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Abstract. Correlation studies performed on data from recentback to the radar antenna. In Eq. (4,)denotes the classical
mesospheric experiments conducted with the 50-MHz Jicaelectron radiusk, is the wavenumber of transmitted and re-
marca radar in May 2003 and July 2004 are reported. Theadiated (or scattered) fields; (r) and§ E, andr=|r| is the
study is based on signals detected from a combination of verradar range. If the variatiordsV (r, ¢) are random and have a
tical and off-vertical beams. The nominal height resolution space-time spectruis N (w, k)|?), then the average power
was 150 m and spectral estimates were obtained-aftenin delivered by Eq. (1) to the radar receiver can be represented
integration. Spectral widths and backscattered power generas
ally show positive correlations at upper mesospheric heights 2r
. . P do ., P(t—%)
in agreement with earlier findings (e.g., Fukao et al., 1980)(P) = /drdQ— GF) ———
that upper mesospheric echoes are dominated by isotropic 2 (4rr)?
Bragg scatter. In many instances in the upper mesosphergvhere7=r/r is the radial unit vector pointing away from
a weakening of positive correlation away from layer cen-the radar antennaG (#)=k2A(#)/x the antenna gain; (1)
ters (towards top and bottom boundaries) was observed witlthe transmitted pulse power, and

the aid of improved height resolution. This finding supports 2 2
the idea that layer edges are dominated by anisotropic turbuZv=477¢ (I8N (@, —2ko7)|) ®)
lence. The data also suggests that negative correlations ohe backscatter cross-sectiondf variations per unit vol-
served at lower mesospheric heights are caused by scatteringne per Doppler frequency. .

from anisotropic structures rather than reflections from sharp - sjnce the mesosphere is a weakly ionized and highly col-
vertical gradients in electron density. lisional gas, electron density variations in the region are ex-

Keywords. Meteorology and atmospheric dynamics (Turbu- Pected to be controlled by neutral dynamics. Consequently,

lence; Middle atmosphere dynamics) — Radio science (Radigvhen neutral flow is turbulent, the assumptions underlying
wave propagation) the backscattered power model (2) should be valid. In re-

gions of laminar flow, on the other hand, stabl gradients
capable of causing partial reflected radar pulses can presum-
ably be sustained under the right conditions.

The roles of randomly scattered versus partial reflected
fields — both described by Eq. (1) — have been debated since

VHF radar returns from the daytime mesosphere are aconsgr o early days of the MST radar technique (e.g., Woodman

quence of electroq dgnsity variatiod' (r, t) in the'region. and Chu, 1989; Hocking andd®ger, 2001). Since partial
When N (r, 1) variations are exposed to transmitted radar reflections are caused by time-invariant density structures

pulsesE; (r), oscillating currentscd N (r, 1) E; (r) are estab-  yeir scorrelation times” should be long and their Doppler

lished. The currents re-radiate electric fields frequency spectra narrow. By contrast turbulent scatter is as-
—Jkor sociated with fast varyingN and broad Doppler spectra. In
1) fact, the larger the random velocities in a turbulent flow, the
broader the Doppler spectrum and larger the backscattered
Correspondence tdz. Kudeki power since larger random velocities cause more mixing and
(erhan@uiuc.edu) largers N amplitudes (assuming mixable gradiedit$/dz of

A(F) oy, 2

1 Introduction

SE = —re/dr SN(r,t)E;(r)
r
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the background density variatiavi(z) exist). Thus a positive  treme or special conditions — solar flares, unusually strong
correlation between radar signal power and spectral width igurbulence, polar-mesosphere summer echoes, etc. — and
considered a signature of turbulent backscatter. Conversely broad survey of the morphology of average conditions of
narrow spectra associated with large power returns argue fomesospheric fine structure has not been reported, at least not
the dominance of reflections over turbulent scatter. from Jicamarca.

The first extensive correlation studies of mesospheric echo By virtue of its superior power-aperture product, the MST
power and spectral widths were conducted by Fukao et alradar at Jicamarca is capable of remote sensing the meso-
(1980). The measurements were taken with the 50 MHz Jisphere over a wider dynamic range than any other existing
camarca MST radar near Lima, Peru, using a height resoluMST radar at the highest resolution. Expressed in another
tion of about 2.5 km. The study revealed positive correlationsway, Jicamarca is not constrained to observe the mesospheric
in the higher mesosphere abov&5 km implying the domi-  fine structure under only extreme or extremely disturbed —
nance of turbulent scattering. Negative correlations were returbulent or not — conditions.
ported for the lower mesosphere, suggestive of an increasing The present paper describes a Jicamarca based high-
role for reflections at heights closer to the stratosphere, oresolution study of mesospheric radar returns conducted un-
the possibility of inertial range turbulence as suggested byder randomly selected and average geophysical conditions at
Rayrvik (1985). Subsequent Jicamarca measurements comew-latitudes. The study is essentially an update of the earlier
ducted with a 2 km resolution (Reyrvik, 1983) showed sim- work of Fukao et al. (1980) and Rayrvik (1983) carried out
ilar and consistent results, including predominantly “aspectwith a nominal height resolution of 150 m — a standard for
sensitive” returns from below 75 km. state-of-the-art MST radars — and aims a better understand-

