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Abstract. In a previous publication we used results
from a coupled thermosphere-ionosphere-plasmasphere
model to illustrate a new mechanism for the formation
of a large-scale patch of ionisation arising from a rapid
polar cap expansion. Here we describe the thermos-
pheric response to that polar cap expansion, and to the
ionospheric structure produced. The response is domi-
nated by the energy and momentum input at the dayside
throat during the expansion phase itself. These inputs
give rise to a large-scale travelling atmospheric distur-
bance (TAD) that propagates both antisunward across
the polar cap and equatorward at speeds much greater
than both the ion drifts and the neutral winds. We
concentrate only on the initially poleward travelling
disturbance. The disturbance is manifested in the neutral
temperature and wind ®elds, the height of the pressure
level surfaces and in the neutral density at ®xed heights.
The thermospheric e�ects caused by the ionospheric
structure produced during the expansion are hard to
discern due to the dominating e�ects of the TAD.

Key words. Ionosphere (ionosphere±atmosphere
interaction; modeling and forecasting; plasma
convection).

1 Introduction

The She�eld/UCL/SEL coupled thermosphere-iono-
sphere-plasmasphere (CTIP) model (Fuller-Rowell
et al., 1996; Millward et al., 1996) employing a new
time-dependent high-latitude electric ®eld model
(Idenden et al., 1996) has been used to examine the
ionospheric e�ects of a rapid polar cap expansion during
winter solstice (Idenden et al., 1997). Rapid ion ¯ows
through the dayside convection throat cause a depletion
at the F2 peak in the tongue of ionisation (TOI). The

TOI is formed at certain UTs when the proximity of the
polar cap to the solar terminator allows solar produced
plasma to be drawn across the dark polar cap by the
prevailing steady state antisunward convection. Thus, a
patch of plasma is isolated within the polar cap during
the expansion episode and subsequently drifts anti-
sunward. The depletion was found to be due primarily
to the upward di�usion of ions into the topside. The
increase in recombination rates due to frictional ion
heating was found to be of only secondary importance
in the formation of the depletion.

Millward et al. (1993b) used CTIP results to investi-
gate the local thermospheric and ionospheric response
to increased ion convection velocities in the auroral
region. Joule heating causes a localised expansion of the
neutral atmosphere. The upward air motion across
the ®xed pressure level surfaces requires a divergence in
the horizontal wind ®eld to preserve continuity. Changes
in the horizontal neutral winds are also produced more
directly by the action of increased Lorentz forcing. Thus
an `in-situ' disturbance is generated in the pressure level
surfaces, the neutral temperature and vertical and
horizontal wind ®elds. This disturbance was shown to
propagate to mid-latitudes in the form of a large-scale
travelling atmospheric disturbance (Millward et al.,
1993a). More recently, Balthazor et al. (1997) investi-
gated the relative importance of Joule heating and
Lorentz forcing in generating TADs. The propagation
of these TADs to equatorial latitudes was studied by
Balthazor and Mo�ett (1997).

Ma and Schunk (1995) have used a stand-alone
thermospheric model to investigate the e�ects of large-
scale ionospheric structure within the polar cap on the
neutral atmospheric constituents. Their semi-empirical
input ionospheric model consisted of a patch of ionisat-
ion, similar to that observed by Weber et al. (1984),
arti®cially superimposed on a background steady state
ionosphere and caused to drift antisunward at the plasma
E� B convection velocity. They found that the increased
ion drag force produced by the patch compared to the
background ionosphere caused an increase in density due
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to the `piling' up of neutral species at the leading edge of
the `patch'. This phenomenon was referred to as the
`snowplough' e�ect. Their modelling work, however, did
not take into account fully the coupling between the
neutral and charged species and was therefore not self-
consistent in this respect. Also no attempt was made to
model the generation of the ionospheric patch.

We describe the thermospheric e�ects of the rapid
polar cap expansion that produces the ionospheric
structure already described by Idenden et al. (1997).
The computations take into account both the e�ect of
ionospheric structure on the neutral atmosphere and the
disturbance in the neutral atmosphere produced by the
expansion event itself. Because CTIP is fully coupled,
the modulation of the ionosphere by the changing
neutral composition, temperature and winds is also
taken into account.

