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Abstract Prompt penetration of convection/overshielding electric fields to equatorial and low latitudes
during the southward/northward turnings of interplanetary magnetic field (IMF Bz) have been widely
studied in the literature. The other types of penetration electric fields due to sudden changes in the solar
wind dynamic pressure, IMF By and during the onset of substorms have also been recently reported. In this
paper, we present the exclusive role of solar wind density changes on the prompt equatorial electric field
disturbances using the long-term observations of equatorial electrojet (EEJ) from the Indian sector. In
response to the sharp increases in the solar wind density, prompt increases/decreases in the EEJ indicating
the eastward/westward prompt penetration electric field (PPEF) of ~20 min periods have been consistently
observed on the dayside/nightside. The prompt equatorial electric field disturbances of the opposite
polarity have also been observed when the density decreases sharply. Further, the polarity of these PPEF
disturbances does not show any clear dependency on the direction of IMF Bz and By. This paper is the first
report with a statistically significant number of observations on the characteristics of equatorial electric field
disturbances in response to the sudden enhancements/decreases in the solar wind density alone on both
dayside and nightside. The underlying physical mechanisms for the prompt equatorial electric field
disturbances have been discussed in light of enhanced high-latitude convection and additional field-aligned
currents due to sudden enhancement of solar wind density.

1. Introduction

Interaction of terrestrial magnetosphere with the incoming supersonic solar wind plasma is a continuous
process. In addition to the continuously streaming-in ambient solar wind, the transient and recurrent struc-
tures in the solar wind during the disturbed space weather periods often cause enhanced solar
wind-magnetosphere interactions and consequent disturbances in the Earth's near-space environment. A
large amount of energy and momentum is transferred from solar wind to the coupled magnetosphere-iono-
sphere-thermosphere system. The complex flows of plasma and open field magnetic flux in the magneto-
sphere and ionosphere develops a variety of current systems and electric fields. Of the particular interest
here is the high-latitude convection electric field due to solar wind-magnetosphere dynamo which penetrates
promptly to the equatorial and low-latitudes, known as prompt penetration electric field (PPEF) (Kikuchi
et al., 1996, 2000; Nishida, 1968; Senior & Blanc, 1984). Under southward orientation of interplanetary mag-
netic field (IMF Bz), the enhanced high-latitude dawn-to-dusk convection electric field induces
eastward/westward PPEF disturbances in the dayside/nightside ionosphere, respectively (Fejer, 1991;
Fejer & Scherliess, 1997; Kelley et al., 1979). Westward shielding electric fields will soon develop in the inner
magnetosphere due to azimuthal gradient of plasma pressure, known as shielding electric fields. During the
northward turning of IMF Bz, the termination of convection fields leads to the domination of shielding
electric fields in the inner magnetosphere, a condition known as overshielding, which causes
westward/eastward PPEF disturbances in the dayside/nightside ionosphere, respectively (Kikuchi et al., 1996,
2003; Rastogi & Patel, 1975). The equatorial electric field disturbances due to prompt penetration of
convection/overshielding electric fields under southward/northward IMF Bz conditions, respectively, and
the resultant modifications in the equatorial ionosphere have been widely studied in the literature (e.g.,
Abdu et al., 1995; Basu et al., 2001, 2005; Fejer & Scherliess, 1997; Kelley et al., 1979; Tulasi Ram et al., 2008,
2012, 2015, and references therein).
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During the recent past, a few other types of prompt equatorial electric field disturbances were also reported
which are not associated with any changes in the orientation of IMF Bz. Kelley and Makela (2002) and
Chakrabarty et al. (2017) have reported the prompt electric field disturbances in the equatorial ionosphere
in response to sharp changes in dawn-to-dusk component of IMF (i.e., IMF By) under steady IMF Bz condi-
tions. On the other hand, prompt electric field disturbances of both westward and eastward polarities have
been observed in the dayside equatorial ionosphere during the onset of substorms (Ebihara et al., 2014;
Hashimoto et al., 2017; Huang, 2012; Huang et al.,, 2004; Kikuchi et al., 2000; Sastri et al., 2001;
Venkatesh et al., 2017). Further, prompt equatorial electric field perturbations in response to the sudden
enhancement in the solar wind dynamic pressure (Ppy,) have also been reported during the geomagnetic
sudden commencement (SC) (Araki, 1977; Kikuchi et al., 2001; Sastri et al., 1993) as well as isolated events
of Ppy, enhancements (Huang et al., 2008; Rout et al., 2016). More recently, Tulasi Ram et al. (2019) have
demonstrated the three episodes of prompt equatorial electric field disturbances of opposite polarities on
dayside and nightside due to the sudden changes in Ppy,,, IMF By, and onset of a substorm under the steady
southward IMF Bz conditions during the St. Patrick's Day storm of 17 March 2015.

