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Abstract. By measuring fading times of radar echoes from profiles, the shape tends towards height independence in the
underdense meteor trails, it is possible to deduce the ambipdewest parts while exhibiting a sudden decrease with altitude
lar diffusivities of the ions responsible for these radar echoesin the upper part, hence, a “7” form. Despite the noise on
It could be anticipated that these diffusivities increase mono-either side of the peak occurrence height, the “figure seven”
tonically with height akin to neutral viscosity. In practice, shaped profiles occur so frequently that they deserve inves-
thisis not always the case. Here, we investigate the capabilityigation. Here, we will address the height independent na-
of neutral turbulence to affect the meteor trail diffusion rate. ture of the lower part of the diffusivity profile. The upper
part of the profile is thought to be a consequence of the de-
gree to which the observed echo fading is a mixture of diffu-
sion along and perpendicular to the magnetic field (Dyrud et
al., 2001).

Key words. Meteorology and atmospheric dynamics (mid-
dle atmosphere dynamics; turbulence)

1 Introduction

_ ~ 2 Simulation of ambipolar diffusivity profiles
Meteors entering the Earth’s atmosphere generate trails of

ionized gas that optimised radars can utilize to obtain in-Although the phenomena described above apply to many
formation about winds and temperatures (Tsutsumi et al.yadar results (Hocking, private communication), we shall
1999). In order to determine the latter, echo fading, as-consider a high latitude case: @9, this corresponding to
sumed to be a consequence of ambipolar diffusion of thethe newly installed Nippon / Norway Svalbard Meteor Radar
ions constituting the meteor trail, is measured whenever th§NSMR) (Aso et al., 2001). We employ the MSISE90 model
plasma frequency is less than the radar frequency (knowmtmosphere of Hedin (1991) to obtain neutral density and
as “underdense” echoes). The process of deriving temperaemperature,I’, profiles and, therefore, atmospheric pres-
tures from the measurements of an ambipolar diffusion cosure, P. Hence, the ambipolar diffusivityd, of ions is
efficient are fraught with uncertainty (e.g. Jones, 1995), al-given by:
though at the peak of echo occurrence, many satisfactory

results have been obtained (e.g. Hocking, 1999). To makg, _ k87 T Po Ko ( Te) 0
matters worse, however, the measured ambipolar diffusivi- e To ’

ties themselves may be unreliable, as predicted by Dyrud et . , _ _
al. (2001). The diffusivity of air increases exponentially with wherekp, is Boltzmann's constantp = 273.16 K andry =
height, and one would expect the ambipolar diffusivity of the l_'013X 105_Pa are stanc_iard temperature a_lr_1d pressure, respec-
meteor-trail ions to behave similarly. In practice, however, _t'Ver’ Ko 1s th_e zero-field reduced mobilily of the ions,
meteor radars often yield profiles that are almost constanf> the electronic charge, aﬁd an.dTi are the electron and
with altitude below 90 km and actually decrease with heightIon temperatures, respectively, in the plasma (e.g. Chilson

in the lower thermosphere. Since echoes are largely obtaine tal., 1,[996)' Slnﬁe”colllspdns irel freglaeknt att:]he allltltfdes
from a height regime only a few kilometers wide, centered on!n guestion (we shall consider elow m), ne electron,
on and neutral gas temperatures will be considered equal.

around 90 km, for a radar operating at, say, 30 MHz, statis- h bility. Ko d q the | : H
tics in the lower thermosphere and mid-mesosphere are poo-F € mobility, Ko, depends on the lon Species. Hence, as-
ming, for example, ions with mass number of 40, which

and, thus, the results are more susceptible to noise. In thes L .
P corresponds to a combination of Magnd Fée giving Ko =

Correspondence toC. M. Hall (chris.hall@tgo.uit.no) 2.5x10~4m2V~—1s-1 we can model the ambipolar diffusion
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] for mid-winter at 80 N are shown in Fig. 1. Changing the
86 - 4 ion species to gl results in a half magnitude reduction in
c i 1 D,, not shown here. We see an overall increase in diffusivity
X I | levels from summer to winter, but most pronounced for
84 - - andD,.
I 1 Turbulence tends to occur in layers and intermittently.
I ] Therefore, at any one time we would expect to see a profile
82 - = of turbulent intensity exhibiting much more structure than
I ] suggested by Fig. 1. More importantly, one would expect
I temporally and spatially localized instances of considerably
80 - - : stronger turbulence than indicated by the model. On occa-
0.1 1.0 10.0 100.0 sion, up to 2 orders of magnitude greater intensity could oc-

m ™ 2/s cur and likewise instances of little or no turbulence at all.
Converting the model profile for summer only into an equiv-

