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Abstract In this paper, we have evaluated the role of interplanetary magnetic field (IMF) By on the
asymmetry of the ring current during the main phase of geomagnetic storms. The mean H variations have
been calculated using 31 ground magnetic stations over magnetic latitudes of 09–45° following the
methodology of Li et al. (2011, https://doi.org/10.1029/2011JA016886). Further, the magnetic local time
(MLT) variations in the H component at these stations w.r.t. the meanHwere investigated for three cases of
geomagnetic storms with varying southward IMF Bz and IMF By conditions. Significant ring current
asymmetries were observed during the main phase of geomagnetic storms. The primary role of IMF Bz on
the asymmetry of the ring current is observed from these cases. More importantly, the investigation brings
out for the first time, the additional role of IMF By in influencing the MLT distribution of ring current
observed at ground magnetic stations. Under southward IMF Bz conditions, it is shown based on
SuperDARN and AMPERE data that IMF By can alter the MLT distribution of ring current under suitable
conditions. The timescales of IMF By also play very important role in determining the asymmetry in the
ring current. Under steady convection state, IMF By can rotate the convection cells based on its polarity,
which in turn can change the MLT distribution of ring current observed by low‐latitude ground stations.
This investigation, thus, brings out the important role of IMF By on the asymmetric MLT distribution of ring
current under southward IMF Bz.

1. Introduction

The interaction between solar wind and terrestrial magnetic fields is central to the studies of the effects of
geomagnetic storms. During the southward interplanetary magnetic field (IMF) Bz condition in the solar
wind, magnetic reconnection occurs between IMF Bz and the geomagnetic field which allows the transfer
of energy from solar wind to the Earth's magnetosphere (Dungey, 1961; Gonzalez et al., 1994; Gonzalez &
Tsurutani, 1987; Tsurutani et al., 1988). This reconnection is the primary cause of the geomagnetic
storms. The global depression in H component of the geomagnetic field is observed on the ground during
a geomagnetic storm. This H depression is mainly caused by the westward ring current encircling the
Earth ~2 to 7 RE and is formed by the energetic ions (~1 keV to approximately a few hundred keV)
and electrons moving in opposite directions because of gradient and curvature drifts (Baumjohann &
Treumann, 1996; Daglis et al., 1999; Hamilton et al., 1986). It is found that the ions with energies
<50 keV contribute more significantly to the ring current than those with higher energies during the
main phase of the storm and high energy protons dominate during the recovery phase and quiet times
(Zhao et al., 2015).

The ring current is known to be asymmetric during the main phase of a geomagnetic storm and is character-
ized by dawn‐dusk asymmetry with the dusk current being stronger than dawn current (Ebihara &
Ejiri, 2000; Fok et al., 1996; Liemohn, Kozyra, Clauer, et al. 2001; Liemohn et al., 1999; Liemohn, Kozyra,
Thomsen, et al., 2001). The dawn‐dusk asymmetry in the ring current during disturbed time has been known
for sometime (Sugiura & Chapman, 1960) and is generally attributed to be due to the generation of partial
ring current (PRC) (Akasofu & Chapman, 1964; Cummings, 1966; Fukushima & Kamide, 1973; Kawasaki
& Akasofu, 1971) during the main and early recovery phase of the storm. However, it was found that
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most of the disturbance field part in PRC comes from the near‐Earth field‐aligned portion of the current loop
(Crooker & Siscoe, 1981). Crooker and Siscoe (1981) further suggested that the cause of the asymmetry at low
and middle latitude is the systematic twisting between Region‐1 (R1) and Region‐2 (R2) field‐aligned cur-
rents (FACs). Global MHD simulations have shown that the dynamo of R1 FACs in the high‐latitude bound-
ary layer of outer magnetosphere is activated by high pressure plasma which is accumulated around the cusp
and R1 dynamo moves hot plasma from plasma sheet to inner magnetosphere and this hot plasma assisted
by gradient and curvature drifts causes PRC (R2 FAC dynamo) (Tanaka, 1995). Iijima and Potemra (1976)
studied the average distribution of FACs and suggested the PRC closure through the R2 FACs. Thus, PRC
is the primary cause of the dawn‐dusk asymmetry in the groundH component and is associated with the clo-
sure through R2 FACs.

Tsuji et al. (2012) studied the local time (LT) distribution of ΔH during storm time and suggested that the
dawn‐dusk asymmetry of the ring current over low latitudes (10–35°) is due to the PRC, while over mid-
dle latitudes (35–55°) it is related to the DP2 fluctuations due to the convection electric field associated
with R1 FACs on the dayside. It is found that during the main phase and early recovery phase most of
the ring current is partial, closing through FACs into the polar ionosphere (Liemohn, Kozyra, Clauer,
et al., 2001; Liemohn, Kozyra, Thomsen, et al., 2001). Li et al. (2011) through statistical study found that
the PRC is located at dusk sector ~1800–2000 magnetic local time (MLT) and its contribution to ring cur-
rent gradually decreases as the intensity of the storm increases. Shi et al. (2006) studied the effect of solar
wind dynamic pressure enhancements on the asymmetric ring current and found that the pressure
enhancement significantly increases the already existing strong asymmetry in the ring current during
the main phase of the storm. Weygand and McPherron (2006) studied the dependence of ring current
asymmetry on the storm phase by using Sym‐H and Asym‐H ratio and found that during the main phase,
symmetric and asymmetric ring current grow together. Recently, Veenadhari et al. (2019) have shown
that the PRC enhancement during southward IMF Bz with long duration (~8 hr) and attributed it to
the storm time substorms.