According to the physical model of Araki (1994), the low-latitude geomagnetic field exhibits a short preli-
minary impulse (~1 min), a main impulse (~10 min), and a step-like increase in response to the Ppy,
enhancement during the geomagnetic SC. While the preliminary impulse (PI) and main impulse (MI) are
attributed to the increased field-aligned currents, the step-like increase corresponds to the increased magne-
topause (Chapman-Ferraro) currents (Araki, 1994; Kikuchi & Araki, 1985). Araki (1994) and Kikuchi
et al. (2001) have shown that the PI is primarily due to additional field-aligned currents flows into (out of)
ionosphere in the afternoon (morning) sector driven by fast Alfven mode compressional hydromagnetic
wave and causes disturbance dusk-to-dawn polar electric fields. The MI is attributed to the enhanced
dawn-to-dusk convection electric field, which is induced in order to adjust the new compressed state of mag-
netosphere, and the associated field-aligned currents flows into the dawn and out of dusk ionosphere. The
additional field-aligned currents during PI and MI lead to the disturbance polar (DP) dusk-to-dawn and
dawn-to-dusk electric fields, respectively, which promptly penetrates to the equatorial and low latitudes
as observed from ground-based magnetometer (Kikuchi, 1986; Kikuchi et al., 2001) and HF Doppler radar
(Kikuchi et al., 1985; Sastri et al., 1993). Later, Huang et al. (2008) have shown the simultaneous enhance-
ment of ionospheric convection at high latitudes using Super Dual Auroral Radar Network (SuperDarn)
HF radars and vertical E X B ion drift at equatorial latitudes using Jicamarca Incoherent Scatter Radar on
dayside in response to the sharp enhancements of Ppyy,. Yuan and Deng (2007) have also shown the varia-
tions of PPEF in the equatorial ionosphere due to the changes in the Ppy,.

Although the above studies show the role of Ppy, on the prompt ionospheric electric field disturbances at
equatorial latitudes, the exclusive role of solar wind density variations on the PPEF at equatorial ionosphere
has not been studied extensively. Wei et al. (2012) have reported that the cross polar cap potential (CPCP) is
decoupled from the interplanetary electric field and modulates coherently with the solar wind density under
the polar cap saturation conditions. Recently, Rout et al. (2016) have presented a case study of penetration
electric fields due to density pulse under steady solar wind velocity and northward IMF Bz conditions on
22 January 2012. They have shown the prompt elevation of F2 layer peak height (hmF2) and modest increase
of EEJ indicating the eastward PPEF on dayside in response to the solar wind density increase. Therefore, in
order to shed further light on role of solar wind density, we investigate and present the prompt equatorial
electric field disturbances on both dayside and nightside in response to the exclusive changes in the solar
wind density under steady solar wind velocity and interplanetary dawn-to-dusk electric field conditions
(IEFy).

2. Data

The Equatorial Electrojet (EEJ) variations over a long period (2001-2018) over Indian sector derived from
two ground-based magnetometers at an equatorial station, Tirunelveli (TIR, 8.7°N, 77.8°E, 0.8°N dip lati-
tude) and an off-equatorial station, Alibag (ABG, 18.6°N, 72.9°E, 10.5°N dip latitude) have been considered
in this study. The baseline values of the horizontal (H) component of the geomagnetic field at each station
are computed by averaging the local midnight values of five internationally quiet days in every month.
The baseline values of each month are then subtracted from H component values at each station to derive
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the AH variations. The difference of AH values between Tirunelveli (equatorial station) and Alibag (off-
equatorial station), that is, (EEJ = AHrj, — AH apg) represents the EEJ strength which is a proxy to the equa-
torial zonal electric field (Anderson et al., 2002; Kane, 1974; Rastogi, 1977; Reddy, 1989). The high-latitude
convection map data from the SuperDARN have been considered to see the changes in the high-latitude
dawn-to-dusk convection electric fields in response to the sudden changes in the solar wind density.
Further, the solar wind observations (velocity, density, IMF Bz, and By) at 1-min resolution which are time
shifted to bow shock nose were obtained from NASA's OMNI Space Physics Data Facility (https://omniweb.
gsfc.nasa.gov/ow_min.html).

