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Equatorial F region zonal plasma irregularity drifts

under magnetospheric disturbances

M. A. Abdu 3.1 | P. T. Jayachandran 1,2 7. MacDougall 1,2 J.F. Cecile 1 ,and J. H. A. Sobral 3

Abstract. Equatorial F region plasma drift velocities measured
by a digital ionosonde (CADI) that was recently installed in
Fortaleza, Brazil, are used to investigate magnetospheric
disturbance effects in the vertical (zonal) and zonal (vertical)
velocities (electric fields). For the first time we report evidence of
large fluctuations in irregularity zonal drift velocities (~ 50-180
m/s) associated with magnetospheric disturbances. The
fluctuations in the zonal velocity, anti correlated with those in
vertical velocity, are unlikely to be produced by prompt
penetration of disturbance meridional electric field of high
latitude/magnetospheric origin. A mechanism is proposed to
explain the velocity fluctuations that involves: (1) Hall
polarization vertical electric field in the E-layer that is field line
mapped on to F- layer, and (2) electric field caused by vertical
current arising from divergence n field line integrated zonal
Pedersen current; both produced by the primary disturbance zonal
electric field. Enhanced nighttime E region conductivity with
possible spatial gradients, a requirement for the functioning of
this mechanism, 1s observed to be present from other
simultaneous measurements, whose source is suggested to be
particle induced ionization 1n the south Atlantic Magnetic
Anomaly (SAMA) zone, as known also from previous studies.

Introduction

Magnetospheric convection electric fields are known to
penetrate to low latitude ionosphere under varying phases of a
magnetospheric  disturbance  development:  interplanetary
magnetic field variations, sudden storm commencements, the DP
2 fluctuations, substorm onset and recovery phases and ring
current developments. [ Gonzales et al., 1983; Sastri et al., 1992;
Kikuchi et al., 1996; Sobral et al., 1997; Abdu et al., 1998; Fejer
and Scherliess, 1998 and references therein]. Direct measurement
of electric fields/plasma drifts by radars complemented by electric
currents/ magnetic field variations monitored by magnetometers
have been the data base more often utilized to investigate the
equatorial ionospheric response features. Modern digital
ionosondes now provide valuable data on the F layer bottomside
plasma drift velocities [Reimisch et al., 1989; MacDougall et al.,
1998]. The investigations of disturbance equatorial electric fields
carried out so far concerned only the zonal component of the
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disturbance electric field. Little is known about the
meridional/vertical component of the disturbance electric field. In
fact Fejer et al. (1981) noted that the disturbance component in
the zonal drift velocities over Jicamarca was not particularly
perceptible from its day-today fluctuations. In the present paper
we investigate magnetospheric disturbance effects on zonal
plasma drifts over an equatorial station using the F layer plasma
irregularity drift velocities measured by a digital ionosonde at
Fortaleza (4° S, 38° W, dip ~9°), Brazil. A noteworthy and
surprising result is that the zonal drift velocities, and not just the
vertical velocity only, are correlated with the magnetic field
variations and that the fluctuations 1n these two velocities are
often anti correlated with each other. We will present in Section-2
an analysis of some cases of the velocity fluctuations. Discussion
of the results and an operational mechanism for the observed
zonal velocity perturbations will be presented in Section-3, with
conclusions presented in Section 4.

