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Abstract. During the MIDAS/MaCWAVE campaign in sum- dynamics of the summer mesopause structure and variability
mer 2002 we have observed turbulence using Doppler bearfGoldberg et al.2004).

steering measurements obtained from the ALWIN VHF radar  The ALWIN VHF radar was used to observe polar meso-
at Andgya/Northern Norway. This radar was operated in thespheric summer echoes (PMSE) during summer 2002. It was
Doppler beam steering mode for turbulence investigationsunning continuously throughout the whole summer period
during the campaign, as well as in spaced antenna modesnd with a special program during the campaign. The ob-
for continuously measuring the background wind field. The servation during the campaign provides a long-term data set
real-time data analysis of the Doppler radar backscatteringovering Doppler spectral width for turbulence investigations
provided the launch conditions for the sounding rockets. Theand spaced antenna wind measurements. The analysis of the
spectral width data observed during the occurrence of PMSEstrong radar echoes (PMSE) can be used to estimate turbu-
were corrected for beam and shear broadening caused bgnce parameters in the upper mesosphere and lower thermo-
the background wind field to obtain the turbulent part of the sphere by estimating the turbulent part of the Doppler spec-
spectral width. The turbulent energy dissipation rates detertral width. During the special program the Doppler observa-
mined from the turbulent spectral width vary between 5 andtion sequence was optimized to obtain Doppler echoes in a
100 mWkg ! in the altitude range of 8892 km and increase  high temporal resolution for determinig suitable launch con-
with altitude. These estimations agree well with the in-situ ditions and for turbulence investigations.

measurements using the CONE sensor which was launched Mesospheric summer echoes (MSE) were reported for the
on 3 sounding rockets during the campaign. first time byCzechowsky et a(1979) for mid-latitudes in the

Keywords. Meteorology and atmospheric dynamics (Mid- Tarz mountains (SN, 10° E) and byEcklund and Balsley
dle atmospheric dynamics; Turbulence; Instruments ancflf%_]) for polar latitudes at Poker Flat (68l, 145 E). From
techniques) this time, lots of work has been done for a better understand-

ing of these strong radar echoes; a recent review summarizes
the most important results of these investigatidRafdp and
Liibken 2004.
1 Introduction Radio waves are backscattered by electron density irregu-
larities with a vertical size of about half of the radar wave-
The MIDAS/MaCWAVE campaign of ground-based and length. In general, these irregularities are in the viscous sub-
rocket-borne investigations of the upper mesosphere angange of turbulence and will be destroyed by molecular dif-
lower thermosphere took place in June and July 2002 afusion. The appearance of strong radar echoes in the up-
the Andgya Rocket Range located near Andenes, Norwayper mesosphere is connected to very low temperatures in the
(6% N, 16° E). During this collaborative campaign two spe- mesopause during the arctic summisiil§ken et al.2003. It
cial investigative topics were focused on. The MIDAS pro- is assumed that the temperature in the PMSE layer is below
gram concentrates on the small-scale dynamical and mil50K and the saturation of water vapor with respect to ice
crophysical processes near the summer mesopaiise ( is larger than unityKodrner and Sonneman@003; Lubken
et al, 2003. The MaCWAVE program during summer €t al, 200, which means that the atmospheric condition is
2002 carried out investigations of gravity wave influences onsuitable for ice particles to grow. These ice particles can re-
duce the electron mobility and they are responsible for the
Correspondence ta\. Engler existence of small-scale VHF radio wave scatte@hd and
(engler@iap-kborn.de) Rottger, 1997).
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Table 1. Experimental parameters of the ALWIN MST radar used Table 2. Launch times of the sounding rockets during the MI-
during the MIDAS/MaCWAVE campaign.

Radar parameter

DAS/MaCWAVE campaign in 2002. The apogee was reached 3 min
after the launch of the rockets.

