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High latitude—low latitude 1onosphere coupling

V. V. Somayajulu and Ligi Cherian

Space Physics Laboratory, Vikram Sarabhai Space Centre, Trivandrum 695 022, India

This article examines the strong electrodynamic coupling
between the high, middle and low latitude ionospheres
using interplanetary magnetic field data together with the
electric ficlds obtained from the Doppler frequency
variations of the coherent VHF backscatter signals at
Trivandrum, plasma drift measurements in the F region
from the incoherent scatter radar, ground-based mag-
netograms {rom high, middle and low latitudes including
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During the last two decades, significant progress has
been made in eluadating the magnetosphere-ionosphere-
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the equatorial region. The virtual height variations
obtained from ionograms during the post-midnight sector
are used to show that the global convection models
reproduce a number of characteristics of fow latitude and
cquatorial electric fields associated with changes in the
polar cap potential drop. In addition, we highlight several
arcas of substantial disagrcement between the electric
ficld data and the theoretical results,

— - L kel - il

thermosphere coupling processes at high  latitudes',
One of the important features of the dynanug
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magnetosphere-ionosphere systern 13 1he strong electro-
dsnamic couphng between the ionospheric and
magnetospheric plasma along the highly conducting
high lahitude magnetic field Iines. For example, electric
ficlds generated due to solar wind-magnetosphere
dynamo are mapped down along the geomagnetic field
lincs into the polar cap where the electric field 1s
aligned roughly from dawn to dusk and this ¢lectnic
field induces a large scale convective motion in the high
tatitude jonosphere?. The strong solar wind-magneto-
sphere coupling also produces a system of plasma

convection away from the sun in the outer magneto-
sphere and in the magnetically connected high latitude
wonosphere, whereas the plasma in the inner magneto-

sphere which is connected magnetically to the iono-
sphere at low latitudes flows sunward to complete the
circulation pattern®. The dawn-dusk electric field is
thought to be pardy shielded from the inaer magneta-
sphere and hence from the middle and low latitude

regions by the geomagnetic ring current*>, However,
On certain occasions, a portion of the electric field that
penetrates to middle and low latitudes has been
detected by the effect it produces on the plasma
drifts® ! (Ref 7 gives an excellent review on plasma
drifts). Now, it is well recoguized that the response of
the middle and low latitude 1onosphere including equa-

torial dynamo region of the ionosphere {(90--140 km) to
the polar-auroral region dypamo processes can manifest
itself in two ways™ !, One is the impulsive penetration
of the electric fields and currents from the magneto-

sphere and high latitude ionosphere to middle and low
latitudes during magnetic storms and substorms?Z~ 13,
The second mechanism is due to the dynamo action of
the storm lime thermosphere winds produced by the
Joule heating of the auroral electrojets. These winds
alter the global circulation pattern and generate
disturbance dynamo electric fields at middle and low
latitudes'® which are westward during daytime and
eastward at night-time and they act in opposition to the
normal quiet day electric field vanations.

The electrodynamical coupling between the high and
low latitude ionosphere has been studied from the close
correlation between the large fluctuations in the
intensities of the equatorial and auroral electrojets
based on the geomagnetic data obtained from the flux
gale magnetometers located at remote places on the
earth's surface!’~22, Further, the electric field obser-
vations Using incoherent and coherent backscatter
radars during the last decade have made remarkable
progress, not only in terms of ejucidation of the large
scale convection pattern over the pofar region but also
provided extensive and valuable informaution on the
electric fields in the equatoria), middle and auroral
regions under a wide variety of geormagnetic disturbance
conditions-6-7-12- 1523728 Hywever, the ground-based
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observations from magnetometers, incoherent radars,
VHF backscatter radars and Ionosondes have to be
supptemented with satellite observations of IMF, solar
wind velocity (V) and density (n) as well as the magnetic
indices derived from ground-based observations such as
auroral electrojet indices (AU, AL, AE and AO} and the
ring current index (D ). Based on these data sets, good
progress has also been made in the study of three-
dimensitonal current systems during magnetospheric
substorms, in particular, the relationship between field
aligned currents, ionospheric currents, the convective
electric field, discrete and diffuse aurora and auroral
electron spectra??. Such a variety of observations have
begun to converge in providing a self-consistent mode]
of solar wind-magnetosphere-high latitude dynamo
region-low latitude dynamo region coupling.