2 Model description

The modelling results we shall describe have been
obtained using the coupled thermosphere/ionosphere/
plasmasphere model (CTIP) (Fuller-Rowell et al., 1996;
Millward et al., 1996). The model was developed at
She�eld University and University College London in
the UK and Space Environment Lab, Boulder, Colorado
in the USA. A fully time-dependent high-latitude electric
®eld model has since been incorporated (Idenden et al.,
1996). Because these models have been described in detail
elsewhere, it is our intention here to give only the essential
features and inputs relevant to the present work. Since in
this workwe concern ourselves only with the high latitude
regime, we do not describe in any detail the plasmaspheric
code which calculates number densities and ®eld aligned
velocities for O� andH� within the L � 3 shell. This code
is described in detail by Millward et al. (1996).

The high latitude ionosphere code solves the coupled
equations of continuity and momentum on straight
`open' ®eld lines for the major species in the F layer and
topside, O� and H�, down to latitudes of �35�. At each
time step (1 min for the work described here) ion densities
and ®eld-aligned velocities are calculated by an implicit
numerical scheme on a grid of ®eld lines which extend
from an altitude of 100 to 10 000 km and whose positions
are ®xed in longitude and latitude with separations of 18�
and 2� respectively. The computations include the e�ects
of E� B convection, ion±ion collisions, ion neutral
collisions, thermal di�usion, gravity, ion and electron
partial pressure gradients, and chemical and photo-
production and loss mechanisms. Ion temperatures are
calculated by solving the energy balance equation, which
assumes that the rate at which heat is gained from the
electron gas and by frictional heating is equal to the rate
at which it is lost to the neutral air.

The thermospheric code solves the coupled momen-
tum, continuity and energy equations by an explicit
numerical scheme. Neutral temperatures, winds and
densities are calculated on a global grid with the same
horizontal resolution as the ionospheric code and with
15 ®xed pressure levels. The ®rst pressure level is ®xed at

80 km and 1.038 Pa and the remainder are separated by
one scale height up to an altitude between approximately
400 and 600 km depending on conditions. The number
densities of the major thermospheric species O, O2, and
N2 are calculated by solving the continuity equation for
the mass mixing ratio and the general di�usion equation.
The calculation of coupling terms such as the ion drag
force (Lorentz force), and Joule heating require iono-
spheric densities and conductivities which are passed to
the thermospheric code from the ionospheric code at
high latitudes and from the plasmaspheric code inside
the L � 3 shell. Conversely, for the charged constituents,
calculations of the heat exchange with the neutral gas,
ion-neutral frictional heating, ®eld aligned ion-neutral
momentum transfer, and chemical production and loss
rates require thermospheric temperatures, composition,
densities, and winds. These parameters are passed to the
high-latitude ionospheric and plasmaspheric codes from
the thermospheric code.

The fully time-dependent electric ®eld model has been
described by Idenden et al. (1996). Electric ®eld values are
derived by solving Laplace's equation with boundary
conditions speci®ed on a circular polar cap boundary.
Fluxmay enter and leave the polar cap through the throat
on the dayside and the night side exit only. The required
inputs to the model are the initial polar cap radius; the
positions and widths of the throat and night exit regions;
and the voltages across the two ¯ux gaps, VD and VN
respectively. If the dayside voltage exceeds the nightside
voltage, the polar cap expands since the increasing ¯ux
within it is incompressible. Similarly, it contracts if
VN > VD. The polar cap radius is calculated consistently
with the integrated time histories of VN and VD.

3 Model starting conditions and inputs

Themodel computations were for December solstice with
moderate solar �F10:7 � 165:� and magnetic �Kp � 3ÿ�
activity. Winter solstice in the Northern Hemisphere was
considered in the ®rst place as being the season in which
ionospheric structure in the polar cap is most frequently
observed (Coley and Heelis, 1995). There is also some
evidence to suggest that patches within the polar cap are
remnants of the well-known tongue of ionisation (e.g.
Bowline et al., 1996). Thus the polar cap expansion began
at 1900 UT when the tongue of ionisation in model data
was well formed (Idenden et al., 1997). This time also lies
in the period identi®ed by Buchau et al. (1985) during
which patch occurrence is most frequent in December
and coincides with the UT at which a patch was observed
by Hill (1963) using a large array of ionosondes.