Fig. 1. Diffusion coefficient profiles. Solid lines: ambipolar dif- alent energy dissipation rate, using Weinstock (1978):
fusion assuming a mixture of Feand Md"; Dotted lines: neutral

atmosphere; Dashed line: turbulence (see text). Upper panel: sume = Kw%/O.Sl, 2)
mer; lower panel: winter. ) ] . ] )
in which wp is the Brunt \&isala frequency (derivable from

MSISE90), we can obtain an idea of the magnitudes of turbu-

lent intensities in the height regime of interest here (Fig. 2).
The time scalet, associated with the dissipative nature of

turbulence, may be defined as (Tennekes and Lumley, 1972):

coefficient profile. Similarly, it is a straightforward matter to
model the corresponding neutral gas diffusividy(or kine-
matic viscosity). The turbulent diffusivitk may also be
modelled (Hall et al., 1998) by normalizing the model of Shi- . _ (/Y2 ©)
mazaki (1971) to the measurements of Danilov and Kalgin

(1996). This is a particularly pertinent approach in this casewhereuv is the kinematic viscosity. This kinematic viscosity,
since the latters’ observations were from Heiss Island, also abr alternatively momentum diffusivity (e.g. Batchelor, 1970)
approximately 80N. While details are to be found in Hall et is usually considered identical to the mass diffusivity (e.g.
al. (1998), the essence of the model is that maxim& isnd Hinze, 1975), i.e. half of the value of the ambipolar diffu-
their altitudes are obtained from Danilov and Kalgin (1996) sivity, of the fluid into which turbulence is dissipating ki-
as a function of season, and these are used to fix the correretic energy, and in this case, we shall assume it is into the
sponding points in the profile shape supplied by Shimazakiplasma, which, in turn, is in thermal equilibrium with the air.
(1971). The resulting profiles, derived for mid-summer andIn any case, the diffusivities of air and plasma, particularly
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if the primary ion is I\I are very similar. Thus, we are able 90
to model turbulence time scales for the summer and wintel I
cases, for each of the turbulence intensity scenarios, and fc
each of the suggested ion species. The reader is referred = 88
Batchelor (1970), Hinze (1975) and Kundu (1990) for more
information on turbulent and molecular diffusivities of mo- i
mentum mass and heat, and the Schm#d) @nd Prandt| 86|
numbers parameterising the relationships between them. g
After a meteor passes through the atmosphere, the resul

ing ionized column expands very rapidly (within a millisec- 84r |
ond or so) until thermal equilibrium is reached, at which
point the trail is said to have an “initial radius”. When this ao | ]

initial radius is short compared with the quarter radar wave-
length, scattering from within the trail is coherent. Even- i
tually, as the radius expands and becomes much larger the 80| i ‘ L
the radar wavelength, the scattering becomes incoherent ar 0.1 1.0 10.0 100.0
invisible to classic meteor radar systems (McKinley, 1961).
Considering now the time during which the trail delivers co-

Kolmogorov microscale (m)

herent echoes, the time evolution of the echo amplitticte 90| | I
is given by McDaniel and Mason (1973): I
88 - 8
A() = Ag exp(—lGnZDat /AZ) , (4)
where Ag is the initial value of the echo amplitude and 86 i i

is the radar wavelength. For the case of NSMR, operating a

31 MHz, the wavelength is 9.67 m. During this evolution, the < I
length scales of any ambient neutral turbulence (eddy sizes g4

for convenience) should be comparable with the radar wave
length, in order to be able to help destroy the echo coherenc I
and, therefore, enhance the echo fading. The length sgales 82 -
the Kolomorov microscale, corresponding to the time scales I
given in Eqg. (3) for thee shown in Fig. 2, are illustrated 1 P
in Fig. 3 (Kolmogorov, 1941; Tennekes and Lumley, 1972), 80 S
with n being obtained from 0.1 1.0 10.0 100.0

Inner scale (m)
3, \l4
n= (v /e) . (5) _ _
Fig. 3. Length scales (Kolmogorov microscajeand inner scale