3. Results

In order to study the explicit role of solar wind density on PPEF at equatorial latitudes, the events of sharp
increases/decreases in the solar wind density without significant changes in the other solar wind parameters
such as velocity (V), interplanetary electric field IEFy = —V X IMF Bg), interplanetary magnetic field com-
ponents (IMF Bz and By) are selected from the long-term solar wind observations during 2001 to 2018. The
selection criteria include (i) a sharp increase or decrease of solar wind density with an absolute change (IANT)
greater than 8 particles/cm® at an average rate of change greater than 2 particles/cm®/min, (ii) the changes in
the solar wind velocity and interplanetary electric field must be small during the 10-min period from the
onset of density change, that is, (IAV]1omin < 50 km/s andIAIEFyl;omin < 2 mV/m) to avoid the PPEF effects
during SC and due to changes in the IEFy (which is a product of velocity and IMF Bz). Similarly, (iii) the
changes in the IMF Bz and By within a 10-min period from the onset of density change must be small, that
is, IABzl10min and IABylygmin < 10 nT. In addition, (iv) the density variations during the previous 30 min (pre-
epoch) and after 30 min (postepoch) of the event should be small, that is, the standard deviation of density
fluctuations during preepoch and postepoch periods must be smaller than 3 particles/ cm’. This condition is
applied to ensure the quiescence during preepoch/postepoch periods and to select the isolated events of
sharp step-like density changes by avoiding the too fluctuating and oscillatory variations in the density.
Although we have searched over long-term observations from 2001-2018, the strict selection criteria (i)--
(iv) above and some gaps in the data give rise to a total of 68 events of sudden step-like density increases
and 70 events of sudden density decreases without any significant changes in the other solar wind
parameters.

3.1. PPEF Due to Solar Wind Density Enhancement

Figure 1 shows two typical events of sharp density enhancements while the other solar wind parameters are
more or less steady. The panels from top to bottom in Figure 1 show the variations in solar wind density (N),
velocity (V), dawn-dusk interplanetary electric field (IEFy), IMF Bz (black) and By (red), AH variations at
Tirunelveli (black) and Alibag (red), and the EEJ, respectively, as a function of epoch time in minutes.
The left- and right-hand side panels of (Figure 1) correspond to the events that occurred during local daytime
and nighttime periods over the Indian sector, respectively. The vertical blue dashed line indicates the time of
sharp increase in solar wind density. It can be seen from this figure that the solar wind density exhibits a
sharp increase of ~10 particles/cm?® at zero epoch time without any significant change in the velocity. The
IEFy exhibits only a few small fluctuations due to fluctuations in the IMF Bz. On the other hand, the AH
variations from the two ground-based magnetometers at Tirunelveli and Alibag exhibit sharp increases con-
currently with the density enhancements. Further, the increase in the AH at the equatorial station (TIR) is
significantly large compared to that at the off-equatorial station (ABG). Accordingly, the EEJ
(EEJ = AH7j, — AH apg) exhibits a sharp increase of ~10 nT indicating the eastward PPEF at the equatorial
latitudes on the dayside. It should be emphasized here that the observed eastward PPEF (increase in EEJ) on
dayside is exclusively due to the sharp increase in solar wind density without any significant changes in the
other solar wind parameters during this epoch. Therefore, this is an impeccable example of eastward PPEF
on dayside caused exclusively by sharp enhancement in solar wind density.

Figure 1 (right panel) shows another example of sharp density enhancement that occurred during the local
nighttime over the Indian sector. It can be seen from this figure that the density exhibits a sharp increase of
~10 particles/cm® at zero epoch time without any significant changes in the velocity and IEFy except for
small fluctuations. The IMF Bz and By also do not exhibit any significant changes during this period except
for a few minor fluctuations. The AH variations at both TIR and ABG also exhibits sharp enhancements

NILAM ET AL.

30f16


https://omniweb.gsfc.nasa.gov/ow_min.html
https://omniweb.gsfc.nasa.gov/ow_min.html

A~ . .
NI Journal of Geophysical Research: Space Physics 10.1029/2020JA027869
02-May-2010 (0601 UT/1131 LT) 25 09-Mar-2018 (1815 UT/2345 LT)
' i ' - ' i ' '
m; : T 207 | mA T \J‘\/\/
I ] L | "
S 20 | 15 |
z 10 '
10 : : 5 =M : :
i ' ‘ 450 i ' '
@ 4007 | 1 400} L e ~J]
E30 T g —
> 300 300
10 10

g
|

I
|

-10 : : : : -10
i
|

-
o o

IMF B_/B,, (nT) IEF., (mV/m)
3

-20 0 20 40 60 -20 0 20 40 60
Epoch Time (min) Epoch Time (min)

Figure 1. Two typical examples of sharp solar wind density enhancements occur at local daytime (left panels) and
nighttime (right panels) and corresponding changes in the geomagnetic field (AH) and equatorial electrojet (EEJ).

The panels from top to bottom present the variations of solar wind density, velocity, IEFy, IMF Bz (black), By (red), AH at
Tirunelveli (black) and Alibag (red curve), and the equatorial electroJet (EEJ), respectively. The vertical blue dashed line
indicates the time of sharp density enhancement (zero epoch time).

concurrently with the density enhancements; however, the AH variation at TIR (equatorial station) is
smaller compared to that at ABG (off-equatorial station) during this nighttime event. As a result, the EEJ
exhibits a sharp decrease of ~4 nT indicating the westward PPEF on the nightside induced by the
enhancement in solar wind density. It should be noted that the ionospheric conductivity on the nightside
being very small, the variations in EEJ current due to PPEF is very small on the nightside compared to
the dayside observations (Rastogi et al., 1996) (note the difference in the y axis scales for EEJ between the
left and right panels). Nevertheless, the Figure 1 (right panel) presents a clear example of westward PPEF
on the nightside induced by the solar wind density enhancement exclusively.

