration of the d.c. probe was 
used as previously described. 

The results of the analysis for k equal to the 

SOUSY scattering wave number of 2k,,d,, = 2.24 
rad/m are given in Fig. 7a,b, along with the SOUSY 
results for the north beam. For the first rocket (Fig. 
7a) there is agreement between the rocket and radar 
results concerning the general variation of the reflec- 
tivity with altitude, except that the rocket results 

appear slightly compressed and downshifted in height. 
Also, the peak of the calculated rocket reflectivity 
indicates much more structure than observed by the 
radar. The maximum values of qrockc, and v,,~,, are 
in approximate quantitative agreement, even though 
they are at slightly different heights at 87.5 and X9 km, 
respectively. Above and below these heights, however, 
the rocket reflectivity seems to decline much more 
rapidly than the reflectivity observed by the radar, the 
discrepancy reaching an order of magnitude below 
the peak and even more so above. The observations in 
the height region below 84 km are difficult to compare 
because there is a significant spatial and/or temporal 
structuring of the electron density at that time. Refer- 
ring back to Fig. 2, we note that the radar return from 
around 82 km only lasts for about 5 min. centered 
around launch. A comparison of ascent and descent 
electron density profiles for this rocket (not shown) 
also displays large spatial differences at that time. In 
contrast, Fig. 4 shows that for the other two rockets 
there is in general quite good agreement between 
ascent and descent results. In Fig. 7b, the agreement 
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Fig. 7. Height profiles of the reflectivity qradar (0, = 5.6”) 
observed by the SOUSY radar in the northward beam and 
the reflectivity qroCker estimated from simultaneous rocket 
observations under the assumption of isotropy. The plots (a) 
and (b) show the results for rocket flights No. 1 and 2 of the 

TGW salvo, respectively. 

between the rocket and radar reflectivities is much 

better, each showing two regions of nearly the same 
intensity with a minimum near 87 km. However, a 
radar reflectivity systematically larger than that cal- 
culated from the rocket observations cannot be denied 
also for this second rocket flight, at least for heights 

below 87 km. 
In both the above cases the rocket reflectivity cal- 

culation usually yields smaller values than those from 
the radar observations by 5-10 dB, which is contrary 
to what was found in the STATE experiments. In the 
latter case the off-zenith angle of the radar beam, 
however, was much larger than in the present exper- 
iment. A radar reflectivity slightly larger than the 

reflectivity calculated from the rocket measurements 
was also observed during the EISCAT salvo even 
though the reflectivities found on that day were more 

than an order of magnitude larger than during the 

TGW salvo (KELLEY et al., 1990). As pointed out 
earlier, the electron density for the EISCAT day was 
more than an order of magnitude greater than those 
measured during the TGW salvo in the structured 
regions. 

3.3. Radur aspect sensititlitJ 

During the first two launches, the echo intensity 
was large enough to determine the variability of the 
echo intensity with the off-zenith angle O,, of the radar 
beam. For this purpose, the rcllectivity )lrad‘JOO) seen 
in all six radar beams was mapped into the height that 

corresponds to the observed range times cos0,. For 
each height gate and time record the reflectivities from 

the six beam directions were subsequently fitted to a 
Gaussian model angular dependence, or equivalently 

to 

, 
Iolog~,,,,,(o”) = yI+co;i. (4) 

Each of the fits yields estimates for the two model 
parameters, the vertical reflectivity 17 averaged over 
the six radar volume elements of the individual beams 

and the curvature c (in units of dB/degree’). which is 
a measure of the aspect sensitivity. A similar model 
has been used by HOCKING et ~1. (1986) and 
CZECHOWSKY et al. (1988) to find the aspect sensitivity 
of their observations. In order to reduce random and 
systematic errors in the estimation of the two model 

parameters, they were only accepted if v,,~,, exceeded 
a threshold value of 3 - 10 ” m ’ for each beam, and 

was larger than at least 10. 4 times the maximum qradar 
of the height profile for each beam at that time. In 
this way, interference from side lobes of the antenna 

could be excluded. Another source of error is the 
unprecise height determination which leads to wrong 
estimates of c if Idq,,JdZl is large. Therefore, c was 
only determined when in addition to the above con- 

straint qradclr changed with height more slowly than 
8 dB/km in each beam. 