In Fig. 3, the kinematic viscosity is that of the ambient lo) profiles for summer and corresponding to the modelled energy
atmosphere (Hedin 1991), with the neutral eddies being as_dissipation rates pc_)rtr_ayed in Fig. 2. The strong turbulence scenario
sumed to transport the meteor trail plasma né= 1, since 'S the leftmost profile in each case.
€ here is a metric for the neutral turbulence. The length scale
n is the scale at which the extrapolations of the slopes of vis-
cous and inertial regimes of the turbulent spectrum meet. Arsummer cases and the lower winter. We see that with in-
alternative is to consider the length scale at which the inercreasing levels of turbulent intensity, parameterized by a de-
tial subrange begins to depart from a power-law dependencereasing characteristic time scale, turbulent mixing can begin
this scale, the inner scalg, is typically given by 7.4 (Blix to dominate the dissipation of the meteor trail. To take an
et al., 1990), this perhaps better representing the smallest eéxample, consider summer at 80 km and when turbulence is
dies, and is also shown in Fig. 3. We see, therefore, thastrong: in the case of metallic ions forming the meteor trail,
the above condition is met: these length scales correspontlrbulence will start to take over as the dissipation mecha-
(roughly speaking) to the smallest eddies and so we see thatism after only 0.5s. If the time to which echo amplitude
at least at 80 km, for a radar wavelength of around 10 m, ed{alls to 1/e of its initial value is determined and used as a
dies exist for only slightly enhanced turbulence. (The con-basis for estimatind, using Eq. (4),D, will be overesti-
cept of eddies is used here for convenience only and for anated, since the echo amplitude will decrease more rapidly
more correct description of turbulence, the reader is referredvith time after it has fallen to 0.6 of its initial value. If a lin-
to the references given). ear fit of A(¢) is performed in logarithmic space, the resulting

Modelled echoes based on Eq. (4) are shown in Fig. 4negative) slope will be steeper and agdiy,will be overes-
(metal ions) and Fig. 5 (nitrogen); the upper panels showtimated. Thus, even though the turbulent time scale may be
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Fig. 4. Simulated meteor trail echoes assuming metal ions. UppeilFig. 5. As for Fig. 4, but for nitrogen.
panel: summer; Lower panel: winter. Two heights are shown, 80
and 90 km (dotted and solid lines, respectively). The time scales
corresponding to “average”, “moderate” and “strong” turbulence

are shown by the vertical dashed line segments. .
3 MH2z) radar, turbulence could present a problem at higher

altitudes (W. Hocking, private communication).

greater than the time taken for the amplitude to drop to, say, Finally, taking the strong turbulence case and assuming
1/2 or 1/e of its initial value, the derived ambipolar diffu- that the characteristic echo fading time is defined by the time
sivity may be affected, depending on the analysis techniquetaken for the amplitude to fall to one-half of its initial value
Furthermore, recall that the echo decay time is proportionaljust one possible approach, so solving Eq. 4) and assuming
to the square of the radar wavelength squared. So for lowescattering is from an underdense population QT the re-
frequencies, the echo will be more persistent and the problensulting ambipolar diffusion coefficient altitude profile would
will be more acute. Although the simulations shown hereappear as shown in Fig. 6 (summer: upper panel; winter:
indicate little difficulty at 90 km altitude, turbulent diffusiv- lower panel). It is not the purpose of this paper to present
ity is relatively constant with height up to the turbopause (atresults from meteor radars; however, the similarity between
which there is an abrupt cutoff, the very definition of the tur- Fig. 6 and occasional measured profiledgf(e.g. Tsutsumi
bopause). Thus, for a meteor observation using an MF (e.get al., 1994, Fig. 2) is striking.
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3 Discussion 90

Ambipolar diffusion coefficients deduced from fading times

of radar echoes from meteor trails are used to determine neLgg
tral air temperatures in the upper mesosphere and lower the
mosphere. As stated in the Introduction, (also see Tsutsum
1999), when the meteor trail plasma frequency is less thar
the radio frequency, the meteor echoes are referred to as “ur
derdense”. In the other case, when the meteor trail plasm
frequency is greater than the radio frequency, yielding over-
dense echoes, the radio wave is reflected from the outsid s
surface of the meteor trail. In the underdense case, there | __ modified diffusion
dio wave penetrates into the trail, and it is this case that is /
considered in this paper, since meteor radar observations di82 [
rive wind and diffusion estimates from these echoes only. |
The line electron densities along meteor trail segments o
a Fresnel zone diameter length determine the backscattere 80l .
power (Tsutsumi, 1999). However, the expansion of the me- (0.5 1.0 15 20 25 3.0
teor trail leads to decreased coherency in the echoes frorgg [T T T T T D
scatterers within it, thus causing the received signal to fade |
Initially, this expansion will be due to molecular diffusion,