In order to further examine the changes in the high-latitude convection patterns in response to the sudden
increase in solar wind density, the SuperDARN convection maps from the Northern Hemisphere are pre-
sented in Figure 2 for the same two events presented in Figure 1. The top panels show the convection maps
10 min before the onset of sharp density enhancement. The middle and bottom panels show the convection
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Figure 2. The northern high-latitude convection maps constructed from the SuperDARN HF radar network observations during the sharp density enhancement
events presented in Figure 1. (a) and (d) correspond to 10 min prior to the density enhancement. (b) and (e) correspond to the time of density enhancement.
(c) and (f) correspond to ~4-6 min after the density enhancement when the peak electrojet disturbances observed.
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Figure 3. Superposed epoch analysis of sharp solar wind density enhancements and the corresponding changes in the
equatorial electroJet (EEJ) during daytime (left panels) and nighttime (right panels). The panels from the top to
bottom presents temporal variation of solar wind density, velocity, interplanetary electric field (IEFy), IMF Bz (green), By
(yellow), and the equatorial electroJet (EEJ), respectively. The vertical blue line in all the panels represent the time of
sharp enhancement in density (zero epoch time).

maps “at the time” and “~4-6 min after” the sharp density enhancement, respectively. As can be seen from
these figures (Figure 2), the high-latitude dawn-to-dusk convection field increases noticeably with the
increase in solar wind density during both events. The Indian sector happens to be on the noonside
during the first event (left panels) and on the nightside during the second event (right panels), thus,
witnessed eastward and westward PPEF perturbations, respectively, as shown in the bottom panels of
Figure 1.

With a view to statistically establish the solar wind density role on the PPEF, the long-term observations of
solar wind and EEJ during the period 2001-2018 were analyzed. As mentioned above, a total of 68 events of
density enhancements without significant changes in velocity, IEFy, IMF Bz and By have been detected
based on the selection criterion mentioned above. For example, Figure 3 shows the superposed epoch ana-
lysis of solar wind density enhancements and corresponding changes in the EEJ. The panels from top to

NILAM ET AL.

60f 16



Ay

o o
|

NIV Journal of Geophysical Research: Space Physics 10.1029/2020JA027869
09-Nov-2013 (0548 UT/1118 LT) 25 03-May-2012 (2342 UT/0512 LT)
30 ' ' I ‘ i I ‘
ﬂ?A j‘\[ \ | 20 :/' A\f\\ |
L-E’, 20 : ] 157 | _ ]
- | ol | _,,,\.fj e
10| L TN | / ‘
500 I T T i T T
B 450 | | 4 |
£ - 300 - ~————— U~ -~
£ 400 o IL\ - /VJ-\A" ] l
> | 250 |
| ] |
350 | . . 200 |
15 | T T 10 i
10| ! 1 !
| |
e i —— ~ |
i 0 M —
| |
| |
| . |
i ' i
| |
|
|

Bz
By 1

IMF BZ/BY (nT) IEFY (mV/m)
=

|

=
x

i
il

A H (nT)
S
o

EEJ (nT)

-20 0 20 40 60 -20 0 20 40 60
Epoch Time (min) Epoch Time (min)

Figure 4. Same as Figure 1 except for the cases of sharp decrease in the solar wind density.

bottom show the variations of solar wind density, velocity, IEFy, IMF Bz/By, and EEJ, respectively. The
vertical blue dashed line at zero epoch time indicates the time of sharp increase in solar wind density. The
thin curves in green color represent the individual events, while the thick curve in red color represents
the average variations in all the panels. The thin yellow curves in the fourth row panels indicate the IMF
By variations and their average curves are shown in blue color. All the data shown in Figure 3 are the
values relative to the corresponding parameters at zero epoch time. Therefore, Figure 3 actually presents
the superposed variations in solar wind parameters and EEJ after the subtraction of respective constant
values corresponding to the zero epoch time. The level shifting of data by subtracting the constant values
is preferred (rather than traditional normalization), as this will allow the reader to observe the actual
changes that occurred in the solar wind and EEJ. The left-hand side panels correspond to local daytime
(06-18 LT) and right-hand side panels correspond to nighttime (18-06 LT) periods over the Indian sector.

