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Abstract. A case study of medium-scale travelling iono-
spheric disturbances (TIDs) that are correlated with solar
wind Alfv én waves is presented. The HF radar ground-
scatter signatures of TIDs caused by atmospheric gravity
waves with periods of 20–40 min are traced to a source at
high latitudes, namely pulsed ionospheric flows (PIFs) due
to bursts in the convection electric field and/or the associated
ionospheric current fluctuations inferred from ground mag-
netic field perturbations. The significance of PIFs and TIDs
in the context of solar-terrestrial interaction is that Alfvénic
fluctuations of the interplanetary magnetic field (IMF) ob-
served in the solar wind plasma streaming from a coronal
hole correlate with PIFs and TIDs. The link between the
solar wind Alfvén waves and TIDs is corroborated by the
ground magnetic field signatures of ionospheric current fluc-
tuations that are associated with the IMF-By oscillations and
TIDs. The observed PIFs and the associated negative-to-
positive deflections of the ground magnetic field X compo-
nent are interpreted as ionospheric signatures of magnetic
reconnection pulsed by solar wind Alfvén waves at the day-
side magnetopause. Although the clarity of the radar line-
of-sight velocity data may have been affected by anomalous
HF propagation due to intervening TIDs, the application of a
pure state filtering technique to analyze the radar data time
series reveals a one-to-one correspondence between PIFs,
TIDs and solar wind Alfv́en waves. The spectra of solar
wind and ground magnetic field perturbations are similar to
those of PIFs and TIDs. The ground-scatter signatures indi-
cate TID wavelengths, phase velocities and travel times that
are consistent with ray tracing, which shows a subset of pos-
sible gravity wave group paths that reach the F region from a
source in the E region after the wave energy first travel down-
ward to the upper mesosphere where the waves are reflected
upward. The observed one-to-one correspondence between
the convection electric field bursts and TIDs is consistent
with the modeling results for large-scale TIDs by Millward et
al. (1993a,b). The correlation with solar wind Alfvén waves
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points to very direct coupling of energy in the solar wind into
the subauroral atmosphere.
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1 Introduction

In his seminal paper on the existence of a new kind
of wave, namely electromagnetic-hydrodynamic waves,
Alfv én (1942) foresaw their importance in solar physics.
They are now universally recognized as one of three dis-
tinct wave modes of magneto-hydrodynamic (MHD) plasma
waves, the Alfv́en (intermediate) mode, and the fast and
slow magnetoacoustic modes. In a collisionless plasma
the Alfvén waves propagate essentially undamped and have
been observed in the solar corona (Hollweg et al., 1982).
Quasi-periodic fluctuations of the interplanetary magnetic
field (IMF) and ion velocity components that are indicative
of Alfv én waves are common in the solar wind (Belcher and
Davis, 1971; Tsurutani et al., 1990), particularly in high-
speed plasma streams from coronal holes.

The solar wind Alfv́en waves interact with and are trans-
mitted across the bow shock (McKenzie and Westphal, 1969;
Hassam, 1978; Sibeck et al., 1997; Walker, 2002). They gen-
erate pressure pulses (Yan and Lee, 1996; Lin et al., 1996)
in the magnetosheath that stimulate the magnetosphere, re-
sulting in geomagnetic pulsations and pulsed ionospheric
convection/currents. Interplanetary Alfvén wave trains were
identified as a source of high intensity, long-duration, contin-
uous auroral activity events (Tsurutani and Gonzales, 1987;
Tsurutani et al., 1990). When the IMFBz component is
negative (southward), solar wind Alfvén waves are effective
in modulating dayside solar wind-magnetosphere coupling
through pulsed magnetic reconnection. This results in pulsed
ionospheric flows (PIFs) (Prikryl et al., 2002) and associ-
ated cusp particle signatures (Rae et al., 2004) which, in turn,
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structure the ionospheric density into polar patches (Prikryl
et al., 1999). Also, a number of authors (e.g. Potemra et
al., 1989; Prikryl et al., 1998; Kepko et al., 2002; Stephen-
son and Walker, 2002; Walker, 2002) have shown solar wind
MHD waves as direct drivers of magnetospheric pulsations.

In this paper, it is shown that, through the coupling to the
magnetosphere-ionosphere-atmosphere system, solar wind
Alfv én waves generate atmospheric gravity waves (AGWs)
and their ionospheric signatures – travelling ionospheric dis-
turbances (TIDs). Theoretical understanding of AGWs and
their role in the ionosphere was developed by Hines (1960)
and ionospheric sources of gravity waves have been recog-
nized (Chimonas and Hines, 1970; Chimonas, 1970; Tes-
tud, 1970; Richmond, 1978). Also, a causal relationship
between the AGWs generated in the auroral zone (by Joule
heating, Lorentz force or particle precipitation) and TIDs has
been well established (see, e.g. Hocke and Schlegel (1996)
and the references therein). The Worldwide Atmospheric
Gravity-wave Studies (WAGS) program (see, e.g. Crowley
and Williams, 1987; Williams et al., 1993) clearly demon-
strated that large-scale TIDs observed at mid-latitudes orig-
inate in the auroral oval. The observed characteristic peri-
ods of TIDs (typically 30–70 min) are well correlated with
auroral variations (electric field and Joule heating) of sim-
ilar periods. On the other hand, auroral fluctuations with
time scales of 20 min or less are strongly attenuated in
the observed TIDs. Thus, the auroral plasma convection,
which commonly exhibits quasi-periodic, recurrent bursts
(e.g. Williams et al., 1992), is a likely source of gravity
waves. Such a source then determines not only the magni-
tude but also the period of the gravity waves (Crowley and
Williams, 1987). Millward et al. (1993a,b) modeled gravity
waves generated by enhancements in the ionospheric electric
field. Each electric field enhancement caused a Joule heating
pulse, which, in turn, launched a single gravity wave propa-
gating equatorward and poleward of the source region.

Direct and Earth-reflected gravity waves were theoreti-
cally described and distinguished by Francis (1974), who
pointed out that the latter appear in the F region as wave
packets (a number of nearly monochromatic wave cycles)
while the former induce isolated (nonperiodic) TIDs, con-
sistent with the results by Millward et al. (1993a,b). Fran-
cis et al. (1974) also suggested a dominance of upper-
atmospheric (as opposed to tropospheric) sources of grav-
ity waves. Radar backscatter sounding techniques for obser-
vation of motions of large-scale F-region irregularities date
back to the 1950s (Tveten, 1961 and references therein).
Hunsucker and Tveten (1967) used the HF backscatter tech-
nique to observe large-scale TIDs on ground-scatter records.
At the ionospheric reflection point the signals were modu-
lated (focused/defocused) by TIDs which the latter authors
attributed to imperfectly ducted atmospheric gravity waves
generated by auroral sources. More recently, HF radars
were used to observe ionospherically generated medium-
scale gravity waves, which may be Earth-reflected and then
produce trains of TIDs, many hundreds of kilometers equa-
torward of the original source region (Samson et al., 1989,