The penetration of high latitude electric fields into
the low latitude jonosphere has also been studied in
detail dunng the last two decades using numerical
simulations of ionospheric electric fields and currents in
relation to field aligned currents3°~ 4!, These have
shown that simulation studies are a powerful tool 1n
unveiling physical processes occurring in the ionosphere-
magnetosphere system during substorms, In this paper,
we present a brief outhine of the most important earlier
results and then discuss in greater detail the recent
experimental and theoretical studies as well as some of
the critical problems which will hopefully be clarified
in the next few years.

Distribution of equatorial zonal electric fields

Effect of north-south component ( B, ) of interplanetary
magnetic field {1IMF)

Several attempts have been made fo assess the direct
correlation between the time wvanation of IMF B,
component as measured by satellites and the radar-
measured vertical drft velocities 1n the F-region or the
ground level magnetometer measured changes of
electric fields or currents in the middle- and low-
latitude ionosphere?®42~*7 Al these studies indicate
good correlation in some cases and absence of
correlated changes between IMF and equatorial iono-
spheric electric fields. This is probably due to the fact
that the effect of IMI B, on equatorial ionospheric
electric fields is not likely to be direct or simple because
a chain of physical processes are involved both in the
outer and innet magnetospheres due to solar wind-
magnetosphere interactions. Figure 1 shows the time
variations (full ling) of the mean Doppier frequency (fp)
of the 2.7m scale size irreguianties measured with
a coherent VHE backscatter radar operating at
Trivandrum (Geog. Lat. 82N, Geog. Long. —77°E,
Dip —0.5°8). The geometry of the radar antennal?
is such that the negative (positive} fp vanations
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TIME-82 5°t . :
Time variation of the five-minute value of the mean Doppler frequency variations (full line) of the VHF backscatter signals during the magnetic storm of April 25, 1979 (4,= 125).

Figure 1.

The five-minute IMF B, variations are shown by a dashed line.

Quiet day variation of the mean Doppler frequency variation is shown by a dotted line.

correspond to westward (eastward) movement of the
irregularities in the presence of eastward (westward)
electric field. The f;, vanations of the VHF radar signals
backscattered from the electrojet plasma irregularities
of type Il are proportional to the east-west electric field
causing the drift motion of the irregularities and as such
the f, variations represent the driving east-west electric
ficlds in the equatorial electrojet. Also shown as dashed
curve 1n Figure 1 are 5-minute values of the temporal
variation of the IMF north-south(B,) component. The
dotted curve shows the quiet day (March 21, 1979,
A,=J5) fp vanations. The large rapid fluctuations of fj
on magnetic storm day in comparison to quiet day
show that the electrojet behaviour on storm days is
controlled by the electric fields originating in the
magnetosphere-ionosphere interactions. An interesting
aspect to be noted 1s the time delay of about 1520
minutes between the IMF-B, turning southward from
northward or vice-versa and the appearance of radar sig-
nals with strong eastward field or westward electric field
(as shown by negative and positive f, variations). The
northward turning of IMF at 1240 IST (Indian
Standard Time, IST, 82.5°E) is associated with a
decrease in f, and finally when the IMF turns
northward at 1345 it is followed by a westward field
from 1400-1430 IST. At later times (between 1520 and
1740 IST) whenever the IMF B, southward component
decreases, a corresponding decrease in the eastward
field 1s observed. Further, on certain occasions, the
absence of radar signals when the IMF B, is northward
shows the presence of a westward electric field
superimposed over the normal eastward electric field
expected at those times (quite day values are shown by
a dotted curve). The radar observations thus show
unambiguously. that the electric fields in the equatorial
electrojet region do get reversed quiet often when the
IMF B, turns northward. Another notable feature is the
enhanced eastward electric field (negative f;) from
1500-1740 IST when the IMF B, component is
essentially southward. Here again, when the IMF B,
southward component decreases or turns northward,
radar signals are absent thereby showing clearly that
the equatorial electrojet electric field responds very
sensitively to the IMF fluctuations. For completeness,
we show in Figure 2 an example of large daytime
vertical drift variations observed with Jicamarca radar®
during a period of large changes in the IMF (northward
turning at 1100 LT is followed by a downward drift and
soutbward turning at 1300 LT is followed by an
upward drift} and the auroral current system®.
However, Sastry** showed (Figure 3) that high variance
of IMF just around the times of northward turning of
B. facilitates a prompt and effective decrease of
magnetospheric convection refated electric field, As a
consequence, the shiddding  charges in the inner
magnctosphere produce a dush-to-dawn electric ficld
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Figure 2. Daytime vertical dnft velocity (east-west electnc field
vanations in the F region measured with Jicamarca radar during the
magnetic storm of March 8 1970, The associated high latitude
magnelograms and IMFE B. vadations are also shown {after Fejer et
al.’%), The dashed curve on the ¥, plot represents the quiet-time
pattern of V..

