
1. Introduction
Transient structures in the solar wind can induce significant disturbances in the Earth's magnetosphere-iono-
sphere system. Coronal mass ejections (CMEs), the large-scale magnetic structures emanated from the Sun, are 
of particular importance given their geo-effectiveness and have been studied in great detail (Balan et al., 2017; 
Cliver et  al., 2003; Gopalswamy, 2003, 2006; Gosling et  al., 1996 and references therein). Due to their high 
speeds, CMEs drive shocks on their transit through the interplanetary (IP) space. A typical IP CME structure 
consists of a forward shock, a magnetic cloud (MC), and a shock-sheath region sandwiched between the two 
(Burlaga et  al.,  1981,  1982,  1998; Gopalswamy,  2006; Lepping et  al.,  1990,  1997; Wang et  al.,  2003). The 
forward shock of a CME is typically characterized by a sudden enhancement in the solar wind velocity, temper-
ature, density, and magnetic field measured by spacecraft at L1-point. Due to the enhanced solar wind dynamic 
pressure, the forward shocks of CMEs when impinging on the Earth's magnetosphere transfer momentum and 
energy leading to a significant compression of Earth's magnetosphere and enhanced magnetopause currents 
(Araki, 1977, 1994; Ober et al., 2002; Russell, 1976). The geomagnetic field manifestations of IP shocks mainly 
comprise storm sudden commencements (SCs) and sudden impulses (SIs; Araki, 1977; Takeuchi et al., 2002). 
The SCs are characterized by a sudden enhancement in the geomagnetic field followed by a geomagnetic storm, 
whereas the SIs have a sharp increase (SI +) or decrease (SI −) in the geomagnetic field for a short duration (few 
minutes) and can occur during the storm or even outside the interval of a storm period (during quiet period; 
Carter et al., 2015; Nilam et al., 2020; Sastri, 2002; Sastri et al., 1995; Tulasi Ram et al., 2019). The rapid changes 
in the geomagnetic field during SCs and SIs can generate the geomagnetically induced currents (GICs) on the 
ground and can cause potential damages to electric power grids and long transmission lines (Baker, 2002; Carter 
et al., 2015; Oliveira et al., 2018; Pulkkinen et al., 2012; Takeuchi et al., 2002; Viljanen, 1998). The amplitude 
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change in geomagnetic field indicating the strong GICs at the geomagnetic equator due to a magnetic cloud 
structure in solar wind and reveals the underlying physical processes.
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of GICs is often represented by the rate of change of the geomagnetic field (dB/dt) on the ground. Generally, a 
typical value of 100 nT/min for dB/dt is considered to be the concerning value for the GIC risk on electrical power 
systems (Carter et al., 2015; Gaunt & Coetzee, 2007; Kappenman, 2005; Oliveira et al., 2018). The large values of 
dB/dt are usually observed at high latitudes due to the presence of strong auroral electrojet currents. Accordingly, 
the majority of the earlier studies on the SI and GIC impacts were focused at high latitudes, but the impacts of SIs 
on equatorial GICs have received relatively less attention.

Several studies have shown that the sudden geomagnetic field disturbances (SIs) are significant at equatorial 
latitudes although they are usually weaker compared to that at auroral latitudes (Nilam et al., 2020; Sastri, 2002; 
Sastri et al., 1995; Tulasi Ram et al., 2019). A strong jet of ionospheric current flows in the narrow band (±2°) of 
latitudes centered on the geomagnetic equator due to the enhanced Cowling conductivity known as an “Equatorial 
Electrojet.” During day time, this current flows in the eastward direction in the E-region of the equatorial iono-
sphere and maximizes around local noon (Kane, 1974; Rastogi, 1977; Reddy, 1989). Recent studies by Carter 
et al. (2015, 2016) have shown the severalfold amplifications of SIs at equatorial latitudes due to the equatorial 
electrojet during the fast IP shocks. Oliveira et al. (2018) have studied 547 IP shocks during two solar cycles 
(1995–2017) and found that the large dB/dt cases were generally associated with high-speed and nearly frontal 
IP shocks. They have identified nine equatorial GIC events with the dB/dt > 100 nT/min and were all associated 
with high-speed forward shocks of CMEs, impinging the magnetosphere at a low impact angles. All the nine 
events were SCs followed by the geomagnetic storms. The studies of Carter et al.  (2015, 2016) and Oliveira 
et al. (2018) suggest the importance of high-speed CME forward shocks and their impact angles for the large dB/
dt at equatorial latitudes. These aspects facilitate the forecast of risk alerts to the power system operators based 
on the upstream solar wind parameters in ∼30–60 min advance (Oliveira et al., 2018).