1990). These radars are now a part of SuperDARN (Su-
per Dual Auroral Radar Network) (Greenwald et al., 1995).
SuperDARN has become very useful for the study of TIDs
(Bristow et al., 1994) because of the large spatial coverage
of the auroral and polar regions, which are known to be an
important source of TIDs. Subsequent SuperDARN work
on TIDs pursued studies of the relationship between auro-
ral electrojet currents and TIDs observed by SuperDARN
(Sofko and Huang, 2000; Huang et al., 1998a,b) but also ad-
dressed the question of how one can deduce TID properties
from SuperDARN ground-scatter (Hall et al., 1999; Stocker
et al., 2000; MacDougall et al., 2001). In particular, the last
named authors showed that the assumption that a TID is lo-
cated at approximately half the range of the radar ground-
scatter intensification, the intensification due to focusing by
TIDs, may be valid only for low amplitude TIDs. Such an as-
sumption that has been used in earlier SuperDARN studies of
TIDs implies that the TID horizontal phase velocity would be
about half of the observed time rate of change of the distance
to the ground backscatter intensification. This assumption of
the factor 0.5 for making TID horizontal phase velocity esti-
mations was challenged by Hall et al. (1999), who suggested
that a more suitable value is 0.6. Further HF ray-tracing anal-
ysis and modeling of TIDs by MacDougall et al. (2001) con-
cluded that, depending on the TID amplitude, the appropriate
proportionality factor may actually be close to 1.0, which al-
most doubles the horizontal TID phase velocities and wave-
lengths derived from the SuperDARN ground-scatter signa-
tures of TIDs.

While the large-scale TIDs have been attributed to auro-
ral electrojet surges the identification of sources of medium-
scale TIDs has remained difficult. Both the auroral activ-
ity (e.g. Hunsucker, 1982, Lewis et al., 1996; Oyama et al.,
2001) and tropospheric weather disturbances (e.g. Bertin et
al., 1975; Waldock and Jones, 1987; Oliver et al., 1997)
can generate medium-scale AGWs, particularly for TIDs that
are observed at middle latitudes. At high latitudes, Sam-
son et al. (1990) suggested that the AGWs observed by Su-
perDARN originate near the ionospheric convection rever-
sal boundary. Thus, it has been hypothesized that the IMF
variations that lead to auroral electrojet fluctuations gener-
ate AGWs/TIDs, but the actual identification of the distant
sources of the observed TIDs has posed difficulties in spite of
the use of various observation techniques (Lewis et al., 1996;
MacDougall et al., 1997; Hall et al., 1999, Oyama et al.,
2001). One of the advantages of SuperDARN for the study
of gravity waves is that it allows simultaneous observations
of TIDs and of their high-latitude source activity. Various
HF propagation modes frequently result in observations of
the TID modulated ground-scatter along with the ionospheric
echoes at ranges immediately poleward of the ground-scatter
(Huang et al., 1998a; Sofko and Huang, 2000). A causality
sequence of relationship among the IMF southward turnings,
auroral electrojet currents, and gravity waves was reported
for a case study (Huang et al., 1998b). The proximity of the
observed TID signatures to the source region (auroral elec-
trojet) indicated direct rather than ducted or Earth-reflected
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gravity waves. Sofko and Huang (2000) associated each of
the 100-min pulses observed in the ionospheric flow (electric
field), the IMF and ground magnetic field with a pair of grav-
ity waves (two wave pulses). For the time intervals presented
in the latter three studies, we note that the IMF and solar wind
plasma velocity components were highly correlated, which is
a characteristic of solar wind Alfv́en waves.

Here we present a case study (Sect. 4) showing that
Alfv énic fluctuations in the solar wind cause the ionospheric
convection to pulse, thereby generating AGWs and TIDs.
In Sect. 3, we present results of ray tracing of AGWs in a
model atmosphere from an assumed source at the E-region
altitude. These results suggest that the observed TIDs can
be explained by AGWs that reach F-region altitudes after be-
ing reflected by the temperature gradient in the upper meso-
sphere. In Sect. 5, we discuss the results pointing to solar
wind MHD wave forcing in the upper atmosphere.

2 Instruments and techniques

SuperDARN is an international network of coherent-
backscatter HF radars primarily designed to monitor iono-
spheric convection and thus the convection electric field
(Greenwald et al., 1995). These frequency-agile (8–20 MHz)
radars are single beam radars in which a phasing matrix is
used to sweep the beam through 16 successive positions with
azimuthal separation of 3.24◦. Each beam is gated into 75
range cells which are 45 km long in standard operations.
Normally, the dwell time for each beam position is 7 s, giv-
ing a full 16-beam scan that covers 52◦ in azimuth every
2 min. Several parameters, including the line-of-sight (LOS)
Doppler velocity, spectral width and backscatter power from
ionospheric plasma irregularities, are routinely measured. In
the standard mode the two line-of-sight velocities measured
at the intersection of the beams from two radars can be com-
bined to provide convection velocity perpendicular to the
magnetic field. Global ionospheric convection and poten-
tial maps are derived by fitting the available velocity data
to an expansion of the potential in terms of spherical har-
monic functions (Ruohoniemi and Baker, 1998). Supple-
mental data from a statistical convection model are included
to constrain the solution over areas with no radar coverage.
Ionospheric-source gravity wave signatures can be identified
in the ground-scatter power that is modulated due to focus-
ing/defocusing of the HF signal by the gravity-wave-induced
undulations of the lower F region of the ionosphere (Samson
et al., 1989).

Ground-based magnetometers provide magnetic field sig-
natures of ionospheric currents to support the SuperDARN
data. High-latitude magnetometer data were obtained at Ny
Åleslund and Longyearbyen on Svalbard, a part of the Scan-
dinavian IMAGE array (Viljanen and Ḧakkinen, 1997). Fig-
ure 1 shows the Northern Hemisphere SuperDARN radar
field-of-view, the Hankasalmi radar beam 13 and the mag-
netometer sites. The solar wind plasma and magnetic field
data are collected by the following satellites: ACE (McCo-
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Figure 1 

Fig. 1. Northern Hemisphere SuperDARN. The Hankasalmi radar
beam 13 and a magnetometer sites at NyÅleslund (NAL) and
Longyearbyen (LYR) are shown.

mas et al., 1998; Stone et al., 1998; Smith et al., 1998), IMP 8
(King, 1982) and WIND (Ogilvie and Parks, 1996). A pure-
state filtering technique (Samson, 1983) is used to process
the radar data time series.