Rocket flight Date Time

Frequency 535 MHz
Peak power 36 kW MM-MI-12  02-Jul-2002  01:44 UT
Beam width (FWHM) 8 MM-MI-24 05-Jul-2002 01:10UT
Duty cycle 5% MM-MI-25  05-Jul-2002  01:42 UT
Pulse repetition frequency A5 kHz
Puls length 300m
Experiment parameter . . L

: (2003. The authors were able to identify turbulent activities
height range 72-98km in an altitude range of 7890 km from these in-situ measure-
height resolution 300m ments.
tiit directions I:I’S\r/“gaé NE. SW The turbulence parameters are discussed here in order to
filt angle » ’140 T evaluate the turbulent energy dissipation rates derived from
Code 16-bit Complementary Code spectral width of the received radar echoes. Furthermore, we

Length of time series

256

compare the estimated turbulent energy dissipation rates with
the in-situ measurementsRapp et al(2004 during the MI-

coherent integration 64

Nyquist frequencyfy 11.30Hz DAS/MaCWAVE campaign, as well as with a climatological
Frequency resolution Af=0.088 Hz mean from several rocket launcheslhbybken et al(2002).
maximum radial velocity,,; 31.70ms1 In Sect.2 we discuss the setup of the radar experiment
Velocity resolution Av=0.25ms1 and in Sect3 the theoretical analysis is introduced for the

estimation of turbulence parameters derived by radar obser-
vations. Sectior provides the obtained results and shows
the comparison of the radar data to rocket-borne results. The

For the analysis of turbulence in the upper mesosphere bediscussion is following in Secé.
tween 70 and 92 km the Doppler radar echoes were recorded
an_d the spectral par_ameters, such as echo power, Do_pp? Experimental Method
shift, and spectral width, were estimated from the receive

time series. The variability of the random motion of scat- The ALWIN MST radar operates at a frequency of SBIHz
tering entities in the size of the Bragg scale of the radar reanq can be configured in Doppler beam steering mode (DBS)
sults in a distribution of radial velocities. The Doppler spec- or in spaced antenna mode (SA). The radar is designed for
tral width parameter describes the fluctuations of the velocontinuous operation, and during the campaign DBS and SA
ities of the scatterer in the observed volume which is deterygges were set up in an alternate regime. In DBS mode the
mined by turbulence, horizontal background wind and atmo-ragar beam was pointing vertically and towards north-east,
spheric waves. The turbulent fraction of the observed specsqth-west, south-east, and north-west, with an off-zenith an-
tral width can be achieved by correcting the influence of thegje of 72 and towards north-west with 24The full-width at
background wind and wind sheaddcking 1983aNastrom  pajf-maximum (FWHM) of the radar beam is determined to
1997 Nastrom and Eatqri997. Hence, the Doppler spec- g for the transmitting and the receiving beam in DBS mode.
tral width determined by radar observations can be used as The radar antenna consists of an array of 144 4-element
an indicator of turbulence in the atmosphere, assuming thaya; antennas. The antennas are arranged in>al 22rid
there is no other generating mechanism than active or fossiyith subsystems consisting of 4 antennas. A detailed de-
turbulence Rapp and bibken 2004. scription of the radar is given biyatteck et al(1999. For

The estimation of turbulent parameters derived from radarthe DBS observations the whole antenna was used for trans-
backscattering has been discussed in detail previously in, fomission and receiving, whereas in the SA configuration the
exampleHocking (1983ab, 1985 1999. The description of  whole antenna was only used for transmission, and three sub-
the determination of turbulence by radar investigations pre-arrays of 6<4 antennas were used for receiving the radar sig-
sumes that the observed volume is homogeneously filled withhal. Tablel gives a short overview of the parameters used in
turbulent eddies. Furthermore, the turbulent part of the ob-this campaign for the ALWIN MST radar.
served spectral width is directly related to the turbulent en- |n the present study, DBS measurements provide the ob-
ergy dissipation rate at the given altitude. served spectral width, where during the countdown for the

The CONE sensor was developed for combined measurerocket launches the vertical beam was set up with a high
ments of density fluctuations of neutrals and electrons. Atemporal resolution. In this period, the radar beam was
detailed description of the progress in the data analysis ofteered vertically, as well as bff-zenith towards NW/SE
neutral air density fluctuations is given IBtrelnikov et al.  and 14 off-zenith towards NW, into the direction of the
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rocket trajectory. Due to the lack of Doppler wind measure-its actual occurrence and behavior during the observation is
ments the background wind field for the spectral broadeningunknown.
correction was generated from SA using the full-correlation The determination of the turbulent part of the spectral
analysis afteBriggs (1984 in a suitable time resolution. width o7, Which is related to the root-mean-square velocity
Table 2 gives an overview of the sounding rockets 5
launched during the campaign. 02— Curb 3)
A detailed description about the rocket launches duringthe "™ (2In2)
MIDAS/MaCWAVE campaign is given iRapp et al(2004. s the base for the calculation of the energy dissipated in the
atmosphere because of turbulence. Therefore, several differ-
ent methods are established in the literature, for example, the
so-called “exact” method biocking (19834 which uses the
The returned DBS radar echoes were analyzed using the c0|p-Olar diagram Of. t_h_e radar beam: t_he backgrounq wind, and
the aspect sensitivity for determining the correction factor.