In this paper, we present a unique observation of a large negative SI (SI −) at the equator in response to a sudden 
drop in solar wind density at the front boundary of a MC during an intense geomagnetic storm on 31 March 
2001. This SI − exhibited a dB/dt value of 136 and 19.1 nT at 1-min and 5-s scales, respectively, at the equator in 
response to a sudden decrease of solar wind density by ∼16 particles/cm 3. Such an extremely large negative SI 
at the equatorial station is very rare. Therefore, understanding the physical mechanisms responsible for such a 
large negative SI is very important for GIC risk forecasters. Our study emphasizes the extent of SI − that can occur 
at equatorial latitudes during MC and unveils the responsible physical mechanisms through magneto-hydro-dy-
namic (MHD) model simulations.

2. Data
A total of 86 ground-based magnetometer observations from INTERMAGNET (https://www.intermagnet.org/) 
and World Data Center for Geomagnetism (http://wdc.kugi.kyoto-u.ac.jp/), the Kyoto University were considered 
to study the geomagnetic field variations during the 31 March 2001 storm. The solar wind parameters observed 
by the ACE spacecraft (time shifted to bow-shock nose) and SymH index data at 1-min resolution were obtained 
from the NASA OMNI-Space Physics Data Facility (https://omniweb.gsfc.nasa.gov/). Further, a pair of magneto-
meter observations from the Indian equatorial station, Tirunelveli (Geog. Lat 8.7°N and Geog. Long 77.81°E), 
and low-latitude station, Alibag (Geog. Lat 18.64°N and Geog. Long 72.87°E), were analyzed. The geomagnetic 
latitudes of Tirunelveli and Alibag (computed using the quasi-dipole-based coordinate system and coefficients of 
all-spherical harmonic degrees of International Geomagnetic Reference Field for the epoch 31 March 2001) are 
0.34°S and 10.03°N, respectively. The ΔH values at Tirunelveli (ΔHTIR) and Alibag (ΔHABG) are computed by 
subtracting the internal field and solar quiet current contributions (average diurnal variation of five international 
quiet days in that month) for comparison with Sym-H. The magnetometer observations at Tirunelveli are avail-
able at 1-min and 5-s time resolutions, whereas the magnetometer observations at Alibag are available at 1-min 
resolution.

3. Results
Figure  1 shows the UT variations of solar wind parameters (IMF B, Bz, velocity, temperature, density, and 
dynamic pressure) and ground observations, such as, SymH, ΔHTIR, and ΔHABG, during 31 March 2001. The 
arrival of CME forward shock can be noted in solar wind parameters around 0114 UT (Figures 1a–1e) and the 
occurrence of SC can be seen in SymH, ΔHTIR, and ΔHABG (Figure 1f). The main phase of the storm has started 
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around ∼0410 UT with the southward turning of IMF Bz. Both the SymH and ΔHABG are steadily decreasing, 
however, with a positive offset in the ΔHABG (in the morning to noon sector) compared to the longitudinally 
averaged SymH. In contrast, the equatorial ΔHTIR exhibits positive values till 0600 UT and more or less mimics 
the variations in solar wind density and/or dynamic pressure. The event of interest here, a sudden decrease in 
density by about 16 particles/cm 3 (Figure 1e), occurred during 0605–0610 UT (marked by a black vertical line). 
This drop in density is associated with the front boundary of the MC as one can see the clear MC signatures, like 
enhanced B (Figure 1a), smooth rotation of Bz (Figure 1b), steady decrease of velocity (Figure 1c), low temper-
atures (Figure 1d), and sharp decrease in density (Figure 1e) (Burlaga et al., 1981; Klein & Burlaga, 1982; Wang 
et al., 2003). In response to this drop in density, the ΔHTIR (Figure 1f) exhibited a sharp decrease of ∼350 nT (in 
just 5 min). On the other hand, the low latitude ΔHABG (Figure 1f) exhibited only a small decrease of ∼82 nT over 
the same longitude/local time sector during this period. Figure 1g shows the variation of |dB/dt| at Tirunelveli 
derived at 5-s resolution. Please note that the B in this study is the same horizontal component of geomagnetic 
field (𝐴𝐴 𝐴𝐴 = 𝐴𝐴𝐻𝐻 =

