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A broad climatology of very high latitude substorms

Anand K. Singh ⇑, A.K. Sinha, Rahul Rawat, Bulusu Jayashree, B.M. Pathan, Ajay Dhar

Indian Institute of Geomagnetism, Kalamboli Highway, New Panvel (W), Navi Mumbai 410218, India

Received 20 December 2011; received in revised form 27 July 2012; accepted 30 July 2012
Available online 8 August 2012
Abstract

Magnetic data from a newly commissioned Indian Antarctic station Bharati (corrected geomagnetic (CGM) coordinates 74.7�S,
97.2�E) and closely-spaced IMAGE chain observatories (�100� magnetic meridian in Northern hemisphere) has been analyzed to study
the climatology of substorms which were localized poleward of the standard auroral oval. We considered four austral summers (year
2007–2010) when data from Bharati was available. Several very high latitude substorms were observed in this duration when the solar
activity remained unexpectedly low for a long time. Various features of very high latitude substorms, e.g., local time dependence, inter-
planetary state, hemispherical asymmetry and their nightside low latitude signatures are examined. Events studied here, suggested the
following properties of substorms occurring at very high latitudes: (1) maximum occurrence was observed near magnetic midnight
(21:00–02:00 MLT). (2) In contradiction to earlier reports, many substorms were observed even during negative IMF Bz condition.
In addition, majority of substorms occurred during low or moderate solar wind streams. (3) Magnetic signatures were often pronounced
in the winter hemisphere. (4) Even if widely used standard AE indices fail to monitor very high latitude substorms, their low latitude
signatures are often evident.
� 2012 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Substorm; AE indices; Positive bay; Pi2 pulsations
1. Introduction

The solar wind continuously buffets the Earth’s magne-
tosphere and deposits enormous amount of energy into the
magnetotail due to the solar wind magnetosphere interac-
tion. Magnetic field lines on the day side of the Earth’s
magnetosphere connect with oppositely directed interplan-
etary magnetic field (IMF) lines, which are subsequently
dragged to the night side magnetotail region by the solar
wind (Dungey, 1961). The storage of magnetic and particle
flux in the magnetotail is the first stage of a substorm activ-
ity, which is known as growth phase (McPherron, 1972).
The stored energy is explosively released into the inner
magnetosphere during next stage of a substorm called
onset or expansion phase, followed by recovery phase
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(Akasofu, 1964). Auroral latitudes (magnetic 60�–70�) are
the most severely affected region due to a substorm activity.
Nevertheless, nearly all regions of the magnetosphere
undergo significant magnetic and electric field changes dur-
ing substorms (McPherron et al., 1973a; Sastri, 2002).

A fraction of tail current is diverted into the inner mag-
netosphere along the magnetic field lines during the course
of a substorm, entering from the dawn and flowing back to
the tail on the dusk side via night side auroral ionosphere
(McPherron et al., 1973b). The strong ionospheric current
flowing from the dawn to the dusk (i.e., westward) casts
dramatic magnetic field changes at night side auroral lati-
tudes. In addition to it, the high latitude two cell convec-
tion pattern, observed as an effect of ionospheric plasma
convection (Clauer and Kamide, 1985), perturbs the mag-
netic field in other local times at auroral latitudes. Nor-
mally, an eastward flowing ionospheric current in the
dusk hours is observed at auroral latitude due to the two
cell convection pattern, which in turn enhances the mag-
netic field during the course of a substorm.
rved.
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Disturbances in the horizontal (H) components,
observed at selected 10–12 longitudinally distributed auro-
ral observatories in the northern hemisphere (magnetic lat-
itude range �65�–71�), have been used over several decades
to derive various auroral electrojet (AE) indices to monitor
substorms (Davis and Sugiura, 1966). The upper envelop of
the H component disturbances is called as AU index, which
is a measure of the maximum intensity of the eastward elec-
trojet. The lower envelop of H disturbances, AL index,
gives an idea of the maximum intensity of the westward
electrojet. The difference between AU and AL is termed
as AE index which is expected to represent the maximum
intensity of the auroral electrojet. The three indices,
AU ;AL and AE, are collectively known as AE indices.