In Fig. 8, we show the height profiles of the cur- 
vature c thus determined at the time of the first two 

rocket launches. For the first rocket, an averaging 
over 10 min was sufficient to obtain a continuous 
profile of c; for the second rocket 60-min averaging 
was necessary. At the time of the third launch, the 
echo power was too small for the analysis to yield 
reliable estimates of c. The width of the grey-shaded 
region in each panel of Fig. 8 represents the uncer- 
tainty of the estimated value of c due to the error 
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Fig. 8, Aspect sensitivity of the reflectivity during flight 1 
and 2. For a definition of the curvature c see equation (4) 

and the adjacent text. 

between the observed and model reflectivity of equa- 
tion (4) : a variation of c within the given error bounds 
enhances the mean-square error of the fit to equation 

(4) by a factor ~2 relative to the least mean-square 
error. At both times in Fig. 8 we obviously find a 
clearly negative value for c, which indicates an aniso- 
tropic spectrum of the electron density fluctuations 
with the horizontal coherence length exceeding the 
vertical. The values for c are typically in the range 

between -0.5 and 0.0 dB/degree2, which in order of 
magnitude coincides with earlier mesospheric VHF 
observations (CZECHOWSKY et cd., 1988). A glance at 
the time variation of c shows that Fig. 8 is rep- 
resentative for the observations on the TGW day, 
while for the EISCAT day, when the backscatter was 
generally higher, no significant deviation of c from 

zero could be detected (KELLEY et al., 1990). HOCKING 

ct al. (1986) have shown that the parameter c not only 
depends on the aspect sensitivity of the scattering 

medium, but is still contaminated by the antenna 
characteristic. A discussion of the unfolding of the 
antenna pattern and the intrinsic anisotropy of the 

scattering medium will be postponed until the next 
section, where it will be shown that the anisotropy is 
consistent with the observed underestimation of the 
radar reflectivity from the rocket observations. 

4. IMPLlCATlONS OF AN ANISOTROPIC 

TURBULENCE 

The radar backscatter and the rocket probe are 
sensitive to different integrals over the spectral density 
$Jk) of the electron density irregularities 6N,. 
TATARSKII (1961) and OTTEKSTEN (1969) pointed out 
that the power spectral density (3) derived from the 
rocket observations corresponds to a reduced, one- 

dimensional power spectrum of the density irrcgu- 

larities : 

(5) 

Here, k, and k, are the wave number components 
parallel and perpendicular to the rocket velocity V. 
respectively. Note that S,%, and & are normalized such 

that 

s ’ d’k_ dk,@,, = 
s 

’ dk ,S, = (SN;> 
I 0 

is equal to the mean-square of the density fluc- 

tuations. On the other hand, the radar reflectivity for 
an ideal antenna and for volume-filled scattering only 
depends on the spectral density very close to the single 
wave vector k = kri, where k = 2k,,*,, and I?,, is the 
direction of the antenna beam (OTTERSTEN. 1969) : 

Note that $,,, is related to the spectrum cb,, of the 
refractive index through 

where w,, and w,,~;,~ are the plasma and the radar 
transmission frequency, respectively (WOODMAN and 
GUILLEN, 1974). For a finite beam width of the an- 

tenna system, 4,Y in (6) has to bc replaced by an 
appropriate angular average. With .y(l?) being the 
antenna characteristic in direction fi for the mono- 

static radar system, we have instead of (6) 

and the solid angle integration is to be performed over 
the angles of il. For example, Idfig = 4x/G is the 
beam solid angle and for a Gaussian beam shape that 
we shall assume here. Then the denominator in (7) 
just yields half the solid angle 2x/G. Equations (5) and 
(7) integrate 4y over different surfaces in k-space. A 
comparison of the integrals can, in the reverse, give 
information about the variation of the integrdnd 4,\. 

In the Appendix, we derive a relation between (2) 

or (5) on the one hand and (7) on the other under the 
assumption that bh can be represented by an aniso- 
tropic spectral density of the form 

For an isotropic Kolmogoroff-spectrum. q = I l/3, 
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and if additionally N, is an ideal passive tracer, then 

C is 0.033 times the structure constant C,: (TATARSKII, 

1961). Note that for a power law spectrum like (8), 

the spectral indices n of S,$, and q of 4; are related by 
II = q-2. The parameter z is the square of the ratio 

of the horizontal to the vertical coherence length of 
the N, fluctuations. We shall take this parameter as 
our measure of the spectral anisotropy. WOODMAN 

and CHU (1989) have pointed out that a unique ani- 
sotropy parameter s( probably does not exist for 
realistic spectral densities 4,V, and that very probably 

the anisotropy decreases from a value very much 
larger than unity at the buoyancy wave number 

towards isotropy somewhere close to the viscous 
subrange. We need the model (8), however, only in 
the integrals (5) and (7) where (8) may be a valid 
approximation. With respect to real spectra, z there- 
fort rcprcsents the ellipticity of the contour 

4’,) = const through k N 2k,;,,;,,A,,. For z = I, these 
contour surfaces are concentric spheres; for x > I 
they become cigar-shaped and for 0 < x < I the con- 

tours arc pancake-like. The case r = I corresponds to 
isotropic scattering while in the limit x + c/- we have 
Fresncl scatter. 