Aspect sensitivity is the dependence of echo power on théng of mesospheric density structures and related radar scat-
direction of radar beam, namely the angular pattern of in-ter at low-latitudes. Itis in fact the first correlation study con-
cident field intensity E; (r)|. Buoyancy effects dictate that ducted at Jicamarca that “resolves” the echoing layers with
in a stable atmosphere with laminar fléw varies only with  many independent range gates.
heightz. As a consequence Eq. (1) requiresdirected radar In Sect. 2 we describe the high resolution radar modes
beam to produce a partial reflected signal of a substantialised at Jicamarca to collect the data analyzed in this pa-
amplitude. By contrast the beam direction is inconsequenper. The section also describes the spectral analysis and fit-
tial when$ N variations are caused by isotropic turbulence. ting procedures used to obtain estimates of the backscattered
In that case backscatter cross-sectidi N (w, —2k,#)[?)is  echo power and Doppler spectral widths. Radar observations
independent of and radar response is not aspect sensitive. Inand correlation study results are presented in Sect. 3 and dis-
between the extreme cases of “specular” or aspect-sensitiveussed in Sect. 4. Sect. 5 summarizes our findings.
partial reflections and isotropic backscatter lies the domain
of aspect-sensitive backscatter from anisotropic turbulence.

It has been argued by Bolgiano (1968) and later by Wood-2 Data acquisition and spectral moment estimation
man and Chu (1989) and Hocking andtRjer (2001) that
the boundaries or edges of turbulent layers in the atmospherdicamarca radar data analyzed in this paper were collected
should exhibit anisotropic flows —i.e., eddies elongated alongduring three days in May 2003 and two days in July 2004.
the edges — and contain elongated density structures with #he parameters for both sets of observations are given in
spectrum(|8 N (w, k)|?) which is sensitive to the direction Table 1. In May 2003 observations four radar beams pointed
of wavevectork. Radar echoes from turbulent layer edges ~2.5° off-vertical in north, south, east, and west directions
should then exhibit random statistics as well as aspect serwere used. Two-way patterns of the beams are depicted in
sitivity. The early MST experiments of Fukao et al. (1980) Fig. 1a as a function of direction cosines defined in the cap-
and Rgyrvik (1983) lacked the height resolution required totion. The beams were excited with 64 baud complementary
observe the peculiar characteristics of layer boundaries presoded pulse pairs. The interpulse period (IPP) was 1.33ms
dicted by Bolgiano (1968) and, in general, to distinguish and a baud length ofls was used. Matched filtered receiver
between specular reflections and anisotropic turbulence; theutputs had a nominal height resolution of 150 m correspond-
radar volumes often contained a multitude of density struc-ing to 1xs baud length but were oversampled by a factor of
tures, potentially associated with different echoing mecha-<four at 37.5m range intervals. The actual height resolution
nisms. was closer to 250 m than 150 m because of imperfections in

High resolution radar measurements of mesospheric retransmitting and receiving systems. Also, only two of the
turns have been conducted since then at Jicamarca and elsieur beam outputs were sampled after each pulse transmis-
where. Some of the highest resolution results include direcsion making the effective IPP 2.66 ms per beam.
evidence for backscatter from layer edges (e.g., Reid, 1990) In July 2004 the measurements were conducted using only
as well as direct observations of Kelvin-Helmholtz billows in two beams. One beam was vertical — i.e., directed towards
radar backscatter maps (e.g., Czechowsky dimtd®, 1997).  the true zenith — while the second one was in “on-axis” di-
However, the best examples are usually representative of exection normal to the plane of the Jicamarca antenna array,
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Table 1. Experiment parameters used at Jicamarca in May 2003(2)
and July 2004. Range and gap parameters are in km units and th
fifth column gives the number of sampled range gates. The “gap”
refers to upper stratospheric heights from which no detectable radic
returns are expected. The average spectrum from these heights
regarded as the estimate of the background noise spectrum and °
referred to in the text aB(w).

