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Abstract. Observations of HF radar backscatter from arti- same time compressing or expanding it. The detailed inter-
ficial field-aligned irregularities in an ionosphere perturbed action between the AGW and the ionosphere has been exam-
by travelling disturbances due to atmospheric gravity wavesned byHooke(1970ab); Kirchengast et ak1996, amongst

are presented. Some features of the spatio-temporal structuhers.

of the artificial radar backscatter can be explained in terms aAG\ws and TIDs can be broadly classified into two cat-
of the distortion of the ionosphere resulting from the travel- egories, depending on their horizontal wavelengttur(-

ling disturbances. The distorted ionosphere can allow the HFsucker 1982. Medium-scale waves have wavelengths of
pump wave to access upper-hybrid resonance at larger disseveral hundred kilometres, periods in the 15-60-min range
tances from the transmitter than are normally observed and g horizontal speeds of 100-250T sLarge-scale waves
can also prevent the pump wave reaching this resonance gy e wavelengths of more than 1000km, periods in the

close distances. The variation in altitude of the irregularities3g_180-min range and horizontal speeds of 400-1000'm s
sometimes results in a significant variation in the elevationat pigh-latitudes, the waves are thought to be mainly ex-

angle of arrival of the backscattered signal at the radar imijieq by variations in Joule heating or Lorentz forcing asso-

plying that the radar “sees” a target moving in altitude. We ¢jated with electrojet current€pimonas and Hined970),
suggest that this may be evidence of off-orthogonal scatteryjihough other possibilities, including heating from particle

ing from the irregularities. precipitation have been consideretlihsucker1982.
Keywords. lonosphere (Active experiments; lonospheric  According to theory Mayr et al, 1990 the waves may
disturbances; lonospheric irregularities) propagate directly in the thermosphere; with guidance from

the temperature gradient at the base of the thermosphere;
by reflection from the ground or by trapping between the

ground and lower thermosphere. The large-scale waves suf-
fer less attenuation than the medium-scale waves and so are
dominant at large distances from the source. Since dissi-
pation is less in the lower atmosphere, the earth-reflected

much investigation (see the reviews Wgh and Liy 1974 . ; . :
. - mode is important for the medium-scale waves as it permits
Francis 1975 Hunsucker 1982 and Hocke and Schleggl . . . .
propagation to longer distances. For an impulsive source at

1996. These waves in the neutral atmosphere are Commonhé-region heights (from an electrojet, for examplEjancis

observed indirectly by their ionospheric signatures known as, .
travelling ionospheric disturbances (TIDs). The TID takes (1974 showed that the earth-reflected medium-scale waves

; A . exhibit dispersion effects which result in a train of wave cy-
the form of a wave-like perturbation in the plasma density : .
. . . . cles being observed away from the source. The direct waves
which is mainly due to the neutral wind perturbation of the

AGW dragging the plasma along the magnetic field and at theretam the impulsive character of the source.

1 Introduction

Atmospheric gravity waves (AGW) have been the subject of

A number of observational techniques have been applied
Correspondence toA. Senior to TIDs — see the review articles cited earlier. For the pur-
(a.senior@lancaster.ac.uk) poses of the present results, the most relevant techniques are
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the use of HF coherent scatter radars and incoherent scat- Artificial field-aligned irregularities with small scales (of
ter radars. TIDs leave spatial and temporal signatures irthe order of metres) transverse to the geomagnetic field are
the power returned by backscattering of an HF radar sig-one of the most important effects produced by the action of
nal from the ground after reflection from the disturbed iono- a high-power O-mode HF pump wave on the ionospheric
sphere. These periodic power variations are produced by thplasma Gurevich 1978 Robinson 1989. The O-mode
focussing and defocussing of the radar beam by the electrowave is converted to electrostatic upper-hybrid (UH) waves
density perturbations in the ionosphere produced by the TIDon density irregularities in the vicinity of the level where
Samson et al(1990 presented observations of such power the pump frequency equals the plasma UH frequency. This
variations which they interpreted as being due to equatorupper-hybrid resonance (UHR) level occurs a few kilometres
ward propagating earth-reflected gravity waves. They werebelow the O-mode reflection altitude in typical ionospheric
able to determine the horizontal wavelength, direction ofconditions. Excitation of the irregularities can take place
propagation and phase speed of the waves from their obfrom infinitesimal density fluctuation®@s and Fejerl979
servations. Bristow and Greenwald1995 developed an Dysthe et al.1983 but with larger fluctuations, trapping of
approach to allow the estimation of the TID amplitude in the UH waves in the density depletions becomes important
terms of the electron density perturbation from the ground(Mjglhus, 1983 Dysthe et al.1982.
backscatter power variations. They found that the electron The saturation of the instability probably depends on a
density perturbations were on the order of 20-3%%hold number of factors such as anomalous absorption of the
et al. (1998 adopted a different approach to interpreting pump wave Robinson 1989, the nonlinear increase in
the ground backscatter observations. Instead of using théeld-parallel thermal conductivity with electron temperature
backscatter power variations, they examined the variation iGurevich et al. 1995 and possibly destruction due to drift
the range to the edge of the skip zone, the region of thawvaves excited by the steep temperature and density gradients
Earth’'s surface from which ground backscatter cannot beassociated with the irregularitiedrtani and Guzdarl999
obtained because the radar wave takeoff elevation angle reBorisov, 2004).
quired to reach inside the zone is so high that the wave pen- The electron density fluctuations associated with the irreg-
etrates the ionospher®#vies 1965. This range is modu- ularities are effective at backscattering radio waves and so
lated by the varying ionospheric electron density. They com-radar techniques are important for investigating the irregu-
pared their measurements, made with the HF radar at Hanarities. As a result of field-parallel diffusion being much
kasalmi, Finland with electron density measurements fromgreater than field-transverse diffusion, the irregularities are
the EISCAT UHF radar near Tromsg, Norway and found highly field-aligned. This results in the radar scattering be-
good correlation between the skip distance variation and théng highly aspect-sensitive and backscatter is only observed
electron density variation at a height of 235 km. We use thewhen the radar beam is close to orthogonality with the ge-
same instrumentation in the present study. omagnetic field. This property was discovered in the early
Incoherent scatter radar has also proven to be an importawork with the heater at Platteville, Colorado, USFhpome
method for studying gravity waves. Most obviously, the ver- and Blood 1974 Fialer, 1974 Minkoff et al., 1974. In-
tical structure of the electron density perturbation is revealedsitu rocket measurementi&dlley et al, 1995 Franz et al.
but perturbations are seen in the other plasma parametefs999 seem to confirm this picturezranz et al(1999 sug-
too. Schlegel(1986 used field-parallel ion velocities mea- gested that the elongation ratio of the irregularities could
sured by the EISCAT UHF radar to investigate AGWSs sincebe 5000 or more and in modelling radar backscatter based
the ion-neutral coupling makes this velocity a good traceron their in-situ measurements, they assumed infinite field-
of the neutral velocity. Shibata and Schlegdll993 also  alignment and therefore infinite aspect sensitivitgenior
used EISCAT to examine the vertical structure of AGWSs. et al. (2004 also assumed infinite aspect sensitivity in es-
They mainly used the ion temperature perturbation since itimating the field-parallel length scale of the irregularities
is closely related to the neutral temperature variation in thefrom multi-frequency HF radar measurements.
lower thermosphere. Their observations clearly showed the Blagoveshchenskaya and Troshicli®996 presented ob-
characteristic phase progression of the AGWSs with altitude:servations of artificial F-region irregularities by continuous-
downward (upward) phase propagation associated with upwave HF Doppler sounding. They found oscillations in the
going (down-going) waves. The ability to measure the effectDoppler frequency with periods of 12—-25min which they
of the AGW on the various plasma parameters makes thesuggested could be the effects of medium-scale TIDs in the
incoherent scatter technique particularly valuable in underheated ionosphere. In this paper we describe an experiment
standing the AGW-TID relationship and this was exploited in which artificial F-region irregularities were observed with
by Kirchengast et all1996 who used a computational model a HF coherent scatter radar under conditions when the iono-
of the ionospheric response to the thermospheric perturbatioephere above the HF pump transmitter was disturbed by trav-
to determine AGW properties from the “polarisation” infor- elling ionospheric disturbances caused by atmospheric grav-
mation provided by the variations in the plasma parameters.ity waves. Our primary concern will be with the effects of
the TIDs on the artificial irregularities and not with the TIDs
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themselves. We show how the key features of the radar ob =, 800