relation method afteDoviak and Zrnic(1993) to determine . S
the spectral parameters. After this analysis a careful :selecAnOther method, the dual-beamwidth method which is inde-

tion of the data was applied before further analysis. OnIypendent of the mean background wind, was introduced by

data values with a Signal-to-Noise ratio (SNR) larger thanVanZandt et al(2002 for a calculation of the turbulent part

0dB were chosen as reliable estimates for further analysisv.vIth a narrow and a wide beam pointing into the same direc-

and the median profiles were prepared with at least three da%on' For the study presented here, we use an approximation

points in each corresponding range gate during the averagin asedf c;]n tg N analyélca;: expgess&on 'to (jfeterm;‘nebthekcorrecg

time period of 20 min. on of the beam and shear broadening from the backgroun
The variance of the radial velocity is described by the wind field.

spectral width parameter of the radar echo and is determineg_1 Beam and shear broadening

by turbulent fluctuations and other mentioned contributions

in the observed volume. The scatterers are randomly movingrhe formula used in this study for the broadening correction

due to neutral air turbulence and atmospheric waves whichs given byNastrom and Eato(1997),

increase the variance of the observed Doppler velocities. The

3 Data analysis

observed spectral width in velocity units is given as (Qélw))z
A Oczorr = TVZ COSZC(
Oobs = _f(1/2)obs’ (1) 2
2 2 (9 élw)) v
where f(1/2)0s IS the half-power half-width of the Doppler B — sirf a <V8_ZR COS()()

spectra in the frequency domain anthe radar wavelength. 5
If the beamwidth of the transmitting radar beam is very (9(()1’”)) 97\ 2
small, then only turbulent fluctuations in the atmosphere +—-—-(3+CcoS4 —4COS2) (—) R?
cause the spectral broadening and the contribution of the 24 9z
background wind can be neglected. The spectral width from (9(1w)>2 2 2
a radar beam with a larger beamwidth, which holds for the N0 T cosa +sirfa cof u (8_V> ART (4
radar with a half-power full-width of in 80km altitude 3 iz ) 12

and a range resolution of 300 m, is also influenced by broad-

ening effects due to horizontal wind speed and wind shear, s formula
Equation @) displays the contributing parts which determine beamwidth.V th
the observed spectral widt, : '

: Gél“’) is the one-way half-power half-
e horizontal wind speed,V/dz the verti-
cal wind shearg the zenith angle of the radar beam the
o2 o o2 1o g2 range andA R the range resolut?on. For the o_ff—zenith point-
obs ™ Pbeam T “shear T Zwave T “turb ing beams all terms are used in the correction term and for
=02, +ol,. (2)  the vertically pointing radar beam the second, third and parts
) ) of the fourth term in Eq.4) are zero. Hence, the wind shear
_ The observed spectral width of the returned radar signa, ., dening correction, depending on the range and range res-
is mainly influenced by the mean motion of the backgroundtion, is also included for the vertical beam. In the calcu-
wind through the illuminated volume of the radar beam and|ation of the correction for beam and shear broadening the

by turbulence. The correction of beam and shear broadening,izontal wind speed was taken from SA measurements as
is combined in the term af,,,, and the expression is given a half-hourly mean.

in the following subsection. An expression for the spectral

width correction due to gravity waves is given bypcking 3.2 Turbulent energy dissipation rate

(1988, Murphy et al.(1994, andNastrom and Eatof1997).

However, the influence of gravity waves on the broadeningThe calculation of the turbulent energy dissipation rate is
of the spectra is not considered in the present study becaudssed on the analysis proposed Hgcking (1996. After

2 2
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applying the correction for beam and shear broadening, thén contrast, small aspect angles characterize anisotropic scat-

turbulent energy dissipation rate can be calculated,

Oturb

€= 0.47<m)2N (é)ys’ ®)

whereN is the Brunt-\Aisala frequency. The Brunt-8sala

terers or specular reflectionRdttger et al. 1981, Hocking
and Hamzal997).