The relation between equations (2), (5) and (7) 
derived in (A7) in the Appendix is 

where 

= .f’, f2%ock&) (9) 

yields the correction due to a finite antenna beam 
width in case of anisotropy, while 

.fl= I+@-;)cos’O. 

( 

(3my).1 

> 

takes account of a possible deviation of the rocket 
path from the vertical by an angle 0,. For isotropic 
scattering (a = I) both j’, and fZ are unity and (9) 

corresponds to the formula employed by ROYRVIK 
and SMITH (1984), or in view of (2), qradrr = I?,,,~~,. In 
the limit of Fresnel scatter, 2 + a, we recover the 

scattering formula given by GAGE et nl. (I985), as 
discussed in the Appendix. 

Since 12 = q-2 is the spectral index of the one- 
dimensional spectrum S,,, relation (9) can be used to 
infer the only unknown, the anisotropy parameter 2. 
The rocket spectra in fact show that at SOUSY’s wave 
number q = 1 l/3 for a large part of the relevant height 

a 

Fig. 9. Ratio of the radar reflectivity to the reflectivity deter- 
mined from the rocket data as a function of the anisotropy 
parameter CC The curves are plotted for a rocket velocity off- 
zenith angle 0 = 0 (solid) and 45 (dashed) and for a ver- 
tical O,, = 0 and an oblique radar beam with (I,, = 5.6 A 
spectral index of the inertial range was assumed and the 

antenna parameters according to the SOUSY radar. 

range. In Fig. 9 the product of,f, and j, or likewise, 

the ratio of qrad.JUO = 0) over q,,cker is plotted by the 
graphs labeled O. = 0 as function of x for two angles 
I),, and for the antenna gain of the SOUSY radar. 
Clearly, the rocket inclination angle has relatively 

little impact compared to the anisotropy parameter X. 
In our case, the rocket off-zenith angle in 85 km was 

about 30 and its influence is negligible. 
The anisotropy of the electron density fluctuations 

at 2k,,*,, can also be derived from the aspect angle 
variation of the radar reflectivity. HOCKING it crl. 

(1986) have shown how the observed aspect angle 
dependence of v,,,~~,~ is related to an intrinsic aspect 
angle dependence of the scattering structures and the 
radar beam width. The relation 

derived in the Appendix in equation (A9) expresses 

furthermore the observed variation of ~l,*,~:,~ with the 
off-zenith angle 0, of the antenna beam in terms of 
the spectral parameters LY and q. With the help of 
(lo), the anisotropy parameter c( can be determined 

independently from (9), provided that again the spcc- 
tral index q is known from rocket observations. The 
fact that the anisotropy changes the radar reflectivity 
in oblique radar beams has been taken account of in 
the second pair of graphs in Fig. 9 labeled II,, = 5.6 , 
which is the zenith angle of the SOUSY northward 
beam. Again, the rocket velocity angle 0, has relatively 
little impact. 

In the previous section we have seen that the radar 
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reflectivity observations indeed show a significant 
variation with O,,, at least during the time of the TGW 

salvo. The relation between the observed curvature 

parameter c (see Fig. 8) and the left-hand side of (10) 
is, assuming sin H,, = BO, 

(11) 

Since both sides of (10) are bounded by - :q for CI = 0 
and by - AC for E --t co, we therefore expect the cur- 
vature 1’ to vary for the SOUSY radar between 
- :G/756 = -2.35 dB/degree’ in the case of Fresnel 
scatter if x -+ x1 and a value closely above zero if 
cc ,< I, The observations in Fig. 8 lie well within these 

theoretical boundaries. Conversely, a typically 
observed value c r -0.25 dB/degree’ yields an ani- 
sotropy parameter according to (10) and (11) of 
x = 100 if (1 = 11/3 is assumed. Note that for this 
value of x the denominator in (10) deviates from unity 
by only 10% for the SOUSY radar antenna so that 
the antenna characteristic is still negligible in our case. 