The initial starting conditions were obtained by
running the model under steady state conditions for a
number of days until equilibrium in the diurnal sense was
obtained. The polar cap potential drop �Vpc� during the
run was set to 46 kV. The convection pattern ®tted to the
empirical model of Foster et al. (1986) with precipitation
index 6 which results in a polar cap radius �Rpc� of 14:9�.
The throat and exit widths were set to 4 h and 6 h of local
time, respectively. Input precipitation patterns were those
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derived empirically from TIROS satellite measurements
by Fuller-Rowell and Evans (1987) and matched to the
relevant Foster convection pattern.

At 1912 UT, the voltage across the throat was
increased steadily over a 5 min interval from its steady
state value of 46 kV to a maximum value of 150 kV.
Simultaneously, the nightside voltage was set to zero so
that the polar cap expands rapidly. VD was held at 150 kV
for a further 10 min. Both dayside and nightside voltages
were then set to 75 kV, the larger polar cap potential
re¯ecting the increased polar cap radius of 16:8�. The
convection patterns before, during, and after this event
are shown in Fig. 1. Velocity vectors are shown in the
Earth-®xed (corotating) frame of reference. Prior to the
expansion, the classic, two-celled convection pattern
prevails (Fig. 1a). At 1918 UT during expansion (Fig.
1b), large ¯ows of about 2:3 km sÿ1 are seen through the
throat region. Nightside ¯ows are very much reduced and
are primarily meridional as the plasma moves with the
expanding boundary. Subsequent to the expansion (Fig.
1c), the steady state pattern prevails again with increased
polar cap radius. During polar cap expansion, the input
precipitation auroral oval is expanded in proportion to
the polar cap radius change.

To discern more clearly the e�ects of the short lived
energy impulse into the thermosphere, it is necessary to
calculate the perturbations from a reference model run
in which no rapid polar cap expansion has occurred. In
this case, however, the derivation of such a model run is
problematic: the electric ®eld con®guration after the
expansion �Vpc � 75 kV;Rpc � 16:8�� is di�erent to the
con®guration before it �Vpc � 46 kV;Rpc � 14:9��. Af-
ter the expansion phase, perturbations from a steady
state run with the same initial inputs �Vpc � 46 kV;
Rpc � 14:9�� as the expansion run will show both the
transient e�ects of the expansion episode, when there are
rapid ¯ows through the throat, and the longer term
e�ects due to these di�erences. It is also not appropriate
to use as reference a diurnally reproducible simulation
with Vpc � 75 kV and Rpc � 16:8�. The di�erence
between such a reference run and the initial starting
conditions is very large and convergence of the expan-
sion run and such a reference run would take days rather
than hours. The large long-term di�erences would mask
the more transient e�ects of the polar cap expansion
phase. To obtain a more suitable reference, we began a
simulation at 1800 UT (i.e. 1 hour prior to the expan-
sion simulation) with the same diurnally reproducible
initial conditions as the expansion run, but used the
post-expansion steady state inputs, i.e. Vpc � 75 kV
and Rpc � 16:8�. The simulation was run for a further
4 h. Perturbations post-expansion (after 1927 UT) were
calculated with respect to this reference run.

4 Results

4.1. Ionosphere

In this section we summarise the results of Idenden et al.
(1997) who describe the ionospheric structure resulting

from the rapid polar cap expansion. The reader should
refer to the afore-mentioned reference for a more
detailed discussion. We repeat the essential points here
to put the thermospheric results in context, particularly

Fig. 1a±c. Input ion convection velocities at a 1906 UT, before the
expansion event, b 1924 UT, during the event and c 1930 UT, after
the event. The boundary of the plots is at 50� latitude, and vectors on
each have the same scale. The solid thick circle shows the polar cap
boundary. The dot-dashed line indicates the ¯ux gaps through which
plasma may enter and leave the polar cap
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in reference to the e�ects of the ionospheric structure on
the thermosphere.