The aspect sensitivity can be related to an idealized picture
of the scattering eddies described by a quasi-isotropic ellip-
soid with horizontal and vertical axis and/,. Using the
calculated aspect sensitivity we can estimate the anisotropy

frequency was calculated using the climatological temper-aiio of the scattering eddids/ /. according to the expres-

atures obtained from rocket measuremehisbken 1999.
Using the mean temperatures of falling spheiél{emann

et al, 2003 during the campaign, no important differences

could be recognized. The correction tetm accounts for

the fact that some of the turbulent fluctuations are caused b

high frequency gravity wavedHpcking 1996 1999. The

ALWIN MST radar and mesospheric altitudes the faetpr
is approximately B (Hocking 1996.

We also have to discuss some estimations for the detectio

sion (Lesicar and Hockingl 992 Lesicar et al.1994 Hock-
ing and Hamzal997)

L\ [ 22/k?
y(E) B <87123in205 +1) ’ ")

correction depends on the radar characteristics, and for thﬁ/here s the e

~1 half-depth of the eddy. The value of
h~0.15-0.321 was determined for MF radar observations

ﬁt 2 MHz Hocking 1987).

limits of turbulence by radar measurements. Due to experi-
mental conditions the turbulent energy dissipation rate islim-4  Results

ited because of several factors. Tablghows the conditions

used for this experiment. The pulse repetition frequencyrigure 1 shows the height-time-intensity plots of the echo
(PRF) and the number of coherent integrations result in a sigpower received with the vertically pointing radar beam for a

nal spectra with a Nyquist frequency ¢f,=11.30Hz and

period of 10 h around the launch times of the sounding rock-

a resolution ofA f=0.088 Hz. The Nyquist frequency corre- ets. During both periods a PMSE layer was observed by the

sponds to a maximum radial velocityi&**=31.7 ms* and
the spectral resolution of the velocity @fv,=0.25ms L.

radar between 82 and 88 km. Additionally, Flglisplays the
high variability of the observed echo power quite well. The

The estimated error of the radial velocity results in a variancelaunches of the MIDAS sounding rockets are indicated by

of the turbulent energy dissipation rate/eé=0.3 mW kg 1.

the vertical lines inserted into the figures. The rockets were

From the averaging procedure the calculated variance is ofaunched during the occurrence of an PMSE layer which al-
the order of 0L — 10mWkg™*. In this case, we can deter- |ows this comparable study of turbulence in the middle at-
mine turbulent energy dissipation rates with an accuracy ofmosphere. Figur@ presents the echoes received with the
Ae=03mWkg! but a much larger statistical variance is north-westward pointing radar beam at the same time. The

estimated for the averaged height profiles.

3.3 Aspect sensitivity

In general, radar echoes from scatterers at mesosphere alti-
tudes are different in strength depending on the zenith an
gle of the beam pointing direction. This difference can be
estimated in the aspect sensitivity parameter which define
the degree of anisotropy of the radar return, as pointed o

by Rottger et al.(1981), Hocking (1989, andHocking and
Hamza(1997). The aspect sensitivitgs is calculated as
(Hocking, 1989 Hocking et al, 1990

i o 2w
'n29=SI——'n2<0—), 6
S In(f,’gg))) . JIn2 ©)

whereq is the tilting angle of the off-zenith beam aaéf”’)
the two-way half-power half-beamwidth. Dividirg§””’ by

+/In2 leads to the fe beamwidth which is used biock-
ing et al.(1990. The term In(P(0)/P(«)) defines the re-

echo strengths of the obligue beam pointing into the direc-
tion of the trajectories of the sounding rockefapp et al.
2009 are much weaker than those of the vertical beam and
indicate aspect sensitive scatterer.

From these data mean height profiles were extracted as an
average of 20 min, which means 10 min before and after the
rockets have reached their apogees. Figuepresents these

uErofiles for the three MIDAS rockets for the vertical beam

s well as the tilted beams pointing towards north-west and
south-east. It can be clearly seen that the signal on 2 July is
about 10 dB weaker than on 5 July, where a power maximum
of 60dB at 85km can be observed. On 2 July the power
maximum is located at lower altitudes at about 84 km as on
5 July.