From Figure 3, conspicuous enhancements (and decreases) in EEJ can be observed on dayside (and night-
side) concurrently with the solar wind density enhancements. The opposite polarity of EEJ response during
the daytime and nighttime is the convincing evidence for electric field disturbances in the equatorial iono-
sphere, as, in general, the ionospheric dawn-dusk electric field is curl-free. It may be recalled that the EEJ
response during nighttime is significantly small (note the difference in y axis scale) due to very low
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conductivity in the nightside ionosphere. Another interesting observation to be noted here is, while the den-
sity exhibits a step-like increase (and remains at high level for several tens of minutes), the EEJ responds in a
spiky pulse-like variation with a duration of about ~20 min. The EEJ exhibits a quick increase (decrease) for
about ~5-7 min on dayside (nightside) and recovers to background levels within ~20 min.

3.2. PPEF Due to Solar Wind Density Reduction

Using the same selection criterion mentioned above, the events of sharp decreases in solar wind density were
also detected and corresponding changes in the EEJ are presented in this section. Figure 4 shows two typical
examples of density reductions that occurred without any significant changes in the other solar wind para-
meters during local daytime (left panels) and nighttime (right panels) periods over the Indian sector. It can
be observed from these figures that the AH variations exhibit decreases simultaneously with the density
reductions on both dayside and nightside. However, the corresponding EEJ response (bottom panels) is
prompt decrease and increase indicating the westward and eastward PPEF on the dayside and nightside,
respectively. The high-latitude convection maps from the SuperDARN HF radars for the same events are
shown in Figure 5. Noticeable decreases in the high-latitude convection field during both cases can be
observed from these figures in response to the sudden decrease in the solar wind density (Figure 4).

Similar to Figure 3, Figure 6 shows the superposed epoch analysis of solar wind density reductions and the
corresponding changes in the EEJ during both daytime (left panels) and nighttime (right panels) periods. It
can be clearly observed from this figure that the EEJ exhibits a pulse-like negative and positive excursions of
~20 min periods on dayside and nightside, respectively, in response to the step-like decrease in solar wind
density. Needless to say that the nightside response of EEJ is significantly small compared to dayside due
to very low ionospheric conductivity during nighttimes.

4. Discussion

The EEJ, which is a proxy to the equatorial zonal electric field, found to exhibit prompt response to the sharp
changes in the solar wind density. The important observations are briefly recalled here. (i) The EEJ exhibits
prompt enhancements and decreases indicating the eastward and westward PPEF disturbances on dayside
and nightside, respectively, in response to the sharp enhancements in the solar wind density. (ii) Further, the
EEJ also exhibits westward and eastward PPEF signatures on dayside and nightside, respectively, in
response to the sudden density reductions. (iii) While the solar wind density exhibits a step-like variation,
the corresponding response in EEJ is a brief pulse-like variation of ~20 min period. (iv) The high-latitude
dawn-to-dusk convection electric field also found to increase/decrease with the sharp increases/decreases
in the solar wind density.

A series of changes would take place in the coupled magnetosphere-ionosphere system in response to sud-
den increase/decrease of solar wind density. The sharp increase/decrease of density results in sudden
increase/decrease of solar wind dynamic pressure (Ppyy). The increase of Ppy, causes magnetosphere to
compress and the magnetopause stand-off distance decreases (Pudovkin et al., 1998). Further, magnetopause
currents would suddenly increase due to increased density. Both the magnetosphere compression and the
magnetopause currents would lead to sudden increase in the geomagnetic field measured from the
ground-based magnetometers (Araki, 1977, 1994). The sudden increases of AH values at both Tirunelveli
and Alibag in Figure 1 (fifth row, left panels) represent these effects. However, the interesting observation
to be noted here is that the AH increase at the equatorial station TIR (0.8° dip lat) is significantly higher than
that at the off-equatorial station ABG (10.5° dip lat) on the dayside (Figure 1, left panels). On the other hand,
the AH increase at TIR is smaller compared to that at ABG on the nightside (Figure 1, right panels). Since the
effects of magnetosphere compression and magnetopause currents do not expect to exhibit such a significant
latitudinal gradient within few (<10°) degrees apart (e.g., Kikuchi et al., 2001), the observed difference in the
AH increase between TIR and ABG is mainly due to the additional currents flowing in the ionosphere. It is
well known that the zonal current in the ionosphere is significantly enhanced over a narrow belt (+2-3°) of
latitudes centered on equator due to Cowling effect (Hirono, 1952), known as equatorial electrojet,
(Kane, 1974; Rastogi, 1977; Reddy, 1989). The EEJ is generally given as, EEJ = o, E,, where E, is the
dawn-to-dusk electric field in the ionosphere and o, is the Cowling conductivity, a scalar quantity propor-
tional to ionospheric Pederson and Hall conductivities which in turn are proportional to the
ionospheric electron density. Hence, the sense of EEJ mainly depends on the E,, while the magnitude of
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Figure 6. Same as Figure 3 except for the cases of sharp decreases in the solar wind density.