Often during a substorm, both eastward and westward
electrojets get intensified – AU index increases rapidly,
whereas AL index shows even sharper depression. The
AE index (AU–AL) attains sharp positive values during a
substorm. It is known that the intensification of the west-
ward auroral electrojet is closely related to the substorm
activity (e.g. Meng and Akasofu, 1968). As a result, the
AL index is the most suitable index for studying the
dynamics of magnetospheric substorms (Dobias and
Wanliss, 2009).

Despite the fact that substorms initiate at night side
auroral latitudes, they cause fairly noticeable magnetic dis-
turbances at mid and low latitudes as a result of changes in
tail current and field-aligned currents (McPherron et al.,
1973a; Ritter and Lühr, 2008). A typical positive bay in
the H component having the maximum amplitude
�10 nT near the onset meridian and decreasing amplitude
towards the dawn and dusk is often observed at mid/low
latitudes due to the substorm current wedge (McPherron
et al., 1973a). The disturbance in D component is asymmet-
ric about the onset meridian having maximum amplitude
on the dusk and minimum amplitude on the dawn
(McPherron et al., 1973a).

Different magnetic signatures of a substorm in different
local times at low/mid latitudes invoked computation of
asymmetric (ASY) indices for monitoring of substorms
(Iyemori, 1990). A substorm appears as a positive bay in
ASYH and ASYD indices, which correlate well with the
AE indices. However, in addition to substorm currents,
various other current systems, e.g., partial ring current
(Shi et al., 2005), ionospheric currents driven by intense
solar flares (Singh et al., 2012a) or prompt penetration of
interplanetary electric field (Singh et al., 2012b), etc. can
substantially modify substorm signatures in the ASY

indices.
At the onset of substorms, Pi2 pulsations in the period

range 40–150 s (frequency range 7–25 mHz) are often
observed at mid and low latitudes over a wide range of lon-
gitude. It makes Pi2s as a good indicator of substorm onset
(Olson, 1999).

The auroral oval is often confined between 60�–70� mag-
netic latitude (Newell et al., 2002), however it expands
equatorward and contracts poleward in accordance with
changes in IMF, solar wind pressure variations and level
of geomagnetic activity (Allen and Kroehl, 1975; Kamide
and Akasofu, 1983). Sometimes, onset of a substorm and
its various manifestations are localized beyond the stan-
dard auroral oval, as a consequence the AE stations may
not be able to monitor substorm electrojets precisely (e.g.
Kamide and Akasofu, 1983; Singh et al., 2011). Earlier
reports suggest that substorms, localized poleward of the
standard auroral oval, are quite frequently observed in
the winter hemisphere during the descending phase of a
solar cycle (Loomer and Gupta, 1980; Papitashvili et al.,
2002). In an event based study Lui et al. (1976) demon-
strated that a substorm localized poleward of the standard
auroral oval during contraction and normal substorms (ini-
tiated in the auroral region) represent the same physical
phenomenon. The high latitude substorm (mag. lat.
�70.4�) presented by Lui et al. (1976) did not exhibit the
typical low latitude characteristics.

It is a general belief that the substorm disturbances are
mirror images in the opposite hemispheres, though conju-
gate auroral observations have shown significant asymme-
tries between the two hemispheres during a substorm
(Laundal and Østgaard, 2009; Østgaard et al., 2007;
Stenbaek-Nielsen et al., 1972; Newell et al., 2010). However,
limited availability of magnetic records in Southern auroral
region (most of the oval region being in ocean) restrains the
study of conjugate characteristics of auroral electrojets
(Maclennan et al., 1991; Weygand and Zesta, 2008).

Geomagnetic data from Antarctic station Bharati
(BHA) and its near-conjugate IMAGE chain station Hors-
und (HOR) provide an opportunity to investigate very high
latitude substorms characteristics during the recent
extended solar minimum (Nandy et al., 2011). BHA and
HOR are located in opposite hemispheres at �74� mag-
netic latitudes and have about an hour MLT difference.
Moreover, using magnetic data from Alibag (ABG) obser-
vatory, low latitude signatures of such substorms have been
examined.