Figure 2 shows contour maps of NmF2 at 1906 UT
prior to the polar cap expansion, and at 1930 UT and
2000 UT both after the expansion. At 1906 UT (Fig. 2a),
the tongue of ionisation is well formed and stretches from
the sunlit sub-auroral region well across the polar cap,
the majority of which is in darkness. The positions of the
terminators at ground and at 300 km altitude are marked
by white dashed and dotted lines respectively. By the end
of the polar cap expansion, at 1930 UT (Fig. 2b), a
narrow depletion in NmF2 has formed across the width
of the throat region. During the polar cap expansion,
rapid convective plasma drifts (Fig. 1b) increase ion-
neutral frictional heating in the F region and give rise to
large upward ®eld aligned ¯ows from the F region and
into the topside. The F region becomes depleted.
Enhanced recombination rates due to the increased
e�ective ion temperature also play a part in the formation
of the ionospheric depletion, though to a lesser extent
than ®eld aligned ¯ows. Thus a large patch of ionisation
(a remnant of the TOI) is isolated within the polar cap. A
cross section through the patch at 1930 UT (Idenden
et al., 1997) reveals the following characteristics:

1. A maximum NmF2 in the patch of 9:7� 1011 mÿ3,
approximately a factor 2 above the background.

2. The height of the F peak in the depleted region is
increased to an altitude of approximately 420 km
compared to 330 km within the patch.

3. Characteristics (1) and (2) result in the maximum ion
density at 330 km within the patch being 5 times that
in the trailing trough.

4. The scale length �L � j�1=N�@N=@x��ÿ1j� for the
spatial electron density gradient is much greater on
the leading edge of the patch �L � 2900 km� than on
the trailing edge �L � 990 km�.

Thirty minutes later (Fig. 2c), the patch is still evident
and has drifted further across the polar cap. However,
the patch has become smaller and less distinct as
compared to the background. These characteristics can
be explained by the return (downward) ¯ow of plasma
along ¯ux tubes that were previously depleted during the
polar cap expansion. Thus the F region ion densities on
these plasma ¯ux tubes actually increase as they E� B
drift across the dark polar cap. This tends to `®ll in' the
depleted region. In the meantime ¯ux tubes in the patch
lose ions which recombine in the darkness and thus have
their densities reduced.

Fig. 2a±c. Polar plots of NmF2 down to a latitude of 50� at a 1906
UT, b 1930 UT c 2000 UT. NmF2 values in units of 1010 mÿ3 are
shown by the colour bar. NmF2 values are also indicated by the
plotted contours. Bold contours are at intervals of 20� 1010 mÿ3. The
tickmarks show the direction in which NmF2 decreases. The bold
circle shows the polar cap boundary. The positions of the terminators
at the ground and at 300 km are marked by white dashed and dot-
dashed lines respectively

c
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4.2. Thermosphere

During the rapid polar cap expansion, Joule heating of
the neutral atmosphere due to rapid ion ¯ows through
the dayside convection throat result in an initially
localised expansion of the atmosphere. The modelled
temperature of the neutral gas is shown as a contour
plot in a height versus UT plane in Fig. 3a for the
location 70� latitude, ÿ100� longitude. This is the
position of the centre of the throat region midway
through the expansion event. Also plotted are the
heights of the ®xed pressure levels. Clear disturbances
in both the neutral temperature and the heights of the
®xed pressure levels are evident and have their largest
magnitudes at approximately 1924 UT. Altitude pro®les
of neutral temperature prior to the expansion event
(1906 UT) and at the disturbance maximum (1930 UT)
are plotted in Fig. 3b. The steady state neutral
temperature has a fairly typical pro®le, increasing
monotonically from 100 km to 300 km beyond which

it ¯attens o� rapidly, approaching a maximum temper-
ature of approximately 1060 K. The disturbance tem-
perature pro®le, however, has a maximum of more than
1600 K at an altitude of about 420 km. The position of
this peak may be explained by the fact that the Joule
heating rate per unit mass of neutral atmosphere
maximises at or around the F2 peak, though the
temperature peak will be relatively short lived as energy
is transported from the heating region by advection,
conduction and di�usion. It is clear from Fig. 3a,
however, that the disturbance in pressure level heights
increases monotonically with altitude.

The impulsive Joule heating event at the dayside
throat gives rise to travelling atmospheric disturbances
which propagate both equatorwards and polewards
from the throat and which are much longer lived than
the impulse itself. In this study we focus almost
exclusively on the poleward travelling disturbance. This
disturbance is most easily seen in perturbations from the
reference run. The colour plots in Fig. 4a, b show the