Earlier studies have shown that the ring current is highly asymmetric during the main and early recovery
phase and becomes symmetric during the recovery phase (DeForest &McIlwain, 1971). There are many cur-
rent systems (e.g., Chapman‐Ferraro current, symmetric ring current, PRC, tail current, and ionospheric cur-
rents) which contribute to the ground H component during the geomagnetic storm. These currents have
different origin and effects at different MLTs. Several studies have addressed the question of the different
sources affecting the symmetric H component during the main phase of the magnetic storm (Alexeev
et al., 1996; Tsyganenko & Sitnov, 2005; Turner et al., 2000). Yu et al. (2010), using groundmagnetic observa-
tions and global MHD simulations, showed that the variations in the northward component of geomagnetic
field at low latitudes are mostly caused by magnetospheric currents, especially ring current. Several studies
have examined the southward IMF Bz effects on ring current (Gonzalez et al., 1994; Kumar et al., 2015;
Liemohn et al., 1999; Liemohn, Kozyra, Thomsen, et al., 2001; Lopez et al., 2009; Russell et al., 2001;
Siscoe et al., 2004). Although there exists many studies that show the importance of IMF Bz (e.g., Liemohn
et al., 1999; Liemohn, Kozyra, Thomsen, et al., 2001) and the solar wind dynamic pressure (e.g., Shi
et al., 2006) on the asymmetry of the ring current, the role of IMF By on ring current asymmetry has not been
explored enough. There are very few studies on the effects of IMFByon ring current (e.g.,Mitchell et al., 2013).
Mitchell et al. (2013) using simulation study suggested that the IMF By plays an important role in the ring
current intensity as positive IMF By can increase the transpolar potential. However, they did not investigate
the IMF By effects on ring current asymmetry. There are some studies which have shown that the changes in
IMF By significantly modify the high‐ (Cumnock et al., 1992; Tulasi Ram et al., 2019) and low‐latitude
(Chakrabarty et al., 2017; Tulasi Ram et al., 2019) convection patterns under southward IMF Bz conditions.
Heelis (1984) suggested that under southward IMF Bz condition the convection patterns get highly distorted
depending upon the changes in magnitude and polarity of IMF By. Weimer (2001) has also shown that the
FACs vary as the IMF clock angle changes and how FACs affect the associated electric potential pattern. It
is shown that IMF By can introduce asymmetries in dayside convection and currents due to longitudinal
stresses on reconnected magnetic field lines at the magnetopause (Greenwald et al., 1990; Saunders, 1989).
Further, Saunders et al. (1992) have shown that the response of IMF By to IMF Bz associated with reconnec-
tion is seen within minutes near noon and later toward dawn and dusk. It was suggested that the
high‐latitude FACs can establish a strong polar‐equatorial coupling during disturbed times, which makes
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the low‐latitude fields fluctuate and sometimes can reverse their direction
(Nopper & Carovillano, 1978). Some studies have demonstrated that the
IMF By can influence the location of substorm onset and the morphology
of associated nightside flows (Grocott et al., 2010; Milan et al., 2010).
Further, Grocott and Milan (2014) extensively studied the IMF By influ-
ence on ionospheric convection and showed that for negative IMF By
the electrodynamical divider of convection cells is approximately aligned
with the noon‐midnight meridian and for positive IMF By the divider is
rotated clockwise. It has also been found that the time history of IMF plays
an important role in governing the dynamics of the system specially in
respect to the influence of IMF By, which is known to introduce
dawn‐dusk asymmetry in the magnetosphere‐ionosphere system
(Grocott et al., 2010; Milan et al., 2010; Murr & Hughes, 2007). It is also
well known that IMF By component can significantly change the FACs
distribution (Anderson et al., 2008; Carter et al., 2016; Tulasi Ram
et al., 2019).