EEJ depends on both o, and E,. Therefore, the sharp increases/decreases in EEJ observed in Figures 1 and 4
are mainly due to the prompt eastward/westward disturbances in the ionospheric electric field (E,) on
dayside/nightside, respectively. This satisfies the curl-free condition of ionospheric electric fields. The
significantly smaller EEJ changes on nightside are further affirmative of electric field disturbances in
ionosphere and the resultant currents on the nightside are smaller compared to dayside due to the very
low ionospheric conductivity on the nightside.

Huang et al. (2008) have shown the similar prompt enhancements in the geomagnetic field and eastward
electric field disturbances (vertical E X B drifts) on dayside from the Jicamarca incoherent scatter radar in
response to the sudden enhancements in the Ppy,. Huang et al. (2008) have also shown the enhanced
high-latitude ionospheric convection in response to Ppy,, shock. They have discussed about the two possible
mechanisms driven by (i) Ppyy, shock causing over compression of magnetosphere and enhanced magneto-
pause currents and (ii) enhanced field-aligned currents and ionospheric currents. While the simultaneous
enhancement of magnetopause currents, field-aligned currents, and ionospheric currents are necessary,
Huang et al. (2008) have concluded that neither of the above two mechanisms can fully explain the observed
changes in the geomagnetic field and electric field disturbances. Later, Wei et al. (2012) have shown the
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coherent variation of cross polar cap potential (CPCP) in response to the solar wind density changes under
saturated polar cap conditions during a super geomagnetic storm of November 2003. While they conclude
that the full physical picture on the relationship between the solar wind density and PPEF cannot be clearly
identified, they, however, mentioned about the roles of parameters such as Ppyy, Alfven Mach number and
plasma beta parameters (e.g., Lopez et al., 2004; Wilder et al., 2009). Yu and Ridley (2011) also observed that
the cross polar cap potential changes considerably in the first few minutes after solar wind density
enhancement.

Lopez et al. (2004) have carried out MHD simulations under strong southward IMF (—20 nT) conditions and
found that the magnetic field (IMF) compression ratio across the low Mach number bow shock is strongly
affected by the solar wind density. A higher compression ratio across the bow shock causes greater amount
of magnetic energy is available in the magnetosheath. Thus, a stronger solar wind magnetic field is available
at magnetopause reconnection causing increased reconnection rate and high-latitude convection as well as
CPCP. However, this mechanism cannot explain the brief pulse-like variation of EEJ in response to the
step-like increase of density which remains at high levels for several tens of minutes. Ober et al. (2007) have
also shown, through MHD simulations, the transient pulse-like polar cap potential increase/decrease for
~25-30 min period in response to the sudden increase/decrease in the solar wind density, respectively.
They have interpreted the increased polar cap potential as a result of erosion of dayside closed magnetic flux
via enhanced (dayside) merging rate in response to the magnetospheric fast compression wave driven by
sudden density enhancement. Similarly, the decrease of polar cap potential is caused by the decrease in day-
side merging rate to accommodate the needed accumulation of closed magnetic flux during the expansion of
magnetosphere due to fast rarefaction wave driven by the sudden decrease in density (Ober et al., 2007). The
increase/decrease of polar cap potential indicates the enhancement/reduction in the high-latitude convec-
tion electric fields, respectively. However, the increase/decrease in dayside merging rate in response to sud-
den increase/decrease shown by Ober et al. (2007) are under strong southward IMF Bz (—12 nT) conditions.
The dayside merging rate either due to greater amount of magnetosheath fields (Lopez et al., 2004) or via
dayside magnetic flux erosion (Ober et al., 2007) is expected to significantly enhance under southward
IMF Bg conditions. In fact, both the above simulations studies are carried under strong southward IMF Bz
conditions. However, the dayside merging rate is not expected significantly enhance under northward
IMF Bz conditions (except a minor contribution from high-latitude lobe reconnection). It should be noted
here that the events of sharp density enhancements and reductions presented in Figures 3 and 6 correspond
to different background IMF Bz and By conditions. Nevertheless, the corresponding response of EEJ consis-
tently indicates the eastward (westward) PPEF in the dayside (nightside) for the cases of density enhance-
ments (Figure 3) irrespective of the background Bz and By conditions. Similarly, the opposite responses of
EEJ have found consistently for the cases of sharp density reductions (Figure 6) without any clear depen-
dency of the background IMF Bz and By conditions. It should also be mentioned here that the IMF Bz
and By often found to exhibit small fluctuations and/or deflections along with the sharp density
enhancements/reductions shown in Figures 3 and 6. One may recall that these changes in IMF Bz and By
are only small (i.e., IABzZlyomin < 10 nT and IABylgmin < 10 nT) because of our selection criteria for the
events mentioned in the previous section. However, with a view to further examine the effects of these small
IMF Bz variations on the PPEF disturbances during the sharp solar wind density changes, the events pre-
sented in the Figures 3 and 6 are further classified in to (i) slightly northward deflecting IMF Bz
(1 nT < ABziomin < 10 nT), (ii) slightly southward deflecting IMF Bz (—1 nT > ABZjomin > —10 nT), and
(iii) nearly steady IMF Bz (ABZ;omin Within +1 nT) conditions during the 10 min period from the time of sud-
den change in density (within 0 to 10 min epoch time). Figures 7a and 7b (top panels) show the changes
observed in EEJ (AEEJ) in response to the sharp density enhancements and reductions, respectively, as a
function of local time. Here, the AEE]J is defined as the maximum positive/negative excursion of EEJ within
10 min from the time of sudden change in the density (i.e., within zero to 10 min epoch time). The red and
blue circles represent the cases where the ABZ;gmin is southward (—1 nT > ABZgmin > —10 nT) and north-
ward (1 nT < ABZjomin < 10 nT), respectively. Whereas the black circles represent the cases where the IMF
Bz is nearly steady (i.e., ABZyomin Within +1 nT). It can be clearly seen from these figures that the EEJ
response is positive and negative during daytime and nighttime periods, respectively, for density enhance-
ments (left panel). Similarly, the EEJ response is negative and positive during daytime and nighttime peri-
ods, respectively, for density reductions (right panels). However, the magnitude of EEJ response during
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Figure 7. Changes observed in EEJ (AEEJ) in response to the sharp density enhancements (a, c¢) and reductions (b, d) as
a function of local time. The red and blue solid circles in the top panels (bottom panels) represent the cases