2. Data set and events selection

Third Indian Antarctic station Bharati at Larsemann
Hill (geographic coordinates 69.4�S, 76.2�E) is being estab-
lished in Antarctica. However, during last four Indian Sci-
entific Expeditions to Antarctic (year 2007–2010), Digital
Flux-gate Magnetometer (DFM) was operated at BHA
during austral summers to monitor geomagnetic field fluc-
tuations. The variations in the geomagnetic field compo-
nents H ;D and Z were sampled at 1 h, 1 min and 1 s
intervals. As shown in the top panel of Fig. 1, around
100 days good quality data was collected at BHA in this
duration.

The geomagnetic location of BHA (CGM latitude
74.7�S) is ideally suited for the study of substorms localized
poleward of the standard auroral oval. The Indian station
BHA and IMAGE chain station HOR lie nearly in same
magnetic flux tube and form a near-conjugate pair. Hourly,



Fig. 1. Top panel: availability of magnetic records at BHA during last four summer expeditions (year 2007–2010). Austral summer months (December to
March) are shown on the X-axis and bars in different shades show number of days when data was recorded. Bottom panel: magnitudes of H depressions
observed at BHA and HOR as well as jALj for 25 selected events.
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minute and 10 s resolution magnetic data from IMAGE
chain stations in the Northern hemisphere is available
online. In the present study, we have used 1-min magnetic
data from BHA and IMAGE stations as listed in Table 1.
The CGM coordinates (Gustafsson et al., 1992) of stations
(geomagnetic coordinates for ABG) are given for year-2010
in the table. Simultaneous 1-s resolution magnetic data
from low latitude station ABG, located at the western coast
of Indian subcontinent, has been used to examine the low
latitude signatures of substorms which were not registered
by the standard AE indices.

Geomagnetic indices (AU ;AL and ASYH=D) are obtained
from the webpage of WDC Kyoto. Interplanetary and solar
wind conditions were recorded by instruments aboard ACE
satellite and were made available by CDA Web.
Table 1
List of ground stations and their geographic and magnetic coordinates.

Station name Code Geographic

Lat. (�N) Long. (�

Ny Ålesund NAL 78.9 12.0
Longyearbyen LYR 78.0 15.8
Hornsund HOR 77.0 15.6
Bear Island BJN 74.5 19.2
Sørøya SOR 70.5 22.2
Abisko ABK 68.4 18.8
Tartu TAR 58.3 26.5
Alibag ABG 18.6 72.9
Bharati BHA �69.4 76.2
Auroral electrojet indices are quite frequently used for
identification of substorms (Rostoker et al., 1980). How-
ever, there is no certain criteria about the magnitude or
the duration of AE enhancement to be itendified a sub-
storm or even to rule out a possibility of a substorm. On
one hand AE enhancement larger than 200 nT could be
associated with steady magnetospheric convection (SMC)
without a substorm onset (Sergeev et al., 1996), whereas
on the other hand there are occasions when a depression
in AL ’ �50 nT is regarded as a substorm (Lui, 2009).

In this study, onset of transient depression in H compo-
nent and its subsequent recovery at stations (BHA or
HOR) during local night time (16:00–04:00 UT) is termed
as very high latitude substorm when following two criteria
are fulfilled:
Magnetic MLT

E) Lat. (�N) Long. (�E)

76.4 109.6 UT+02:58
75.3 110.2 UT+03:01
74.3 108.2 UT+02:54
71.6 107.0 UT+02:50
67.5 105.4 UT+02:44
65.5 101.1 UT+02:27
54.7 102.7 UT+02:35
10.2 146.6 UT+04:58
�74.7 97.2 UT+ 01:47
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1. Magnitude of AL index (jALjÞ < 150 nT,
2. Magnitude of transient depression in H component at

any of the conjugate stations (BHA or HOR) must be
greater than twice the value of corresponding jALj.