Earlier studies have shown IMF By effects on convection pattern using
SuperDARN data (Grocott & Milan, 2014; Heelis, 1984; Ruohoniemi &
Greenwald, 2005; Saunders et al., 1992) and FACs (Anderson et al., 2008;
Carter et al., 2016; Nopper & Carovillano, 1978; Weimer, 2001). It is well
established that ring current is asymmetric during the main phase of the
magnetic storms (Ebihara & Ejiri, 2000; Fok et al., 1996; Liemohn,
Kozyra, Clauer, et al. 2001; Liemohn et al., 1999; Liemohn, Kozyra,
Thomsen, et al., 2001) due to the generation of PRC (Akasofu &
Chapman, 1964; Cummings, 1966; Fukushima & Kamide, 1973;
Kawasaki & Akasofu, 1971). PRC is the primary cause of the dawn‐dusk
asymmetry in the ground H component and is associated with the closure
through R2 FACs (Iijima & Potemra, 1976). It has been found that IMF By
component can significantly change the FACs distribution (Anderson
et al., 2008; Carter et al., 2016; Tulasi Ram et al., 2019) and the
high‐latitude convection patterns (Grocott & Milan, 2014; Heelis, 1984;
Ruohoniemi & Greenwald, 2005; Saunders et al., 1992). Thus, it is
expected that IMF By can affect the MLT distribution of ring current
asymmetry. However, it remained to be investigated how changes in
IMF By during southward IMF Bz condition modify the ring current
asymmetry. In this work, an attempt has been made to understand the

effect of IMF By on MLT distribution of the ring current asymmetry. We have carefully picked few cases
with different IMF By conditions under varying southward IMF Bz to investigate how ring current asymme-
try behave under these conditions.

2. Data Set and Methodology

In order to study the evolution of ring current during the course of magnetic storms, the ground magnetic
variations at low and middle latitudes are often used as a proxy. Ring current intensity and geomagnetic dis-
turbances are described by hourly Dst index (Sugiura & Kamei, 1991) and 1‐min resolution Sym‐H index
(Iyemori et al., 1992). It is to be noted here that for calculating Sym‐H and Asym‐H, only six groundmagnetic
stations, unevenly distributed in longitude and latitude, are used. Hence, these indices are not enough to
capture the spatial/longitudinal asymmetry in the ring current. Therefore, to address the ring current asym-
metry more accurately, 31 ground magnetic stations (http://www.intermagnet.org/data‐donnee/download‐
eng.php) covering low to middle latitudes (09–45°) have been considered in the present analysis. Table 1
shows the list of all the stations used in the present analysis along with their geographic and corrected geo-
magnetic (CGM) coordinates. CGM coordinates have proven to be excellent tools in organizing geophysical
phenomena controlled by the geomagnetic field. The ΔH of each station is calculated by subtracting 5 quiet
days' average value as given in the below equation.

Table 1
List of Geomagnetic Observatories With Their IAGA Code and Geographic
and Corrected Geomagnetic Latitude and Longitude Used for the
Present Analysis

Station name
IAGA
code

Geog.
lat

Geog.
long

CGM
lat

CGM
long

Alibag ABG 18.64 72.87 12.08 145.46
Apia API −13.8 188.22 −15.6 262.65
Alice Springs ASP −23.76 133.88 −33.59 207.89
Beijing Ming
Tombs

BMT 40.3 116.2 34.99 190.05

Stennis Space
Centre

BSL 30.4 270.4 41.2 340.95

Chambon la
Foret

CLF 48 2.3 43.33 79.19

Charters Towers CTA −20.1 146.3 −29.08 220.48
Fresno FRN 37.1 240.3 42.98 303.97
Guimar‐Tenerife GUI 28.32 343.56 17.17 60.51
Hartebeesthoek HBK −25.88 27.70 −35.74 96.46
Hermanus HER −34.4 19.2 −42.33 82.9
Honolulu HON 21.30 202 21.32 270.06
Jaipur JAI 26.91 75.8 21.55 149.06
Kakioka KAK 36.23 140.19 29.31 212.04
Kakadu KDU −12.6 132.5 −21.73 204.86
Kanoya KNY 31.42 130.88 24.87 203.51
Kourou KOU 5.21 307.27 9.46 23.62
Learmonth LRM −22.22 114.1 −32.46 186.53
Lanzhou LZH 36.08 103.84 30.96 177.23
M'Bour MBO 14.38 343.03 20.17 57.39
Memambetsu MMB 43.9 144.2 37.12 215.74
Phuthuy PHU 21.03 105.96 14.16 177.96
Pamatai PPT −17.6 210.4 −16.72 285.42
San Juan SJG 18.11 293.85 27.46 10.73
San Pablo‐
Toledo

SPT 39.5 355.6 31.9 71.78

Tamanrasset TAM 22.79 5.53 9.22 78.37
Tihany THY 43.1 17.9 37.28 91.46
Trelew TRW −43.3 294.7 −29.94 4.92
Tsumeb TSU −19.2 17.58 −30.16 88.12
Tucson TUC 32.2 249.2 39.76 314.86
Vassouras VSS −22.4 316.35 −19.63 23.7
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ΔH ¼ H −Hq
cos φ

(1)

where H is a northward component and Hq is the average of 5 quietest days of that month (obtained from
WDC Kyoto, http://wdc.kugi.kyoto‐u.ac.jp/aeasy/index.html) at a particular station and φ is the magnetic
latitude of that station.

Once ΔH is obtained from Equation 1, then the mean variation ΔHm is calculated using a method described
by Li et al. (2011). This method is different from the traditional Sym‐H and Asym‐H calculations (Iyemori
et al., 1992), wherein cosine of the average latitude of all the stations is used.