3 Ray tracing of gravity waves

Yeh and Liu (1974) reviewed propagation of AGWs in a real-
istic atmosphere using the ray theory approach and the WKB
approximation. They pointed out that a simplified ray-tracing
procedure based on Snell’s law is applicable for a horizon-
tally stratified atmosphere. Assuming that the sources of
gravity waves are quasi-periodic convection/current pulses
in the auroral and polar ionosphere, a two-dimensional ray
tracing of the gravity waves is conducted. Snell’s law for
a spherically stratified atmosphere with no horizontal gradi-
ents (Muldrew, 1959) is given bynrsinβ=constant, wheren
is the refractive index,r is the distance from the centre of the
Earth to a point on the ray andβ is the angle of incidence.
The dispersion relation between the gravity wave frequency
ω and wave vectork given by Hines (1960) is used:

(ω2
− ω2

a)ω
2/C2

− ω2(k2
x + k2

z ) + ω2
bk

2
x = 0, (1)

whereωa=γ g/2C is the acoustic cutoff frequency,γ , C, g
are ratio of specific heats, speed of sound, and acceleration
due to gravity, respectively,kx andkz are the horizontal and
vertical components of the wave vectork. For a nonisother-
mal atmosphere (one in which the atmospheric scale height
varies with altitude) the Brunt-V̈ais̈alä (buoyancy) frequency
ωb is defined as

ω2
b = (γ − 1)g2/C2

+ (g/C2)(dC2/dz). (2)
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Fig. 2. Ray paths for 30-min period gravity waves in a stationary
atmosphere. When the phase propagation directionkph is upward
(α0>0) the group velocity is downward and vice versa. The rays
are the same in all panels, but are colour-coded for time of travel,
horizontal wavelength and horizontal phase velocity.

The atmosphere is divided into horizontal slabs of constant
temperature and density that are obtained from the MSIS90
model (Hedin, 1991). Viscosity, thermal conductivity and
neutral winds are neglected. A typical period of gravity
waves observed in the ionosphere by SuperDARN is used.
The ray tracing is initiated at an altitude of 110 km using
selected initial valuesα0 of the k directionsα, whereα is
taken to be positive upward from the southward horizontal
direction in the Northern Hemisphere. The group velocity

Vg≡(∂ω/∂kx , 0,∂ω/∂kz) or path of energy flow of the gravity
wave is obtained from Eq. (1) numerically. We chose 110 km
for the initial height assuming the Lorentz force to be a dom-
inant mechanism of AGW generation. The observed auroral
electrojet fluctuations associated with TIDs observed by Su-
perDARN are generally small, suggesting that Joule heating
was less likely to be the source.

Figure 2 shows group paths for gravity waves having a pe-
riod of 30 min and originating at an altitude of 110 km for
the MSIS90 model specified for 2 November 1999 (a case
study presented in Sect. 4). The rays are the same in all pan-
els but are colour-coded for time of travel, phase velocity,
and horizontal and vertical wavelengths. For each ray, the
wave vector directions are shown at the start of the ray trac-
ing (α0) and after one wave period. The time of travel, phase
velocityV

ph
x , horizontalλx and verticalλz wavelengths that

are shown in Fig. 2 are compared with observations that are
discussed later.

For α0≤ 82◦, the ray-traced gravity wave energy reaches
the F region in about an hour or less, either directly (α0<0)
or after being reflected in the upper mesosphere. Forα0<0
(downward phase velocity), the group direction is upward
and the gravity wave energy will escape through the F region
over a relatively short horizontal distance less than 1000 km.
For 0< α0≤82◦, the initial group direction is downward but
the gravity waves are reflected/refracted by the temperature
gradient. After the reflection, the angleα becomes negative
(k points downward) and the group direction is upward but
still has a large horizontal component. This allows the grav-
ity wave energy to reach the F region at greater horizontal
distances from the source than for the waves whose energy
was initially directed upward (α0<0). Forα0>82◦, AGWs
reach the ground and are reflected back to the ionosphere.

The horizontal wavelengthλx is >320 km for the upper-
mesosphere reflected AGWs, but decreases as the angleα0
increases for group paths reaching the ground. Similarly,
the horizontal component of phase velocityV

ph
x is greater

than 200 m/s for gravity waves reflected in the upper meso-
phere but decreases for downward directed rays that reach
the ground. Because of large phase velocities that are much
greater than wind velocities, it is expected that the rays that
reach the F region either directly or after reflection in the up-
per mesosphere will not be significantly affected by neutral
winds. The horizontal phase velocityV

ph
x may become com-

parable with the neutral wind velocity whenα0 is larger than
82◦, i.e. for the downward group paths that reach the ground,
in which case the neutral winds could be important.

The validity of ray tracing near the reflection height, where
1/kz can be greater than the neutral density scale height, is
discussed in Appendix A. It is found that although the ray
paths may not be valid near reflection, the computed paths
are valid a few tens of kilometers above reflection height. For
values ofα0<82◦ most of the downward propagating energy
is reflected in the upper mesosphere (Appendix A).

Bristow et al. (1996) used a dispersion relation they de-
rived from the Navier-Stokes equations with temperature
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gradients included by allowing the scale height to vary with
altitude but ignoring viscosity, thermal conductivity and ion
drag. For summer atmospheric conditions, they found a re-
flection layer coinciding with the negative temperature gra-
dient at mesospheric altitudes whereλz became imaginary,
suggesting that this may then lead to a seasonally dependent
reflection of AGWs. Very similar results leading to the same
conclusion can be obtained from dispersion Eq. (1) when the
scale height variation with altitude is included in Eq. (2).
Figure 3 shows examples of the vertical profiles ofλz for
the same atmospheric model specification that was used for
ray tracing (temperature profile is shown) and for AGWs
with a 30-min period and horizontal wavelengthsλx=250
and 350 km. Forλx>320 km, the vertical wavelength be-
comes purely imaginary below the mesopause in the evanes-
cent layer that is thicker for largerλx . If some wave en-
ergy tunnels through the evanescent layer to the lower at-
mosphere, as discussed in Appendix A, these gravity waves
could be reflected from the Earth’s surface or temperature
gradient in the troposphere (Fig. 3).

In summary, ray tracing in a model atmosphere of AGWs
generated by an ionospheric source shows three distinct
group paths (wave propagation modes) that reach the F re-
gion: rays that travel directly upward, rays that are reflected
in the mesosphere, and rays that are reflected in the tropo-
sphere or from the Earth’s surface. Their basic characteristics
are compared with observations in Sects. 4 and 5.

4 Case study: 2 November 1999

4.1 Solar wind Alfv́en waves

The Advanced Composition Explorer (ACE) measured the
interplanetary magnetic field (IMF) and various solar wind
plasma parameters inside a weakened transitory corotating
stream (Burlaga et al., 2001) from a coronal hole that crossed
the central solar meridian on 26 October as observed by
SOHO. This stream had been observed for two previous solar
rotations but, after 2 November (the results discussed here)
it dissipated and could not be identified in the ACE data 27
days later. Figure 4 shows hourly averages of the magnetic
field magnitude,|B|, solar wind velocity,V , and proton den-
sity, np. On 31 October within the interaction region (com-
pression ridge) where the faster plasma stream from the coro-
nal hole overtook the slower solar wind, ACE measurements
revealed a well-defined stream interface. A sharp increase in
the IMF magnitude was associated with a peak in density and
rising ion temperature (not shown).