Fig. 3a. Time history plot of the altitude pro®le of the neutral
temperature above the centre of the dayside throat (70� latitude,
100�W longitude). The white dotted lines show the heights of the ®xed
pressure levels 8 to 15. b Altitude pro®les of neutral temperature at
the centre of the dayside throat at 1906 UT (solid line) and 1924 UT
(dotted line)
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neutral temperature perturbation in the meridian ±
altitude plane through the centre of the ¯ux gap (ÿ100�
longitude) at 1927 UT and 1942 UT respectively. The 8
dotted lines show the perturbation in the heights of
pressure levels 8 to 13 each o�set by the height of the

reference level averaged over the extent of the plot. The
vectors show the change in the meridional component of
the neutral wind velocity. At 1927 UT (Fig. 4a), just
after the end of the expansion event, the disturbance
in the neutral temperature is located close to the

Fig. 4a, b. Altitude/100�W me-
ridian cross section plot of neutral
temperature perturbations at a
1927 UT and b 1942 UT. The
colour scales for each are di�erent
and are shown by the colour bar to
the right of each (values in K).
Dotted lines show the perturba-
tions in the heights of the ®xed
pressure levels multiplied by fac-
tors of a 1 and b 3 and each o�set
by their mean height. Plotted
vectors show the perturbation in
the meridional wind speed
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convection throat at 70� latitude. The peak pressure
level perturbation is approximately colocated with the
temperature perturbation due to the localised thermal
expansion of the atmosphere. Neutral winds are driven
both equatorwards and polewards to either side of the
pressure bulge. The poleward winds, however, are much
larger in magnitude due to Lorentz forcing: Equator-
ward of the bulge, poleward Lorentz forcing produced
by the enhanced ion velocities acts in the opposite sense
to pressure gradient forces and reduces the horizontal
velocity perturbation. Poleward of the bulge, Lorentz
forcing and pressure gradient forces work together to
produce greatly enhanced winds, with a maximum

meridional perturbation of pressure level 13 (approxi-
mately 370 km) of 200msÿ1. At 1942 UT (Fig. 4b), 17
min after the end of the expansion event, the temper-
ature perturbation peak has travelled approximately 13�
poleward to 83� latitude. The pressure level disturbance
peak leads the temperature disturbance slightly, though,
as we shall show, at later UTs they are in phase. The
perturbation winds have their maximum value at the
pressure bulge peak where the pressure gradient falls to
zero and reverses direction.

A more global perspective on the passage of the
atmospheric disturbance is provided by the snapshots in
Fig. 5 which show polar plots of the perturbation in the

Fig. 5a±d. Polar plots of the perturbation in the height of pressure
level 13 at a 1927 UT, b 1942 UT, c 1954 UT, and d 2006 UT. The
boundary for all plots is at 50� latitude. The colour scale is di�erent
for each plot and is shown in km by the colour bar to the right of each.
The contours of perturbation heights are also plotted. The bold

contours have their heights shown, and tick marks indicating the
direction in which the perturbation height decreases. The dotted line
shows the `straight line' approximation to the path of the pressure
disturbance that is used in Fig. 6 and 7 to obtain a velocity for the
disturbance
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height of pressure level 13 (approximately 370 km
altitude) at 4 di�erent UTs. The disturbance clearly
originates at the convection throat during polar cap
expansion (Fig. 5a) and travels rapidly across the polar
cap (Fig. 5b, c) exiting at 2006 UT (Fig. 5d). Caution
should be used in comparing these plots, since a di�erent
colour scale has been used for each to allow the
disturbance to be more easily distinguished. Thus it
can be seen that the maximum height perturbation
decreases from 31 km to 8.5 km over the 39 min spanned
by these plots indicating a decay time of approximately
30 min for the pressure level disturbance amplitude. The
approximate path of the disturbance across the polar
cap and beyond is marked by the dotted line in Fig. 5.

To estimate the velocity of the disturbance, we
obtained values for a number of parameters along the
path marked in Fig. 5 at each model output UT (every 3
min) after 1927 UT. Colour contour plots of perturba-
tion values were then obtained in UT ± path distance
space. The neutral temperature perturbation at pressure
level 13 is plotted in this form in Fig. 6. The temperature
disturbance is evident as the ridge of enhanced temper-
ature values that runs from bottom left to top right of
the plot. The time lines that would be taken by
disturbances travelling with and at a constant velocity
of 750msÿ1 relative to the neutral gas and originating at
the convection throat at 1924 UT are shown by the solid
and dotted lines respectively. The temperature distur-
bance ridge follows closely the 750msÿ1 time line
suggesting this to be a good estimate of the velocity of
the temperature disturbance. Similar velocities are
obtained from contour plots of the same format for
the altitude and path-parallel component of horizontal
velocity perturbations for gas on pressure level 13 (not
shown). The features in these plots are summarised in
Fig. 7 which shows the UT of maximum perturbation in

each parameter at each point on the path. It can be seen
that the disturbances in all of these parameters are in
phase and follow approximately the same time line.