ΔHm ¼ 1
N
∑N

n¼1ΔH (2)

where n is the variable that characterizes the number of stations and the N is the total number of stations
(maximum value of n). Dipole‐based approximation is invalid in defining MLT for the CGM coordinate
system. Therefore, another approach in defining MLT for CGM coordinate system, provided by NASA
Omniweb (https://omniweb.gsfc.nasa.gov/vitmo/cgm.html), is used. In this approach, it is assumed that
at some UT instance, the local geographic meridian is at 0000 LT and the station is behind the geographic
pole w.r.t. the Sun. If Earth rotates through an angle, in such a way that the station's local CGM meridian
is moved to 0000 MLT, then the station is behind the CGM pole w.r.t. the Sun and this UT instance would
be a local MLT midnight in UT. The solar wind interplanetary data like IMF Bz, IMF By, and solar wind
dynamic pressure (Psw) were observed at 1 AU by combination of one or more spacecraft like Advanced
Composition Explorer (ACE) or Wind and obtained from CDAWeb (https://cdaweb.sci.gsfc.nasa.gov/cgi‐
bin/eval1.cgi). The Sym‐H (symmetric H index) and Auroral indices AU (eastward auroral electrojet)
and AL (westward auroral electrojet) have been taken from WDC Kyoto (http://wdc.kugi.kyoto‐u.ac.jp/
aeasy/index.html). The solar wind interplanetary data and ground data like Sym‐H, AU, and AL have
1‐min temporal resolution. The convection map data from the Super Dual Auroral Radar Network
(SuperDARN) of HF radars have been considered in this study to examine the high‐latitude convection
cells. Multiple HF radars provide coverage over larger area, and this large data set is used to generate glo-
bal scale maps of ionospheric convection using a modified spherical harmonic fitting technique
(Ruohoniemi & Baker, 1998; Shepherd & Ruohoniemi, 2000). SuperDARN data are obtained from the
website (http://vt.superdarn.org/). Active Magnetosphere and Planetary Electrodynamics Response
Experiment (AMPERE) uses continuous and global magnetic data from nearly polar orbiting satellites
of Iridium constellation to derive the global distribution of FACs. The Iridium system of satellites (>70)
has a polar orbit with an altitude of 780 km orbiting in six equally spaced orbital planes with at least 11
satellites in each plane. Each satellite carries an engineering magnetometer and measures the magnetic
field perturbations. The radial currents into and away from the ionosphere are derived from the curl of
spherical harmonic fit to the magnetic perturbations (Anderson et al., 2000, 2014). AMPERE data are
obtained from the website http://ampere.jhuapl.edu/ and are used in the present study.

3. Results

We are presenting three cases of geomagnetic storm events with varying southward IMF Bz to investigate the
IMF By effect on MLT distribution of ring current asymmetry as observed by ground magnetic stations.
These three cases pertain to the main phase of moderate to intense geomagnetic storms.

Figure 1a shows the solar wind parameters in GSM coordinates along with AU, AL, and Sym‐H indices dur-
ing the magnetic storm of 1 June 2013. The variation of IMF Bz, IMF By, solar wind dynamic pressure (Psw),
AU, AL, and Sym‐H is shown in Figure 1a from top to bottom, respectively. The 1 June 2013 storm is an
example of intense geomagnetic storm with Sym‐H < −100 nT. IMF Bz was long and steadily southward
for the investigated interval (0200–0700 UT) with magnitude ~−20 nT. IMF By was positive for most of
the interval except during 0310–0330 UT and close to 0630 UT, when it turned negative for short durations.
IMF By was strongly positive withmagnitude of ~15 nT at ~0400 UT. Solar wind dynamic pressure (Psw) had
a small enhancement around 0330 UT, when Psw gradually reached close to ~6 nPa and was constant at
~3–4 nPa for the rest of the interval. AU and AL indices showed fluctuations after 0215 UT. AL index
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showed intensification after 0230 to 0400 UT; there was again strong depression in AL around 0430 UT
suggesting strong substorm activity. The variation in Sym‐H in Figure 1a shows development of the main
phase in response to the southward IMF Bz condition.

Figure 1b shows another example of long southward IMF Bz phase of geomagnetic storm on 10–11 April
2015. Figure 1b from top to bottom shows the variation of IMF Bz, IMF By, Psw, AU, AL, and Sym‐H.
IMF Bz was southward throughout the interval under consideration with magnitude of ~−10 nT. The
IMF By was positive, and its magnitude was decreasing with the time. However, its polarity did not change
during this interval. The Psw was almost constant from 2100 UT on 10 April 2015 to 0300 UT on 11 April
2015. It increased from 0300 UT onward on 11 April 2015. Auroral indices did not show any significant var-
iations until 0100 UT on 11 April 2015. There was a weak and ephemeral intensification in AL around 0100
UT on 11 April 2015. However, this can hardly be qualified as due to the significant substorm activity con-
sidering the minimum magnitude of AL. Sym‐H index can also be seen decreasing during the considered
interval in response to the IMF Bz. This is an example of moderate geomagnetic stormwith Sym‐H~−50 nT.