On 1 November after the interaction region had passed
ACE, the plasma density dropped below 7 cm−3, the IMF
magnitude leveled off at∼6 nT and the solar wind speed
in the stream peaked at∼460 km/s. On 2 November at
06:00 UT, there were three spacecraft in the solar wind. ACE
was located at (220.42,−13.06,−17.75)RE , IMP 8 was in
the prenoon sector at (29.73,−21.13,−6.30)RE , and WIND
in the predawn sector at (−18.15,−45.41,−11.74)RE in

Fig. 3. Altitude profiles of the MSIS90 model atmospheric temper-
ature and gravity wave vertical wavelength derived from dispersion
Eq. (1) for a wave period of 30 min and horizontal wavelengths of
250 and 350 km.

Fig. 4. The co-rotating solar wind plasma stream and interaction re-
gion observed by the ACE spacecraft. Alfvén waves were observed
in the stream after the magnetic field magnitude leveled off. The
day of month labels are placed at 00:00 UT of each day.

GSE coordinates. Inside the solar wind, the spacecraft ob-
served large amplitude Alfv́enic fluctuations. IMP 8 was
in the most suitable location to monitor the solar wind im-
pact upon the Earth’s dayside magnetosphere. Figure 5
shows the IMP-8 IMF (solid lines) and plasma data (small
crosses), demonstrating the presence of Alfvén waves in the
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Fig. 5. The IMF (solid line) and solar wind plasma parameters (small crosses) indicate Alfvénic fluctuations observed by IMP 8. The WIND
IMF By (dotted line) is shifted by 13 min, which is the maximum cross-correlation lag between the IMP 8 and WIND time series. The
bottom panel shows scatter plots and coefficients of correlation (CC) between the corresponding components of the IMF and ion velocity
(for theBy versusVy scatter plot, theVy values are shifted by−200 km/s).

solar wind: The corresponding components of the IMF and
ion velocity fluctuations are highly correlated (scatter plots
and correlation coefficients are shown in the bottom panel
of Fig. 5) while the magnitude of the IMFBT and den-
sity np remained relatively constant or fluctuated only with
smaller amplitudes. For sunward oriented background IMF
(Bx>0) the positive correlations indicate antisunward prop-
agating Alfv́en waves (Belcher and Davis, 1971) advected
in the solar wind. The predicted Alfvénic velocity fluctua-
tions (Sibeck et al., 1997) obtained from the Whalen relation
1V =±1B/(µ0ρ)1/2 compare well with the observed fluc-
tuations inB, whereµ0, ρ, V andB are the permeability of

free space, the plasma mass density, ion velocity and mag-
netic field, respectively.

Various approaches have been adopted to estimate the ar-
rival time of a solar wind disturbance at the subsolar mag-
netopause for a single spacecraft (e.g. Lester et al., 1993).
With multiple spacecraft monitoring the solar wind it is pos-
sible to compute (Nishitani et al., 1999) the orientation of the
plane wave phase fronts by using the cross-correlation lags
between pairs of spacecraft. This procedure (Prikryl et al.,
2002) is used for the period shown in Fig. 5, prior to an IMP8
data gap from 10:10 to 18:40 UT. The most conspicuous fea-
ture observed by all three spacecraft was a sudden southward
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turning of the IMF at about 05:48 UT for IMP8. This was
a rotational discontinuity: the magnetic field magnitudeBt

stayed relatively constant as both the plasma velocityVz

and the IMFBz changed rapidly, switching polarity. The
cross-correlations from the three IMF-Bz time series give
inter-spacecraft lags of 52 min (ACE-IMP8), 71 min (ACE-
WIND), and 19 min (IMP8-WIND), with the correspond-
ing maximum cross-correlation coefficients ranging between
0.61 and 0.75. From the above cross-correlation lags, the
propagation delays between the spacecraft and the subso-
lar magnetopause were estimated to be 55±1 min (ACE), 3
±1 min (IMP8), and−16±1 min (WIND) for the solar wind
speedVp of 430±30 km/s which characterized 2 Novem-
ber. The propagation delay between the subsolar magne-
topause and ionosphere can range from a few minutes near
the noon sector to several minutes away from it (Saunders et
al., 1992). However, after sudden changes in the IMF, a rapid
global ionospheric convection reconfiguration on time scales
of minutes has been observed (Ruohoniemi and Greenwald,
1998).

The IMF By was predominantly dawnward but showed
large amplitude quasi-periodic Alfvénic fluctuations after the
IMF turned southward. In general, the IMF-By fluctuations
observed by the three spacecraft were correlated but there
were significant differences in the waveforms (WIND IMF-
By is superposed in Fig. 5, see dotted line). This is not
surprising considering the substantial spatial separation be-
tween the spacecraft (e.g. the spacecraft GSE Y coordinate
varied between−13 and−45RE). The data from IMP 8 are
used here because it was the most suitably located satellite
for observing the Alfv́en waves that interacted with the day-
side bow shock and magnetopause.

4.2 Pulsed ionospheric flows and gravity waves observed
by SuperDARN

Between 06:00 and 18:00 UT, the CUTLASS radar in Han-
kasalmi, Finland, observed PIFs poleward of the ground-
scatter signatures of gravity waves (TIDs). For the first 6
hours of this period, Fig. 6a shows the radar LOS velocity
for ionospheric scatter (74◦

−81◦ magnetic latitude). Radar
beam 13 points approximately to the geographic north, just
east of Svalbard. Figure 6b shows the received ground-
scatter radar power in the range interval 900–1900 km, corre-
sponding to magnetic latitudes 66◦

−74◦. The slanted bands
of strongly focused ground-scatter power indicate large am-
plitude equatorward-moving TID fronts in the F region.

The ionospheric scatter (Fig. 6a) is observed at magnetic
latitudes>75◦, poleward of the ground-scatter. The ground
magnetic field X components measured at NyÅleslund
(NAL; 76.1◦ magnetic latitude) and Longyearbyen (LYR;
75.1◦ are superposed. Only a subset of LYR data between
07:00 and 09:30 UT needed in a discussion below is shown
(a thin line is used to avoid cluttering). The LOS velocity is
pulsed (PIFs), reaching−1000 m/s (see red pixels, indicat-
ing velocity away from the radar). Before∼09:00 UT, the
regions of enhanced LOS velocities (PIFs) were also regions

of large spectral widths and enhanced backscatter power (not
shown), indicating that they were located at the ionospheric
footprint of the magnetospheric cusp (Pinnock et al., 1991;
Baker et al., 1995; McWilliams, 2001), which was shifting
in latitude. The equatorward shift of the ionospheric foot-
print of the cusp after the IMF turned southward is known
to be due to the magnetic flux erosion caused by succes-
sive flux transfer events (FTEs). After 09:00 UT, the spectral
widths were only moderately enhanced as the radar beam in-
tercepted the dusk convection cell observing the flows turn-
ing from sunward to antisunward and their intensifications.
While beam 13 observed these later flow bursts further pole-
ward of the cusp in the convection throat and in the dusk
cell, their dynamic behaviour was clearly related to the cusp
flow/current signatures (see the discussion of the ground
magnetic fluctuations at Svalbard).