If we take it into account, a slightly larger value of 
I results. This estimate for LY is unexpectedly large, 
implying that the horizontal coherence length is about 

IO times larger than the vertical coherence length, if 
the 4 \I contour surfaces were geometrically similar for 
all scales. 

The observed curvature is also approximately con- 
sistcnt with the observed discrepancy between the 
oblique radar reflectivity ~~~~~~~~~ = 5.6 ) and the 
equivalent reflectivity qrocket calculated from the rocket 
data under the assumption of isotropic turbulence. 

During the first flight of the TGW salvo, the curvature 
in Fig. 8a has values between - 0.25 and -0.1 dB/ 
degree’ over a large height range. These observations 

yield an LX between about 40 and 100 if inserted into 
(10) and (1 I). From Fig. 9 we subsequently find that 
these values of s( correspond to a ratio of qradar 

(O,, = 5.6 )/rlrocket of slightly larger than 10. This is 
indeed what we observe in Fig. 7a over a large portion 

of the rocket ascent trajectory through the echo layer, 
except perhaps near the peak of the layer where the 
reflectivity ratio approaches unity and the anisotropy 
seems to be only marginal. In the curvature obser- 
vations. this feature might have been smoothed out 
due to the long averaging process. For the second 
flight, the curvature in Fig. 8b is generally larger in 
magnitude, in some heights even well below -0.25 
dB/degree’, which yields an a in excess of 100. From 
Fig. 9 we can see that the reflectivity ratio between 
radar and rocket observations rapidly declines for 
x 3 100 and 0” = 5.6 The generally better agreement 

between q_,,, and r~,,,..~, observed in this flight (Fig. 
7b) seems plausible on these grounds, even though 

details of the height profiles cannot be explained. 
To gain further perspective on this issue, we have 

plotted in Fig. lOa,b a family of curves representing 

scattering cross-sections as a function of zenith angle 
for different values of x and for the inertial and diffus- 
ive subranges, respectively. The curves are based on 
the fluctuation spectrum model (8). Included in the 
figures are vertical bars representing the scattering 
cross-sections that CZBCHOWSKY et al. (1988) have 

deduced from their radar observations of polar mcso- 
spheric summer echoes. These are the only meso- 
spheric observations so far that extend to large zenith 
angles 01’ Jmost 40”. The darkest line corresponds to 
a Gaussian fit exp (-sin’()/sin’U,) of the data bars at 

small angles. The e-folding angle 0, has been given by 
CZECHOWSKY ct ul. (1988) as 5.44 Their observations 
of small angles are also consistent with our model for 
a value of x of about 70 if a spectral index of q = 11;3, 
i.e. n = 5/3, is assumed. This value for the anisotropy 
is of the same order of magnitude as for the obser- 

vations during the TGW day. 
The Gaussian model of the scattering cross-section 

as a function of zenith angle has been proposed by 

HOCKING et ul. (1986). Obviously, this model under- 
estimates by far the observations at larger angles near 
40 Our model spectrum (8) yields cross-sections 
much closer to the large angle observations, yet it is 
still not totally consistent with the observations of 
CZECHOWSKY et (11. (I 988) because there is no unique 
value for x explaining the data at small and large 
angles within the given error bounds. When we con- 

sider the large angle data of CzncHowsKy et al. (1988). 
a value for x only half as large as for the small angle 
fit is indicated. 

The situation is even more extreme if WC assume 

that the SOUSY wavelength was in the diffusive 
subrdnge. This is shown in Fig. lob. Again the quasi- 
specular curve fits the low angle data but at large 

angles a value of c1 = 7 matches the observations. 
Rocket data from the present and previous exper- 
iments show that the 3-m wavelength can be on either 
side of the break in the spectrum depending on the 
level of turbulence and the value of the Schmidt num- 
ber (ULWICK et d., 1988 ; KELLEY and ULWICK. 1988). 