servations can be explained by how the access of the pum ‘
wave to upper-hybrid resonance is modified by the distortion J\/(v (ﬁ
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of the ionosphere and we discuss the evidence provided b
the observations concerning the characteristics of the artifi
cial irregularities themselves.
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2 Instrumentation and observations

During the interval 10:00-14:00 UT on 3 December 2004, ss,
the CUTLASS HF coherent scatter radaester et al.2004)

at Hankasalmi, Finland (62.3R, 26.6T E) observed arti-

ficial field-aligned irregularities (AFAI) in the F-region in-
duced by the EISCAT HF facilityRietveld et al. 1993 lo- 609,
cated at Ramfjordmoen, Norway (69°38, 19.22 E). The op
HF facility operated on a 60s on, 120s off cycle, transmit- , L
ting an O-mode wave at 2&outh of the vertical in the mag- 20 “0E
netic meridi_an_plar_\e; approximately in the direction of the Fig. 1. Map of the instruments used and their fields-of-view. The
geomagnetic field in the F-region. The pump frequency was

) ] ) Square denotes the CUTLASS Hankasalmi radar. The box repre-
4.544 MHz between 10:00 UT and 13:55 UT. From 13:55 UT sents the field-of-view of channel A (beam 5). The circle denotes

to 14:13 UT, the pump frequency was 4.04 MHz. HOW- the EISCAT UHF radar and EISCAT HF facility. The crosses indi-
ever, the ionosphere had already weakened sufficiently byate the UHF radar scan positions at an altitude of 250 km.
13:55 UT that no heating effects were seen. The effective
isotropic radiated power was 100 MW and the beam full-
width at half-maximum power was 12.3 The CUTLASS  addition, at 13.2MHz, the second perturbation produces
radar operated in stereo mode with channel A observing & strong, localised enhancement in backscatter power be-
single beam in the direction of the HF facility. The radar tween about 850 and 1000 km during the interval 12:30-
frequency was cycled over 10 frequency bands from approx412:45 UT, whereas a similar enhancement seems to occur
imately 9-20 MHz, with a nominal 1s dwell time on each slightly earlier and over the range interval from 900-1050 km
band. Seventy 15-km range gates were used with the nominailt 15.1 MHz and is not obvious at all at 18.0 MHz. Besides
first gate at 480 km from the radar. The channel B observathese two large perturbations, similar, less dramatic effects
tions will not be discussed here. Figurshows the location can be seen in the artificial backscatter at other times (“A”,
of the HF facility, the CUTLASS radar and the radar field- “B”, “D", and “G").
of-view. During this interval of observation, the EISCAT UHF in-
The top three panels of Fi2z show the CUTLASS coherent scatter radaRishbeth and van Eykei993, co-
backscatter signal-to-noise ratio (SNR) versus range andbcated with the HF facility, was observing the ionosphere.
time for sounding frequencies of 13.2, 15.1 and 18.0 MHz.The radar performed a 360s scan cycle in which the an-
In the group range interval 800-1100 km, strong periodictenna moved between four pointing directions. This included
backscatter enhancements due to AFAI can be seen. Beyortle nominal F-region “field-aligned” position of 184.az-
1200 km on 13.2 MHz, strong ground scatter returns are obimuth, 77.2 elevation. The radar dwelled on this position
served. These ground scatter returns exhibit quasi-periodifor 30 s before the UT 6-min boundary when the HF facil-
modulation of the skip distance. ity pump wave was switched on and continued to dwell for
The backscatter from the AFAI also shows strong mod-a further 60s until the pump was switched off. Since the
ulation in both location and intensity with time. The UHF radar cycle was twice as long as the pump cycle, only
most prominent perturbations occur in the intervals 11:30—every second pump cycle was observed with the UHF radar
12:00 UT (“C” in Fig. 2; the significance of this annota- pointing into the pumped plasma. At other times, the UHF
tion will become clear in due course) and 12:30-13:00 UTradar made measurements at lower elevations in the direc-
(“E") when AFAI-induced backscatter appears at aroundtion of the CUTLASS radar site. The radar was pointed on
1100 km and then seems to travel towards the radar, mergingn azimuth of 1549, towards Hankasalmi at elevations of
with the bulk of the artificial backscatter and then emerg-45.1°, 28.8and 20. These positions were chosen to give
ing and travelling towards 750 km before vanishing. Thean equal horizontal spacing ef175km at an altitude of
characteristics of these perturbations vary with frequency250 km. The dwell time increased from 30 s at 45leva-
For example, at 18.0 MHz, the equatorward projection oftion to 75s at 20 elevation in order to mitigate the effects of
the disturbances (closer than about 850 km) is absent; irthe reduced signal-to-noise ratio due to the increased distance
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Fig. 2. Top panel: range-time-intensity (RTI) plot of CUTLASS radar backscatter signal-to-noise ratio (SNR) at 13.2 MHz. Second panel
(from top): as top panel, but at 15.1 MHz. Third panel: as top panel, but at 18.0 MHz. In these three panels, the range is the group range
measured by the radar, not ground range. Fourth panel: relative electron density perturbations measured by the EISCAT UHF radar in the
field-aligned direction. The solid black line indicates the altitude of the HF pump-enhanced ion line and the dashed black line indicates the
altitude of the F-region density maximum. Bottom panel: the solid line indicates the F-region O-mode critical frequency. The dashed line is
the HF pump frequency.
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to the scattering volume at a given altitude. The scan pattertine. The third peak, around 11:30 UT, is followed by the first
was intended to allow a 2-D section of the ionosphere alondarge increase in pump reflection height. The relative density