To make direct comparisons between our results and
those of Ma and Schunk (1995) we interpolated our data
from the ®xed pressure level grid onto a ®xed height of
300 km and calculated the thermospheric densities at
this altitude. The perturbation densities are shown as a
series of polar plots obtained at a number of UTs in Fig.
8. Also shown on each of these is the position of the
plasma patch (marked by a diamond symbol) which was
formed during the polar cap expansion and the position
of the maximum perturbation in the height of pressure

Fig. 6. Colour contour plot of the time
history of the temperature perturbation on
pressure level 13 along the approximate
path of the pressure level disturbance. The
horizontal axis indicates the distance from
the throat along the path indicated in Fig.
5. The vertical axis indicates the time in
hours after 1900 UT. The solid and dotted
lines indicate the motion of a disturbance
travelling at the neutral wind speed and at
a velocity of 750msÿ1 relative to the
neutral gas respectively

Fig. 7. Time lines for the motion of the disturbances in the height
(dot-dashed line), temperature (solid line) and horizontal velocity
(dashed line) for the neutral gas on pressure level 13
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level 13 (marked by a cross). The neutral density
response at 300 km is evidently complex. A positive
density perturbation originates at the throat at around
1927 UT (Fig. 8a) and is evident at subsequent UTs
travelling anti-sunward across the polar cap and beyond
(Fig. 8b±f). This disturbance appears related to the
pressure bulge. The positions of each very nearly
coincide at all UTs. The maximum density enhancement
in this disturbance is 10% . This feature is unlikely to be
related to the plasma patch which travels much more
slowly (V � 260msÿ1)

At 2018 UT (Fig. 8d), a distinct second disturbance
in the neutral density is also evident and coincides at this
UT with the patch density maximum. The two, however,
do not appear related as this second disturbance appears
to travel sunward, and at later UTs (Fig. 8e, f) no longer
coincides with the patch. It seems likely that this second
feature is due to the slow thermospheric response to the
new set of steady input conditions rather than a
transient response to the rapid polar cap expansion
episode.

To demonstrate the lack of correspondence between
either of these features and the plasma patch, we
obtained values of the neutral density perturbation
along the approximate straight line path of the plasma

patch marked by the dotted line in Fig. 8 at each output
UT. These values were then plotted in Fig. 9 in the time±
path distance space using the same format as Fig. 6.
Also marked on this plot are the motions of the
maximum NmF2 in the plasma patch (solid line) and
the minimum NmF2 in the trailing trough (dotted line).
No feature is evident in the neutral density whose
motion follows that of the patch or the trough.

5 Discussion and Summary

It is evident from the results we report here that the
polar cap thermospheric perturbations produced by the
rapid polar cap expansion are dominated by the passage
of a large scale travelling atmospheric disturbance. This
disturbance is generated close to the convection throat
by Joule heating and Lorentz forcing produced by the
elevated ion velocities which are a feature of our
expanding polar cap electric ®eld model. The distur-
bance propagates across the polar cap at a speed of
approximately 750msÿ1, and manifests itself as a
positive pressure perturbation. Coincident with the
pressure bulge is a positive temperature perturbation
and horizontal neutral wind perturbation in the direc-
tion of propagation.

The rapid polar cap expansion also gives rise to
ionospheric e�ects that have already been reported in a
previous publication (Idenden et al., 1997). Most signi-
®cant of these e�ects is the formation of a large-scale
patch of ionisation which is similar in many aspects to
that observed by Weber et al. (1984). The patch has a
steep density gradient on its trailing edge, while the
densities on the leading edge decline more slowly; hmF2
is greatly elevated on the trailing edge of the patch. Our
patch, however, has densities at the F2 peak only twice

Fig. 9. Colour contour plot of the time
history of the neutral density perturbation
at 300 km along the approximate path of
the plasma patch. The horizontal axis
indicates the distance from the throat
along the path indicated in Figure 8. The
vertical axis indicates the time in hours
after 1900 UT. The solid and dotted lines
indicate the motion of the plasma patch
and trailing trough respectively