To determine the PIF times and evaluate the correlation be-
tween PIFs and TIDs, time series of the radar LOS velocity
and ground-scatter power were extracted for beam 13. The
pure-state filtering technique (Samson, 1983) was then used
to eliminate noise while preserving or enhancing the visibil-
ity of common periodicities that are present in the data from
a set of neighboring range gates. In Fig. 6a, the PIFs are
identified as bands of elevated LOS velocity extending 1–3◦

in latitude and lasting a few minutes. A dashed line is drawn
(Fig. 6a) through approximate centres of the PIFs that shifted
in latitude. This line was used as the central “extraction”
line to extract time series of LOS velocity from “dynamic”
ranges, namely range cells that followed the general trend of
the PIF latitude/range with time. This time series along with
two additional time series from adjacent ranges were filtered
as discussed below. The dashed line acted as a zero baseline
to plot one of the filtered time series.

The LOS velocities from two range gates that were closest
to the dashed line were averaged to form the first time se-
ries. Two additional time series were extracted by averaging
the LOS velocities from pairs of adjacent ranges poleward
and equatorward of the range pair that was used to form the
first (central) time series. Three ground-scatter-power (TID)
time series were extracted from adjacent fixed range gates
(between 1155 and 1290 km). Because of a significant tilt of
the TID bands (Fig. 6b) no averaging of adjacent range gates
was applied; as a result, the relative sharpness of the ground-
scatter power peaks was retained. Missing LOS velocity data
were set to zero and small gaps in the ground-scatter power
time series were filled with interpolated values.

The radar LOS velocity and ground-scatter power data
(two sets of three time series each) were filtered separately.
The raw and pure-state-filtered time series are shown in
Fig. 7. The arrows indicate the times of enhanced negative
LOS velocity (PIFs). For convenience of comparison, the
filtered lower-latitude ground-scatter power (bottom panel)
is plotted against a time axis that is shifted with respect to
the higher-latitude LOS velocity panel, in order to approx-
imately account for the TID propagation time (see below).
The IMF-By values observed by WIND and IMP 8 are super-
posed in the bottom panel and are shifted by 52 and 65 min,
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Fig. 6. (a) Radar LOS velocity at far ranges mapped in magnetic latitude and time. The downward-pointing arrows mark the PIF times
determined from the pure-state filtered LOS velocity time series, one of which is plotted (top black solid line) about a zero baseline (dashed
line). Also, the ground magnetic field X components measured at NyÅleslund (NAL) and Longyearbyen (LYR; thin line) are superposed.
The arrival time of the IMFBz<0 is shown on the left. The dotted lines are drawn to suggest a correspondence between the NAL X component
positive (northward) deflections and PIFs.(b) The radar ground-scatter power at near ranges. Superposed are time series of the IMP-8 IMF
By (shifted by 65 min) and the NAL ground magnetic field X component (shifted by 30 min). The dotted lines along the TID bands are
superposed to show the correspondence between the ground magnetic field perturbations and the IMF−By oscillations.
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respectively. The latter time lag gives the highest cross-
correlation coefficient of 0.36 when the IMP-8 time series is
correlated with the filtered TID time series at range 1200 km.
While this value is not very high, the cross-correlation func-
tion does have a well-defined peak. For the first 3 h of the
time series shown in Fig. 7, the maximum correlation coef-
ficient is significantly higher (0.61) with the same time lag
of 65 min. The correlation coefficients for the WIND data
are significantly lower. However, there is a one-to-one cor-
respondence between the IMF-By positive (duskward) turn-
ings and TIDs. The correlation is somewhat disrupted around
10:30 UT but is restored for the following two TIDs, as indi-
cated by the WIND data. The filtered LOS velocities show a
variation that is very similar to that of the TIDs. There is a
one-to-one correspondence between PIFs and TIDs, although
this is not as clear as the correlation between TIDs and the
IMF By values. The open arrow shows a minor PIF, a local-
ized flow burst, which occurred at∼08:15 UT and which did
not extend poleward. This minor flow burst is not associated
with a TID. The ground-scatter power in the gap between the
fifth and sixth TIDs is very low except for a spike at ranges
near 1200 km.

As shown by dotted lines in Fig. 6a, PIFs are associated
with the northward (positive) deflections of the ground mag-
netic field at NAL and TIDs. The delays of up to about
10 min between the NAL X component northward deflec-
tions and the PIFs observed on beam 13 are due to the evo-
lution of convection flow channels (FTE signatures), as dis-
cussed below. While the correspondence between PIFs and
the positive deflections of the NAL trace is generally good,
it is less clear around 08:00 UT. This can be explained by
two possible factors, one of which is the HF propagation.
The ground-scatter masked some of the ionospheric scat-
ter and the clarity of the LOS velocity data may have been
affected by anomalous HF propagation due to the focus-
ing/defocusing of the radio waves resulting from their in-
teraction with the TIDs. In particular, at∼07:30 UT, the
fifth dotted line is drawn towards a flow burst that appears
to be merging with the next one but in fact may have been
masked above 77◦ latitude by the interfering ground-scatter.
Thus it is missed in the extracted PIF time series that shows
only an indication of a double-humped PIF. The second fac-
tor is related to the equatorward shift of the cusp due the
magnetic flux erosion by successive FTEs. This explains
why the minor PIF (open arrow) that was mentioned above is
not associated with a significant X-component deflection at
NAL. However, at Longyearbyen (75.1◦), a clear negative-
to-positive fluctuation observed at∼08:05 UT is associated
with the minor PIF. Similarly, a “double” PIF is observed be-
tween 09:00 and 09:20 UT. The LYR X component, which is
otherwise well correlated with the NAL X component, con-
tains a shorter periodicity which is reflected in the PIF rate
at this time. This has been observed previously and the pos-
sibility of feedback from a field line resonance on the last
closed field line to the reconnection region has been sug-
gested (Prikryl et al., 1998).

Fig. 7. Raw (top two panels) and pure-state-filtered time series ex-
tracted from the LOS velocity and ground-scatter power data for
radar beam 13. Time series for adjacent ranges are shown in dot-
ted, solid and dashed lines. The arrows indicate large negative LOS
velocities (PIFs). For convenience of comparison between filtered
PIFs and TIDs, the filtered ground-scatter power (bottom panel) is
plotted against the time axis that is appropriately shifted with re-
spect to those in the upper panels. The IMF−By observed by IMP
8 (red line) and WIND (blue line) are shifted by 65 and 52 min,
respectively.