There are several possible solutions to this differ- 

ence. It may be that quasi-specular reflections domi- 
nate the near-vertical scattering and that turbulent 
processes act at large off-vertical angles. In very 
strongly turbulent situations as described, for 
example, by KELLEY et al. (1990). turbulent processes 
may also mask the quasi-specular reflection in the 
vertical observations. As another possibility. physics 
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Fig. 10. The relative cross-section with zenith angle f3 for the anisotropic power law model (8) for various 
anisotropy parameters G( in the inertial (a) and diffusive (b) subrange. Note that the spectral indices of I l/3 
and 9 of the three-dimensional spectral density correspond to the indices 5/3 and 7, respectively, for 
the energy spectral density average over all angles. The vertical bars are cross-section observations of 
CZECHOWSKY et al. (1988). The heavy line is a Gaussian fit to the data according to HOCKING et al. (1986). 

may dictate a slight modification to the functional 
form of the fluctuation spectrum model (8). It is likely 
that the spectral slope of the fluctuation spectrum 

depends on the zenith angle. Given highly anisotropic 
gravity wave turbulence at small wave numbers and 
gradual isotropization towards large wave numbers, 
the resultant slope of the spectral energy cascade 
would be less steep at large zenith angles than in the 
vertical direction. Since more gentle slopes yield less 
aspect sensitivity with our model (compare Fig. 10a 
and b), this could account for the apparent decrease 
in aspect sensitivity of the data at larger angles. 

5. SUMMARY AND DISCUSSION 

Both the variation of the radar reflectivity with 
zenith angle and the radar-rocket reflectivity com- 
parison are in good agreement with the presence of 
an anisotropic turbulence in the mesosphere during 
the observations on the TGW day. An exact quan- 
titative consistency cannot be expected because the 
measurements in the mesosphere are far from ideal : 
the rocket picks out a single density profile along its 

trajectory, whereas good statistics would be required 
for the estimate of turbulence parameters; the radar 

data are interpreted as if the turbulence were homo- 
geneous over the radar volume of more than 3 kmi, 
which is probably not the case. Furthermore, the 
rocket trajectory and the radar volume were about 24 
km apart, which certainly can make a difference on 
the scale of the radar wavelength of about 3 m. Note, 
however, that the comparison in Fig. 4 of the ascent 
and descent rocket results shows some surprising simi- 
larities in the electron density at medium-scale sizes 
of some kilometers over a horizontal distance of some 
10 km. Both methods yield on average for the TGW 
day a ratio for the square of the horizontal to the 
vertical coherence length of about 100. This result 

coincides with earlier observations of CZECHOWSKY rt 
al. (1988) if they are re-interpreted with our model. 
However, there are also radar observations which 
show that occasionally the scattering irregularities in 
the summer polar mesosphere may be almost isotropic 
(KELLEY et al., 1990). 

We note here that the errors which enter into the 
estimation of the radar aspect sensitivity are con- 
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siderable. This is probably again due to the lack of 

homogeneity of the turbulence over the distance 

between the volumes illuminated by the different radar 
beams. From Fig. 8 it seems that a typical resolution 

for the estimate of the curvature parameter c is about 
0.1 dB/degree 2. This corresponds to a value of cI g 40. 
The variation of the radar reflectivity with zenith angle 
is therefore not a very sensitive method to observe the 
turbulent anisotropy in the mesosphere. Anisotropy 
ratios of c1 < 10 may well remain unresolved by a 
radar. On the other hand, we estimate the calibration 

errors of the radar and rocket probe together to be 
smaller than a factor of 10, so that the comparison of 

the radar and rocket reflectivities can give more 
reliable estimates of the anisotropy when the radar 
beam and the rocket trajectory are in close vicinity. 

Our interpretation of the TGW day observations 

also casts some new light on similar measurements 

during the STATE campaign that have been reported 
by ULWICK Et al. (1988). In contrast to our obser- 
vations, in their case the equivalent reflectivity esti- 

mated from the rocket results were systematically 
larger than those seen by the radar, sometimes almost 
by a factor of 10. This can be explained by the presence 
of a comparably moderate anisotropy with a squared 

coherence length ratio of CI 2- 40. In the vertical beam, 
q,,<,,, would then exceed qrocLe, by a factor of about 
40, but for the 15“ off-zenith beam used for the com- 
parison, q,,dar would be depleted by 10m22-5” with 

respect to the vertical. The above a corresponds to 
c e -0.1 dB/degree* for a radar similar to SOUSY 
and for observations inside the inertial range. In all, 
this yields a value for rlcadar in the oblique beam about 
a factor 5 less than qrocLe,. 

The profiles of the observed anisotropy, or likewise 
the curvature (see Fig. 8), show an appreciable vari- 
ation with height. Since the molecular diffusion and 
hence the Kolmogoroff micro-scale steadily increases 
with height, one might expect the anisotropy to gradu- 
ally decrease with height and the curvature c to 
approach zero. In our observations, we cannot see 
this tendency and a reason for this could be the fact 
that it is not the diffusion of the ions that isotropizes 
the density fluctuation but rather the local strength of 
the turbulence energy. 