√

𝐴𝐴2
𝑥𝑥 + 𝐴𝐴2

𝑦𝑦) , where Bx and By are the northward and eastward components, respectively. One can 
observe that the |dB/dt| at Tirunelveli exhibits a large value of 19.1 nT/5 s at 0608 UT, which is very unusual for 
a location outside the auroral region. The corresponding change at 1-min time resolution is 136 nT/min.

Further, with a view to compare the dB/dt at Tirunelveli with other locations over the globe, the magnetometer 
observations from 86 INTERMAGET stations were analyzed for dB/dt at different locations as shown in Figure 2. 

Figure 1. Universal time variations of upstream solar wind parameters, (a) IMF B; (b) IMF Bz; (c) velocity; (d) temperature; 
(e) density, pressure, and ground geomagnetic field variations; (f) SymH, ΔHTIR, ΔHABG; and (g) |dB/dt| at Tirunelveli during 
the great geomagnetic storm of 31 March 2001. The black vertical dashed line indicates the time of sharp density reduction at 
the front boundary of a magnetic cloud.
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Here, the dB/dt at all the locations are computed at 1-min time resolution for comparison. The red and blue color 
circles represent the positive and negative changes (SI + and SI −), respectively, and the size of circles indicates 
the magnitude of dB/dt. The black curve represents the geomagnetic equator and the x axis is shown in local time 
corresponding to this event (0608 UT). The dB/dt is mostly positive at auroral latitudes (over northern USA, 
Canada, and Europe) on the nightside and mostly negative above and below the auroral region. Interestingly, 
the dB/dt at Tirunelveli is the largest value (−136 nT/min) compared to all other available locations barring a 
southern high-latitude station, Argentine Island (AIA), where the dB/dt is ∼600 nT/min. The large dB/dt at AIA 
could be due to strong auroral currents in the midnight sector; however, further discussion on changes at AIA 
is beyond the scope of this paper. Further, it is interesting to note that the dB/dt values in the close vicinity of 
geomagnetic equator (the black curve) are clearly negative on the dayside and slightly positive on the night side. 
Also, the magnitude of dB/dt is maximized at Tirunelveli around the noon sector compared to other sectors. On 
the other hand, the dB/dt at the low-latitude station Alibag (about 10° away from the equator) is significantly 
smaller (−25 nT/min) over the same local time sector. These results clearly indicate that the amplitude of SI − in 
response to a sudden density drop at MC is significantly enhanced at equatorial latitudes of noon sector and is 
comparable or even higher than that at high latitudes.

4. Discussion
A sudden decrease in the solar wind density and/or withdrawal of dynamic pressure causes rapid relaxation 
of magnetosphere from a previously compressed state and retreat of magnetopause currents. These changes in 
the magnetosphere manifest as a geomagnetic SI − at low to midlatitudes. Interestingly, the dB/dt at the equator 
is −136 nT/min, which is more than five times larger compared to dB/dt of −25 nT/min at Alibag (Figure 2). 
However, the effects of magnetosphere expansion and the reduction in magnetopause current do not expected 
to exhibit such a large difference between the two stations separated by about ∼10° apart. This clearly indicates 
the dominant role of equatorial ionospheric currents contributing for the observed difference between the two 
stations.