North Beam East Beam

Day LT Beams Range Gates Gap
27/05/03 06:04-17:48 EWSN 60-95 920 60-63
28/05/03 06:13-12:08 EWSN 60-95 920 60-63
28/05/03 12:09-15:42 EWSN 9.6-94 2260 40-50 -~
29/05/03 06:06-17:30 EWSN 9.6-94 2260 40-50
13/07/04 09:17-17:45 SW\V  9.6-94 2260 40-50
14/07/04 08:28-17:39 SW,\V  9.6-94 2260 40-50

dB

Vertical Beam

_10 On-axis Beam

about 229° to SW of the zenith direction. Two-way patterns

of July 2004 beams are shown in Fig. 1b. The on-axis bearr

was obtained with equal phasing and illumination of all array -~ o

elements and therefore it has the highest aperture efficienc

(nominally 100%) of all the beams shown in Fig. 1. The ef-

fective IPP was also 2.66 ms per beam in July 2004 since the .

vertical beam returns were sampled three times using the N g ®

E, and W quarters of the antenna array for purposes of inter-

ferometric analysis. . _
Raw radar data collected in May 2003 were coherently in-F19- 1. Two-way antenna beam patternsi (1) A(7) used in(a)

tegrated and decoded over blocks of 60 samples correspond2y 2004 andb) in July 2004 experiments. The patterns are shown
in dB with a common normalization and vary with direction cosines

ingtoa pgst-.lr;]tegratllon IPP (.)f 0.16s. |64-p0|nt periodograms x = Sind cosg andoy,=sind sing, whered is measured from the
compute ) wit post-lntegratlo.n samples every 10'24,5 WerGicamarca on-axis position agdis azimuth angle measured from
summed incoherently to obtain Doppler spectral estimateSge tqwards NE. True zenith is =0 andg, =0.04 direction, the

one per range gate per minute. July 2004 data were COgjrection of peak response in the left panel in (b).
herently integrated twice as long and as a consequence half

as many periodograms were summed to obtain spectral esti-
mates per minute. and second central moments of the differef¢e)— B (w),
Doppler spectral estimates obtained during the experi-On the other hand, define the Doppler shifts and widths of
ments — to be referred to as measured spectra from heredpackscattered radar returns. However, a direct estimation of
— represent the sum of a backscattered signal component ariiés€ moments from the noisy spectrsi) is often prob-
broadband noise. Estimates of the noise component were oeMmatic and can lead to — especially in low SNR cases — bi-
tained from “gap” heights — see Table 1 —in the upper strato-2sed estimates (e.g., Yamamoto et al., 1988). A more robust
sphere where backscatter cross-section is vanishingly smalgPproach is to calculate the moments from smooth model
Noise table estimates — which, at times, also includes margurves fitted to the measured spectra.

fitting, and the estimation of signal correlation times. mesospheric radar returns, any smooth curve that fits the data

Figure 2 shows a 64-point measured Doppler spectrum ex\_/vell can be used. We have found that generalized-Gaussian

ample together with several different model fits and horizon-Pased models like
tal bars representing different estimates of the correspond—S(w)> —a exp{—|w — K
ing spectral width. The area between the measured spectrwgn o

curve S(w), and a curveB(w), representing the background

noise deduced from gap heights (not shown in the figure),

is the estimate of the backscattered signal power. The firstS(w)) = B(w) exp{Ae

-0.1

0.1

dB

|P} + B (4

Op

|m—u ‘p
op

I8 ®)
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Spectl and Fited Dta, 272003, Nt e o,=K~Y2(S,) is the rms error in spectral samplek
7 ime: 14 , Range: 73. m . . . .
10210 =0 _Q_O‘ 2778 obtained by averaging independent periodograms (e.g.,

Kudeki et al., 1999). In logarithmic fitting we used
x?=KZ,(nS,—In(S;)2 These twoy? definitions are

8r B=526 ] mathematically identical in larg& limit, but for small K

W different x2 values can be expected for the same input pa-
/| rametersA, p, op,, andu. It was found that logarithmic fits

6r — 1 work better for very narrow spectra. The difference between
| the two fitting procedures can be attributed to the fact that the
logarithm function changes the minimization space so that a
) “path” to a minimum in one space may be found that would
not exist in the other space. In fact, using the best-fit param-
eters from logarithmic fit as initial guess to direct fitting will

) produce a better direct fit than would be obtained using fixed
initial conditions.

. ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ We used MATLAB's LSQCURVEFIT function with
VO 4 e &8 w0 medium-scale operation (Levenberg-Marquardt implementa-
tion) for x2 minimization; stopping criteria was defined as
either reaching a maximum number of iterations or having
Fig. 2. Example spectrum (blue) overlaid with yellow, green, and the improvement in taking the next step falling below a cer-

red symbols corresponding to three different fitting procedures de+ajn threshold. It was usually the latter stopping criterion that
scribed in the text. Spectral width estimates obtained with six dif-\y55 reached in most cases.

ferent methods are shown as horizontal lines (with matching colors ) . )
to the diamonds). The green and red data points indicate spectral Figure 2 shows spectral width estimates obtained also as
widths obtained from logarithmic fits applied with spectral models the inverse of signal correlation time derived from backscat-

(4) and (5) result in comparable widths shown in green and redtered signal ACF. The latter is estimated using the inverse
respectively. Spectral moment calculation (blue) and linear generfourier transform of zero-padded Doppler spectra (with the
alized Gaussian fit (yellow) give slightly wider estimates. Estimatesnoise table subtracted) and signal correlation time is defined
obtained from the correlation times, with (black) and without (cyan) g5 the time to 0.5 normalized ACF. The ACF estimate ob-
accounting for triangular weights are the largest for this spectrum. {5ined as just described is triangular weighted across time
lags and leads to the width estimate shown in black. A sec-
ond ACF estimate is obtained by dividing the first estimate
where B(w) is the background noise estimate from the gap,by the triangular weights and leads to the width estimate
provide smaller misfits than models based on a simple Gausshown in cyan. We have found that all spectral width esti-
sian. We also found that fitting the natural logarithm of the mates illustrated in Fig. 2 agree very closely in all cases with
measured spectrum to the natural logarithm of these modelSNR>-5 dB, giving us confidence in our characterization of
leads to faster convergence and at times smaller misfits thagpectral widths by any one of the methods discussed above.

direct fitting. In this study we examine the correlation between observed

The spectral model (4) given above reduces to a propegpectral widths and returned signal power in order to distin-
Gaussian for the special caseo2. The fact that the best guish between isotropic and anisotropic scatterers. For the
fits often result Inp other than 2 is an indication that meso- purposes of iiiustration’ an exampie of positive and nega-
spheric spectral shapes are often non-Gaussian. This resufe correlations between spectral widths and signal power
is consistent with recent studies (e.g., Bahcivan et al., 2003)5 shown in F|g 3. These are scatter piots of Spectrai widths
which point out that MST Doppler spectra can deviate from and SNR in dB at a single altitude over some time interval.
Gaussian shapes. The second model equation (5) is not rgonly measurements with SNR larger than -5 dB are used to
lated to Gaussian in a Straightforward way but it performs keep low power returns from biasing the unweighted compu-
even better than the first model in many cases. In both modtation of the correlation coefficient. With low SNR, there is
elsu is the first moment or Doppler spectral shift, whereasthe danger of mistaking the width of the noise table as signal
the second central moment must be computed numericallgpectral width and infer erroneously negative correlations be-
from (S(w))—B(w). While the two models above lead to tween SNR and spectral width. This effect can be mitigated
substantially different fits fo, p, ando,, spectral width es-  fyrther by employing another threshold that checks the num-
timates obtained from them usually agree very closely withper of points available to form a correlation. If this value is
one another as shown in Fig. 2. below a certain minimum then there is no need to form a cor-

In our spectral fitting we used a misfit defini- relation since it can be assumed that the linear fit would be
tion x?=3Y", 0,%(S,—(S4))? where S,=S(gdw), and  biased by noise.

x2=756

|
10

R

X
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SNR vs. Width Correlation for 27-May~2003, Time: 14:58-15:27 LT, Range: 79.57 km, East Beam SNR vs. Width Correlation for 27-May~2003, Time: 09:47-10:47 LT, Range: 66.46 km, South Beam
8 T T T T 1 T T T T T

i / ¥

6 ! / 1 o | '
"

"

SNR (d8)

15 2 15
Spectral Width (m/s) Spectral Width (mis)

Fig. 3. Examples of positive and negative correlation between SNR and spectral width. The green and red data points indicate spectral
widths obtained from logarithmic fitting of spectral models (4) and (5), respectively. The cyan data points are spectral widths obtained from
the correlation times, and the black data points are widths obtained from the correlation times with the triangular weighting function taken
into account. The solid lines indicate linear fits to their associated data points.