In Fig. 6b, the dotted lines are superposed along the TID
bands to indicate the one-to-one correspondence between the
northward deflections of the ground magnetic field at NAL
and the IMFBy , both being associated with TIDs. The NAL
X time series is shifted by 30 min to make this association.
This delay is consistent with the propagation time from a po-
tential source of TIDs, namely the ionospheric current en-
hancement near the NAL magnetic latitude (76◦), to the radar
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Fig. 8. The LOS velocity maps showing the evolution of a flow
channel in the field-of-view of the Finland radar that was located at
∼10:00 MLT (12:00 MLT is toward the top). The 80◦, 70◦ and a
small fraction of 60◦ magnetic latitudes are shown. The cross shows
the north geographic pole. The ground-scatter is shown in gray.

range∼1600 km, as indicated by the extended dotted lines.
The association of the X-component positive deflections with
PIFs has already been discussed in Fig. 6a. The positive en-
hancement of the NAL X component is attributed to the re-
turn eastward ionospheric current (westward flow) equator-
ward of the flow channel (PIF) that is a part of the ionospheric
signature of an FTE, as discussed by Provan et al. (1998) for
a PIF event during a period of the IMFBy>0. The latter PIF
event was also caused by solar wind Alfvén waves (Prikryl
et al., 2002).

The first PIF was observed at magnetic latitude 80◦ at
∼06:05 UT (Fig. 6a), about 15 min after the IMF turned
southward as observed by IMP 8 (Fig. 5). This delay exceeds
the estimated propagation time from IMP 8 to the ionosphere
by ∼10 min. However, it should be noted that the radar fre-
quency changed at 06:00 UT from 9.9 to 12.4 MHz. This af-
fected the HF propagation significantly; the earlier phase of
the first PIF may not have been observed by the radar. In fact,
a sharp northward deflection of the ground magnetic field at
NAL was observed at 05:54 UT,∼6 min after the southward
IMF turning at IMP 8. Thus, the propagation delay between
the subsolar magnetopause and the dayside ionosphere was
∼3 min after subtracting the estimated propagation time in
the solar wind and magnetosheath (3±1 min). This is a typ-
ical Alfv én propagation time along the magnetic field line.
The PIF delays of up to 10 min are consistent with the evo-
lution of an FTE ionospheric signature. On a time scale of
about 10 min, the convection flow channel first extends in
the east-west direction as it intensifies and then shifts pole-
ward with the flow turning antisunward (Milan et al., 2000).
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     Fig.9 

Fig. 9. The dayside portions of convection maps (centered at
12:00 MLT). The fitted convection velocity vectors are colour-
coded. Contours (solid and dashed) of the electrostatic potential
are shown with the value of the cross-polar cap potential difference
given (top-left). The IMFBz vs. By clock-dial plot is shown (top-
right).

The ground magnetic signatures observed at NAL are con-
sistent with the current system expected for FTEs for IMF
By<0 (Øieroset et al., 1997; their Fig. 11). In such a case,
the negative-to-positive deflections of the X component are
caused by a reversal of the ionospheric Hall currents from
westward to eastward as the current system progresses pole-
ward.

The time series analysis points to a source of TIDs in the
cusp ionosphere – PIFs. However, the location and orien-
tation of the convection flow bursts, as well as their longi-
tudinal extent, need to be further specified. This is revealed
by the LOS velocity and convection maps, the latter of which
are obtained by the method of spherical harmonic fitting to all
available LOS velocity data (Ruohoniemi and Baker, 1998).
Figure 8 shows a sequence of LOS velocity maps from 07:10
to 07:22 UT. The convection maps for 07:10 and 07:14 UT
are shown in Fig. 9. The flow channel was extended along the
dayside portion of the dawn cell. As the flow intensified, the
axis of the flow channel that was initially southward of Sval-
bard at 07:10 UT shifted poleward. These characteristics are
consistent with the model of the ionospheric response to an
FTE at the magnetopause for the IMFBy<0 (McWilliams et
al., 2000b, 2001). At∼09:00 UT the Hankasalmi radar beam
13 intercepted the dusk cell. The PIFs occurring later were
associated with the antisunward turning of the convection in
the dayside portion of the dusk cell. A sequence of LOS ve-
locity maps (Fig. 10) shows a flow channel that is similar to
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Fig. 10.The LOS velocity maps showing a flow channel in the field-
of-view of the Finland radar. The radar was located near 12:00 MLT
and observed the dusk convection reversal. The approximate axis
of the flow channel is superposed in the first map. The 80◦, 70◦

and 60◦ magnetic latitudes are shown. The cross shows the north
geographic pole. The ground-scatter is shown in gray.

the one shown in Fig. 8. An approximate axis of the flow
channel is superposed in the first map of the sequence. How-
ever, at this time, the easternmost beams intercepted the dusk
convection cell. A sharp flow reversal boundary was ob-
served as the dusk cell protruded over Svalbard towards the
noon sector. Figure 11 shows convection maps for 09:04 and
09:08 UT. The reversal boundary extended longitudinally as
the flow channel evolved by intensifying and shifting pole-
ward. The following PIFs are associated (preceded) by en-
hanced positive (toward-the-radar) LOS velocities at lower
latitudes (Fig. 6a).

Figure 12 shows a map of the ground-scatter power ob-
served at 09:44 UT. The ground-scatter signature of a TID
spanning the radar field-of-view along 70◦ of magnetic lati-
tude is interrupted in the region of low power return for cen-
tral beams. The TID is associated with the convection flow
burst (PIF) starting at 09:00 UT. The approximate axis of
the flow channel that was observed at 09:00 UT (Fig. 10) is
superposed. The radial distance of the TID band from the
suggested source is between 700 and 800 km. A trace of
the previous TID signature that is associated with the PIF
at 08:35 UT can be seen at near radar ranges at∼66◦ mag-
netic latitude. This TID crossed magnetic latitude 70◦ at
∼09:10 UT.

The ground-scatter (Fig. 6b) shows TIDs with periods be-
tween 20 and 40 min. Following the conclusions by Mac-
Dougall et al. (2001), we assume that, to a first approxima-
tion, the proportionality factor between the TID velocity and
the rate of change of the range of the associated ground-
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Fig. 11 

Fig. 11. The dayside portions of convection maps (centered at
12:00 MLT). The fitted convection velocity vectors are colour-
coded. Contours (solid and dashed) of the electrostatic potential
are shown with the value of the cross-polar cap potential difference
given (top-left). The IMFBz vs. By clock-dial plot is shown (top-
right).
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Fig. 12. The Finland radar map (12:00 MLT is toward the top)
showing the ground-scatter-power signatures of TIDs. The radar
was located in the afternoon sector just past 12:00 MLT. The ap-
proximate axis of the flow channel as observed at 09:00 UT is su-
perposed.
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Fig. 13. Comparison of normalized spectra of the ground magnetic
field X component, the IMFBy , the pure-state-filtered radar LOS
velocity (PIFs) and ground-scatter power (TIDs). The two bottom
panels show the spectral power for adjacent radar ranges as dotted,
solid and dashed lines.

scatter is close to 1.0. Thus, the slopes of the bands in the
range-time plot (Fig. 6b) yield a mean TID horizontal veloc-
ity along beam 13 of 310 m/s, with a standard deviation of
35 m/s. For beam 4 (not shown), which was nearly perpen-
dicular to the TID fronts, the slopes of the bands indicate an
average TID phase velocity of 290 m/s, with a standard devi-
ation of 50 m/s. The range separation between adjacent TIDs
is estimated to be between 400 and 550 km. The TID sepa-
ration may be interpreted as the TID wavelength if the TIDs
are caused by a gravity wave train excited by wave-like PIFs.
Thus, the terms TID “wavelength” and “period” are subject
to this assumption. The inferred approximate values of TID
velocity and “wavelength” are consistent with the ray-tracing

results shown in Fig. 2. For the group paths that reflected in
the upper mesosphere upward into the F region, the grav-
ity wave phase velocities exceed 250 m/s and the horizontal
wavelengths are greater than 400 km.