Observations and Results

The CADI (Canadian Advanced Digital Ionosonde) [Grant et
al., 1995] measures the line of sight velocities and angle of arrival
of the reflected echoes. The large number of echo sources usually
available during spread F irregularity events permits reliable
determinations of the three orthogonal components of the drift
velocities. The operating mode was set up to record drift
measurements at fixed frequency every 30 seconds. All the
examples of drift fluctuations to be presented here were taken
under conditions of strong presunrise spread F events similar to
the example presented in MacDougall et al. (1998). Figure 1
shows an event of drift fluctuations plotted together with auroral
activity indices AE (AU/AL). In this example the vertical velocity
fluctuations (~20m/s) are well correlated with the AE/AL index
which suggests that the electric field responsible for the vertical
drift fluctuations has the same disturbance source as that which
produces the AE fluctuations. If we consider each of the
decreases in the AL index as representing a substorm
intensification, then 1t is apparent that a negative (positive)
deviation is associated with a downward (upward) velocity
perturbation, that is, a westward (eastward) electric field
perturbation, with a delay of the order of 20 minutes. As an
important point it may be noted that significant fluctuation
amplitude is present also in the zonal drift, being of the order of
20 m/s, that tends to be anti correlated with those in the vertical
drift. The apparent delay in the fluctuations of the drift velocities
has perhaps to do with the phase of the penetration electric field
response in relation to that of the AE/AL fluctuations. We do not
intend to go into details of this relationship, or into aspects of the
nature of the magnetospheric disturbance event, since our present
objective 1s restricted to investigating the association (that is, the
anti correlation) between the disturbance vertical and east-west
drift velocities clearly observed in this event, and in others to be
presented below.

Two other cases of drift fluctuations are presented in Fig.2.
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Figurel. - Zonal and vertical drift velocities during a pre sunrise
spread F event measured by a CADI over Fortaleza (bottom and
middle panels). The solid line is a polynomial fit of the raw data
denoted by stars. AE-AU/AL indices (top panel).

The Kp indices for these events varied from 4 to 5+ and from 5+
to 6+. During these events as in the first one the zonal velocities
show significant fluctuations, as do the vertical velocities, and
they are largely anti correlated. There are intervals when their
relationship is not defined clearly though, as seen in the scatter
plots i Figure 3 of all vertical versus zonal velocities for the
three cases discussed above, their overall correlation coefficients
being 0.71, 0.59 and 0.61. For selected ntervals when almost
perfect anti correlation 1s evident the ratio of the fluctuation
amplitudes of the zonal to vertical velocities varied from ~0.5
during the event in Fig.l to larger values (approximately 3)
during the events of Figure 2.

Discussion

Magnetospheric electric field penetration to equatorial latitudes
seems to be more efficient for zonal electric field as compared to
meridional electric field. From incoherent scatter radar
observations Gonzales et al. (1983) showed the amplitude ratio
for zonal electric field between Arecibo (L=1.46) and Jicamarca
during two active nighttime periods to be 2.4 and 3.5, which is
larger than the ratio of (1.46)3/2 =1.7 expected for the mapping of
a constant electric field in the equatorial plane (Mozer, 1970).
Disturbances in meridional electric field were of less amplitude
than those of the zonal component over Arecibo but were of
larger amplitude over a higher mid-latitude station (St Santin) as
reported by Blanc (1983). From a recent analysis of DE-2 satellite
ion drift observations Fejer and Scherliess (1998) showed that
sudden increases in magnetospheric convection lead to
predominantly westward drift which decreased equator-ward
(from 55° to 35°). The disturbance meridional/vertical electric
field observed over Fortaleza, however, seems to contain only
minor contribution (if any) from the equatorward propagation of
such electric field as part of a polar disturbance electric field.
Rather, much of it seems to be accounted for by the
electrodynamics processes peculiar to the equatorial ionosphere.

A mechanism for the zonal drift perturbations.

A disturbance in zonal electric field produces corresponding
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disturbance in vertical plasma drift in the F-region over the
equator. Below the F region, with decreasing altitude, the
different mobilities of ions and electrons lead to their differential
drifts and the generation of Hall and Pedersen currents and
electric fields. We shall examine below the roles of such electric
fields and currents in the observed zonal velocity fluctuations.