3 Experimental results and difficult to interpret. Clearly, given that the temporal and
spatial resolution of the current data allows us to observe in-

Backscatter SNR maps for the five days in May 2003 anddivid.ual layer dynamics, correlatiqns should be formeq and
June 2004 are shown in Fig. 4. Mesospheric echoes depicte%tUd'Ed onan event-per-event basis and not over an entire day
in the maps show a variety of behaviors ranging from large®f observations.

turbulent-like structures that last virtually the entire day to A sequence of SNR maps and correlation coefficient pro-
collections of smaller “blob™-like features that last less than files shown starting in Fig. 5 give a representative summary
an hour. The returns from 27-28 May 2003 show broad lay-of the individual scattering events and layers which were ob-
ered structures above 65 km with little return below. 29 May served in 27—-29 May 2003, and 13-14 July 2004. The cor-
2003 consists of a collection of thin sheets and blobs. Therelation estimates for these were once again obtained using a
two days from July 2004 both show large turbulent structuresthreshold of -5 dB SNR and a 10 data point minimum.

above 70 km and a collection of thin sheets below. Spike-like

echoes above 80 km are due to meteor trails. Figures 5-6 depict echoing structures from 27 May 2003.

On this day a strong turbulent layer was observed at 74 km,
To study the height dependence of spectral width vs. SNR|qcated above a thinner layer starting at 70 km and descend-
Fukao et al. (1980) used correlations formed over the eNing throughout the day as shown in Fig. 4a. Figure 5a shows
tire data set. The trend observed was a negative correlatiofhe correlation plot for a section of the 74 km layer starting
at lower mesospheric heights that gradually became positiv@nortly after 10:00 LT. The event shows strong positive cor-
with increasing altitude above about 75km. For purposes ofe|ation at its center with decreasing positive correlation to-
comparison with these earlier observations, correlation plotsyards the edges. At the very edges there is a slight rever-
were formed for 27 and 29 May 2003, which are shown gy t9 negative correlation at both the top and the bottom.
in Fig. 4 next to the SNR maps. A -5dB SNR threshold Figures 5b—d show further snapshots in the evolution of the
was used with 10 being the minimum number of points usedz4 km layer throughout the day. Figure 5b shows a positive
to form a correlation, and red (cyan) indicates that spectrakgrrelation minimum at the layer center with two peaks of
widths used to calculate the correlations were obtained Wit'bositive correlation above and below. The edges of the layer
fitting (ACF) method. again show a slight negative correlation. The double-peaked
The correlation plot for 27 May shows mainly positive cor- correlation plot is evidence for the existence of two sub-
relation with well defined peaks at 70 and 73 km, and vari-layers within the larger turbulence structure. Figure 5¢ shows
able positive correlation above 76 km. The correlation belowthe larger turbulent layer three and a half hours later splitting
70 km shows mostly negative values and a narrow peak ainto two distinct layers. The lower layer still keeps its struc-
67 km. The correlation plot for 29 May illustrates the diffi- ture while the upper layer diffuses somewhat. This is evident
culties in attempting a correlation study over an entire day.through the correlation plot by a well-defined peak at 72.5 km
Many of the layers observed on this day are descending oand a smaller, less-defined peak at 75.5km. The correlation
ascending, and as a result, the correlation estimates obtaindzktween roughly 74 km and 75km is, on the average, zero
over the whole day are noisy (notice an almost random diswith one narrow peak at 75.25km. It should be noted that
tribution of positive and negative correlations over height) spectral width is implicitly assumed to be the independent

www.ann-geophys.net/24/1281/2006/ Ann. Geophys., 24, 1281-1293, 2006
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SNR Map, 27 May 2003, South Beam
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Fig. 4. SNR maps from May 2003 (south beam data) and July 2004 (off-vertical beam) observations. Height profiles shown to the right of
top and middle panels correspond to spectral width versus echo power correlation coefficients.
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SNR Map, 27-May~2003, West Beam
Time: 09:50-10:45 LT, Range: 66.25-70.91 km Gorrelation vs. Height

SNR Map, 27-May-2003, West Boam
Time: 10:06-10:17 LT, Range: 74.25-75.38 km
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Fig. 8. A multi-blob layer centered at 71 km on 28 May at 13:10 LT.

Fig. 5. SNR maps and correlation plots of sections of the turbulent
layer at 74 km on 27 May &) 09:54 LT,(b) 12:08 LT,(c) 13:30 LT,

and(d) 14:50 LT, lation plot indicates two well-defined peaks at 71.4 km and

71.75km.

Figures 6a and b show sections of the lower altitude layer
observed on 27 May in Fig. 4a. This lower altitude structure
variable in correlation calculations — thus, zero correlationconsists of a thin sheet on the bottom and diffusive blob-like
should be interpreted as the following: when spectral widthstructures above. The layer starts at around 70km early in
increases, there is no tendency for the backscattered powghe day and descends to roughly 69 km by 10:00 LT and then
to either increase or decrease. Figure 5d shows the large tu67.4 km by 14:00 LT. The SNR map of Fig. 6a shows several
bulent layer at the end of the day. It has descended in heightmall blob-like structures that contribute positive correlations
and the two sub-layers stand out more clearly. The correin the form of multiple peaks in the correlation plot. There
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SNR Map, 29-May-2003, West Beam
Time: 09:58-11:27 LT, Range: 70.05-75.41 km

SNR Map, 27-May-2003, South Beam
Time: 09:51-10:33 LT, Range: 65.63-67.2 km Correlation vs. Height
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Fig. 9. Thin structures at 71.5, 72. 8, 73.5, and 74.8 km on 29 May Time: 10361102 LT, Fange: 80157018k o vean
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starting at 10:00, 10:50, 11:12, and 10:40 LT, respectively.