Further, with a view to compare the observed changes at Tirunelveli and Alibag with the global-scale low-lati-
tude ring current index SYM-H, we have calculated the ratios of dB/dt to d(Sym-H)/dt for these two stations as 
shown in Figure 3. One can clearly see from this figure that the dB/dt is significantly amplified (78 times) with 
respect to d(Sym-H)/dt at Tirunelveli compared to that at Alibag (∼25 times) in response to the sudden drop in 
the solar wind density (black vertical dashed line) at 0608 UT. Therefore, this large equatorial enhancement in 
dB/dt observed at Tirunelveli can be primarily attributed to the change in EEJ in response to the sudden decrease 

Figure 2. Peak dB/dt observed during the period 0605-0610 from 86 magnetometer stations across the globe. The size of 
the circle represents the magnitude of SI; the red and blue colors represent the SI + and SI −, respectively. The black curve 
represents the geomagnetic equator. The x axis shown in local time corresponds to 0608 UT.
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in solar wind density. Carter et al. (2015) and Oliveira et al. (2018) also have shown that the magnitude of SI is 
amplified several times at the equator due to the equatorial electrojet and maximizes around noon time.

Now, we focus our investigation on the physical mechanisms responsible for the observed changes in the EEJ 
in response to the density drop at MC. For this purpose, we performed the MHD model simulations using the 
Block-Adaptive-Tree-SolarWind-Roe-Upwind-Scheme (BATSRUS) model coupled with the Ring Current Model 
(RCM) under the Space Weather Modeling Framework (SWMF; Liemohn et al., 2018; Ridley & Liemohn, 2002; 
Tóth et al., 2005). The RCM modifies the plasma pressure distribution in the inner magnetosphere and changes the 
resulting field-aligned currents in the ionosphere and thus yields more realistic Region-1 and Region-2 currents 
when coupled with the BATSRUS model (Harel et al., 1981; Liemohn et al., 2018; Toffoletto et al., 2003). The 
BATSRUS model also couples with the Ridley Ionosphere Model (RIM) to solve the ionospheric electrody-
namics (Haiducek et al., 2017; Morley et al., 2018; Pulkkinen et al., 2013; Ridley, 2004). The BATSRUS model 
simulations are carried out with the OMNI time-shifted solar wind inputs on the Community Coordinated Mode-
ling Center (CCMC) platform and the results are presented in Figure 4. Figures 4a and 4b shows the Bz variation 
in the GSM-XY plane at 0604 and 0608 UT, respectively. One can observe that the magnetosphere is highly 
compressed with magnetopause that is below 6 Re (Earth radii) and bow shock is around 10 Re at 0604 UT due 
to strong dynamic pressure by the shock-sheath region of ICME. The Bz in the magnetosheath region is strongly 
southward (∼−150 nT) due to strong compression in the magnetosheath region. At 0608 UT, the magnetopause 
is expanded to >6.5 Re and the bow shock is swiftly shifted to nearly 20 Re in response to a sudden decrease in 
density at the front boundary of MC. In fact, the dayside magnetosphere is not expanded significantly (magneto-
pause is shifted by only ∼0.5–1 Re); however, the magnetosheath region exhibited a dramatic expansion of nearly 
10 Re from a highly compressed state prior to the MC. As a result, the Bz flux density in the magnetosheath 
region is reduced significantly as can be seen from the figure.

It is well known that the transfer of solar wind energy into the Earth's magnetosphere–ionosphere system is 
largely controlled by the southward IMF Bz through the dayside magnetic reconnection. In fact, the Bz in the 
magnetosheath region actually determines the reconnection rate at magnetopause and the energy transfer to the 
magnetosphere (Kataoka et al., 2005). To closely observe the variations of Bz near the dayside reconnection 
(magnetopause) region, the variations of Bz at 6–7 Re from the MHD simulation are plotted in Figure 4d. The 
corresponding variations of upstream solar wind density (blue curve), velocity (green curve), and IMF Bz (red 
curve) are shown in Figure 4c. One can see that both the solar wind velocity and IMF Bz are more or less steady 
at 700 km/s and −40 nT, respectively, throughout this period. The Bz at 6–7 Re is strongly southward till 0604 
UT (prior to the MC), representing the magnetosheath region and indicating that the magnetopause is pushed 
below 6 Re due to strong compression. Ober et al.  (2002) have also shown that the magnetosphere is highly 
compressed and the magnetopause is under the geosynchronous orbit during this storm period using satellite 
observations (Figure 3 of Ober et al., 2002). With the sudden decrease in density at 0605 UT, the Bz at 6–6.5 Re 