In general, a vertical electric field, £y, in the F region can arise
from: (a)- Hall conduction, (b)- neutral wind dynamo, and (c)-
vertical currents arising from divergence of horizontal currents.
As explained by Haerendel et al. (1992), it can be expressed,
using field line integrated quantities, as:

> J
E, =24 E,, -BU, 4

+_.._
> T

where 27 and 2 p are the field line integrated Hall and Pedersen
conductivities; B is the magnetic field; Jy is the field line
integrated current in vertical (that is, perpendicular to field line in
meridian plane) direction, and UPgw is field line integrated
conductivity weighted zonal wind. In the present case of the
nighttime velocity fluctuations being produced by disturbance
penetration electric field we shall 1gnore any contribution from
(b). We consider that the primary zonal disturbance electric field
that produces the F region vertical plasma drift also induces a
Hall electric field in the E region which, when mapped (by the
highly conducting field line) on to the F layer, could cause the
zonal plasma drift as sketched in Figure 4. For this mechanism to
be operative in the night ionosphere the required ionospheric
conductivity is considered to arise from enhanced ionization at E
layer heights as will be discussed later. If the vertical electric field
arises entirely from Hall conduction (that is, vertical current being
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Figure 2. - Zonal and vertical dnft velocities as in Fig.1 but for
two additional days, 18 and 3 January 1995; (velocities higher
than the limits of the y-axis are not shown).
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Figure 3. - Scatter plots of zonal versus vertical velocities for the
three cases presented in Figs. 1 & 2; A low-pass filter has been
applied to remove the fluctuation with periods less than 10 min.

neglected) and drives the fluctuation component of the zonal
velocity, 4VEw , with associated 4Vp , we have the following
condition from the Eq.1:

Ey _ 2

_ _ AV, @
E,, ZP AV,

The ratio of the fluctuation velocities, of Eqn.2, is found to be
varying (as stated earlier) from approximately 0.5 to 3.0. The
ratio of the field line integrated conductivities was calculated for
the local time range of our observation for a field line at 300 km
over Fortaleza (down to 90 km at the conjugate points in both
hemispheres). This calculation that used, as a trial, the
International Reference lonosphere- IRI (Bilitza, 1986) yielded a
value ~0.15. Under disturbed conditions, however, large
enhancements 1n the E layer electron densities occur. Typical
densities of the order of 1.3(1010) el/m3 have been observed
during some events (as inferred from the blanketing frequencies
of the sporadic E layers that some times accompany such events),
which is a factor of ~30 larger than that predicted by the IRI.
Such density enhancements can cause significant increase in
2py/Zp due to the fact that 2y arises mainly from a narrow height
region of the E layer (subjected to enhanced ionization) whereas
Zp involves the entire field line roughly as an increasing function
of height. Assuming, for example, that the 30-fold increase (with
respect to the IRI prediction) in the E region electron density
occurs along about 5% of the field line length between the
conjugate points, the ratio 27 /2 p can increase by a factor of 6,
rising its value in Eq.2 to around unity. Of course a different
degree of the electron density enhancements would yield a
correspondingly different value for this ratio. Based on the
observed ratio of the velocity fluctuations, -AVEp/AVy, that
often exceeds unity, it appears that additional contribution to Ey
could arise from the vertical current term in the Eq.1. Vertical
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Pedersen current arises from divergence in horizontal current that
results from the spatial gradients inherent in the enhanced
ionization (conductivity). Since Fortaleza seems to be within
reach of the effect of Soth Atlantic Magnetic Anomaly (SAMA)
(Greenspan et al., 1991) the conductivity enhancement could have
significant spatial gradients, possibly positive southward, and
positive or negative in the east-west direction. The east-west
gradient is responsible for the divergence in the zonal Pedersen
current which could contribute to vertical Pedersen current and
hence to the vertical electric field. Thus, applying the condition:
Div.J =0, where,/=Jgw+Jy - Jy=Ey Zpand Jgw=EEw
2p, and assuming that Egy is constant in height, and £y = 0 at
the base of the ionosphere (hg = 90 km), we can show that £y at a
height h > hq is given by:

E, =-E,, IZ —Z dh 3)

Assuming, as an example, that Zp changes by 50% in an east-
west distance of , say, 200 km, an integration over 100 km would
yield Ey/EEw = 0.25. Still larger gradients in the form of
transient increases, which seems to be likely, will be helpful to
explain higher magnitudes of the ratio AVEp/4Vy that are often
observed.