The received signals from the off-zenith beams pointing
towards north-west and south-east, shown in Bigs blue
and red dashed lines, are about 10 to 20dB weaker than
the echo received from the zenith at nearly all altitudes.
In this case, we can argue that the scattering process is
highly aspect sensitive. Figudeshows the calculated height
profiles of the aspect sensitivity parameter using the median

ceived power from the zenith over the power received frompower received from the vertical pointing beam, together

the tilted beam. A large aspect sensitivity facigrdenotes

with the power of the NW tilted beam (blue dashed line)

small aspect sensitivity and the scatterers are more isotropi@and the power of the SE pointing beam (red dashed line) of



N. Engler et al.: Turbulence by Doppler VHF Radar 1151

MM-MI-12 MM-MI-24 MM-MI-25
02-Jul-2002 92 w 9217y : 92 : :
92 ’ ) — Zenith
, --- NW7°
90 ---SET°
. _ 90F 1 90f g
[
£ g
=8 &
S gal El 88 4 esf
£ >
82 2
80 £ 86f 1 86
21:00 00:00 03:00 06:00 £
£ saf 4 et
05-Jul-2002
82 1 82t
@
§: -
g e 80| 1 sof
28 ]
c
[ =)
T 7]
7 78 7
% 20 %

40 60 40 60 40 60
Signal / dB Signal / dB Signal / dB

21:00 03:00 06:00

00:00
Time/uTe Fig. 3. Signal power profiles of the three rocket flights for the ver-
Fig. 1. Overview of the signal power received from the vertical tical and both off-zenith pointing beams as 20 min medians near
beams on 2 July and 5 July 2002 as height-time-intensity plotsthe apogee time of the 3 sounding rockets launched during the MI-
Shown are the periods of 10 h around the sounding rocket launcheBAS/MaCWAVE campaign. The solid lines show the signal re-
which are indicated by the vertical white lines. ceived from the vertical beam and the dashed lines the signal from

the 7 NW and SE beams.
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Fig. 2. Signal power for the same time interval as in Figor the Fig. 4. Aspect sensitivity parameter calculated from the mean signal
north-westward pointing beam. This is the direction of the trajec- power for the three rocket flights. The white area defines the region
tory of the sounding rockets during the MIDAS/MaCWAVE cam- where the SNR is larger than 0 dB.

paign.

part of the observed range. At the upper part the aspect
Fig. 3. In Fig. 4 the white areas define the altitude ranges sensitivity parameter is increasing which indicates more
with an SNR larger than 0dB of the vertical pointing radar isotropic turbulence in these heights. The aspect sensitivity
beam. For the analysis of turbulence, only values with anvalues of the investigation shown here are also comparable
SNR larger than 0dB have been used in order to obtairto earlier observation€Czechowsky et al.1988. In order
reliable estimates. The aspect sensitivity parameter @Eq. to obtain a more detailed view on the anisotropy we have
can be used as an indicator for the degree of anisotropy ofalculated the anisotropy ratiy /I, after Eq. {) for the
the scattering eddiesipcking 1989 Hocking and Hamza  three periods of interest. The results are shown in big.
1997. During the periods investigated here the aspectHere, we found aw, /I, ratio larger than 5 in the altitudes of
sensitivity parameter is on the order of 2-i the lower  the maximum power.
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Fig. 5. Anisotropy ratio calculated from the mean aspect sensitivity ) o )
shown in Fig 4 for the three MIDAS rocket flights. The white area Fig- 7. Observed spectral width (individual values and median pro-
defines the values where the SNR is larger than 0 dB. These paranil@s) during the periods of the rocket flights. The dots represent the

eters describe the degree of anisotropy of the scattering eddies. ©OPserved spectral width within the time window of 20 min and the
median of the individual values used for the estimation of turbulent

energy dissipation rates is shown as line. For further consideration

[0} [} [0} . . .
horiz horiz hriz only spectral width estimates are shown where the beam broadening
o W N _E S gp W N E S g5 W N E S

0z 0z oz correction could be applied ang, , >0m?s~2.
MM-MI-12 MM-MI-24 MM-MI-25
90r o1 eor : 1 9or
Figure7 shows the individual spectral width values (blue
88 18 18 1 dots) obtained in the 20-min period, together with the me-
dian value of the observed spectral width (solid line). As
gy 18 18 ] shown in this figure the variability is abott2m s in the
£ observed 20-min periods. In Figthe median turbulent part
T o 1 84 1 84 ] of the spectral width is reduced by the correction term in the
order of 1 ms?. Looking at the individual values, the varia-
82r 18 18 l tion is still obvious and the correction term is in the order of
1-3ms L.
8or 18 18 ] Although the beam-broadening correction is small, it has
to be considered. The main contribution to the correction is
8 3‘Vo e‘omsg‘p 20 % 3\‘9 e‘omsg‘p 20 % 3‘vo ebmsgp 120 given by the first term in Eq4j with the background wind
ot orz otz speed. A significant influence on the spectral broadening can
Fig. 6. Horizontal wind speed and direction as half-hourly mean P€ introduced by the wind shear, while shear stress between
measured by the Spaced-Antenna method. layers in the atmosphere can lead to turbulence, as well. In