The time lag of 65 min that was determined by cross-
correlating the IMF-By and TID time series is a good repre-
sentation of the expected propagation delay, which is a sum
of propagation delays in solar wind, magnetosheath, mag-
netosphere and ionosphere. Almost 60 min of this delay is
due to the TID/AGW propagation time from a source in the
cusp footprint. This value is consistent with the phase ve-
locities inferred from the observed TID front progressions,
as well as the ray-tracing results for group paths reaching F
region via reflection from temperature gradients near 100 km
altitude. The observed time delay is too short to accommo-
date ground-reflected AGWs as the cause of the observed
TIDs.

Also, the distance between the suggested TID source in
the cusp ionosphere and the ground-scatter TID signatures
is inconsistent with the Earth-reflected type of AGWs. The
clearest ground-scatter signatures were observed between
the radar ranges 900 and 1600 km (Fig. 6b), which corre-
spond to maximum and minimum distance from NAL lati-
tude of∼1200 and 500 km, respectively. This is too short
a distance for Earth-reflected AGWs to reach the F region.
Even if a range factor of 0.5 was assumed for TID signa-
tures (which would be inconsistent with the above propaga-
tion delay estimations), the observed TID distances from the
suggested source region (∼76◦) would be between∼1700
and 1300 km. This is still too short a distance to accom-
modate both the downward and upward legs of the group
path for Earth-reflected AWGs (Fig. 2). Furthermore, the
Earth-reflected AGWs would require much longer propaga-
tion times due to significantly reduced phase and group ve-
locities. Also, the Earth-reflected AGWs would be dispersed
and show wave packets (Francis, 1974), so that a one-to-one
correspondence between the TIDs and their sources would
not be possible to find. Thus, we conclude that these TIDs
were not due to Earth-reflected AGWs.

Finally, a time series analysis of wave phenomena would
not be complete without an estimate of the spectral compo-
nents. The fast Fourier transform (FFT) spectra of the IMF,
ground magnetic field, PIFs and TIDs are similar. The two
top panels of Fig. 13 show the normalized spectra of the IMF
By component and the ground magnetic field X component,
for comparison with the normalized pure-state spectra of the
radar LOS velocity (PIFs) and ground-scatter power (TIDs)
shown in the two lower panels. The magnetic field time se-
ries were detrended (high-pass filtered) to remove very low
frequency components. A Hanning window was applied to
the time series before computing the FFT spectra. All spectra
show that most of the spectral power resides at frequencies
between∼0.4 and 0.8 MHz (periods between 42 and 21 min).
The gravity wave period of 30 min was used for ray tracing.

In summary, the solar wind Alfv́enic fluctuations of the
IMF By are correlated with TIDs observed by SuperDARN.
A one-to-one correspondence between the IMFBy values
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and the TIDs suggests a cause-effect relationship through so-
lar wind coupling to the dayside magnetosphere. The TIDs
are traced to a source in the dayside ionosphere – PIFs and/or
the associated ionospheric current intensifications. The com-
puted cross-correlation lag between the IMFBy and TID
time series is the sum of the propagation delays in the solar
wind, magnetosheath, magnetosphere and ionosphere. The
dominant delay, which is due to AGW propagation from the
suggested ionospheric source, is consistent with the AGW
ray-tracing results (Sect. 3).

5 Solar wind forcing in the upper atmosphere

A one-to-one correspondence among solar wind Alfvén
waves, PIFs/ionospheric current intensifications and TIDs
points to a cause-effect relationship. It indicates that the ob-
served wave fronts of AGWs/TIDs were produced by a series
of quasi-periodic pulses in the convection electric field (PIFs)
and/or associated ionospheric current rather than a continu-
ous wave train generated by a single pulse. This is simi-
lar to model predictions (Millward et al., 1993a,b; Millward,
1994). Millward et al. (1993b) stated that, “there is a (rough)
one-to-one correspondence between electric field bursts and
associated AGWs/TIDs”. Periodic bursts in the electric field
produced gravity waves (sequence of gravity wave pulses)
with the same period as the electric field (Millward et al.,
1994). These authors showed that, as a result of a resonance
effect, the modeled amplitude of the gravity waves was de-
pendent on the repetition period and peaked at periods of
about 40–50 min.

Cases of PIFs resulting from solar wind MHD waves that
modulate the convection electric field have been shown pre-
viously (Prikryl et al., 1998, 2002). It is logical to ex-
tend coupling to the neutral atmosphere via Joule heating
or Lorentz forcing which produce AGWs/TIDs. Huang et
al. (1998a) concluded that the gravity waves they observed
with SuperDARN could be traced back to ionospheric pertur-
bations observed poleward of the ground-scatter signatures
of TIDs. When two-dimensional (time and range) cross-
correlation analysis between the ground and ionospheric
backscatter power was performed, it showed that the max-
imum correlation occurred for a range separation of about
1100 km (Huang et al., 1998a). In agreement with the lat-
ter result, for the case study presented here, the range sep-
arations between the suggested TID source regions and the
subsequent TID ground-scatter signatures are estimated to
be between∼500 and 1200 km. In addition, the derived TID
wavelengths and phase velocities/propagation times indicate
that the AGWs were reflected in the upper mesosphere, and
therefore they were not Earth-reflected AGWs.

The PIFs observed by SuperDARN in the cusp footprint
are interpreted as ionospheric signatures of pulsed reconnec-
tion in the form of successive flux transfer events (FTEs)
(Provan et al., 1998; Provan and Yeoman, 1999; Milan
et al., 2000; McWilliams et al., 2000a,b; Neudegg et al.,
2000). The flow channel associated with an FTE is known

to result from the passage of newly-merged magnetic flux
tubes that are subject to a curvature force (magnetic ten-
sion) and solar wind drag (Lockwood et al., 1990; Cowley et
al., 1991). The newly-reconnected flux tube accelerates az-
imuthally while moving antisunward. For IMFBy<0 condi-
tions, the duskward and poleward motion of the reconnected
flux tube in the pre-noon magnetosphere arises due to dawn-
ward and southward directed IMF, and results in the observed
ionospheric convection signature. Such east-west extended
flow channels are the likely sources of the AGWs/TIDs.