Fig. 8a±f. Polar plots of the perturbation in the neutral density at 300
km altitude at UTs of a 1927, b 1954, c 2006, d 2018, e 2030, and f
2054. The boundary of each plot is at a latitude of 50�. The colour
scales vary and are shown by the colour bars to the right of each plot.
Density perturbations are in units of 10ÿ12 kg mÿ3. The cross and
diamond symbol mark the position of the maximum pressure
perturbation and maximum NmF2 in the plasma patch respectively.
The dotted line marks the straight line approximation for the path
taken by the plasma patch

b
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that of the background compared to a corresponding
factor of approximately 8 for the Weber et al. (1984)
patch. However, at a ®xed height of 330 km, the ion
density at the centre of the patch is 5 times the density at
the trailing edge.

We have examined the model neutral densities at a
®xed height of 300 km in an attempt to discern the
e�ects on the neutral atmosphere of the patch of
ionisation. We do not, however, see evidence for the
`snowplough' e�ect suggested by the modelling results of
Ma and Schunk (1995). The snowplough e�ect results in
increased neutral densities on the leading edge of the
patch due to the increased ion drag forces within the
patch compared to those in front of its leading edge.
There are a number of possible explanations for the
di�erences between the results of the current modelling
work and those of Ma and Schunk (1995):

1. In the modelling work we describe here thermos-
pheric and ionospheric parameters are calculated
self-consistently. Ma and Schunk's (1995) thermos-
pheric model, however, is essentially a stand-alone
model, so that changes in the thermospheric param-
eters in no way a�ect the arti®cially imposed
ionosphere. This latter approach obviously ignores
some important physical processes which are partic-
ularly important in dynamic events: as we have
shown, Joule heating and ion drag forces on the
neutral atmosphere give rise to neutral winds. These
winds in turn can blow ions up or down the ®eld line
and thus modulate the ionosphere and in turn the
Joule heating itself. Raising or lowering the iono-
sphere will change the neutral atmospheric chemical
composition at the F2 peak, as indeed will the
expansion and contraction of the neutral atmosphere
itself and the resulting horizontal neutral winds
which modulate composition by advection. In turn,
it has been shown that the ion density at the F2 peak
(NmF2) is critically dependent on the ratio �O�=�N2�
at the peak. Thus, the ionosphere/thermosphere is a
highly coupled system and must be treated as such if
realistic simulations are to be performed.

2. The modelling work of Ma and Schunk (1995) does
not take into account the e�ects on the thermosphere
of the initial disturbance responsible for generating
the patch. Although we do not claim that our
mechanism is the only one that operates, it seems
likely that any realistic scheme for generating a patch
must also create a signi®cant thermospheric distur-
bance. In our modelling work, it is this disturbance
that dominates the thermospheric perturbation,
rather than the resulting ionospheric patch. The
perturbation in neutral density at 300 km due to the
travelling disturbance is approximately 10% , similar
to the maximum value (12% ) attributed to the
snowplough e�ect by Ma and Schunk (1995).

3. The patch generated by the polar cap expansion has a
lower density compared to the background than that
imposed by Ma and Schunk (1995). At the F2 peak
our patch has a maximum electron density twice that
of the background, while that of Ma and Schunk is 5

times the background. Thus, one might expect the
snowplough e�ect to be less evident in our results. At
the trailing edge of our patch, however, hmF2 is
greatly raised. At 330 km, the electron density is a
factor of 5 below the peak density at that altitude in
the patch, in better agreement with Ma and Schunk's
(1995) patch.

4. Our patch has a much steeper density gradient on its
trailing edge than on its leading edge, the reverse of
Ma and Schunk's (1995) patch. Our patch is in better
agreement with that reported by Weber et al. (1984),
who show results from an ionosonde above which
NmF2 increases slowly as the patch approaches, and
then declines rapidly after it has passed overhead.
Thus on the leading edge of the patch the snow-
plough mechanism, which relies on the existence of a
large ion drag gradient, is likely to be less e�ective.

5. Our patch lasts only approximately 2 h. NmF2 at the
trailing edge of the patch increases slowly as the
patch convects across the polar cap due to the return
¯ux of O� ions from the topside. The patch therefore
becomes less distinct compared to the background.
The patch imposed by Ma and Schunk (1995)
however, lasts for the 3±4 h duration of their
simulation during which time its density relative to
background remains unchanged.
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