Figure 3. UT variation of dB/dt to d(Sym-H)/dt ratios at Alibag and Tirunelveli stations.
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sharply reverses to northward. The northward Bz at 6–6.5 Re represents the geomagnetic field, indicating that 
the magnetopause is retraced to >6.5 Re in response to the density decrease at MC. The Bz at 6.75 Re (and 7 Re) 
also sharply recovered from −140 to −7 nT (and −50 nT) but remains southward. This indicates that the magneto-
pause where the dayside magnetic reconnection occurs is shifted to a location between 6.5 and 6.75 Re. Note that 
even the upstream IMF Bz is more or less steady (with a small increase in southward direction, Figure 4c),  the 
magnetosheath Bz field at 6.75 Re has reduced by nearly 20 times due to the decrease in density (Figure 4d). This 
decrease in magnetosheath Bz field reduces the dayside reconnection rate at magnetopause and causes a sharp 
reduction in the high-latitude convection. Figure 4e shows the sharp reduction of cross polar cap potential at both 
Northern (CPCP-N) and Southern (CPCP-S) Hemispheres. This clearly indicates that the dayside reconnection 
rate and the high-latitude convection electric fields are sharply reduced with the decreased density at the front 
boundary of MC. Lopez et al. (2004) and Kataoka et al. (2005) have also shown that the steady and strong south-
ward Bz conditions during geomagnetic storms can lower down the Mach number to a level where the solar wind 
density takes the control of the dayside reconnection rate and polar cap potential. Ober et al. (2007) have shown 
that the decrease of CPCP is caused by the decrease in the dayside reconnection rate to accommodate the needed 
accumulation of closed magnetic flux during the fast rarefaction wave driven by the sudden decrease in density. 
The decrease in the reconnection rate causes a sharp reduction in the high-latitude convection electric field and 
leads to a situation where the shielding electric field dominates, known as the overshielding condition (Kikuchi 
et al., 1996, 2003). The convection and shielding electric fields communicate with the high-latitude ionosphere 
via region-1 and region-2 field-aligned currents, respectively (Nishida, 1968; Senior & Blanc, 1984). Figure 5 
shows the region-1 and region-2 field-aligned currents from the MHD simulation. The strong region-1 currents 
(flows inward at dawn and outward at dusk) prevailing during 0604 UT (prior to the MC) were reduced and the 
region-2 currents (flows inward at dusk and outward from dawn) become dominant at 0612 UT with the decrease 
in density at MC. The dominant region-2 currents indicate the strong westward-shielding electric fields, which 
penetrate promptly to the low latitudes via TM0 mode propagation through the Earth-ionosphere waveguide 
(Kikuchi et  al.,  1996, 2003). The westward prompt penetration electric fields (PPEF) cause a sharp negative 
perturbation in the equatorial B-field due to the enhanced Cowling conductivity and the equatorial electrojet. 

Figure 4. Results of magneto-hydro-dynamic (MHD) simulation using the Block-Adaptive-Tree-SolarWind-Roe-Upwind-Scheme model coupled with the Ring Current 
Model. Panels (a) and (b) show the variation of Bz in the GSM-XY plane during 0604 and 0608 UT, respectively. (c) Variations of upstream solar wind velocity (green), 
density (blue), and IMF BZ measured at L1-point. (d) Bz variations at 6–7 Re from the MHD simulation. (e) Cross polar cap potential (CPCP) variations at Northern 
and Southern Hemispheres as a function of UT.
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Therefore, the large SI − observed at Tirunelveli is mainly due to the strong westward PPEF in response to sharp 
reduction in the solar wind density at MC through a sudden reduction in convection electric fields (dominance of 
shield fields) via a reduction in the dayside reconnection rate.