the correction term the beam broadening resulting from the
background wind and from the wind shear is also included
for the vertical pointing beam, as shown in E4).( The
contribution of the wind shear broadening is on the order
The spectral broadening was determined according taf 0.1-1% of the correction term for the vertical beam and
Eq. @) for all beam directions in the radar experiment. 1-10% for the 7-tilted beams.
The mean background wind was derived from SA wind According to Eq. §) the turbulent energy dissipation rate
measurements as half-hourly means. The vertical gradientan be estimated from the turbulent part of the spectral width
(0V/dz) used in Eq. 4) was calculated from the horizontal obtained by radar observations. Fig@ehows thec val-
wind speedV. Height profiles of the horizontal wind speeds ues as 20-min medians around the apogee of the three rock-
and the wind directions for the periods of interest are shownets, where the blue solid line represents the energy dissipa-
in Fig. 6, where easterly (westward directed) winds with am- tion calculated for the vertical pointing beam. Additionally,
plitudes of 70 to 80 ms! dominate. This is in agreement to the in-situ results from the rocket estimations are shown as
former investigations at these altitudes during the polar sumerosses for all three MIDAS sounding rockets. The results
mer (Czechowsky et a11988. from these rocket flight data are discussed in more detail by
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rockets Rapp et al.2004 as well as the climatological mean of
energy dissipation rates from rocket measuremdriibKen et al.

2002.

within several years biziibken et al(2002. Figure9 shows

measured by radar and rockets for the first time.

ues from radar observations is presented in EdyWe have
plotted the standard deviati@rj for the altitude range of the

the estimated error of the rocket data analysis.
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Fig. 11. Height distribution of signal power between 01/07/2002
Fig. 9. Turbulent energy dissipation rates observed by differentand 07/07/2002 during the MIDAS/MaCWAVE campaign. The fig-
methods. The ALWIN VHF radar measurements are plotted to-ure shows the number of received echo power of the vertical beam
gether with the data obtained by the CONE sensor of the soundingvhich are larger than 30 and 50 dB. The occurrence redg{q:)

is normalized to the total number of observatioNg.(

small at lower altitudes and reaches up to%sTf at the up-
per boundary of the PMSE. Additionally, the errors of the in-
Rapp et al(2004. Furthermore, we include mean energy situ technique are also included in Fip. For more details
dissipation rates derived from sounding rocket measurementsbout this technique we refer taibken (1992 and Strel-
nikov et al.(2003.
this detailed comparison of derived energy dissipation rates For a statistical analysis during the period from 1 July un-
til 7 July 2002, we have extracted the occurrence of PMSE
For a better comparison the variance of the estimated valand of energy dissipation. Figufel demonstrates the oc-
currence of PMSE plotted for two limits of signal strength.
It shows the maximum occurrence of PMSE in an altitude
observed PMSE which is showing the variance around thebetween 83 and 86 km of more than 45% during this week
time the rockets have reached their apogee. The variance isith an echo power larger than 30dB. Figut2 shows
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We have concentrated our investigation on the turbulent
part of the spectral width after eliminating the spectral broad-

==+ 10 < £ < 100 mW/kg
==+ £>100 mW/kg

ening due to the background wind field. Fig@&shows the
turbulent parts as height profiles for the periods of the rocket
flights. The influence of the background wind is on the order
of 1-2ms1, which is clearly seen if comparing Fi§.to

Fig. 7.

_‘f{ From the turbulent part of the spectral width we have cal-
| culated the turbulent energy dissipation rates shown ing-ig.
for the three rocket launches of interest. We find energy
dissipation rates which are in good agreement with the in-
situ rocket measurementBdpp et al.2004 which are also
plotted in this figure. Additionally, we inserted the clima-
tological means obtained hylibken et al.(2003. For all
launches the energy dissipation rates estimated by the VHF
Doppler radar measurements fit well to the rocket data. Dur-
ing the first rocket flight at altitudes around 84 km no tur-
bulence is observed by the rock&tielnikov et al, 2003