Thus, we have the vertical electric field arising from both the
Hall conduction and current divergence terms of Eq.1, and their
added contributions, depending upon the intensity of the
ionization and spatial gradients in it, could account for the
magnitude of the observed ratio AVgw /AVy . A more
quantitative evaluation could be made if we have more precise
knowledge of the density enhancement and its spatial
distributions for specific cases.

There are different types of evidences suggesting enhanced
nighttime plasma densities over Fortaleza. During all the three
events analyzed here the magnetic field H-component showed
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Figure 4 - A sketch to illustrate how Hall electric field produced
in the E region (shown 1n horizontal plane) is mapped as vertical
field on to equatorial F region (shown in east-west vertical plane).
The open arrows show the direction of plasma drift which is
westward in this case. The Eastward pointing arrows represent the
primary zonal disturbance electric field.
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enhanced electrojet current fluctuation of varying amplitudes (a
separate study is being prepared on these results). In the case of
the event of Figure.l the amplitude was of the order of 10nT,
which is a factor of 10 smaller than that the normal daytime
current strength [Pfaff et al. 1997]. The corresponding E -region
peak electron density should be of the order of 3 x1010 el/m3. As
mentioned before enhanced Es layers, frequently observed under
magnetically disturbed condition, also point to electron density
enhancement of similar magnitude. It was mentioned above that
Fortaleza region is an extension of the SAMA zone where
enhanced E and D region ionization by energetic particle
precipitation 1s observed during magnetic disturbance [Abdu et
al., 1981, Greenspan et al., 1991]. Such a source of ionization
could produce gradients of varying scale sizes (100's to 1000's of
km) in north- south and east-west directions over Fortaleza.

There is a situation of hemispheric asymmetry in the E region
plasma densities. The southern E region is where the Hall
conduction electric field, (that is, source electric field, Eg ), is
generated. The northern side could act as conductivity load in
such a way that the resulting electric field can be expressed (using
circuit analogy) as: Eg = Eg (Zsp /(NP t2SP)), where Zsp
and Yyp are the southern and northern region integrated
Pedersen conductivities. This shows that if the northern E region
conductivity is significantly smaller than the value for the
southern E region (which seems to be the case) then the Hall
electric field generated by the primary zonal electric field will not
be significantly shorted out and therefore could contribute to the
zonal plasma drift. It seems possible that the proposed mechanism
should be operative even at other longitudes (that are not under
the influence of SAMA) 1f a north-south asymmetry in the
conductivity distribution could be brought about, for example by
sporadic E layers.

Conclusions

We have presented for the first time evidence of
magnetospheric  disturbance associated zonal drift velocity
fluctuation in spread F irregularities over Fortaleza. These
fluctuations are associated (and anti correlated) with vertical
velocity fluctuations. Based on previous results of dnft velocity
perturbations it is inferred that the zonal velocity fluctuations
observed over Fortaleza have only a minor contribution, if any,
from prompt penetration of disturbance meridional electric field
of magnetospheric origin. The observed zonal drift fluctuations
seem to result mostly from processes peculiar to equatorial
electrodynamics. A mechanism is proposed to explain the
velocity fluctuations that involves: (1)- field line mapped Hall
polarization vertical electric field produced at E region altitudes
by the primary zonal disturbance electric field; and (2)- vertical
current and electric field arising from divergence in the field line
mtegrated zonal Pedersen current driven by the primary
disturbance electric field. This latter source of electric field seems
to be operative in the presence of spatial gradient in the field line
integrated Pedersen conductivity. A source of enhanced E region
mighttime conductivity is suggested to arise from particle induced
ionization in the SAMA zone that 1s known to take place under
magnetospherically disturbed conditions. These mvestigations are
continuing with a view to better understand the electrodynamics
processes of the equatorial ionosphere-thermosphere system.
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