the Hankasalmi-Tromsg path to be reconstructed for the purperturbation here varies from around +0.5 to —0.3 (or maybe
pose of raytracing the HF radar beam. Highows the UHF  more) and is thus somewhat more intense than the preced-
radar scan positions at an altitude of 250 km. ing two. Between 12:00 and 13:00 UT a much more intense
The solid line in the fourth panel of Fi@. shows the alti-  sloping perturbation can be seen, varying between about +0.8
tude at which the HF-pump-enhanced ion line was observe@nd —0.5 at its most intense around 190 km at 12:45 UT (E).
by the UHF radar when in the field-aligned pointing direc- Before this, around 12:15 UT there is perhaps evidence of a
tion. This enhancement in incoherent backscatter power isveaker sloping perturbation (D), particularly at 200 km and
due to ion-acoustic waves stimulated by the HF pump waveabove, though this is unclear due to large fluctuations in the
and occurs close to the reflection height of the HF pump waveelectron density profile at 12:12 UT. Also, after 13:00 UT,
(Stubbe et a)1992,. Itis thus a proxy for the pump reflection there is evidence of three more perturbations, the final one
height. The location of the enhancement was determined byround 13:45 UT (H) stronger than the first two (F and G)
inspection of profiles of the backscatter power in the 12 psand more evident at lower altitudes. The first of these does
fractional lag (the shortest non-zero lag) of the alternatingnot seem to have any significant associated reflection height
code in thetau2plradar program. This gives a range reso- change, whereas the second shows a small peak at 13:30 UT.
lution of ~1.8 km. The enhancement is usually well-defined The final one (H) coincides with the weakening of the iono-
and so we estimate an error &2 km in assigning it to a  sphere resulting in no further ion line enhancements.
particular altitude. To set the observations in context, the dashed line in
The pump reflection altitude inferred from the black line the fourth panel of Fig2 represents the altitude of the
initially shows a periodic variation with a range of about F-region density peak. The bottom panel of the figure shows
15km. At about 11:45 UT there is a large increase in re-the F-region O-mode critical frequency and how this com-
flection altitude of 35 km. Thereafter, the reflection altitude pares to the pump frequency in use during the experiment
drops, with some fluctuation until an even larger increase of(4.544 MHz). These parameters were determined from the
45 km occurs at about 12:42 UT. The reflection altitude thenUHF radar electron density profiles. The dramatic weaken-
drops again and fluctuates until 13:42 UT. After this time, ing of the ionosphere after about 13:30 UT is clearly seen in
no ion-line enhancements were detected, which is probablyhe critical frequency.
because the plasma density had fallen too low for the HF Finally, in Fig. 3, we present elevation angle-of-arrival
pump wave to interact. It is also worth noting that no en- measurements for the HF radar backscatter. The top, mid-
hancements were seen during the pump-on periods at 11:4@e and bottom panels correspond to sounding frequencies
and 12:42 UT, during the intervals where the reflection heightof 13.2, 15.1 and 18.0 MHz respectively, analogous to the
appeared to jump dramatically upwards. top three panels of Fi@. The elevation angle is determined
The fourth panel of Fig2 also shows relative electron by comparing the phase of the received signal between the
density perturbationGA N/N) versus altitude and time mea- main antenna array and the secondary interferometer array
sured by the UHF radar in the field-aligned pointing direction in the manner described Bilan et al.(1997). The absolute
while the pump wave was off, to avoid possible contamina-phase difference between receive paths of the two arrays is
tion from heating effects. The integration time was thus 30 s.affected by an offset due to the receiver electronics, which
The relative perturbation was computed by subtracting a lin-causes a systematic error in the elevation angles. In order to
ear fit to the density time series at each altitude and then diecompensate for this phase offset, a phase correction was em-
viding the residuals by this fit. The relative error in the elec- pirically computed so that the elevation angles of the main
tron densityN according to the radar analysis software was body of scatter (not including the large perturbations C and
less than 0.1 (and often less than 0.05) in the altitude rang&, for example) were close to those predicted by a raytracing
200-350 km. Below 200 km, the relative error increased anccalculation. The ionospheric model used in the raytracing
was more variable, but was usually below 0.2. As the radamwas a 2-D “slice” along the HF radar path determined from
measurement is not absolute, the electron densities were calke four UHF radar scan positions. Thus, it should be borne
ibrated against the EISCAT Dynasonde and found to agreén mind that the elevation angles presented here have been
within about 10%. post-processed in this way and are not therefore truly inde-
A number of quasi-periodic, sloping features can be seerpendent measurements. Nevertheless, it is expected that at
in the plot of electron density perturbations. In the interval least the relative differences between angles on a given fre-
10:00-12:00 UT, these are most prominent between abouuency should be realistic and that is all that we shall require
170 and 280 km, with the largest variation at around 190 km.in our analysis.
The density perturbation here oscillates between about +0.3 Figure3 shows that on all frequencies, the large perturba-
and —0.2 with a period 0f1800-2400s. Three peaks la- tions “C” and “E” cause increases in the elevation angle of
belled A, B and C can be seen in this interval and these cothe backscattered signal. The change is particularly strong at
incide with the minima in the altitude of the enhanced ion- 13.2 MHz, where the angle increases froré° to ~22°. At