Our observations seem to indicate a weak anti- 
correlation of the anisotropy with the radar reflec- 
tivity: the curvature c has a tendency to come close 
to zero at the height where the reflectivity has a 
maximum and it is in these heights where the dis- 
crepancy between qradar and qroc,..,, and hence the ani- 
sotropy, is smallest. This tendency is supported by the 
variation of the curvature in time: while the radar 
echo power clearly decreases between the launch of 

the first and second rocket, the curvature increases in 
magnitude and so does the anisotropy. Furthermore, 

the observations one day later, on the EISCAT day 
(KELLEY et al., 1990), show much higher reflectivities 

than on the TGW day and a curvature of about zero 

within the error bounds. As far as we can conclude 
from our limited data, there is an even closer anti- 
correlation of the anisotropy with the spectral width 
of the radar signals. Comparing Figs 6 and 8, it is 
obvious that the strong anisotropy in 87 km at 0931 
UT is associated with a small backscatter signal width. 
Near 89 km the vertical fluctuations are much broader 

at both 8 and 0930 UT and the anisotropy is only 
moderate at that height. A similar anti-correlation 
between the aspect sensitivity and the spectral width 

of backscatter from the polar summer mcsopause has 
recently been noted by CZECHOWSKY et al. ( 1988) 

The most probable source of the anisotropy at the 
radar wave number is the large anisotropy of gravity 
waves at scales of several hundreds of meters and 
more. Typically, the horizontal velocity fluctuations 
at these scales are an order of magnitude larger than 
the vertical fluctuations (SMITH et al., 1985). The 

anisotropy parameter r at these large scales could, to 
a first approximation, be equated to the ratio of the 
horizontal over the vertical kinetic energy. i.e. 2 > 10’ 

in the buoyancy subrange. The good correspondence 
of the electron density variations at a vertical scale of 
some kilometers between the ascent and descent of 

the Super ARCAS rockets trajectory supports this 
estimate for the anisotropy at these large scales. The 
associated anisotropic velocity fluctuations drive 
more or less continuously the turbulence in the inertial 
subrange from its lower wave number end. The rate 
at which energy is fed into the inertial subrange is 
about c, the rate at which the energy leaves the inertial 

subrange again into the viscous subrange. In a some- 
what simplified picture, the action exerted by the 
buoyancy subrange fluctuations onto the inertial 
subrange can probably be considered equivalent to 
the excitation of turbulence by a highly anisotropic 
driving force at small wave numbers. While the energy 
thus imposed is cascaded by nonlinear forces through 
the inertial subrange to smaller scales, these forces 
also tend to randomize the velocity fluctuations in 
direction and thereby isotropize the fluctuation spec- 
trum towards the larger wave numbers. Opposed to 
this, gravity will try to maintain the anisotropy 
because the energy of the vertical motion is partly 
absorbed by potential energy. For an eddy of size 2n/k 
the necessary potential energy per volume element is 
about pcoik *, where wg is the Brunt-Valsala 
frequency. However, in the inertial subrange this 
energy is much smaller than the available kinetic 



870 B. INHESTEK et al. 

80+-e 
-----I”m~ 

10 
horizontal distance (km) 

Fig. il. Hypothetical electron density contour lines in the mesosphere. When switching from scales far 
above the buoyancy wavelength of some 100 m to much smaIIer scales, the density contour lines exhibit a 

fine-structure due to the excess of turbulent kinetic energy at the small scales. 

energy prf of the eddy if a Kolmogoroff spectrum 
& = t$/k N ez*‘k-5’i is assumed. The wave number 

at which the kinetic and the potential energies become 
about equal is the buoyancy wave number (WEJN- 

STOCK, 1985) 

k, = (w;/E) ‘I’ (12) 

which defines the low wave number end of the inertial 
subrange. Well above kg, gravity therefore becomes a 
negligibly small ingredient to the equation of motion 
and the neutral air behaves very much like a Navier- 
Stokes fluid. Hence, in the inertial subrange, we expect 
the nonlinear forces to dominate gravity and accord- 

ingly a gradual isotropization of the fluctuation spec- 
trum should occur towards larger wave numbers. 