which then penetrates into the low latitude ionosphere.

Measurement of east-west dnft velociies of the
equatorial electrojet irregularities during night-time
with a VHF backscatter radar is very difficult because
of the low electron density and hence low conductivity.
However, equatorial F region vertical drift veloctties
using incoherent scatter radar and the rate of change of
virtual height variations measured from the ionograms
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Figure 3. Same as Figure 2 without high latitude magnetograms.
The bottom panel shows the B, (in GSE co-ordinates) and variance of
IMF (ag) during March 8, 1970 (Sastry’?).

during night-time can be effectively used to study the
night-time high latitude-low latitude ionosphere coupl-
ing. The rate of change of virtual height variations
of the bottom side of equatorial F region represents the
vertical electrodynamic drift velocity (due to eastward
electric fields) after correcting for the apparent vertical
drift due to chemical loss. A drift velocity of 25m/s
corresponds to 1m V/m electric field at F region
heights at Trivandrum. Figure 4 shows the sudden
increase in vertical drift velocity on 23-24 November
1986 where the IMF B, (shown as a full line) has turned
northward at about 2300 UT (shown by a vertical

CURRENT SCIENCE, VOL. 64, NO. 8. 25 APRIL 1993
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Figure 4. Time variation of the east-west electric field obtained from
the rate of change of virtual height variation deduced from quarter

hourly ionograms during November 23-24, 1986. The IMF B, values
are shown by a full line {adapted from S(}ma}ra_]ulu et al*7).

dotted line). Associated with this northward turning of
IMFE B,, the magnetic field (shown Figure 5) started to
increase in the positive direction at auroral and polar
stations indicating an ¢nhancement of the eastward
polar electrojet current®’.

From the above, it is clear that zonal electric field
changes related to southward B, are eastward on the
dayside and westward in the night side whereas the
large northward B, turnings are associated with
westward fields during daytime and eastward during
night-time'**’. Furthermore, some of these electric
field changes are not driven directly by the IMF
changes but also are the result of changes in the
magnetospheric convection and substorm phenomena’ 13,

Nature of substorm related transient disturbances

From earler results, it is clear that the amplitude and
frequency of the transient electric field disturbances at
low latitudes due to sudden IMF changes and substorm
activity are thus quite asymmetric. This is understandable
because the auroral-polar electrojets may be produced
by multiple current systems such as solar-driven
‘convection electrojet’ and also in part by the sub-
storm ‘expansion phase electrojet” whose importance
may vary spatially around the electrojet region and
temporally during the event. More specifically, the
electric fields associated with the plasma convection
drives a two-cell current system in the polar ionosphere
known as DP2 current system?™48, which is interpreted
as the manifestation of a process directly driven by the
solar wind, whereas, the accumulation of magnetic fux
in the tail lobe (loading) and subsequent release of the
stored energy from the tail lobe (unloading) gives rise to
a westward electrojet.