where the IMF Bz (By) exhibited small southward (duskward) and northward (dawnward) deflections, respectively,
during the time of sharp change in the density (i.e., 0 to 10 min epoch time). The black solid circles represent the cases
when the IMF Bz or By are steady. Please refer to text for more details.

nighttime periods is significantly smaller compared to daytime periods as the ionospheric conductivity is
very low during nighttimes. The interesting observation from Figures 7a and 7b is that the polarity of
electric fields disturbances (or EEJ changes) depend mainly on the local time without any dependence on
the these small IMF Bz changes at the time of density changes. In other words, the present results show
eastward (westward) PPEF on dayside (nightside) consistently occurred in response to sharp density
enhancements irrespective of small southward/northward deflections in IMF Bz. Huang et al. (2008) also
showed the similar enhancements in vertical ion (E X B) drift velocities on the dayside in response to
Ppyn shocks irrespective of IMF Bz polarity. Similar analysis is carried out to examine the effects of small
IMF By variations occurred during these events, as shown in Figures 7c and 7d (bottom panels). As can be
seen from these figures, the polarity of PPEF disturbances mainly depends on the local time without any
clear dependence on the smaller changes that occurred in IMF By. Hence, from the results presented in
Figure 7, one can conclude that the observed PPEF disturbances in EEJ are mainly due to the sharp
changes in the solar wind density without any clear effects due to the smaller changes in IMF Bz and By.

Araki (1994) has explained the ground magnetic field responses to geomagnetic SC as a combination of dis-
turbance low-latitude (DL) and disturbance polar (DP) fields. The sudden increase of Pp,, caused by
enhancement of density and/or velocity causes the increased magnetopause currents and also launches a
compressional hydromagnetic (HM) wave propagating toward Earth. The H component of ground magnetic
field increases during the passage of this compressional wavefront of finite thickness. The combined effects
of magnetopause currents and compressional wave give rises to a sharp step-like enhancement of geomag-
netic field at low latitudes, so called DL component. While the compressional wavefront is propagating
toward Earth, the inhomogeneity of plasma and magnetic field in the magnetosphere causes transverse
mode Alfven wave propagation and produces a current component along the field lines to high-latitude
ionosphere accompanied with dusk-to-dawn electric field (Tamao, 1964). This high-latitude dusk-to-dawn
electric field may penetrate to low latitudes nearly with a velocity light by the zeroth order transverse
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magnetic (TM) mode in the Earth-ionosphere waveguide (Kikuchi et al., 1978). When this Alfven wave
mode disturbance in the electric field is larger than the positive compressional wave, a brief impulse of
~1-2 min duration with negative and positive polarities can be observed, known as preliminary reverse
impulse (PRI) and preliminary positive impulse (PPI) depending on local time and latitude of the location
(Araki, 1994; Kikuchi & Araki, 1985).