www.ann-geophys.net/24/2347/2006/ Ann. Geophys., 24, 2Z3361-2006
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Fig. 3. Elevation angle measurements from the CUTLASS HF radar. Top panel: 13.2MHz; centre panel: 15.1 MHz; bottom panel:
18.0 MHz. The frequencies and time intervals correspond to the backscatter SNR data in the top three panéls of Fig.

15.1 MHz, the change is from7° to ~16°and at 18.0 MHz
the change is much less, fro8° to ~12°. It is also evi-

the EISCAT site, since this is approximately mid-way be-
tween the CUTLASS radar and the edge of the skip zone and

dent that the smaller perturbations produce variations in theherefore close to where the radar rays are refracted back to
elevation angles. The significance of these apparent change=arth in the F-region.

in elevation angle will be discussed later.

This idea is supported by the EISCAT UHF radar obser-

The geophysical conditions on the day the observationssations in the fourth panel of Fi@. The density perturba-

were made were very quiek;, ranged from @ to 1~ during
the interval 00:00 UT to 15:00 UT and,, ranged from-28
to —21 nT during the same interval.

3 Discussion

3.1 The gravity wave/TID signatures

tions in the lower panel show the classic behaviour expected
from a gravity-wave-induced TIDShibata and Schlegel
1993. The sloping features in which the density perturba-
tion propagates down from higher to lower altitudes with
time are what would be expected from a gravity wave with
downward-sloping phase fronts passing through the thermo-
sphere over the radar. From these density perturbations,
we may estimate the vertical wavelength and vertical
phase speed, of the gravity wave/TID. For the negative-

The ground scatter skip distance variations in the top panefjoing half-cycle of the perturbation between about 11:30
of Fig. 2 are very similar to those discussed Asnold et al. and 12:00 UT, we obtain from Fi@.1,~160 km,7T~2200s
(1999 and strongly suggest atmospheric gravity wave ac-and hencev.~—70ms1, where the negative sign indi-
tivity creating travelling ionospheric disturbances (TIDs), cates downward propagation. For the more intense negative-
travelling in a direction with a component towards the going half-cycle between 12:30 and 13:00 UT we obtain
CUTLASS radar. Considering the skip distance involved, 1,2140 km,7~1800s and hencg ~—80ms™1. These two

it seems highly likely that the disturbance causing the skiphalf-cycles have rather similar vertical dispersion character-
distance variation will also pass through the ionosphere oveistics. Note that we are assuming there is no significant

Ann. Geophys., 24, 2342361, 2006 www.ann-geophys.net/24/2347/2006/
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background vertical plasma drift or neutral wind. 8kibata  measurements made at the 4%levation direction towards
and Schlege(1993 pointed out, this can lead to a signifi- Hankasalmi. A plot of relative electron density perturbations
cant error in estimating the true wave parameters because ghot shown) computed in the same way as the fourth panel
the Doppler shift arising from the neutral wind. Fortunately, of Fig. 2 revealed very similar-looking perturbations. Per-
in this study the apparent wave parameters are sufficient tourbations A, B, C, E and H could be identified. At an al-
allow us to interpret the observations. titude of 190 km, the positive peaks of these perturbations
Comparing the density perturbation in the fourth panel of occurred approximately 1500s later at the 45clevation
Fig. 2 with the CUTLASS ground scatter returns in the top position than at the field-aligned position. The horizontal
panel, we can associate the skip distance perturbations wittistance between radar scan positions at 190 km is 150 km
the density perturbations rather well. The density perturba-and so the component of the TID phase speed along the di-
tions in the fourth panel of Fig2 have been labelled A-H. rection of the EISCAT-CUTLASS path is100ms™. This
Note that the identification of D and F is somewhat unclear.direction is nearly meridional (20wvest of geographic north;
By comparing the relative timing of these to the timing of see Fig.1l). Based on the periods estimated earlier, we con-
the skip distance perturbations, we have assigned the san@ude that the component of the horizontal wavelength in the
labels to what we believe are the corresponding skip distancéirection of the EISCAT-CUTLASS path for perturbations C
perturbations. The weak density perturbations D, F and G dand E is respectively220 km and~180 km. The four UHF
not have any obvious signature in the CUTLASS data, but theradar scan positions are (almost) collinear and so we can-
skip distance might simply be beyond the range of the obsernot estimate the propagation direction of the TID from these
vations. The larger perturbation H has no obvious signatureneasurements.
either. This may be partly due to the collapse in ionospheric Besides the backscatter power and elevation angle mea-
densities after~13:30 UT causing the average skip distance surements, the CUTLASS radar also measures the line-of-
to increase to well beyond the range of observation. sight velocity of the irregularities and it may be thought that
The fact that the density perturbations seem to associatéhese could add additional information to the picture of the
with the skip distance perturbations suggests that they are infIDs. We have chosen not to include these measurements
deed the density signatures of the TIDs travelling with a com-because firstly the relationship between the line-of-sight ve-
ponent towards the CUTLASS radar. This confirms that thelocity of the irregularities and the TID parameters is not
TIDs do indeed pass through the ionosphere over the ElSstraightforward (as the following sections go some way to
CAT site and hence may influence the production of AFAI indicate) and secondly because the measurements are also
by the HF facility. Indeed, the information on the height of affected by other phenomena, particulaflk B drift due to
the enhanced ion-line in the fourth panel of Figsuggests  magnetospheric ULF wave¥¢oman and Wright2001) and
that the density perturbations lead to rather large variations inhese make interpretation difficult. A complete discussion
the pump reflection altitude. The AFAI are produced aroundof the TID effects on all the key parameters measured by
the upper-hybrid resonance (UHR) altitude which is locatedCUTLASS is beyond the scope of this study.
slightly (typically a few kilometres) below the reflection alti-  On the basis of our measurements of the TID parameters,
tude, thus we can can expect the location of the AFAI to varythe waves would fall into the medium-scale category dis-
in altitude as the TID passes through the pumped volume otussed in the Introduction. The train of wave cycles is sug-
plasma. gestive of a dispersed earth-reflected wave from an impulsive
What is surprising are the large horizontal extensions ofsource, but it may also arise from direct waves from a series
the AFAI backscatter regions associated particularly withof source impulsesHrancis 1974.
TIDs C and E. It appears that as the TIDs approach the HF
facility, AFAI is produced a great distance-200km) pole- 3.2 Simulation of TID effect on HF pump propagation
ward of the centre of the normal AFAI region. This exten-
sion moves towards the normal region and merges with itt is clear that when a TID is present in the ionosphere, the
subsequently to emerge on the equatorward edge and cosurfaces of constant plasma density are distorted due to the
tinue to approach the radar to a range of about 200 km closeassociated density perturbations. It seems plausible that the
than the centre of the normal region. This means that overdistorted surfaces might make it possible for the HF pump
all, the heater is able to excite AFAI over a range interval of wave to excite AFAI at distances far from where this would
around 400 km (but not simultaneously). This is very muchbe expected in a spherically-stratified ionosphere. In order
greater than the-200 km normally observedBpnd et al, to test this hypothesis, a raytracing simulation of the pump
1997 Robinson et a).1998. As the AFAI backscatter exten- beam was carried out in a model ionosphere distorted by a
sions are approaching the poleward edge of the normal AFAITID. The raytracing was performed using a modified version
region, the poleward edge of the normal region sometimeof the Jones and Stephens(975 code. The original code
appears to be “eroded”. contains a subroutine (known as WAVE?2) which can be used
In order to estimate the horizontal dispersion characteris-as a simple model of a TID. A very similar model to this was
tics of the gravity waves/TIDs, we examined the UHF radarused byGeorges and Stephens(i®69 to simulate ground
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TID simulation were used in the calculations. Therefofejs dipole co-
- latitude and the TID propagates along the magnetic merid-
20 243 ian. From our observations, we cannot be sure how realistic
this is.