Figure 6a represents the variations in the zonal
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Figure 5. Time variation of the horizontal component of the earth’s

magnetic field at high, middle and low latitude stations on 23-24,
November 1986 (adapted from Somayajulu et al.*7). The geomagnetic
latitude and geographic longitude of the stations are shown. The
vertical arrows for each station show the scale values of the magnetic
field. The dashed line at 2300 UT indicates the time at which IMF B,
has turned northward.

electric field at equatnrlal electrojet altitudes during the
March 22, 1979 substorm event identified by the co-
ordinated Data Analysis Workshop (CDAWS6). The
IMFE B, turning southward at 1008 UT (Figure 6¢) is
followed by a growth phase from 1020-1050 UT. The
onset of the expansion phase is identified to be at 1054
UT. Further, the southward turning of IMF at 1008 is
followed by a sudden increase in the polar cap
equivalent current at 1020 UT indicating enhanced
convection driven by solar wind*”, The enhanced potar
cap current system s assoctated with a rapid increase in
the ¢astward clectric ficld at cquator by a {factor of 2.
However, the signal strength (Figure 68) of the
irregularitics increases by a factor of § clearly showing
that the e¢lectric ficld has probably changed by that
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Figure 6. A comparison of (4} the eastward electnic ficld computed
from the mean Doppler frequency variations of the YHF backscatter
racdr signals, () signal strength of the VHF backscatter radar signals
and (c) the solar wind coupling function {— V_ B.) during the growth
phase of {he magnetc stormn (0930-1130 LfT} on March 22, 1979
(Somayajulu ef al.*’) and (d} variations of the honzontal component
of the carth’s magneuc (fjeld at selected polar, auroral and
midlatitude stalions dunng the growth of phase of the magnetic
storm on March 22, 1979 {Somayajulu et al.*?).

factor!?, Thus the rapid increase in the eastward
electric field is a clear response to the increase of

584

convection electric field changes arising from the solar
wind energy coupling to the magnetosphere, The high
latitude magnetograms (Figure 6 4) show an increase in
the horizontal component™ of the earth’s magnetic field
at 1020UT indicating an enhancement in the eastward
auroral electrojet in all the time sectors (for details see
Mcpherron and Manka*?), The auroral zone station of
Dixon and the mid-latitude station of Novosibirsk in
the late afternoon sector also show a posttive bay in H
at 1020 UT. However, an increase in the H component
occurs at Trivandrum at 1020 UT, but the later part of
the positive bay is obscured by the main phase decrease
resulting from the ring current development (for details
see Somayajulu et al.'?). Using the ground magneto-
meter inversion scheme Clauer and Kamide®® computed
the equivalent current patterns as well as the real
jonospheric and field-aligned current distributions
during the growth phase (1020-1050 UT) of the above
substorm. The growth phase of the substorm is
characterized by the gradual enhancement of a DP2
equivalent current system following the southward
turning of the IMF (Figure 7). There are two €lectrojets
centered at dusk and dawn and the intensities of these
electrojets are nearly the same. The pattern of the
calculated field aligned currents is somewhat irregular,
but one can still identify the currents of regions 1 and 2
and the downward current in the dayside cusp,

Effect of polar cusp variations

Various satellite measurements have confirmed the
existence of a pair of neutral points called the
‘polar cusp’ of ‘dayside cleft’ at about 76° geo-
magnetic latitude in both the hemispheres. It is
also known that the solar wind particles entering
through these regions in the dayside magnetosphere
populate the high [atitude ionosphere, It is observed
that, in general, the polar cusp shifts equatorward
during the southward direction of the IMF and moves
poleward in the presence of northward IMF. The large
equatorward movement of the polar cusp region has
been exptained by Meng?! in terms of the interaction
between the north-south component of the IMF and
geomagnetic field in the magnetosphere. In the
following, we study the effect of polar cusp position on
the equatorial electrojet electric fields. Figure 8 shows
the time variation of the horizontal component of the
earth’s magnetic field at Trivandrum and the IMF B,
component {dotted line) during the magnetic storm of
September 18, 1979. Also shown are the D, index (flled
triangles) and the variation of the polar cusp position
and s width in northern hemisphere (vertical hne) and
in the southern hemisphere (dashed vertical line). The
time variation of cusp position is obtained from
observations of the very soft but intense eleciron
precipitation detected®! by the low encrgy detectors