Milan et al. (2000) and McWilliams et al. (2001) examined
the relative locations of the UV aurora and HF radar signa-
tures of the magnetopause reconnection. The UV aurora was
produced by precipitation due to particle acceleration in re-
sponse to reconnection. McWilliams et al. (2001) pointed out
that in both cases (duskward and dawnward oriented IMF)
“the reconnection X line that originated near local noon ap-
peared to propagate azimuthally along the postnoon magne-
topause”. As shown by Milan et al. (2000), the reconnection
signature observed in the UV images takes the form of bands
of UV aurora that appear to bifurcate and move azimuthally
eastward. These bands can extend several hours in local time.
More recently, Rae et al. (2004) associated PIFs with solar
wind Alfv én wave modulated cusp particle signatures. Thus,
the cusp precipitation and the associated field-aligned cur-
rents may also play a role in the generation of AGWs.

It should be noted that Alfv́en wave coupling to the magne-
tosphere is only one possible source of PIFs that may gener-
ate TIDs. In principle, solar wind compressional fluctuations
or internal magnetospheric processes that lead to magneto-
spheric pulsations can also generate TIDs as long as the peri-
ods are greater than the Brunt-Väis̈alä period. Also, a single
burst of energetic particle precipitation, ionospheric electric
field or current may launch a gravity wave. However, con-
sidering the abundance of Alfvén waves in the solar wind
(at least∼50% of time; Belcher and Davies, 1971), they
represent an important source of the IMF fluctuations that
can generate PIFs/TIDs. In addition to cusp/cleft sources of
TIDs, Bristow et al. (1994) identified a source region in the
afternoon high-latitude sector. In such a case, the convec-
tion flow enhancements generated by pressure pulses in the
magnetosheath through the interaction of solar wind Alfvén
waves with the bow shock (Lin et al., 1996) may be a source
of PIFs/TIDs. This was probably the case during the next 6 h
after 12:00 UT, following the time interval covered by the
case study presented here, when the convection in the dusk
cell continued to be pulsed by solar wind Alfvén waves. Cor-
responding TIDs were observed by the Finland radar.

6 Conclusions

Solar wind Alfvén waves coupling to the dayside magne-
tosphere are observed to pulse the ionospheric convection
and associated current in the cusp footprint and dusk con-
vection cell. These results are consistent with previous
work (referenced in this paper) which suggested that the
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solar wind MHD waves can directly drive magnetospheric
pulsations. Associated with the ionospheric signatures of
pulsed magnetic reconnection are radar ground-scatter signa-
tures of travelling ionospheric disturbances (TIDs) at ranges
well equatorward of the pulsed ionospheric flows (PIFs). A
case study is presented of TIDs that are correlated with the
Alfv énic IMF-By oscillations. It is suggested that PIFs or the
associated ionospheric currents and/or particle precipitation
– all parts of the ionospheric signature of an FTE – are possi-
ble sources of atmospheric gravity waves, which then cause
TIDs. The observed one-to-one correspondences between
the convection electric field bursts and/or ionospheric cur-
rent fluctuations and the TIDs are consistent with the mod-
eling results for large-scale TIDs by Millward et al. (1993a,
1993b). The correlation with solar wind Alfvén waves points
to very direct coupling of energy in the solar wind into the
subauroral atmosphere. The range separation of less than
1200 km between the suggested TID source and the ground-
scatter signatures of the TIDs indicates that the observed
TIDs were not due to Earth-reflected gravity waves. The TID
propagation times, horizontal wavelengths and phase veloci-
ties deduced from the ground-scatter are consistent with the
results of ray tracing of the gravity wave energy from an
ionospheric source. The rays first travel downward to the up-
per mesosphere, where the temperature gradients cause the
rays to reflect/refract upwards. They then propagate up to
the F region, where the gravity waves cause the undulations
in the electron density observed by the SuperDARN radars
as intensity fluctuations of the ground-scatter signals.

Appendix A Validity of ray tracing

Equation (9.61) of Budden (1961) gives the condition under
which ray tracing is a good approximation for electromag-
netic waves with horizontal polarization at oblique incidence
in the ionosphere. If the condition fails, the full wave the-
ory should be used for an accurate description of the field.
A similar condition would apply to AGWs since the am-
plitude is governed by the same differential equation. This
can be determined by double differentiation of Eq. (13) of
Hines (1960) for the vertical component of the velocity per-
turbation, which results in the equation

d2A

dz2
+ k2

zA = 0, (A1)

whereA is they component of the electric field of the wave
in the electromagnetic case andA is proportional to thez
component of the velocity perturbation of the atmosphere in
the AGW case,z is the height andkz is the vertical com-
ponent of the wave number in the atmosphere. If (9.61) of
Budden (1961) is modified for the present case (kz used here
is equivalent to Budden’skq), the result is

F ≡

∣∣∣∣0.75

(
dkz

k2
zdz

)2

− 0.5

(
d2kz

k3
zdz2

)∣∣∣∣ � 1. (A2)

Applying this condition to some of the curves in Figure
2, the following results are obtained: Forα0=1◦, F<1 for
z>119 km andF<0.1 for z>136 km. Forα0=80◦, F<1
for z>108 km andF<0.1 forz>115 km. Forα0=82◦, F<1
for z>99 km andF<0.1 forz>101 km. Forα0=1◦, α0=80◦

andα0=82◦, the rays initially go downward and have ray-
theory reflection heights at 110, 104 and 98 km, respectively.
Hence, there is a region for which ray theory is not valid.
However, Budden states that, in the region of validity, only a
trivial modification is required to the ray-tracing results pro-
vided all of the wave energy is reflected at lower heights in
the atmosphere. In this case, wave theory indicates that the
ray theory is valid except for a phase shift of−π /2 for the
reflected ray.

For α0=83◦, the ray only propagates downward in the at-
mosphere until it is reflected at the ground;F<0.1 at all
heights before and after reflection. Thus, the ray path is prob-
ably accurate at all heights.

In order to solve (A1) numerically, using full-wave the-
ory to find A(z), it is necessary to knowdA/dz accurately
at some height in the atmosphere. Unfortunately, this is not
possible unless all of the wave energy is reflected. Below the
ray-theory reflection height,k2

z<0 in a layer varying from a
few kilometres to tens of kilometres in thickness. Since the
vertical wavelength is larger than this, wave energy can tun-
nel through this layer. For present purposes, the fraction of
wave energyR that tunnels through the layer can be approx-
imated by

R = exp(−2
∫ zr

z0

kzidz), (A3)

wherezr is the reflection height wherekz=0, andz0 is the
bottom of the layer wherekz=0 andkzi=(−k2

z )
1/2.

For α0=81◦, R=0.02, i.e. 2% of the wave energy tun-
nels through the layer for whichk2

z<0 (evanescent layer)
which extends fromz=102 km toz=51 km. Fromz=51 km
to z=33 km,k2

z>0. Below 33 km,k2
z<0 and virtually all of

the tunnelled energy is reflected above the ground level. For
α0=82◦, 44% of the wave energy tunnels through the evanes-
cent layer which extends fromz=98 to 88 km. There is also
an evanescent layer belowz=10 km and about 23% of the
original wave energy reaches the ground where it is reflected.
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