SNR Map, 29-May-2003, East Beam
Time: 11:51-13:40 LT, Range: 72.79-76.01 km Correlation vs. Height
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Fig. 12. A thin sheet at 69.6 km on 28 May at 10:40 LT.
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Fig. 10. Two thin structures at 73.2 and 75km on 29 May starting

at 11:50 and 12:50 LT, respectively. height, they contribute independently to the correlation plot.

These topmost and bottommost structures have the familiar

. single-peaked correlations with decreasing positive correla-
are two clear peaks at 68.7km and 69.25km which correion apove and below the peak. The larger blob-like structure
spond to the three blobs forming the lower part of the struc-5t 73 5 km and 11:12 LT and the smaller one at 72.8 km and
ture at 10:00, 10:06, and 10:15 LT, and the two blobs form-10.50 | T yield positive and negative correlations. It is un-
ing the middle section at 10:11 and 10:21 LT, respectively.clear whether the negative correlation is due to the smaller
The positive correlation above 69.6 km lacks a strong trendb|ob, the larger blob, or a combination of both since the
due to the diffuse nature of the structure at those heights, bumajier blob occurs right at the lower edge, in altitude, of
shows, in general, a decreasing positive correlation in heightihe |arger blob.
The thin sheet below the diffusive structure is more evidentin

Fig. 6b. The correlation plot shows a narrow peak at 67.4 km. Similarl_y, in Fig. 10 two Ia_yer_s are separated in height to
The positive correlation above it is attributed to the diffuse 2/10W for independent contributions to the correlation plot.

structure above the thin sheet. Again, the diffuse structurel "€ [OP layer forms a single positive peak in the correlation
rofile, while the bottom layer creates a region of negative

produces correlations that lack a clear trend in height, but ar® ) o ~I
in general positive correlation. The structures in Figs. 9 and 10 contributing

Figures 7 and 8 are from 28 May 2003, afternoon data"negatlve correlation are notable since they are two cases of

The correlation plot in Fig. 7 shows dramatically a single isolated negative correlations. All other cases of negative

. : . .= correlations shown so far have been associated with struc-
peak with negative correlation above and below indicating o o . : . .
) . tures exhibiting positive correlations at neighboring heights,
the presence of a single turbulent layer accompanied by g
: : . such as those shown in Figs. 5 and 7.
anisotropic edges. The SNR map of Fig. 8 shows a sequence . _ _
of blobs that developed at roughly 71 km under the turbulent Two other examples of isolated negative correlation from
layer at 73.2km. The corresponding correlation plot shows27 May at 66.5km, and 28 May 2003, at 69.6 km, are shown
both positive and negative correlations with a bias towardin Figs. 11 and 12. These figures are also notable in that they

positive correlation. correspond to the only cases of isolated negative correlations
Figures 9 and 10 show SNR maps and correlation plotdound in the entire data set for 27 and 28 May.
from 29 May 2003. This day was not as active as the two Results from 13-14 July 2004, are shown in Figs. 13-16.

previous days in terms of large-scale echoing layers. TheDnly one instance of positive correlation is shown from the
returns are dominated by thin sheets and short-lived blobtwo days — see Fig. 13 — since they are similar to positive

like structures. Two range/time windows were picked thatcorrelation events observed from May 2003. In general, the
represented the day as a whole. turbulent structures above 70 km showed positive correlation

Figure 9 shows one window with four blob-like structures. while thin sheets below 70 km showed negative correlations.
Since the structures at 71.5km and 74.8 km are separated ifihin sheet examples are shown in Figs. 14-16.
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SNR Map, 13-Jul-2004, Vertical Beam
Time: 15:01-15:47 LT, Range: 72.9-75 km

N SNR Map, 13-Jul-2004, Off-vertical Beam
Correlation vs. Height Time: 14:19-14:56 LT, Range: 64.76-65.7 km
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Fig. 15. Thin sheets at 60 km on 14 July at 12:27 LT. . - .
Fig. 17. Segments of meridional wind maps for 27 May, 20Q8, (

andb) and 28 May(c).