and gradually the contribution from turbulence, starting atthe gg
smallest scales within the viscous-dissipative subrange of thi
Kolmogorov spectrum (e.g. Hinze, 1975) will increase. The
time scales modelled here correspond to the Kolmogorov mi-
croscalen (Kolmogorov, 1941), at which, one could roughly

say that turbulent eddies are allowed to complete, since in
ertia overcomes viscous drag (although this visualisation is
perhaps better suited to the inner scale =7 Blix et al., I
1990) At longer time scales, and, therefore, at scales withir | __ modified diffusion
the inertial subrange (Obukov, 1941), the ionisation struc- 4
ture within the trail is quickly destroyed; however, after this 82 - - B
time delay, the backscattered power has become so weak th 7
it does not feature in the determination of the characteris- |
tic fading time. It should also be stressed that the turbulen80 L. . /. ... ... . ...
contribution to the dissipation of the ionisation structure is 4 ) 3 4 5 6 7
indeed just that: a contribution, an enhancement. We are

not attempting to hypothesize that turbulence takes the rolgsig. 6. Simulated profiles of ambipolar diffusion coefficient as
of the dissipation mechanism, at least not within the timemight be estimated by a 31 MHz radar situated &t[80n which
scale of the experiment’s determination of echo fading time.the meteor trail ions are assumed to b§.NUpper panel: sum-

If we were to consider overdense echoes, then we wouldner; note the incorrect result below 84 km. Lower panel: winter;
be interested in how diffusion processes increase the meturbulence is less of a problem.

teor trail's diameter (in such a case, the Doppler shift of the

echo reflects the expansion rate of the trail, not the back-

ground wind in which the trail is embedded). Furthermore, have significant power, assuming only molecular diffusion.
turbulence would corrugate the trail’'s surface further affect-A fluctuation velocity of 2-3 m/s, as stated above, is typical,
ing its radio cross section, and indeed, time scales wouldand in reality greater values may occur. It should not be for-
be required that allowed for turbulent structures to form of gotten, moreover, that the numbers obtained above are for a
sizes comparable to half the radar wavelength. Neverthe30 MHz (VHF) radar, and the case will be radically different
less, for the time scales corresponding to the Kolmogorowvfor a 3 Mhz (MF) system. MF radars are commonly known as
microscale, and typical 3m/s fluctuation (turbulent) veloc- “partial reflection radars”, obtaining backscatter from struc-
ities, such as those obtained experimentally from Svalbardures in refractive index with spatial extent corresponding to
(80° N) at 85 km altitude by Hall and &tger (2001), and for @ Fresnel zone. VHF systems, on the other hand, are often
other locations (Hocking, 1988), only 1.6 s will be required used for studies of turbulence in which backscatter comes
to achieve a perturbation the same size as the half-wavelengfiiom “eddies” meeting the Bragg condition.

of a 30 MHz radar. As we see from Figs. 4 and 5, in summer, To summarize, therefore, this study examines the deriva-
after 1.6 s, the 85km and lower echoes are still expected tdion of the ambipolar diffusion coefficient, combining not

.................... Da (ions) 1
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only kinetic theory of ionized gas and radar science, butDyrud, L. P., Oppenheim, M. M., and vom Endt, A. F.: The anoma-
also fluid dynamics. It has been shown that it is conceiv- lous diffusion of meteor trails, Geophys. Res. Lett., 28, 2775-
able that neutral air turbulence may accelerate meteor trail 2778, 2001.
dissipation and, therefore, give rise to an overestimation offall, C. M. and Rttger, J.: Initial observations of Polar Meso-
ambipolar diffusivity. The effect is seasonally dependent due SPheric Summer Echoes using the EISCAT Svalbard Radar, Geo-
to the variation in temperature profile and the interlinked tur- __PS: Res. Lett, 28, 131-134, 2001.
bulent energy dissipation. The effect is also a function of ‘& C- M- Brekke, A, Martynenko, O. V., and Namgal-

’ . adze, A. A.: Turbulent energy dissipation in the high-latitude
radar wavelength and can easily be more acute at lower radar