yet the radar detects a reduced value in the energy dissipa-
tion rate in the 20-min median. However, the radar observes
velocity fluctuations in a volume defined by the beamwidth
the occurrence of energy dissipation for the same periodf the transmitted radar beam and the pulse length. In this
divided by the occurrence of PMSE with a signal power case, the radar observations are averaged estimates in height
larger than 30dB. We have arranged the dissipation rateand time while the rocket-borne instrument measures turbu-
into three classese €10mWkg !, 10<e<100mW kg™, lence in a very small volume and for a short time scale dur-
ande>100 mW kg 1), which might represent a reasonable ing its flight. The turbulent energy dissipation rates obtained
classification. It is clearly seen that the middle class is in thefrom both instruments are small at the bottom of the observed
same altitude range as the maximum of PMSE occurrenceé®?MSE structure and increase with altitude (Fp. The ob-
Furthermore, we observe large energy dissipation mostly irservation with an VHF radar is limited to the extension of
the upper part of the PMSE while small dissipation is found the PMSE layer which is located in a 5-km altitude range
in the lower part. The large energy dissipation due to tur-(Fig. 3). However, the variability of the turbulent part of the
bulence in the upper part of the observed PMSE structurespectral width is high, as shown in Fig.for the 20-min pe-

is evident with the in-situ rocket observatiorRapp et al.  riod of interest. The 20-min median radar sounding profiles
2004). are in good agreement with the in-situ rocket observations.

The results from the analyzed week during the MI- Figurel0shows the variabilitys? in the period of 20 min.
DAS/MaCWAVE campaign clearly show that energy dissi- 1he standard deviation for this period of averaging is small at
pation due to turbulence is large at the upper edge of thdower altitudes while in higher altitudes the variation of the
PMSE. The number of observations in these altitude range§issipation rates becomes larger. We would always expect
are low for signals larger than 30dB but it can be recog-2 large variation of the turbulence parameters during the ob-
nized that strong turbulence is located in the upper part oférvation because of the high variability of the spectral width.
the observable echoes. In the whole altitude range of thé\dditionally, the errors from the rocket data analysis are in-

PMSE medium turbulent energy dissipation is still the dom-Serted in Fig.10. The curves are not directly comparable
inant fraction during the observed week. to the estimated variance of the radar observations but only

comparable for the information used in the analyzing tech-
nique Gtrelnikov et al, 2003. This figure shows that the
variance of the energy dissipation and the error from the fit
increase with altitude.

The results shown here demonstrate that VHF radar ob-
We have derived turbulent energy dissipation rates fromservations in the mesopause region are a suitable tool to
Doppler spectral width measurements during the appearancestimate turbulence parameters continuously if a PMSE is
of polar mesosphere summer echoes (PMSE) using VHRpresent. The turbulent energy dissipation rates determined
Doppler radar observations. The turbulent part of the specfrom the turbulent part of the spectral width are proven by
tral width is calculated and used for determining the turbu-in-situ rocket-borne observations and the results are in good
lent energy dissipation rates. The energy dissipation waggreement with the in-situ techniques.
also measured by in-situ rocket experiments and we have The radar backscatter observed during all three rocket
compared these in-situ observations with continuous groundflights is highly aspect sensitive, as shown by the echo power
based radar measurements. observed with vertical and oblique radar beams (Bjcand
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Fig. 12. Height distribution of turbulent energy dissipation rates
for the same period shown in Figl The number of turbulent
energy dissipation rates of three groups of dissipation strength
are normalized by the PMSE occurrence larger than 30 dB.

5 Discussion
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the 65 values estimated from these data (M. In general, (2004. The interpretation of the origin of the high aspect

the aspect sensitivity is decreasing (the aspect sensitivity facsensitivity within the PMSE still needs closer inspection in

tor 6s is increasing) with altitude. In the following we discuss the future and further investigations will also take into ac-

the relation between the observed aspect sensitivity and theount MF radar observations.

possible backscatter processes. In the altitude range of PMSE occurrence we have ob-
The aspect sensitivity describes the anisotropy of the radaserved turbulence with the radar and it is proved by rocket

backscatter which can be originated from anisotropic tur-measurements. Therefore, we assume that the spectral broad-

bulence or from specular reflectioriocking and Hamza ening caused by turbulence is well estimated using the de-

(1997 developed expressions which provide limits for the scribed analysis procedure.