CURRENT SCIENCE, VOL. 64, NO. 8, 25 APRIL 1993
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111%0 UT on 22 March 1979 corresponding transient electric field disturbance observed at Trivandrum (shown in Figure 6).
Equivalent current ¢ontours are drawn at 80,000 A intervals, Relative maxima are indicated by plus and minus signs. Contour
levels for the distribution of field-aligned currents are plotted at 0.5 x 10~6 A/m?* Downward current is indicated by solid
lines and vpward current is indicated by dashed lines. Latitude circles are drawn at 10° intervals. The outer boundary of each

plot is 50° latitude (Clauer and Kamide>°).

onboard the DMSP satellites F, and F,. The bottom
panel shows the Doppler frequency variations of
backscattered signals observed at Trivandrum during
the magnetic storm. It is at once clear that the long-
term trend-(9-10 hours) in the variation of the eastward
electric field in the equatorial electrojet (as represented
by fp variations in Figure 8) reveals that the
magnetospheric and high latitude electrodynamic
changes which are concurrent in time with the changes
in the polar cusp latitude during a geomagnetic storm
give rise to a large westward electric field in the
equatorial electrojet region. We believe that the
observed relationship between the changes in the polar
cusp regions and the electric fields in the equatorial
electrojet region can be explained in terms of the large
scale electric field changes in the polar-auroral dynamo
regton due to fluctuations in the IMF north-south
component or the direct penetration of the magneto-
spheric electric ficlds to low latitudes. This is logical
because the movement of the cusp latitude is only one
of the manilestations of several large scale electro-
dynamical processes that take place in the inner mag-
netosphere during geomagnetic storms and substorms.

Discussions and conclusions

During quiet geomagnetic conditions, elcctric fields of
neutral wind dynamo origin predominate at middle and
low latitudes. However, during disturbed geomagnetic
conditions, extensive and compelling evidence shows
that a close electrodynamic coupling exists between the
high latitude and the low latitude ionospheres. The
response of the low latitude electric fields to changes in
the high latitude current systems can be divided into
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two main categories. The electric field disturbances of
fhirst category which propagate almost instantly from
high latitudes to middle and low latitudes are due to
the sudden perturbations in the magnetospheric
potential across the polar cap that lasts for one to two
hours. The second category of electric field perturbations
18 due to the disturbance dynamo effects that propagate
equatorward with latitude-dependent time delays of the
order of 2-10 hours. It is usually very difficult to
separate the direct penetration and disturbance dynamo
components from the observed electric field variations.

The observed zonal electric ficld perturbations are
usually westward duning the day and eastward at night,
and are often associated with large and sudden
decreases in high latitude convection driven by rapid
changes of northward IMF?%435, The typical daytime
westward perturbations have values of 0.3 mV/m while
the night-tim¢ eastward electric fields have large
amplitudes of about 1.5-3 mV/m especially in the early
morning (02-05 LT) sector and smallest amplitudes
between dusk and midnight®”.