Figure 1c from top to bottom shows the IMF Bz, IMF By, Psw, AU, AL, and Sym‐H variation for the
27 August 2014magnetic storm. IMF Bz was southward withmagnitude around−10 nT throughout the con-
sidered interval. IMF By was negative initially from 0500 to 1200 UT. It changed polarity from 1200 to 1330
UT with small positive value of ~5 nT. Psw was constant throughout the interval except 1500 UT, with a
small peak (~5 nPa). There was not much variation in AU and AL indices initially from 0500 to 1000 UT.
However, after 1000 UT, AL and AU index shows gradual intensification suggesting a period of enhanced
steady convection. The minimum value of Sym‐H was ~−80 nT.

Figure 1. Variation in the interplanetary parameters and geomagnetic indices for geomagnetic storms on (a) 1 June 2013, (b) 10–11 April 2015, and (c) 22 January
2012. Each panel from top to bottom shows IMF Bz (in nT), IMF By (in nT), solar wind dynamic pressure, Psw, (in nPa), auroral indices AU and AL (in nT),
and Sym‐H (in nT).
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Figure 2 shows ΔH variations along with ΔHm of some selected individual stations at different MLTs during
the magnetic storm of 1 June 2013. For the sake of brevity, only one typical example of 1 June 2013 is shown
here. The blue curve shows the ΔH of the corresponding station, and black curve is the mean variation ΔHm

of all the stations listed in Table 1. The time written in brackets at each panel shows the corresponding MLT
of that particular station at 0700 UT (marked with vertical red line), and number written in degrees is the
CGM latitude of that station. The main phase started around 0200 UT. It can be seen in Figure 2 that at
the peak of the storm ~0700 UT there is a clear dawn‐dusk asymmetry as the stations located at dawn sector
(0300–0700 MLT) (TRW, KOU, GUI, and HER) show positive ΔH deviations with respect to ΔHm. On the
other hand, the stations located at dusk sector (1700–2100 MLT) (CTA and HON) show negative ΔH devia-
tions with respect to ΔHm. All the stations are showing positive/negative ΔH deviations w.r.t. ΔHm at dawn/
dusk side throughout the main phase, which is a typical feature of ring current asymmetry. In order to see
the effect of storm intensity on ring current asymmetry, we compared the maximum andminimum values of
ΔHasy = ΔH− ΔHm for the minimum value of Sym‐H during the time interval shown in Figure 1. This ΔHasy

is the difference between the H component (blue curve of Figure 2) of the individual station and the ΔHm

(black curve of Figure 2). For event 1 June 2013 (SymHmin = −119 nT at 0630 UT), ΔHasy max = 98 nT

Figure 2. The variations of ΔH component with mean ΔHm over different MLT sector for 1 June 2013. The black line is
the mean ΔHm component over all stations, and the blue line shows the ΔH variation at the individual station.
The time written in brackets shows the MLT of each individual station corresponding to 0700 UT, and number written
in each panel represents the CGM latitude of that particular station.
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and ΔHasy min = −73 nT. Similarly, for 11 April 2015 (SymHmin = −60 nT at 0350 UT), ΔHasy max = 48 nT
and ΔHasy min = −34 nT, and for 27 August 2014 (SymHmin = −80 nT at 1500 UT), ΔHasy max = 67 nT and
ΔHasy min = −40 nT. It can be seen that the intensity of ring current asymmetry depends on the intensity of
storm (IMF Bz). The other two storms also show the same features of ring current asymmetry as Figure 2 but
with less intensity.

Figure 3a shows the IMF Bz (pink color) and IMF By (black color) in the top panel for 1 June 2013. These are
reproduced in all panels (a–c, all the three events) of Figure 3 for ready reference. The bottom panel shows
the deviations of ΔHasy with 1‐min resolution for the magnetic storm of 1 June 2013 during the main
phase with corresponding MLT (Y axis) and UT (X axis). The horizontal dashed lines represent the dawn
(0300–0700 MLT) and dusk sector (1700–2100). The color code shows the magnitude of ΔHasy deviation.
It can be seen from the bottom panel of Figure 3a that there is a clear asymmetry in the ring current.
During 0230 UT, the ΔHasy deviations in dawn sectors are strongly positive, and at the same time, the
afternoon and dusk sectors show negative deviations. IMF By was strongly positive during 0400–0600 UT.
Around 0500 UT, it can be seen that MLT sector of 2100–2400 has some positive ΔHasy deviations contrary
to the expected negative deviations as per dawn‐dusk asymmetry.

Figure 3b top panel shows the IMF Bz and IMF By, and the bottom panel shows the ΔHasy deviations with
UT andMLT for 10–11 April 2015. It can be seen from Figure 3b that there is asymmetry in the ring current.
However, it does not appear as strong as observed in 1 June 2013. The reason is that it has less magnitude of
IMF Bz compared to 1 June 2013magnetic storm and both are shown in same color scale for the sake of com-
parison. IMF By was positive throughout the considered interval. It can be seen around 2200 UT, the dawn
sector has positive ΔHasy deviations (shown by green and yellow color). However, after 2300 UT the positive
ΔHasy deviations can be seen moving toward afternoon sector and negative ΔHasy deviations can be seen
moving from afternoon to dusk sectors. A clear and strong ring current asymmetry can be seen after
0100 UT, when dawn sector shows strong positive ΔHasy deviations (red color) and afternoon to dusk sector
shows negative deviations (cyan color).