Even after the passage of fast mode compressional wave, the enhanced solar wind dynamic pressure (due to
elevated density in the present case) behind the shock leads to the new compressed state of magnetosphere.
The compression due to the elevated solar wind density levels also causes the earthward flow of dayside mag-
netospheric plasma through viscous interaction (Axford & Hines, 1961). The viscous-like interaction
enhances the plasma flow parallel to the magnetopause. Hence, the velocity of plasma flow will be larger
near the magnetopause and magnetospheric flanks; and reduces as it moves toward the inner magneto-
sphere. This gradient in the plasma flow can induce flow shear in the dayside magnetosphere. Fujita
et al. (2003) and Kubota et al. (2015) have actually shown (through MHD simulations) the antisunward pro-
pagating plasma flow shear near the magnetospheric flanks and termed it as “Transit Cell Convection”. The
velocity shear drives field-aligned currents from dayside magnetosphere that flow into dawn ionosphere and
out from the dusk ionosphere, that is, in the same directional sense as Region 1 currents (Fujita et al., 2003;
Kubota et al., 2015). This transit cell convection is excited within the magnetosphere by the compression of
magnetospheric flanks and gradually decay in about ~20 min as the magnetospheric plasma flow slowly
adjusted to the new compressed state. Araki (1977, 1994) has also mentioned that the convection should
increase in order to adjust the new compressed state of magnetosphere during MI and the associated
field-aligned currents from dayside magnetosphere flow into dawn ionosphere and out from the dusk iono-
sphere. It should be noted that this convection is mainly driven by the compression of dayside magneto-
sphere and can occur under both northward and southward IMF Bz conditions. In fact, the transit cell
convection shown through MHD simulation by Fujita et al. (2003) is carried out under northward IMF Bz
(4.33 nT) conditions. However, the convection can significantly enhance during southward IMF Bz condi-
tions due to enhanced dayside merging rate (e.g., Lopez et al., 2004; Ober et al., 2007; Wei et al., 2012).
The resultant dawn-to-dusk electric field penetrates promptly to low latitudes and causes sharp PPEF distur-
bances of ~10-20 min (Araki, 1994; Kikuchi et al., 2001) and up to ~1 hr (Sastri, 2002) periods, known as MI.
Therefore, the low-latitude response during the sudden enhancement of Ppy,, (and/or density) is the combi-
nation of PPEF fields due to PI (DPp;) and MI (DPy,y) superimposed on step-like increase due to DL. While
the current source for DL remains in the magnetosphere, the DPp; and DPyy are due to currents flowing in
the ionosphere. Further, the ionospheric currents associated with DPp; and DPy; exhibit equatorial
enhancements due to Cowling effect (Hirono, 1952). Since the contributions from DL will be more or less
removed by subtracting the low-latitude geomagnetic field variations (AH at Alibag) from the equatorial
field variations (AH at Alibag), the resultant EEJ variations mainly represent the PPEFs due to PI and MI.
However, the brief ~1 min impulses due to PRI/PI are not consistently observed in the present observations,
which can be partly due to low (1-min) resolution of magnetometer data considered in this analysis. On the
other hand, the pulse-like EEJ perturbations of ~20 min periods agree with the penetration of dawn-to-dusk
electric field associated with MI. The dawn-to-dusk electric field is eastward in the dayside and westward in
the nightside, causing opposite responses of EEJ to the solar wind density enhancement, as shown in the pre-
sent analysis. Therefore, the present study further confirms the penetration of dawn-to-dusk convection
electric field to equatorial altitudes in response to sudden enhancements in solar wind density alone without
any significant changes in the velocity and IEFy. Further, this study also showcases the PPEFs of opposite
polarity in response to sharp reduction in the density, probably due to sudden reduction in convection elec-
tric fields in order to adjust for the rarefied state of magnetosphere (Araki & Nagano, 1988; Hori et al., 2015).

5. Conclusions

A systematic statistical study is carried out using long-term (2001-2018) observations of equatorial electro-
jet over the Indian sector to investigate the role of solar wind density on the prompt equatorial electric
field disturbances. The events of sharp solar wind density enhancements/decreases without significant
changes in the other solar wind parameters (such as velocity, IMF Bz, By, and IEFy) have been selected
to study the exclusive control of solar wind density on the PPEF disturbances in the equatorial iono-
sphere. It is found that the EEJ exhibits prompt increase (decrease) indicating the prompt eastward
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(westward) electric field disturbances in the dayside (nightside) equatorial ionosphere in response to the
sudden enhancements in the solar wind density. While the density exhibits a step-like increase (remains
to be high for several minutes after the increase), the responsive EEJ exhibits a spiky pulse-like variation
(sharp rise and fall) of ~20 min duration. Similar EEJ disturbances of opposite polarity have also been
observed in response to the sudden decrease of solar wind density. Further, the polarity of observed
changes in EEJ or equatorial electric field disturbances depends mainly on the local time and are inde-
pendent of the background IMF Bz and By conditions and their small variations. The responsible mechan-
isms for the observed EEJ disturbances can be attributed to the enhanced magnetospheric convection for
about ~20 min in response to sudden increase in solar wind pressure/density and the penetration of
dawn-to-dusk electric fields to low-latitudes.

Data Availability Statements

The SuperDARN convection map data are obtained from this site (http://vt.superdarn.org/tiki-index.php?
page=Conv+map+overview). The magnetometer data of Tirunelveli and Alibag can be obtained from
World Data Centre for Geomagnetism, Mumbai at this site (http://www.wdciig.res.in/).
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