The physical mechanisms which govern the strength
and duration of electric field perturbations at middle
and low latitudes due to IMF B, wvariations is
theoretically uncertain at the present time as it most
likely involves subtle points of magnetospheric physics
as well as details of magnetosphere-ionosphere-thermo-
sphere coupling?, Accordingly, the present-day quanti-
tative models are somewhat uncertain on these points.
In the following discussion, we present a beief outling of
the various mechanisms proposed (o explain the
prompt penctration of magnetospherically generated
clectric fields to the middle and fow latitudes
ionosphere.

hE.
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Figure 8 Time variations of the mean Doppler frequency {/5) of the
backscatter signals from the 2.7m scale size irregularities In the
equatosial electrojet on September 18, 1979 (4,=64). The curve (...)
represents the quiet-day variations of the f,- The middle panel
shows the latitude and width of the polar cusp position in the
northern hemisphere (vertical full hne) and southern hemisphere
(dashed vertical line}. The top panel shows the vanation of the
horizontal component of the €arth’s magnetic field at Trivandrum
{full line) and the IMF B, variation (dotted line}. Filled triangles show
the variation of ring current index (D,).

Kelley et al.®® proposed that the observed transient
electric fields associated with northward IMF turnings
cause a temporary imbalance between convection-related
charge density and the charge on the inner edge of the
magnetosphere due to the sudden decrease of the
convection electric field. This mechanism generates a
dusk-dawn perturbation electric field durng a period
(several minutes to one hour) of the order of the time
constant for the decay of the shielding charges. This
transient clectric field perturbation due to the ‘over
shielding’ of the inner magnetosphere 18 westward on
the dayside and eastward on nightside tn agreement
with the observations. A similar process occurs during
periods of sudden increase 1n convection when the might-
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time shielding layer moves equatorward and the ‘under
shielding’ of the inner magnetosphere generates a
dawn—dusk transient electric field.

Numerical simulation studies to understand the
penctration of high latitude electric fields into the
middle and low latitude ionosphere have proceeded in
two different lines. 1n one 2pproach model calculations
using empirical high latitude field aligned currents
explain the general form of the middle and low latitude
perturbation potential and of the corresponding electric
ficlds?8-31.36-41  However, since magnetospheric pro-
cesses are not included in these modets, the calculations
are not self-consistent and cannot determine the time
evolution of perturbation electric fields. Recently, more
detailed semi-analytical models based on the convection
approach of Vasyliunas (presented by Senior and
Blanc?®® and Spiro et al.?%) provide detailed information
on the transient electric field response at middle and
low latitudes to changes in high Jatitude convection®%>3.
The models predict correctly that a decrcase in
convection associated with a rapid northward turning
of IMF generates a westward electric ficld perturbation
on the dayside and eastward at night. In addition, the
overshielding mechanismm does not generate electric
fields with large enough amplitudes. Recently A. D.
Richmond?® suggested that thermospheric fossil winds’
might play a significant role on the generation of
perturbation electric ficlds following sudden geomag-
netic quietening (Figure 9 illustrates the mechanism).

Equatorward
Edge of
Disturbance
Winds

E

Figure 9. A sketch of the ‘fossile wind” mechanism for the generation
of middle- and low-latitude perturbation electric fields following a
sudden decrease in the polar cap potential. The two circles represent
the locations of the equatorward edge of the disturbance winds, and
of the shielding layer which has moved poleward. The thin contour
hines correspond to the neutral wind flow patiern and the arrows
represent the pedersen currents dniven by the disturbance winds. The
positive charges pile up on the dusk and the negative charges on the
dawn side of the eqQuatorward edge of the winds, generating a dusk-
to-dawn electrie ficld at middle- and low-Tatitudes {(Ferr et al.).
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Spiro et al.’? and Fejer et al.?® observed that the fossil
wind effects increase the time constant of the decay of
the electric fields but do not change the daily patterns.

Qutstanding problems and conclusions

The understanding of the variation of electric fields
during magnetically disturbed periods is considerably
less clear because of the difficulties associated with the
high resolution measurements using incoherent radars
and backscatter radars. Further, the high degree of
complexity of the high latitude processes which control
the electric field penetration to lower latitudes are
poorly understood. Therefore, it 1s suggested that high
time resolution measurements during storms and
substorms over a range of longitudes and latitudes
using incoherent and coherent backscatter radars, chain
of 1onosondes and magnetometers are necessary for a
better understanding of the high latitude-low latitude
1onosphere coupling.
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