We first concentrate on the largest perturbation “E” in
Fig. 2. Referring to the fourth panel of Fi@, we have
8~0.65, z0~190km, Hyae~60km and (from Sect3.1)
A;~140km. We taker,=200km. Now, from Fig.2, we
see that “E” is relatively isolated from the adjacent parts of
the wave train; the preceding (tentative) perturbation “D” and
H201 the succeeding 'F’ are both rather weak in comparison. Thus
I we make use of the factoty to localise the perturbation in
° the model by taking.=1°. Furthermore, we choose the hori-
~200 fo 1 [ zontal group speed,, equal to the horizontal phase spegd
T I I so that the waveform retains the same shape as it travels over

Time (wave periods) the HF pump transmitter. Both speeds are taken as 100 ms
and so we neglect dispersion in the AGW/TID propagation.
Fig. 4. Simulation of how the region where the HF pump reaches\\/e centre the envelope on the negative-going zero-crossing

the upper-hybrid resonance altitude varies as the TID “E” passef the density perturbation waveform in order to best model
over the transmitter location. Time zero corresponds to the timethe density perturbation “E”

when the envelope peal_< is directly above th_e transmitter. _Each - The background-Chapman layer was chosen to have a
cle represents the location where an up-going pump ray intersects

the upper-hybrid resonance altitude. peak height of 240 km, a scale height of 30 km and a peak
plasma frequency of 5.4 MHz. These parameters were based
on the EISCAT radar measurements. The raytracing was then
backscatter returns from a HF radar. Note that a more sophissarried out for time increments of 0.05 of a wave period over
ticated approach to modelling a gravity-wave-induced TID the range from -1 to 1 (two wave periods). The HF pump
was adopted biduang et al(1999, who treated the electron rays launched in the magnetic meridian plane were traced
density perturbations by modelling the ionospheric responsdor 1° steps of elevation from 45to the zenith. Finally,
to the thermospheric wave. Our simplified approach is suf-the points where the up-going rays intersected the UHR level
ficient to capture the main details of the observations. Thewere determined. The results are shown in Big.
Jones and Stephens@AVE2 model expresses the gravity- It is immediately clear that the figure shows some strong
wave-induced electron density perturbation as follows similarities to the HF radar backscatter RTI plots in the top
three panels of Fig2. A poleward projection of the region
N=Np [1+8A,A9 cos Zr (t/+<£—9>RE/kx+z/kz):| (1) where UHR is attained by the pump wave appears as the TID
2 approaches the pump transmitter and then merges with the
A,=exgd—((z — zo0)/H wave)z] (2) normal band of UHR withint100 km of the transmitter, fi-
Ap=exp—((6 — 60)/0:)2] (3) nally emerging again and projecting equatorward as the TID
) progresses. At the same time as the TID is approaching, a
clear erosion of the region where UHR is attained is seen,
where Ny is the undisturbed background electron density, creating a narrow V-shaped “notch” on the poleward side
is the amplitude of the perturbation,, A, are the horizontal  of the main backscatter region. This explains the absence
(meridional) and vertical wavelengths of the wagds co- of backscatter in a similarly-shaped region in the RTI plots,
latitude andR is the radius of the Earth. The factots and  since the pump is unable to excite AFAI in this region. The
Ay determine the amplitude variation with altitugl@nd lat-  passage of TID “E” creates a very strong change in UHR alti-
itude; the peak height igy and the peak co-latitud®y. The  tude, which agrees with the observed change in the height of
scale height of the amplitude Byave and the scale latitude the enhanced ion line, since both are correlated with change
is 6.. The variabler’ represents time in units of the wave in pump reflection height. Weaker changes in UHR altitude
period. The final equation represents the horizontal groupare seen before and after the passage of TID “E”. These are
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propagation of the wave envelope with speed The hori-  due to the weaker wave cycles preceding and succeeding “E”
zontal phase speedis. 0y is the starting co-latitude of the in the model, as a result of the envelope shaping; although
envelope peak at=0. this was not intended, to some extent these may represent the