The MHD model used in this study also provides the simulated ground dB/dt values at the selected locations 
under the SWMF. For this purpose, the model computes the sum of magnetic field perturbations originating from 
the magnetosphere, contributions from field-aligned currents, and the contributions from the Hall and Pederson 
currents in the ionosphere using the Biot-Savart technique (Kwagala et al., 2020; Yu & Ridley, 2008). It uses 
the RIM to solve the ionospheric electrodynamics, and the ionospheric conductance is calculated by taking the 
solar irradiance and field-aligned current from the BATSRUS model (Haiducek et al., 2017; Morley et al., 2018; 

Figure 5. Radial currents from magneto-hydro-dynamic simulations using the Block-Adaptive-Tree-SolarWind-Roe-
Upwind-Scheme model coupled with the Ring Current Model representing the Region-1 and Region-2 currents at Northern 
(left panels) and Southern (right panels) Hemispheres (poleward of 50°) during 0604 UT (top panels) and 0612 UT (bottom 
panels).
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Pulkkinen et al., 2013; Ridley, 2004). Figure 6 shows the peak dB/dt values between 0605 and 0610 UT from the 
model at those 86 locations shown in Figure 2. One can see from Figure 6 that the model dB/dt values exhibit 
significantly large values at high latitudes due to auroral electrojet currents. However, the model-simulated dB/dt 
values below the auroral latitudes are smaller compared to the magnetometer observations shown in Figure 2. For 
example, the peak dB/dt values at Alibag and Tirunelveli are ∼8 and 43 nT/min in the model results compared 
to magnetometer observations of −25 and −136 nT/min, respectively. This difference between the model-com-
puted dB/dt and magnetometer observations could be one of the limitations of the MHD model in capturing the 
magnetic field perturbations associated with PPEF and EEJ disturbances at the equatorial and low latitudes.

5. Conclusions
Equatorial GICs can be of similar magnitudes to that at high latitudes and are equally important. This study 
reveals that a sharp decrease in density at the front boundary of MC can cause large GICs at equatorial latitudes of 
the magnitudes that concern to the electric power systems under suitable conditions. Under the prevailing strong 
southward IMF Bz conditions (low Mach number), the variation of density controls the dayside reconnection rate 
and the convection electric field through the modulation of magnetosheath magnetic field. In such conditions, a 
sudden drop in the density, such as at the front boundary of MC, can lead to a sharp reduction in convection and 
dominance of shielding electric fields. The westward-shielding fields penetrate promptly to the low latitudes and 
the resultant SI − will be amplified several times at the equator via the equatorial electrojet causing a large dB/
dt. This study provides new insights into the equatorial GICs and the responsible mechanisms, which have direct 
applications in forecasting the GIC risk alerts to the power system operators.

Data Availability Statement
The magnetometer data of INTERMAGNET and WDC Kyoto University stations can be downloaded from 
https://www.intermagnet.org/data-donnee/download-eng.php and http://wdc.kugi.kyoto-u.ac.jp/caplot/index.
html, respectively. The solar wind and SymH index data were obtained from NASA OMNI—Space Physics Data 
Facility (https://omniweb.gsfc.nasa.gov/form/omni_min.html). The magnetometer observations of Tirunelveli 
and Alibag are available from WDC Mumbai at http://wdciig.res.in/WebUI/MinData.aspx. The simulation 
results provided by the Community Coordinated Modeling Center (CCMC) at Goddard Space Flight Center 
through their public Runs on Request system are available at https://ccmc.gsfc.nasa.gov/results/viewrun.php?do-
main=GM&runnumber=Nilam_Bhosale_070721_1. The BATSRUS model tools developed at the University 
of Michigan's Center are available under the Space Weather Modeling Framework at https://clasp.engin.umich.
edu/research/theory-computational-methods/swmf-downloadable-software/ and model runs can be carried out 

Figure 6. Same as Figure 2, except that the dB/dt values are computed by the magneto-hydro-dynamic model.
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through CCMC platform at https://ccmc.gsfc.nasa.gov/models/modelinfo.php?model=SWMF/BATS-R-US%20
with%20RCM.
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