: - ) . mesosphere: The PGI97 model, J. Atmos Solar Terr. Phys., 60,
frequencies. The assumptions and analysis method inherent 331_336 1998,

in the derivation of ambipolar diffusivity from the shape of Hedin, A. E.: Extension of the MSIS thermosphere model into the
the temporal evolution of the radar echo will, in part, deter- middle and lower atmosphere, J. Geophys. Res., 96, 1159-1172,
mine the degree to which turbulence affects the results. The 1991.

temporal and spatial distributions of the turbulence itself areHinze, J.: Turbulence, pp. 790, McGraw-Hill, 1975.

deciding factors, these varying with season and geographicdtiocking, W. K.: Two years of continuous measurements of tur-
location. If the time resolution of the radar experiment (i.e. Pulence parameters in the upper mesosphere and lower thermo-
averaging time) is comparable to the time scales of intermit- SPhere made with 2-MHz radar, J. Geophys. Res., 93, 2475~
tency of the turbulence, then temperature fluctuations derive(ij_| 2?(91’ 13\?8|'< T ‘ . d teor d i

from the radar observations will possibly be misleading. ocking, Y8 1. - [emperatures Using racar-meteor decay imes,

. . . Geophys. Res. Lett., 26, 3297-3300, 1999.
The simulations presented here may easily be rGprOduceﬁ’ones, W.: The decay of radar echoes from meteors with partic-

for 'SpeCiﬁC radar frequencies anq at specific geographic 10- jar reference to their use in the determination of temperature-
cations, to determine whether a given radar may be prone to flyctuations near the mesopause, Ann. Geophysicae, 13, 1104—

delivering anomalous echoes. 1106, 1995.
Kolmogorov, A.: The local structure of turbulence in incompress-
AcknowledgementsThe author thanks W. K. Hocking for advice ible viscous fluid for very large Reynolds’ numbers, C. R. Acad.
and the referees for their comments. Sci., 30, 301-305, 1941.
Topical Editor D. Murtagh thanks two referees for their help in kKundu, P. K.: Fluid Dynamics, pp. 638, Academic Press, 1990.
evaluating this paper. McDaniel, E. W. and Mason, E. A.: The Mobility and Diffusion of

lons in Gases, John Wiley and Sons, New York, 1973.
McKinley, D. W. R.: Meteor Science and Engineering, pp. 309,
References McGraw-Hill, 1961.
) ) Obukov, A. M.: On the distribution of energy in the spectrum of
Aso, T., Tsutsumi, M., and Hall, C. M.: First results of turbulent flow, C. R. Acad. Sci., 32, 10-21, 1941.

NSMR — Nippon/Norway Svalbard Meteor Radar-observations gimazaki, T.: Effective eddy diffusion coefficient and atmospheric
in Longyearbyen in early 2001, Ann. Geophysicae, (submitted), . mposition in the lower thermosphere, J. Atmos. Terr. Phys, 33,

2001. . _ _ ) 1383-1401, 1971.
Batchelor_, G. K.._ An_lntroductlon To Fluid Dynamics, pp. 615, Tennekes, H. and Lumley, J. L.: A First Course in Turbulence, pp.
Cambridge University Press, 1970. 300. MIT. USA.. 1972.

Blix, T. A., Thrane, E. V., and Andreassen, @.: In situ measurementsrsutsumi M.. Holdsworth. D.. Nakamura. T.. and Reid. I.: Meteor

of the fine-scale structure and turbulence in_ the rr_lfeso_sphere and observations with an MF radar, Earth, Planets Space, 51, 691—
lower thermosphere by means of electrostatic positive ion probes, 699 1999.

J. Geophys. Res., 95, 5533-5548, 1990. Tsutsumi, M., Tsuda, T., Nakamura, T., and Fukao, S.: Tempera-

Chilson, P. B., Czechowsky, P., and Schmidt, G.. A comparison e fiyctuations near the mesopause inferred from meteor obser-

of ambipolar d_iffusion coefficients in meteor trains using VHF vations with the middle and upper atmosphere radar, Radio Sci.,
radar and UV lidar, Geophys. Res. Lett., 23, 27452748, 1996. 29 599-610. 1994

Danilov A. D. and Kalgin, Y. A.: Eddy diffusion studies in the lower

Weinstock, J.: Vertical turbulent diffusion in a stably stratified fluid,
thermosphere. Adv. Space Res., 17, (11), 17—-24, 1996.

J. Atmos. Sci., 35, 1022-1027, 1978.