4 Discussion

The full-day correlation plot for 27 May, 2003 — see Fig. 4a echoing layers, and the correlations in general decreased to-
— shows mainly positive correlations associated with a strongVards layer edges, reversing, at times, to negative values at
echoing layer seen to last the entire day at around 74 knj€ €dge. This signature appears to be consistent with the
altitude. The matching positive correlation peak at 74 km idea of turbulent I_ayer generation in velocity shear zones as
can be regarded an indication of turbulence-induced isotropi@oP0oSed by Bolgiano (1968) and Woodman and Chu (1989).
backscattering mechanism. The slight negative values in thd "€ Potential temperature gradient within such layers is ex-
correlation profile on 27 May at higher and lower altitudes PEcted to be close to zero, with sharp discontinuities at layer
are harder to interpret, just as the interpretation of the noisyedges, and statically stable profiles outside. At the disconti-

correlation profile for full-day 29 May (see Fig. 4c) is also nuity it has been postulated that there should be a very thin
difficult. layer of anisotropic scatterers elongated parallel to the dis-

Our layer-by-layer and event-by-event study of the eCho_continuity (i.e., horizontal in most cases). These anisotropic
ing structures of 27 and 28 May 2003, showed an over-Scatterers should in turn be responsible for aspect sensitive
whelming amount of positive correlation events which may radar echoes with enhanced power for vertical radar beams

be easier to interpret. 29 May 2003 contained a larger num@&S compared to off-vertical beams.
ber of negative correlation events than the previous two days. !t was also proposed by Woodman and Chu (1989) that
Also 13-14 July 2004, showed predominantly positive corre-there should be an enhancement of velocity shear at layer

lations above 70 km, and cases of negative correlations belo®dges. We frequently observed vertical shears in meridional
70 km associated with thin sheet-like echoing structures. winds co-located with turbulent layers but were unable to re-
solve or observe the hypothesized enhanced shears at layer

4.1 Positive correlations of spectral widths and echo poweiedges. Figures 17a—c show examples of meridional wind

maps from selected periods on 27 and 28 May coinciding
In general, positive correlation peaks, ubiquitous through-in altitude with strong echoing layers. For the large echoing
out the 5 day data set, coincided with the centers of strondayers of 27—-28 May the wind shears lasted the entire day. No
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Fig. 19. SNR map in all four beams of event at 69.6 km on 28 May
2003 at 10:30 LT.

Fig. 18. SNR map in all four beams of event at 66.5 km on 27 May
2003 at 10:00 LT.
well in excess of the channel-to-channel gain differences (of

a few dB'’s in favor of W and S channels).
wind shears on the scale of those present during 27-28 May Instead of being composed of pure specular reflectors, it
were found on 29 May, which is most likely the reason why is more likely that thin sheets on SNR maps discussed above
backscatter on 29 May was weaker than on the previous tweorrespond to layers of anisotropic scatterers with orienta-

days. tions favorable for strong returns in one beam and weaker
returns in others. The layers may even include a mix of
4.2 Thin sheets and isolated negative correlations isotropic and anisotropic scatterers, with the isotropic scat-

terers being visible from all viewing directions whereas the

While negative correlations at layer edges can be accounted@nisotropic ones being aspect sensitive. To make sure that
for by anisotropic turbulence as discussed above, the cases #ie signals received in different beams arrived from indepen-
isolated negative correlations may require an alternate expladent directions in the sky, we made spectral cross-correlation
nation. As suggested by Fukao et al. (1980) negative correlacalculations for the events of Figs. 18 and 19. No significant
tions could imply radiowave reflections from sharp gradientscross-correlations were found between signals from different
in electron density. Such gradients, if they persist, would re-beams, which rules out the possibility that the signals were
quire static stability of the atmosphere (e.g., Gage and Greer@iriving from a single direction in the sky through the side-
1978) and partial reflected radiowaves from the stable gradilobes of the four independent beams.
ents would appear on SNR maps as thin horizontal lines or As further evidence for the independence of different beam
“sheets”. Backscatter from 27—28 May displayed some oc-signals during events of isolated negative correlations, we
currences of such thin sheets and many more were observatext show results from 29 May 2003, during which many
on 29 May. Also, thin sheets were predominant below 70 kminstances of isolated negative correlations could be found.
on 13-14 July 2004. The occurrences of isolated negativaReferring to Fig. 9, the short-duration blob-like structure at
correlations in our data set were in fact always associated@3.5 kmand 11:12 LT is shown in Fig. 20 from all four beams
with thin sheets on SNR maps, regardless of the day thewlong with the corresponding correlation plots (on the top)
occurred. and spectral width maps (on the bottom). Given the short-