Figure 3c top and bottom panel shows the IMF Bz, IMF By, and ΔHasy deviations with UT and MLT for 27
August 2014 geomagnetic storm, respectively. It can be seen from Figure 3c there is a strong ring current
asymmetry after 0600 UT. IMF By was negative till 1200 UT. Interestingly, after IMF By turned positive,
the positive ΔHasy deviations shifted from dawn to afternoon sector.

Figure 3. The top panel shows the variation of IMF Bz and By, and the bottom panel shows the variation of ΔHasy with MLT and onset time (UT) during the main
phase of the magnetic storms (a) 1 June 2013, (b) 10–11 April 2015, and (c) 27 August 2014. Time resolution is 1 min. Color bar shows the strength of ΔHasy.
Horizontal dashed lines represent 0300–0700 MLT and 1700–2100 MLT.
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4. Discussion

In order to examine the IMF By role on ring current asymmetry, three cases of geomagnetic storms with
steady southward IMF Bz are investigated in this work. Although indications of the possible IMF By effects
on the ring current asymmetry are captured by Figure 3 and the maximum/minimum ΔHasy deviations are
seen to deviate from the expected dawn and dusk sectors in varying degrees when IMF By is positive under
southward IMF Bz conditions, further attempts are made to confirm this. The results from these efforts will
be discussed in the ensuing section.

Figure 4 brings out the role of IMF By on ring current asymmetry. In this figure, the MLT location of max-
imum and minimum ΔHasy values is plotted with IMF By. Figure 4 shows the MLT location of maximum
(red color) and minimum (blue color) ΔHasy values with IMF By for (a) 1 June 2013, (b) 10–11 April 2015,
and (c) 27 August 2014. Each point in Figure 4 corresponds to 1‐min sampling data. It can be seen from
Figure 4a that minimumΔHasy deviations aremostly in the afternoon sector andmaximumΔHasy deviations
are in dawn sector. It is interesting to note that during positive IMF By some peak ΔHasy values can be seen
in dusk sector. These are the points when asymmetry was weak and started developing (around 0200 UT,
Figure 3a). The polarity of IMF By was mostly positive during the considered interval (Figure 1a). It was
negative for very short interval, and therefore, fewer number of data points are there corresponding to nega-
tive IMF By. It is also to be noted that IMF Bz was very strong (~−20 nT) during this interval. It has been
suggested that for strong southward IMF Bz, the magnetosphere is quickly able to reach an equilibrium state
such that the other solar wind parameters have very little effect on the system under these circumstances
(Grocott &Milan, 2014). It can be seen from Figure 4a that the usual dawn‐dusk asymmetry is observed very
clearly due to very strong convection. Figure 4b shows the variation of MLT location of maximum and
minimum ΔHasy deviation with IMF By for 11 April 2015. In this case the IMF By was positive throughout
the considered interval (Figure 1b). It can be seen from Figure 4b that with increasing magnitude of positive
IMF By, themaximumΔHasy deviations shift from the dawn sector to the afternoon sector and theminimum
ΔHasy deviations shift from the dusk sector to the afternoon sector. IMFBz in this case was negative (<−9 nT)
throughout the interval. However, it is to be noted that IMFBywas positive for ~20 hr (not shownhere). It has
been shown that the history of IMFwith timescales anywhere up to 12 hr is expected to play a very important
role in governing the dynamics of the magnetosphere ionosphere system particularly in respect to the influ-
ence of IMF By (Grocott & Milan, 2014; Grocott et al., 2007; Milan et al., 2006). In 10–11 April 2015 storm,
IMF By had significant timescale to alter the magnetosphere ionosphere system. Figure 4c shows the varia-
tion of MLT location of maximum and minimum ΔHasy deviation with IMF By for 27 August 2014. In this
case, polarity of IMF By was negative mostly with some positive variation for couple of hours (Figure 1c).

Figure 4. Variation of MLT location of maximum and minimum values of ΔHasy deviation shown by red and blue color, respectively, with IMF By for (a) 1 June
2013, (b) 10–11 April 2015, and (c) 27 August 2014. Time interval shown is same as Figure 1.
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IMF Bz was southward with values ~−12 nT throughout the considered interval. It can be seen from
Figure 4c that for large negative IMF By the maximum ΔHasy deviations are scattered across the
dawn‐morning sector and the minimum ΔHasy deviations are scattered across the dusk sectors. During this
interval the ring current asymmetry was developing (Figure 3c). However, for positive IMF By values, max-
imum ΔH deviations are located at prenoon sector and minimum ΔHasy deviations are located in the dusk
sector as now the asymmetry was well developed (Figure 3c). In this case IMF By was positive for very short
interval of time. Therefore, it is clear from Figure 4b that under southward IMF Bz, positive IMF By with sui-
table timescales (~12 hr) has discernible effect in shifting the MLT of the ring current asymmetry.