These two criteria will ensure the occurrence of very high
latitude substorms which were not identified in the stan-
dard AE indices. With this criteria, we found 25 substorm
events in 100 days data, which were mainly localized at
very high latitudes. Bottom panel of Fig. 1 shows magni-
tudes of H depressions observed at BHA and HOR as well
as jALj in different shades for individual events. It is evident
from the figure that fairly intense substorms (up to 600 nT
depression in H) occurring at very high latitudes, remain
unnoticed in the standard AL index.
3. Observations

Firstly, a few cases of very high latitude substorms are
presented which is followed by statistical results.
3.1. Case 1: event of 2 March 2008

Top four panels of Fig. 2 depict the IMF and solar wind
conditions as observed by instruments aboard ACE satel-
lite located outside of the Earth’s magnetosphere at
� 240RE on the Sun–Earth line (L1 point). In order to com-
pare the interplanetary observations with ground magnetic
Fig. 2. (Top to bottom) Components of IMF, solar wind velocity, density
and dynamic pressure variations as observed by ACE satellite, H

disturbance at high latitude near-conjugate stations, AU ;AL and ASY

indices on March 02, 2008. Interplanetary observations are delayed by
40 min to compare with the ground data. Event marked between vertical
dashed lines clearly shows a substorm localized to high latitude.
data, IMF and solar wind data have been delayed by
40 min taking into account the travel time of solar wind
at an average speed of �600 km/s from the location of
the satellite to the magnetopause of the Earth.

Components of IMF are shown in the top two panels of
Fig. 2, whereas next two panels show solar wind velocity
and density as well as dynamic pressure, respectively dur-
ing 20:00–00:00 UT on 2–3 March 2008. In fifth panel from
the top, H disturbances at BHA and HOR show sharp
depression of � � 500 nT as marked between a pair of dot-
ted vertical lines. Substorm indices AU and AL do not
show significant changes during this interval. Bottom panel
of Fig. 2 shows typical ASYH and ASYD enhancements
despite the fact that the event was not identified in AU
and AL indices.

Ground and satellite based observations of auroras have
proved that the auroral breakups are the best indicator of
substorm onset (Wu et al., 2004). For the event of 2 March
2008, Singh et al. (2011) have shown auroral breakup in the
vicinity of BHA at 20:57 UT that subsequently expanded
poleward and faded away. The auroral brightening was fol-
lowed by sharp magnetic field depression at very high lati-
tude stations.

Closely spaced IMAGE chain stations in the northern
hemisphere provide an opportunity to investigate the lati-
tudinal characteristics of these substorms. H (black lines)
and Z (grey lines) component disturbances at selected
IMAGE chain stations are shown during 20:30–23:30 UT
on 2 March 2008 in Fig. 3(a). Standard AE observatory,
ABK lying near midnight (where maximum disturbance
is expected), does not show appreciable field change during
the event. Consequently the AL index does not indicate sig-
nificant change during the event.

An intensified westward electrojet normally depresses H

component over a wide range of latitude (Kisabeth and
Rostoker, 1974). Stations, poleward of ABK, witness sharp
depression in H field component which gets maximized at
HOR as shown in Fig. 3(a). Maximum disturbance in H
component is expected near the center of westward electro-
jet. It can be precisely estimated using Z disturbance plots
along a meridian. Poleward of the center of electrojet, H

component is depressed and Z component is enhanced,
whereas equatorward of the center of electrojet both H

and Z components are depressed (Rostoker et al., 1980;
Gupta and Loomer, 1979). For this event depression in
H is observed the most prominent at station HOR and
the Z variations are grossly opposite between stations
BJN and HOR after the onset of substorm as shown in
the figure. This observation suggests that the center of sub-
storm electrojet was lying between BJN and HOR.

It should be noted that the first sharp depression in H is
observed around 20:58 UT at BJN, which however did not
reach higher latitudes. Next surge of westward electrojet
depresses the H component dramatically at HOR at 21:12
UT, which is subsequently observed poleward of HOR.