The background electron density was represented by aeffects of TIDs D and F.
a-Chapman layer, with scale height, peak height and peak The “erosion” effect raises an interesting question about
density independent of position. The geomagnetic field wasnferring the TID speed from the HF radar backscatter RTI
included in a dipole approximation and dipole co-ordinatesplot. It is evident from the observations in Fig.and the
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simulation in Fig 4 that the slope of the equatorward edge of | _ Tosmubnass o
the V-shaped notch region of weak or no backscatter is les:

steep than the slope of the poleward edge (or else it woulc *° 3
not be V-shaped). The question is, which of these slopes ref w0 236

resents the speed of the TID? By estimating the slopes fronz
the simulation in Fig4, we find that the slope of the pole-
ward edge corresponds to a speec~df60 ms ! whereas
that of the equatorward edge corresponds~b00ms L.
The phase and group speeds of the TID in the model were
both 100 ms?, so it appears that the equatorward edge of thez
notch more accurately represents the speed of the TID. Care: -0 o
ful examination of plots of the pump raytrace (not shown) at :
different times during the TID passage reveal that the reasol
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for the more rapid motion of the poleward edge (where the -2 T
UHR altitude is raised) is due to the motion of the region e )
where the pump reaches UHR relative to the TID itself, as © Tme(aweperods)

the geometry changes. The raised UHR region travels for-
ward relative to the TID wave and thus the total speed of thisFig- 5. As Fig.4 but for perturbations “A” and “B".
region is more rapid than the speed of the TID alone.

We now turn our attention to the weaker disturbances A
and B. To simulate these, we use the same parameters as fofHR height and decay in intensity above and below due to
E, except that we choose0.25, 1, =240 km and the height diffusion along the magnetic field. Thus the scattering cross-
of the background F-region peak to be 230km. In addi- section will vary in a similar way. At the same time, the scat-

tion, we do not localise the wave amplitude in latitude andtering cross-section also depends on the radar beam aspect
let §,— o0o. The result is shown in Figs, which shows two ~ a@ngle relative to the magnetic field, which determines the ma-

complete wave cycles. jor axis of the irregularities. This is because, due to the more

It is evident that this simulation does not match the ob-rapid diffusion along the field than across it, the wavenum-
servations so closely. In particular, the erosion on the poleP€r spectrum of the irregularities along the magnetic field
ward edge of the UHR region is not mirrored in the HF is biased towards very small wavenumbers, whereas across
radar backscatter in Fig, although small poleward exten- the magnetic field high wavenumbers (comparable to the HF
sions of the backscatter region can be discerned, especialfdar wavenumber) predominate. Thus, at even a small angle
at 18.0 MHz. On the other hand, the equatorward projectiorfVay from orthogonality to the magnetic field, the wavenum-

of the UHR region as the TID passes is clearly seen in thePer spectrum rapidly shrinks towards low wave numbers and
data for perturbation A, if not for perturbation B. the scattering cross-section at the radar wavenumber rapidly

In summary, our simple raytracing model of the pump diminishes. . o . 3
wave propagation in a TID-perturbed ionosphere appears to Letus consider two limiting cases: (l) the wregularltles are
reproduce the essential features of the observations. A mor¥ery elongated along the magnetic field and highly aspect-

the details. not very aspect-sensitive. In case 1, the radar will receive

backscatter only when the beam is very close to exact orthog-
3.3 TID effect on HF radar observations of the artificial onality to the geomagnetic field. If the irregularities move
irregularities up and down in altitude, the backscatter power will vary ac-
cording to the variation of the mean-square density perturba-
Earlier, we remarked on the artificial backscatter power andion with altitude. Assuming that the radar beam propaga-
elevation angle variations. We have shown how the TID af-tion is not too strongly influenced by the TID, the locus in
fects the altitude and location at which the HF pump canthe ionosphere where the beam reaches orthogonality does
reach upper-hybrid resonance. Clearly, this modificationnot vary. Therefore, the source location of the backscatter
must influence the target seen by the HF radar. In additiondoes not vary and in particular, the elevation angle of the
it is possible that the TID may have a significant effect on backscatter (at a given range) will not vary. In other words,
the radar beam propagation which could also affect how theéhe radar does not “see” the height variation of the irregular-
radar views the artificial irregularities. ities as variations in elevation angle: the target appears fixed
From theory (for exampleBooker, 1956, the scattering ~ at the location defined by orthogonality of the beam to the
cross-section of the artificial irregularities is proportional to magnetic field.
(ANZ), the mean-square electron density perturbation. The In case 2, the radar will receive backscatter only when
irregularities are expected to be most intense close to théhe beam passes very close to the location of the (short)
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Fig. 6. Top panel: 13-MHz rays from the CUTLASS radar traced through the model ionosphere for TIDs A and B for the four times given
at the top of each plot. The shaded circles on each ray indicate the angle from orthogonality. The black crosses indicate where up-going rays
from the pump transmitter intersect the upper-hybrid resonance height. Bottom panel: as top panel, but for 18-MHz radar frequency.

irregularities, i.e. close to the UHR altitude. If the altitude at 1 degree increments of elevation angle fromt& 45°.

of the irregularities varies, the backscatter power will vary The angle of the rays from orthogonality was calculated by
according to the aspect angle of the radar beam to the irregeomparing the wave normal vectors with the magnetic field
ularities at the altitude in question. Once again, assuming nalirection obtained from the IGRF model for 2004 (although
strong influence of the TID on the radar beam propagationthe dipole field model was retained in the actual raytracing
the fact that the radar only receives backscatter from close tealculations). The locus of UH resonance is computed by
the altitude of the target means that the radar will now “see”raytracing the pump wave as described in the previous sec-
the altitude variation as a variation in elevation angle. This istion.

analogous to the simple case of straight-line propagation to a
localised target. For a radar frequency of 13 MHz (top panel), we see that

the locus of upper-hybrid resonance always lies in a region
With these cases in mind, we now apply our raytracingwhere the radar rays are more thar? ®@m orthogonality,
model additionally to the radar propagation in order to esti-either in the region of defocussed Pedersen rays or in the
mate the effects of the TID on the radar observations. Fig+egion of down-going, reflected rays. In case 1 above, we
ure 6 shows the results of raytracing the radar beam at 13vould expect to receive backscatter mainly from the down-
and 18 MHz in the model ionosphere used to simulate TIDsward extension of the irregularities from the UHR altitude to-
A and B in the previous section. The radar rays were tracedvards the locus of radar beam orthogonality around 180-km
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Fig. 7. As Fig. 6 but for TID “E".