In order to support the IMF By effects on ring current asymmetry, high‐latitude convection patterns,
obtained from SuperDARN of HF radars, are investigated. Further, to examine the possible changes in the
high‐latitude FACs, the derived radial currents from the AMPERE have been considered. Figures 5–7 cap-
ture a few important features of these observations carefully selected to show different variations and com-
binations of IMF By. It will not be convenient to show the convection maps for the entire interval.

Figure 5 shows the convection maps obtained from SuperDARN network (a–c) and radial current density
obtained from AMPERE (d–f) for 1 June 2013. Figure 5a shows convection map for 0300–0302 UT.
During this interval, IMF By was positive. The sizes of the dawn (red) and dusk cells (blue) were comparable
at this time. Figure 5d shows the radial current density derived from the AMPERE measurements. Red and
blue color shows the upward (away) and downward (into) currents, respectively. Thus, the currents at high
latitude (inner circle) represent the R1, and the lower latitude (outer) represents the R2 FACs. It can be seen
that the FACs are stronger in afternoon and prenoon sector. Figure 5b shows the convection maps for 0314–
0316 UT. IMF By was negative during this time interval. The size of the dawn cell appears to get slightly big-
ger at this time due to the increased convection. The electrodynamical divider between these cells is roughly
aligned to noon‐midnight meridian. FACs distribution can also be seen changed as dusk and dawn sector
current becomes stronger. Figure 5c shows the convectionmaps for 0416–0418 UT. IMF By was positive dur-
ing this interval. The dusk cell at this time almost engulfed the dawn cell that shrunk significantly in size.
Dusk cell size has increased significantly. Therefore, there is significant change in size of the convection cells
as IMF Bz was strong southward. Figure 5c shows the dusk cell expansion toward noon to prenoon sector. At
the same time, from Figure 5f it can be seen that FACs distribution has also changed significantly as now
stronger currents can be seen in noon sector compared to previous (Figure 5e) distribution. The currents
are enhanced in dawn, afternoon, and dusk sectors.

Figure 6a shows the convectionmaps for the time interval 2200–2202 UT for 10 April 2015. IMF By was posi-
tive during this interval. The magnitude of IMF Bz was small; thus, convection cells are not as strong as in
the case of 1 June 2013. Nevertheless, the dusk cell is much bigger than the dawn cell similar to Figure 5c. In
addition, the electrodynamic boundary between the dawn and dusk cells is not aligned with the
noon‐midnight boundary and seems to have undergone a clockwise rotation similar to Figure 5c. At the
same time, the FACs distribution (Figure 6d) shows asymmetry as the dawnside FACs are much stronger
than the dusk ones. Figure 6b shows the convection maps for the time interval of 2340–2342 UT. IMF By
was positive, and the magnitude of southward IMF Bz also increased during this interval. It can be observed
that convection cells have gotten bigger and undergone further clockwise rotation. From Figure 6e it can be
seen that FACs in the afternoon‐midnight sector are weakened significantly. Figure 6c shows the convection
cells for 0102–0104 UT for the 11 April 2015. Southward IMF Bz was strong during this interval, and IMF By
was positive. It can be seen from Figure 6c the convection cells are now even stronger and bigger in size with
clockwise extension in MLT region at higher latitudes. The relative changes in the size of the dawn and dusk
cells might have been due to the changes in the relative magnitudes of IMF Bz and IMF By (Heelis, 1984;
Ruohoniemi & Greenwald, 2005; Tanaka, 2007). Figure 6f shows there is significant modification in FACs
distribution during this interval. The region of stronger FACs seems to have rotated clockwise, and at this
point of time, dawn to midnight sector currents are stronger than other sectors. It can also be seen from
Figures 6a and 6b the electrodynamical divider between these cells underwent a clockwise rotation from
the original noon‐midnight line which is consistent with earlier observed positive IMF By effect (e.g.,
Chakrabarty et al., 2017; Heelis, 1984; Ruohoniemi & Greenwald, 2005; Tanaka, 2007).