Further, night side low latitude data from ABG observa-
tory has been analyzed to examine signatures of substorms



Fig. 3. (a) H and Z component disturbances at closely spaced IMAGE chain stations (�100� magnetic meridian) on the night side of the Earth. Sharp
depression in H, first appears at BJN, which maximizes at HOR. Grossly opposite variations in Z component (grey lines) between stations BJN and HOR
demarcates the center of westward electrojet for the event. (b) Top panel shows a clear positive bay during the event at low latitude station ABG, which
starts with the onset of major Pi2 burst (bandpassed H in frequency range 7–25 mHz) displayed in bottom panel of the figure. Two vertical arrows
correspond to the onset of westward surges observed respectively at 20:58 UT and 21:12 UT at very high latitudes.
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occurring at very high latitudes. Positive bay in H and Pi2
bursts on the night side low latitude are typical features of
a magnetic substorm (Rostoker et al., 1980; Olson, 1999).
Low latitude station, ABG (MLT’UT + 5 h) lying in post
midnight hours, clearly records positive bay and Pi2 bursts
during the event as depicted respectively in top and bottom
panels of Fig. 3(b). Two bursts of Pi2’s are clearly identified
above the background oscillations as marked by two verti-
cal arrows in the figure. First burst of Pi2 corresponds to the
westward surge observe around 20:58 UT at BJN, whereas
second and more pronounced Pi2 burst corresponds to the
surge observed at HOR and poleward �21:12 UT.

The event of 2 March 2008, discussed above, clearly
demonstrates a substorm activity localized poleward of
the standard auroral oval, which is supported by auroral
breakup (Singh et al., 2011) as well as corresponding low
latitude signatures. This substorm event was fairly intense
and resulted in around �500 nT depression in H compo-
nent in both hemispheres (Fig. 2).

3.2. Case 2: event of 1 February 2009

Next, we present a substorm event observed at very high
latitudes on 1 February 2009 which can be considered as a
weak substorm (jDH j �150 nT). Shown in Fig. 4 are the
interplanetary conditions and geomagnetic disturbances
in the time interval 21:00–23:00 UT. Interplanetary obser-
vations from ACE satellite, located at L1 point, have been
delayed by 61 min considering constant travel speed
392 km/s of the solar wind. The components of IMF as
well as solar wind velocity, density and pressure are rela-
tively steady in the mentioned duration. Please note that
density and pressure data is missing after 22:00 UT. Tran-
sient depressions in H component (� � 150 nT) at very
high latitude near-conjugate stations BHA and HOR are
clearly observed as marked between a pair of dotted verti-
cal lines. In this case, both AE and ASY indices do not
respond to the substorm.

H and Z components at IMAGE stations (Fig. 5a)
reveal that onset of westward electrojet was first observed
at BJN around 21:30 UT, which reduced in strength within
�20 min. Another surge of electrojet appeared at 21:53 UT
depressing the H component to about �150 nT. A system-
atic delay in arrival of westward travelling surge at stations
poleward of BJN is clearly seen in figure. Opposite ampli-
tudes of Z components (grey lines) between stations BJN
and HOR confirms that the center of the westward electro-
jet was lying well above the latitude of the standard auroral
oval.

Night side low latitude magnetic data, shown in
Fig. 5(b), brings out a clear positive bay in H (upper panel),
though the amplitude is fairly small (�2 nT). Filtered H



Fig. 4. Same as for Fig. 2 but on 1 February 2009. Interplanetary
observations are delayed by 61 min.

Fig. 5. (a) H and Z component disturbances at IMAGE chain stations on the n
between stations BJN and HOR demarcates the center of the westward electroj
(bottom panel) during the very high latitude substorm.
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data in Pi2 band range (�7–25 mHz) in the lower panel of
the figure shows the Pi2 bursts for both the westward inten-
sifications observed at very high latitudes.