Figures 11 and 12 display the only two cases of thin sheet§iess of the event, the correlations were calculated using a
with isolated negative correlations observed in 27—-28 May.minimum spectral width count of five. Also Fig. 21 shows
These two cases are potential examples of the partial reflecsample spectra from the same event in 2min and 75 m inter-
tion process just described. However, the sheets in these twéals in time and height —the red curves represent the spectral
events are present in the SNR maps of all four radar beam8ts of model (5) to measured spectra plotted in blue. Spectra
(EWNS) as shown in Figs. 18 and 19. Itis very unlikely that with total SNR of less than —8 dB SNR were not fitted and the
there exist four independent density gradients at different lo-spectral curves are shown normalized by their peak values to
cations at the same altitude with the just the correct tilts sounity. The height of the green arrow represents the relative
as to cause partial reflected returns into all four radar beamgiagnitude of spectral peak to the maximum peak in the data
pointing in different directions. Thus anisotropic aspect- Set for that beam.
sensitive scatterers is a more likely explanation than partial Clearly, the data shown in Figs. 20 and 21 demonstrate
reflections for these events. SNR comparisons between ththe independence of the signals received by the four radar
different panels of Figs. 18 and 19 clearly show a beam-to-beams. Furthermore, Fig. 20 shows that the correlation is
beam SNR variation which is an indication of aspect sensi-negative only for the west and south beams — north and east
tivity since the observed SNR differences in the figures arebeams had positive correlations between spectral widths and
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echo power. Also, note that west and south beams have, on
the average, narrower spectra than found in the north beam.

These observations suggest a combination of aspect-
sensitive and isotropic scatterers for the event. Another ex-
ample of an aspect-sensitive structure from 29 May exhibit-
ing a mix of positive and negative correlations is shown in
Fig. 22 which gives further information about a layer first
shown in Fig. 10. Positive correlations are observed in the
north and west beams whereas the remaining two beams
show a mix of positive and negative correlations. Again, it is
most likely that the echoing sheet is composed of anisotropic
scatterers rather than pure specular reflectors.

Many of the thin sheets analyzed from 29 May that showed
isolated negative correlation in one beam actually showed
mixed cases of correlation when viewed through all four
beams. Isolated negative correlations never occurred in all
four beams and the observed aspect sensitivity was similar to
the structures in Figs. 20 and 22 which showed strong returns
in one or two beams and weak returns in the others.

4.3 \ertical beam data and aspect sensitivity

A large fraction of the data examined and presented in this :

study were collected with oblique radar beams. This is in
contrast to earlier studies of Fukao et al. (1980) and Rgyrvik
(1983) conducted with vertical beams. These earlier studies
showed a significant amount of negative correlations in the
lower mesosphere below 75 km. The obliqgue beam data from
May 2003 examined here do not show as strong an evidence
of separate altitude regimes for positive and negative corre-
lation, but the data from July 2004, which included vertical
beam observations, show an abundance of thin sheets fron
primarily below 70 km with associated negative correlations
in agreement with Fukao et al. (1980) and Rgyrvik (1983).
However, vertical beam and oblique beam comparisons
from July 2004 data show that thin sheets are consistently
detected in both beams, which once again argues against the
idea of pure specular reflections, and strengthens the evi-

dence obtained from the obligue beam data that thin sheetsg

detected primarily in the lower mesosphere probably consist
of a mix of isotropic and aspect sensitive scatterers.

4.4 Summary

Overall, all multi-beam experiments, like our May 2003 and
July 2004 observations, seem to produce backscattered SNF
maps from the mesosphere which are highly correlated from
beam to beam down to their minute details; dissimilar fea-
tures from beam to beam correspond to a negligible fraction
of the overall received power in all cases examined. This
fact, in itself, constitutes a strong evidence that pure specular
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reflections play a negligible role, if any, in causing meso- rig. 20. SNR map and spectral width map of event at 73.4km on
spheric VHF radar echoes. Furthermore, what is detected 29 May 2003 at 11:10 LT.

invariably in all beams but often to varying strengths indica-
tive of aspect sensitivity — seems to never exhibit exclusively

www.ann-geophys.net/24/1281/2006/
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Fig. 22. SNR map and correlation plots of all four beams of event at 73.25 km on 29 May 2003 at 12:11 LT.

negative correlations between spectral widths and the echo Perhaps the most significant altitudinal trends implied by
power in all the radar beams. In view of these facts, turbu-all the past and present data sets are (i) the decrease of scat-
lent and partially aspect-sensitive backscatter remains to beering layer widths with decreasing altitude on most days,
the most likely mechanism responsible for VHF radar echoesand (ii) the increase in aspect sensitivity with decreasing
from the mesosphere.

Ann. Geophys., 24, 1281-1293, 2006

height. These two trends may even be self-consistent if, as
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