Figure 7a shows the convection cells of 1102–1104 UT for 27 August 2014. IMF By was negative during this
interval. It can be seen that the dusk cell is stronger than dawn cell. The electrodynamic divider between
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Figure 5. SuperDARN ionospheric convection maps along with DP2 contours during (a) 0300–0302 UT, (b) 0314–0316 UT, and (c) 0416–0418 UT on 1 June 2013.
AMPERE‐derived radial current densities during (d) 0300 UT, (e) 0316 UT, and (f) 0416 UT on 1 June 2013. Here red and blue color shows the upward
(away) and downward (into) currents, respectively.
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Figure 6. Same as Figure 5 except the date and time interval. SuperDARN plots during (a) 2200–2202 UT, (b) 2340–2342 UT, and (c) 0102–0104 UT on 10–11 April
2015. AMPERE‐derived radial current densities during (d) 2200 UT, (e) 2340 UT, and (f) 0102 UT on 10–11 April 2015.
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Figure 7. Same as Figure 5 except the date and time interval. SuperDARN plots during (a) 1102–1104 UT, (b) 1202–1204 UT, and (c) 1310–1312 UT on 27 August
2014. AMPERE‐derived radial current densities during (d) 1102 UT, (e) 1202 UT, and (f) 1310 UT on 10–11 April 2015.
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the dawn and dusk cells seems to be grossly aligned with the noon‐midnight line. Figure 7d shows the
FACs distribution for the same interval, and it can be seen that the currents are stronger in the afternoon
and dusk sectors. Figure 7b shows the convection map for 1202–1204 UT. The IMF By was negative during
this interval, and electrodynamical divider between these cells can be seen approximately aligned with
noon‐midnight meridian. The similar rotation in FACs can be seen from Figure 7e as now currents are
stronger in dawn and afternoon sectors compared to other sectors. Figure 7c shows the convection cells
for the 1310–1312 UT. IMF By was positive during this interval. The IMF By was positive for very short
interval ~1 hr. Therefore, no significant rotation of convection cells was observed from Figure 7c.
Although the relative size of dawn cell has increased whereas size of dusk cells has decreased compared
to Figure 7b. It can also be seen from Figure 7f that FACs distribution has also been changed in accordance
with convection cells.

Although the potential contours in the SuperDARN convection maps are synthetically generated and super-
imposed and depends upon the number of velocity vectors observed (Cousins & Shepherd, 2010;
Ruohoniemi & Baker, 1998; Ruohoniemi & Greenwald, 2005; Shepherd & Ruohoniemi, 2000), the maps
do provide an idea about the relative size and orientation of the dawn and dusk cells in response to changes
in solar wind parameters like IMF Bz and By. It should be noted that the velocity vectors from SuperDARN
HF radar observations are very less in some cases shown here. Hence, the constructed maps are based on
convection model. These maps may have some uncertainty in the size and shape of the convection cells.
However, in the present study, we are interested in the rotation of the convection cells, and these maps do
provide an idea about the relative rotation of these convection cells. Grocott and Milan (2014) have exten-
sively studied the role of IMF clock angle and the IMF timescale on the ionospheric convection. They found
that the nature of ionospheric convection changes with the IMF clock angle and if the timescale, that is, the
length of time that a similar clock angle has been maintained, increases, then the observed convection pat-
terns evolve away significantly from the averaged patterns. As the rotation of the dawn and dusk cells as well
as the FACs corresponding to the changes in IMF By for the three events under consideration is consistent
with the existing understanding (Anderson et al., 2005, 2008; Carter et al., 2016; Grocott & Milan, 2014;
Heelis, 1984; Ruohoniemi & Greenwald, 2005; Tanaka, 2007), the important role of positive IMF By during
these events is strengthened further. Therefore, deviations from the dawn‐dusk asymmetry as revealed by
Figures 3 and 4 corresponding to positive IMF By provide credence to the important role played by IMF
By in modifying the ring current asymmetry. The storm time convection strengthens the ring current during
themain phase of the storm (Gonzalez et al., 1994; Miyoshi & Kataoka, 2005; Tsurutani et al., 1988), and ring
current is asymmetric due to the generation of storm time PRC (Fukushima & Kamide, 1973; Kawasaki &
Akasofu, 1971), and a dawn‐dusk asymmetry is observed (Liemohn, Kozyra, Clauer, et al. 2001; Liemohn
et al., 1999; Liemohn, Kozyra, Thomsen, et al., 2001). PRC is associated directly to R2 FACs through its clo-
sure in ionosphere (Brandt et al., 2008; Iijima & Potemra, 1976). Further, changes in IMF By under south-
ward IMF Bz can significantly change the MLT distribution of the dawn‐dusk convection cells
(Heelis, 1984; Tanaka, 2007) and FACs (Anderson et al., 2005, 2008; Carter et al., 2016) which in turn
changes the MLT distribution of ring current asymmetry observed at ground magnetic stations under suita-
ble conditions.

5. Summary

In this work, we investigated three cases of varying southward IMF Bz geomagnetic storms using 31 ground
magnetic stations (09–45° MLat) to identify the IMF By effects on ring current asymmetry. It is found that
under southward IMF Bz, a clear asymmetry persists in the ring current throughout the main phase. The
intensity and the duration of southward IMF Bz play a very important role in the ring current. Under strong
convection (high magnitude of southward Bz) the effect of other parameters is not clearly observed. IMF By
with longer timescale (~12 hr or more) has shown to change the MLT distribution of the ring current
observed at ground. Positive (negative) IMF By can rotate the electrodynamical boundary between the dawn
and dusk convection cells clockwise (counter clockwise). IMF By also changes the MLT distribution of asso-
ciated FACs. Thus, the maximum andminimum ΔHasy deviations (Figure 4) changeMLT distribution as per
the convection cell rotation and FACs distribution. This in turn alter the MLT distribution of ring current
asymmetry. Therefore, the effects of IMF By and its timescales on the ring current asymmetry need to be stu-
died in more detail using observation and simulations.
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