Very high latitude substorm event observed on 1 Febru-
ary 2009 along with the corresponding low latitude signa-
tures clearly suggests that positive bay and Pi2’s may be
observed on the night side at low latitudes; not only for
moderate substorms but for weak substorms also. How-
ever, in this case ASYH=D enhancement is not evident.
3.3. Case 3: event of 30 January 2009

In the two substorm events, discussed above, magnetic
disturbances in both the hemispheres (almost comparable
amplitudes), as well their low latitude signatures, were
clearly seen. However, some of the selected events were pre-
dominantly localized in one hemisphere. For the sake of
completion, we present one such event which was observed
at IMAGE chain observatories but did not cast appreciable
magnetic disturbance at BHA. For this event, no clear
positive bay and Pi2 burst were observed at the night side
low latitude station.

Interplanetary conditions and geomagnetic disturbances
for the event of 30 January 2009 are shown in Fig. 6. The
IMF and solar wind conditions were observed by instru-
ments aboard ACE satellite which was located at L1 point.
Satellite data has been delayed by 66 min considering
ight side of the Earth for 1 February 2009 event. Opposite variations in Z

et between BJN and HOR. (b) Positive bay in H (top panel) and Pi2 bursts
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constant travel speed 365 km/s of the solar wind. The com-
ponents of IMF and Vsw are relatively steady during the
event, whereas Nsw and Psw data are not available. Tran-
sient depression in H component (over �200 nT) at HOR
is evident in the figure as indicated between a pair of verti-
cal lines, whereas H component at BHA is almost unaf-
fected. Indices AU ;AL and ASYH=D do not show
appreciable changes during the event.

Onset of the substorm is first observed at IMAGE chain
station BJN at �19:35 UT and the disturbance subse-
quently propagated poleward (Fig. 7(a)). The maximum
strength of the westward electrojet is observed at HOR sta-
tion where H component (black lines) is depressed to
� � 200 nT. No appreciable disturbance is observed in
the standard auroral oval. Opposite amplitudes of Z distur-
bance (grey lines) between stations BJN and LYR in
Fig. 7(a) demonstrates the center of the westward electrojet
well above the latitude of the standard auroral oval.

H component and filtered H in Pi2 band from night side
low latitude station ABG are shown, respectively in upper
and lower panels of Fig. 7(b). There is no clear evidence of
substorm associated positive bay in H component. Also, no
Pi2 burst is identified at the onset of the substorm. How-
ever, a pulse was observed during the recovery phase of
the substorm.
Fig. 6. Same as for Fig. 2 but on 30 January 2009. Interplanetary
observations are delayed by 66 min.
4. Statistics of very high latitude substorms

After presenting three different substorm events mainly
localized at very high latitudes, general features of 25 iden-
tified events are discussed further. The study includes the
local time dependence, hemispherical asymmetry, and low
latitude signatures of such substorms.
4.1. MLT dependence

Based on large data base of auroral images, it had been
reported that substorms tend to occur between 20:00 to
02:00 MLT with maximum occurrence around 23:00
MLT (Milan et al., 2010). However, on occasions onset
of substorm are observed even near dusk or dawn. The
intensified westward electrojet during substorms travel
great distance and the surge can arrive up to dusk hours
at auroral latitudes, which consequently depresses the geo-
magnetic field (Akasofu et al., 1968).

MLT distribution of substorms observed at very high
latitudes, has been shown in Fig. 8(a). It is evident from
the figure that the majority of substorms (22 out of 25)
were observed during 21:00–02:00 MLT. Only one event
was observed near dusk, whereas two events were localized
near dawn hours. It should be noted that the MLT distri-
bution reported here is the onset of H depression at
IMAGE chain stations (Table 1). It is possible that the
onset of substorm was at some other local time and we
observed the westward surge which arrived later over
IMAGE stations.
4.2. Interplanetary dependence

Earlier observations suggest that the polar substorms
are predominantly observed near local midnight in very
localized region in the winter hemisphere during periods
of northward IMF Bz or when the solar wind velocity
(Vsw) is high (Gupta and Loomer, 1979; Papitashvili
et al., 2002). Interplanetary and solar wind conditions dur-
ing very high latitude substorms are examined in this study.
IMF Bz and solar wind conditions were observed by instru-
ments aboard ACE satellite located at a distance of �240
RE at the Sun–Earth line.