At the moment. we cannot say quantitatively how 
efficiently we expect this isotropization to work. If the 

turbulence level is sufficiently small it is quite possible 
that a complete isotropization may not yet be achieved 
at the upper end of the inertial subrange and the 
turbuience might still maintain a residual anisotropy 

in the viscous subrange. Roughly, the distance in k- 
space between the radar wave number and the buoy- 
ancy wave number could be taken as a measure of 
how much isotropization of the turbulent energy can 
be obtained while it is cascaded through the inertial 
subrange at a flux rate C. From (12) we observe that 

with increasing c the buoyancy wave number 
decreases and therefore moves away from the radar 
wave number. Since e is most likely positively cor- 
related with the vertical velocity fluctuations (WIIIN- 
STOCK, 1981), this could qualitatively explain the 
observed decrease of the anisotropy at the radar wave 
number when the turbulent velocity fluctuations or 
the reflectivity are enhanced. 

The above scenario tacitly assumes that the radar 

echoes are due to scattering from anisotropic turbu- 

lence. Quasi-specular reflection is often considered 
as an alternative scattering mechanism. A necessary 
condition for quasi-specular rejection is the existence 

of relatively smooth and layered contour levels of the 
electron density near the scale 27~/k,;,~~~ of the radar 
wavelength. As stated above, however, eddies with a 
wave number k > k, have more kinetic energy than 
they need to lift a volume element of the neutral air 

over the eddy size 2n/k. We therefore expect the excess 
of kinetic energy to destroy any initial stratification 
at these scales. In Fig. 1 I, for example, we illustrate 
the resulting break of self-similarity of the electron 

density contour lines between scales larger and smaller 
than 2n/kR due to the expected imbalance of kinetic 
and potential energies. For specular reflection con- 
ditions to be present, the buoyancy wave number k, 
must consequently increase to be of the order of the 
radar wave number kiadar_ If the SOUSY radar wave 
number is inserted into (12) and i: is equated to 
0.4~0,~” (W~I~STOCK, 1981). a spectral variance of 
onlyrr’- 10 ’ ml/s’ results. In view of the observed 

variance of the vertical fluctuations of 0’ > 
I m’/s’. it seems unlikely that the mesosphere is so 

calm as to maintain a layering of the electron density 
contours at this scale. We note, however, that the 
observed spectra may be broadened by the effect of a 
horizontal wind shear or the finite beam width of the 
radar (HOCKING, 1983). The effect of a strati~~dtion 
at larger scales can probably still be felt at the radar 
wavelength as it might induce an anisotropy in the 
turbulent fluctuations as discussed above. In this 
sense, quasi-specular reflection can be considered as 
the limiting case of anisotropic turbulent scatter in 
which the distance in k-space between the radar and 
the buoyancy wave number shrinks to zero. The 
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enhanced radar returns when approaching the quasi- 

specular retlection limit are due to the enhanced hori- 
zontal coherence length which in our description is 

parameterized by CC. A shortcoming of our model (8) 

for the fluctuation power spectral density which in 
the end defines CY is that it has been chosen purely 
empirically. Whether it is a physically realistic model 

deserves future investigations. 
Another open question concerns the nature of echo 

layers as they were observed during the second flight 
on TGW day around 85 km and also by CZECHOWSKY 

et ul. ( 1988). Their signature is a large anisotropy and 
a small turbulence level in accordance with the above 
discussion. They also seem to bc associated with an 
anomalously strong radar backscatter and with a deep 

‘bite-out’ in the vertical electron density profile. The 
different response of the d.c. and RF rocket probe 

inside the ‘bite-out’ region raises the suspicion that 

chemical processes are active that may also be respon- 

sible for the enhanced radar backscatter. 
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APPENDIX 

In the reference frame of the rocket, an orthogonal basis 
for the wave number space is given by k , ki, k,, where k,, is 
the component along the rockets’ velocity V, k,. is per- 
pendicular to V and in the horizontal plane, k, is per- 
pendicular to both V and j. In this coordinate system, (8) 
can be written as 

c&(k) = C.[ak’+(1-a)k;]mY’2 

= C’.[;k;+.~;+s/]-4” (Al) 

where 

sL = ,/$-(I -_Gok cosH sin0,/fi 

s, = &k, 

p=oc+(l-r)sin’H,, 

and HII is the angle beam between V and the vertical. Insertion 
of (Al) into (5) yields, after a transformation of the inte- 
gration variables k I, k, to sI, s, 

It is essentially /I that gives rise to the correction factorfz in 
equation (9). 