altitude. In case 2, backscatter would come from close tathe passage of the TID. At the same time, the UHR altitude
the UHR altitude itself. According to Fi@, the backscatter varies from about 0—10 km above the radar orthogonality al-
power on 13.2 MHz during the passage of TIDs A and B istitude. Referring now to the observation in Figsand 3,
weak and it is difficult to discern any power variations asso-we can see that towards the equatorward edge of the artificial
ciated with the passage of the TIDs. Likewise, in Rdt is backscatter, the power is relatively constant, whereas towards
even more difficult to detect any systematic changes in elethe poleward edge, there is a clear oscillation in the power
vation angles. There are indications of higher angles at thessociated with the passage of TIDs A and B. The variation
poleward edge of the artificial backscatter, but it is not clearis around 10 dB peak-peak. Comparing this with the eleva-
how these relate to the TIDs. In this case it is difficult to draw tion angles, whilst the angles are relatively constant towards
any conclusions about which, if either, of the limiting casesthe equatorward edge, they also show a systematic variation
might be closest to the true situation. towards the poleward edge. The variation is arouhgéak-

peak and is out of phase with the variation in backscatter
The bottom panel of Fig6 shows a radar frequency of power.

18 MHz. The situation here is rather different. At close

ranges {850 km), the UHR locus always lies in a region  Now, from our earlier discussion, it is clear that these ob-

where the radar beam is aboditdr less from orthogonality.  servations correspond most closely with case 2, which can
However, at greater ranges950 km) the radar beam at the explain the variation in elevation angle as a consequence of
UHR locus varies from being 3<4rom orthogonality to less  the change in altitude of UHR. However, the observed el-
than P from orthogonality as the UHR height varies with evation angle variation of5peak-peak does appear to be
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somewhat larger than might be expected from our raytracing10-20 km above the UHR altitude, even when the latter is
The raytracing suggests perhaps only 2p8ak-peak varia- at its highest. It would certainly be difficult to expect to
tion as a result of the UHR locus moving across rays. Thesee significant backscatter returns along the rays in the de-
anticorrelation of power with elevation angle is what would focussed region where the transition from ionospherically-
be expected, since higher elevation angles correspond to @eflected to ionospherically-penetrating rays occurs, since in
higher UHR altitude which is further from radar orthogonal- addition to the defocussing, the rays are also far from or-
ity and gives rise to a reduced backscatter power. thogonality. This conclusion is supported by the elevation
Figure 7 shows a similar raytracing analysis to Fig. angles exhibited by the ground backscatter, which typically
but for the larger-amplitude TID E. We consider the lower shows angles of15° at the edge of the skip zone compared
panel, for 18 MHz radar frequency first and once again weto ~22° for the artificial backscatter from the irregularities
find that the behaviour depends on range. At closer rangeslevated by the TID. This implies that the artificial backscat-
(~850km), the UHR locus always lies close (withif) 1o ter must be coming from penetrating rays, not reflected ones.
radar beam orthogonality, despite the large variations in UHR  If we suppose that case 2 above applies, we could estimate
altitude. Thus in either of our limiting cases, we would not the aspect sensitivity of the striations in terms of backscatter
expect much change in backscatter power as the UHR altipower variation per degree off-orthogonal ag393 dBF,
tude varies. In case 2 we might see elevation angle variationbased on the measured backscatter power variation associ-
of 2°-3° as the UHR locus moves across the rays. At fur-ated with TIDs A and B and the aspect angle variation esti-
ther ranges~+950 km), the increase in UHR altitude would mated from the raytracing in Fi@g. This is rather less than
take the UHR locus away from orthogonality by—2°and  the estimate of at least 20 dB fot 8ff-orthogonal given by
perhaps about 10 km above the locus of exact orthogonalityFialer (1974. Alternatively, if we suppose that case 1 ap-
(the increase in altitude is more easily inferred from Bl)g.  plies (ignoring the evidence from the elevation angles) we
Therefore, in either limiting case we would expect to seecould estimate the decay of backscatter power with altitude
small variations in the backscatter power and in case 2, smaths 1010=1dB knt. This corresponds to a e-folding scale
variations in the elevation angle°@d2°). length for the mean density perturbation N) of ~8 km.
Referring to Figs2 and 3, we do not see much variation This is within the range of previous estimates, but shorter
with power at the further ranges, apart from that due to thethan those oflones et al(1984), Robinson(1989 and Se-
erosion effect. However, elevation angles do appear to innior et al.(2004).
crease by~3°. This may again be evidence in favour of Itis difficult to separate the effects on the radar backscat-
case 2, but it is less convincing than before. At the neareter power of the elongation of the irregularities and their
ranges, there is also erosion of the artificial backscatter. Thisspect-sensitivity. Nevertheless, our observations suggest
is not expected from our raytracing. Since the backscatter ishat the irregularities may not be as highly aspect-sensitive
not eroded in this way on the lower frequencies, the effectas previously supposed. This point requires further inves-
must be connected to the radar propagation, not the pumgigation. Lower aspect-sensitivity could result from a con-
propagation. A similar effect is seen to happen with TID C. siderable amount of additional small-scale structure along
The top panel of Fig7 presents the raytracing for 13-MHz the magnetic field. Theoretical worlditani and Guzdar
radar frequency. It is immediately clear that the raised sec1999 Borisoy, 2004 suggests that drift waves would be ex-
tion of the UHR locus tends to lie in a region of defocussedcited by the high temperature and density gradients associ-
Pedersen rays which are far from orthogonality. As the TID ated with the artificial irregularities. These drift waves have
approaches, the part of the UHR locus nearest to the radaalready been suggested as a source of very small-scale field-
is depressed in altitude towards the locus of radar orthogotransverse structure observed in in-situ measureméets (
nality at~195 km altitude. Thus, in either limiting case, the ley et al, 1995 Kelley, 2004, although this is probably too
backscatter power might be enhanced. This could explairweak to make a significant contribution to HF radar backscat-
the localised enhancement seen in the 13.2 MHz backscater. The turbulence associated with the drift waves would
ter power in Fig2 as TID E approaches, and which was re- lead to additional structuring in the plasma along the mag-
marked on earlier. (A similar effect is seen at 15.1 MHz too). netic field too, thus reducing aspect sensitivity. Whether this
Apart from this enhancement, the backscatter power does nanight be sufficient to account for the observed aspect sen-
seem obviously greater or lesser as the elevated part of thsitivity is not clear. We can make an estimate of the lon-
UHR locus passes over the pump transmitter. On the othegitudinal scales required to explain the aspect sensitivity by
hand, the elevation angles in Fjshow a dramatic increase considering that according to tfgooker (1956 theory, for
from about 6—22. This might be sufficient to indicate that an aspect angle (off-orthogonal) éfradians and a radar
the backscatter is coming from rays which achieve orthogo-wavenumbek, the three-dimensional power spectrum of the
nality in the topside ionosphere in the 240-270 km altitudeirregularities must have a significant magnitude at a field-
interval. This would be more consistent with an assump-parallel wavenumbel;~2k6. Thus for an aspect angle of 3
tion of longer, more aspect sensitive irregularities (case 1)andk=0.4nT 1 (18 MHz) we have~0.04 m~L. This corre-
Indeed, the irregularities would have to be detectable somaponds to a field-parallel wavelength of only 160 m. Taking
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into account the strong longitudinal diffusion, this scale is4 Conclusions
very short and it is rather hard to believe that significant
structure could persist at such a scale. By comparing multi-instrument observations, we have iden-