aspect ratid, /I, of an idealized scatterer to be originated

from anisotropic turbulence. The aspect ratio (Eq. (12)

in Hocking and Hamzal997 is a function of the radar

wavelength (eddy scale), the vertical wind gradient, and th

strength of turbulence. Using Eq)((identical to Eq. (15) in

Hocking and Hamzal 997 the aspect ratio is converted to a

6 Conclusions

®rhe turbulent part of the observed Doppler spectral width
of the VHF radar signal was used to estimate turbulent en-
lower limit of the aspect sensitivity factég which can be as- eray d|55|pat|o_n rates. '_I'h_e energy dissipation rates _Of the

radar observations are limited in range to the extension of

spmated with anisotropic tu.rbul_ence. Lovv_ervalues wquld In'the PMSE layer. In the height between 83 and 86 km the es-
dicate that specular reflection is the dominant cause in radar. . 2 ; i
backscatter. imates from radar investigations are in good agreement with

A minimum energy dissipation rate ef,;,=0.3 mW kgt the rocket data, as shown in the ex.ample.presenteq hgre. We
o have observed turbulent energy dissipation rates inside the
was observed by the in-situ rocket measurements and we oh- ; .
tain a minimum aspect ratio ¢f /1,17, assuming a ver- MSE layer for the representative and comparable periods of
: . . IR the MIDAS rocket launches during the MIDAS/MaCWAVE
tical wind gradient ofdV /dz=40m s~ km~* for our VHF o NG
radar observations. Finally, the aspect ratio can be convertegePaIgn In 2002. We found dissipation rates at the lower
' y €dge of the observable echoes between® mw kg and

to a minimum aspect sensitivity factor @~15° (h=0.32x ; Towhi
assumed) which is considerably larger than the observed asa-t the upper region of about 100 m which agree well

L ! with the in-situ measurements and the climatological mean.

pect sensitivity factobs with values between°2and about : : :
i In the discussion we also have pointed out that some of
10%; s values of about 15are reached only on the top of our observations still need further investigations, in partic-
the PMSE layer. The aspect sensitivity factors obtained by 9 NP

VHF radar studies during the occurrence of PMSE are muchUIar’ how we can improve the understanding of the aspect

lesser than the lower limit of the aspect sensitivity factor es-SGHSItIVIty of the scattering process at VHF frequencies and

. . : .. how we can exactly determine the quality of the energy dis-
timated from the aspect ratio using observed energy dissipa-.” . ’ .
. : sipation rates obtained by radar observations. However, the
tion rates and wind shear. The aspect factor of 1.7 from the

presee VI st o e crder o n vl o FLS 30001 5 e o S0t e e o e
studies which are around 1-#i¢cking and Hamzal997). P P

The difference between the aspect sensitivity factors couk}0 single sounding rocket flights.

be related to diff f1h b Ongoing radar observations will include turbulence inves-
e related to different structures of the scatterer seen by VHkjga1ions at different scales using, for instance, MF Doppler

and MF radio wave scattering. The scatterer at MF frequenyagar observations at 3 MHz. This radar allows a continu-
cies around 2 MHz are electron density disturbances geneipys investigation throughout the whole year since it does not
ated by wind gradients and their scales are in the inertiadepend on the occurrence of PMSE. Furthermore, the Bragg
subrange of turbulence. The VHF scatterers at 50 MHz arescale of this radar is within the inertial subrange of turbu-
electron density disturbances embedded in charged aerosistince, where the first stages of turbulence could be studied.
structures which reduce the electron mobility and sustain the )
refractive index disturbances at 3-m scales. The origin ofgig‘%"xlggrg‘fhrgeg:i?eSOMgEAzSErZOJ:rC]L ‘i‘ﬁf ’\Tgm’ggzg Ig)és?:rch
B o ol uner g 11530031 e st hank e s
- ya Rocket Range for their support in the radar facilities and
MF and VHF Doppler radars performed at Andenes in sum-

. ! > the rocket campaign and the members of the DLR Mobile Raketen-
mer 2004 provide spectral width and aspect sensitivity datg, s

on both frequencies and will hopefully improve our under-  Topical Editor U.-P. Hoppe thanks a referee for his/her help in
standing of these contradictory findings. This data analysisevaluating this paper.
will be part of a separate paper.

The increase in the aspect sensitivity parameter in the UPR oferences
per part of the PMSE layer which conforms to lower aspect
sensitivity seems to be a sign of enhanced turbulence in thesgjiy 1. Bekkeng, J., Latteck, R.,ilbken, F.-J., Rapp, M., Sobh,
altitudes. The high aspect sensitivity in the lower part of A Singer, W., Smiley, B., and Strelnikov, B.: Rocket probing
the PMSE could be due to horizontal layering of small-scale of PMSE and NLC - results from the recent MIDAS/MaCWAVE
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