In order to integrate (7), we assume a Gaussian antenna 
beam with a characteristic 

g(Z) =exp(-aGsin’0) (A3) 

where H is the angle that ri makes with the beam axis h,. Note 
that our normalization JdSlg(ri) = 4x/G is achieved if the 
approximation sin0 N 0 is made. For vertical incidence 
ri, = i the model spectral density (8) can in the integrand in 
the numerator of (7) be expressed as 

The resulting integral (7) is straightforward and can be ex- 
pressed in terms of the incomplete r-function if again the 
approximation sin B 2 0 is made. Note that the denominator 
in (7) gives J dQg(A) 2 = 212/G, so that after a transformation 
of 0’ to a new integration variable s 

CG % 
qradar(OU = 0’) = 32&,! - - s exp-($Gs) 

k’2 0 ds [l+(cc-l)slo’ 

(A4) 

We abbreviate x = :G/(a- 1) and further transform 
I + (a ~ 1)s to a new variable t, which immediately yields 

where in the last step we employed the continued fraction 
expansion of the incomplete r-function (ABKAMOWITZ and 
STEGUN, 1964). Unless the anisotropy parameter a is 
extremely large the argument x of the r-function is much 
greater than unity, so that only the first terms of the con- 
tinued fraction are important. In this case, 

~~.,,,.,~(0,, = 0 ) 2 32n”r<! ;. 

This result even holds as a reasonable approximation in the 
case of small x or a large anisotropy because the continued 
fraction has a limiting value x/[(9/2) - I] for x + 0, while in 
the above approximation a value of x/(9/2) is obtained. This 
factor of (9 - 2) L, by which (A6) is in error for very large r 
is tolerable ill vjew of the model character of our calculations. 
Note tha! (A6) can be analytically continued to values c( < 1 
even thclugh the derivation is valid only for 2 > 1. The usual 
isotropic scattering formula (6) is therefore applicable as 
long as Ix- 11 c G,‘q. In the opposite case, i.e. if the hori- 
zontal coherence length exceeds the vertical coherence length 
appreciably, the reflectivity is dominated by Fresnel scatter. 

A comparison between (A2) and (A6) yields 

S,\(k). (A7) 

For c( = I, we recover relation (6) of ROYKVIK and SMITH 

(1984) or vrdddr = qrocket. For an extremely anisotropic tur- 
bulence with ICL- 11 >> G/y and O,, = O”, we obtain relation 
(4) of GAGE et al. (1985) except for the factor (q-2)/q by 
which (A6) is in error for very large G( as discussed above. To 
recover their relation we have to recall that v,,~,,~ = 4na and 
the differential cross-section 0 per volume element may be 
replaced by r21p21/4 in the radar eqllation in the case of 
Fresnel scatter, where jp’[ is the reflection coefficient in at 
distance r. Note also that xS,(k;) is equal to the Fourier 
transform of the vertical density acf. 

For oblique incidence the resulting integration in (7) 
becomes very involved and can only be done numerically. In 
a spherical coordinate system oriented along the beam axis 
A,, the model spectral density can be written as 

4N(kCA) = E[w+(l -~)(cosOcosOo+cos~sinOsin0,)2]~~+2 

where fIO is the zenith angle of the beam axis and I) and C$ 
are the coordinates to be integrated over. We are. 



Consistency of rocket and radar electron density observations 

however, mainly interested in an expression to be com- 
pared with the observed curvature which is essentially 
d~r,dr,/dsin’O, = :dZty,,JdOi at 0 = 0”. Since this differ- 
entiation and the integration can be interchanged, we end up 
with integrals similar to the one above : 

d.\ 

873 

In the last but one step. we made the same approximation 
as in (A6) and the very last equation holds when G >> 1. 
Moreover, we neglected the slight difference between q/2 + 2 
and 4/2 + I because the terms involved only become impor- 
tant if (a- I)y/G becomes larger than unity, and in this case 
the approximation anyway bears a slight error of the same 
order as discussed above. Neglecting furthermore the differ- 
ence between q+2 and q for the same reason, we obtain 
finally an expression for the aspect sensitivity for the nearly 
vertical radar beam 

For moderate values of LY, i.e. for almost isotropic scatter. 
(A9) varies almost linearly with the square ratio of the co- 
herence lengths. For a + co, the right-hand side of (A9) 
approaches -G/2 and the aspect angle variation is entirely 
determined by the square of the antenna characteristic (A3). 