Another possible explanation for reduced aspect sensitiviified perturbations in the location and intensity of artificial
ity is that there could be significant multiple-scattering of the HF radar backscatter as being caused by the passage of TIDs
HF radar wave in the region of artificial irregularities. In such through the pumped volume of plasma. The presence of at-
a situation, although the “individual” irregularities may re- mospheric gravity wave-induced TIDs was inferred from the
main h|gh|y aspect_sensitive, the power scattered in S||ght|ySk|p distance variation in the HF radar measurements and the
off-orthogonal directions can be scattered again into direc-€lectron density perturbations measured by incoherent scat-
tions further from orthogonality and so on, resulting in re- ter radar. A raytracing model of the HF pump wave prop-
duced aspect sensitivity in the backscatter received from th@gation allows us to understand some of the HF radar phe-
irregular region as a whole. nomena in terms of the modification of the region of the

We should emphasise that our estimate of the aspect sengPnosphere in which the pump wave can reach the upper-
tivity leading to only a 10-dB reduction in backscatter power hybrid resonance level where the irregularities are excited. In
at® oﬁ-orthogona| is based on the assumption of extreme|ypartiCU|ar we can understand the extensions of the artificial
short irregularities so that there is no contribution to the backscatter region as being related to the increased altitude of
backscatter power from altitudes other than that of UHR.UHR when the disturbance travels over the pump transmitter
Since this is unlikely to be realistic, contributions from other and an erosion of the poleward edge of the region as being
altitudes will mitigate the fall in the contribution from the due to the pump being unable to access the UHR altitude in
UHR altitude when viewing this altitude off orthogonality. that region. According to both data and modelling, these ef-
In this sense, our estimate is therefore a lower bound on thécts become more pronounced as the amplitude of the TID
aspect sensitivity and the irregularities may be more aspect(n terms of relative electron density perturbation) increases.
sensitive than it suggests. We can see that it is possible to determine from the artifi-

The observations presented here rely on natural variation§ial backscatter observations alone, the period and the line-
in the altitude of upper-hybrid resonance due to TIDs. In or-0f-sight phase speed component of the TID and therefore the
der to investigate how the altitude of irregularities affects HF horizontal wavelength. Furthermore, with the aid of a ray-
radar observations more systematically, it would be possitracing model, it would be possible to estimate the TID am-
ble to create controlled altitude variations by varying the HF plitude and vertical wavelength by fitting the model to the
pump frequency so that the UHR altitude is varied. In thisObservations. In this way, observations of TIDs in artifi-
way, the uncertainty in the electron density distribution cre-cial backscatter can be used to support observations based
ated by the presence of TIDs and which limits the reliability On ground scatter skip distance variations. The artificial ir-
with which we can trace the radar propagation, is avoided. Ofegularities are in-situ tracers of the ionospheric distortions
course, it is possible that varying the pump frequency mightcaused by a TID and thus represent a more direct means of
itself lead to differences in the characteristics of the irregu-accessing TID parameters than inverting ground scatter mea-
larities. surements.

Finally, it is worth noting that our raytracing simulations ~ As for the irregularities themselves, our observations, par-
of the HF radar propagation show that, even in the case of thécularly the elevation angle variations, suggest that off-
large amplitude TID E, the perturbations to the radar rays are@rthogonal scattering may be important. Thus the assump-
not too great. This is particularly true at 18 MHz where iono- tion of near-infinite aspect sensitivity may not always be jus-
spheric refraction is less than at 13 MHz. Thus, to a first ap-tified. This means that the results of analyses like those car-
proximation, the effects of the TID on the radar propagationfied out by Senior et al(2004 must be treated with some
can be ignored as far as artificial backscatter is concernegaution, but equally our conclusions here are subject to some
and the effect of the TID on the HF pump wave propagationdoubt over the accuracy of the elevation angles measured.
is much more important. This means that the elevation angld he aspect-sensitivity of the irregularities is an indicator of
variations are not ||ke|y to be caused by the distortion of thethEil’ small-scale field—parallel structure, which could arise
radar propagation associated with the TID, but by changes iffom the dynamic equilibrium between growth from the heat-
the location of the target, as we have assumed up to now. Ong caused by upper-hybrid waves and their destruction by,
course, the effect of a TID on the radar propagation is notfor example, drift waves excited by the field-transverse tem-
insignificant when considering the perturbations to the skipPerature and density gradients. We have suggested that the
distance. aspect-sensitivity should be investigated further by carrying

out experiments in which the height of the irregularities is
varied in a controlled manner by varying the HF pump fre-
quency.
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