Superposed epoch analysis (SEA) is performed on IMF
Bz data by taking onset time of substorms as zero epoch or
key time. Grey lines in Fig. 8(b) represent collective IMF
Bz variations, two hours before and after substorm onset.
It is evident from the figure that substorms, selected in this
study, were observed during northward as well as south-
ward IMF Bz conditions. In contradiction to earlier
reports (e.g., Gupta and Loomer, 1979; Papitashvili
et al., 2002), we note that many selected substorm events
had clearly negative Bz.

The solar wind velocity varied significantly from event to
event. Fig. 9(a) shows the Vsw distribution for analysed
substorm events. The velocities were averaged for individ-
ual substorm duration and then divided into bins of
50 km/s. This analysis shows that the majority of substorms



Fig. 7. (a) H and Z component disturbance at IMAGE chain stations for 30 January 2009 event. Onset of the substorm was first observed at BJN.
Opposite variations in Z between stations BJN and LYR demarcates the center of the westward electrojet between BJN and LYR. (b) H component
(upper panel) and bandpassed H (lower panel) in frequency range 7–25 mHz do not show clear signatures of positive bay in H and Pi2 bursts at onset of
substorm.
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were observed when solar wind velocity was low or moder-
ate. Only 3 events (out of 25) were observed when the Vsw

was over 500 km/s.
4.3. Hemispherical asymmetry

During the onset of a geomagnetic substorm the dis-
rupted tail current flows towards the auroral/high latitude
ionosphere in both hemispheres, which in turn depresses
the geomagnetic field. However, there could be significant
asymmetry in observed magnetic field at a pair of near-con-
jugate stations, either due to uneven diversion of tail cur-
rent or local ionospheric conditions (Weygand and Zesta,
2008; Newell et al., 1998). Fig. 9(b) shows a comparison
between magnitudes of the maximum H depression
observed at near-conjugate stations BHA and HOR for
selected 25 substorm events. Magnitude of BHA-H is
shown on X-axis, whereas the same for HOR-H is plotted
on Y-axis.

For events observed during December to February
months (shown by asterisks in Fig. 9(b)), there was 24 hr
sunlight at BHA and complete dark at HOR, whereas a
few hours nighttime conditions were observed at BHA
for the substorm cases observed during March (rectangles).
At HOR stations nighttime condition continued for events
selected in March month. The dashed line demarcates the
perfect hemispherical symmetry in H amplitude. Even for
the limited number of events, we see a tendency of higher
amplitude in the winter (Northern) hemisphere, whereas
it appears reversed for the events occurring during equinox
month.
4.4. Low latitude implications

Geomagnetic substorms are known to cause substantial
field changes at low latitudes, especially on the night side,
in terms of positive bay in H and Pi2 pulsations. Lui
et al. (1976) suggested that substorms observed at auroral
and polar latitudes represent the same physical phenome-
non. We expect that the night side low latitude signatures
of very high latitude substorms should be similar to those
observed in the auroral region. However, in case of weak
and localized substorms the low latitude signatures may
not be explicit.

Fig. 10 shows the statistics of night side low latitude sig-
natures associated with very high latitude substorms which
were not observed in the standard AE indices. 72% of sub-
storms cast their signatures as positive bays in H and Pi2
bursts at the onset. For 8% of the cases positive bays were
not clear, nevertheless Pi2 bursts were identified in H com-
ponent at ABG. For 20% substorm events, neither positive
bays nor Pi2 bursts were observed at ABG observatory.



Fig. 8. (a) MLT distribution of onset of H depression at IMAGE chain
stations for selected 25 very high latitude substorm events. Majority of
substorms are observed near magnetic mid night. (b) Superposed epoch
analysis of IMF Bz condition during high latitude substorms. Grey lines
show IMF Bz for individual events before and after two hours of substorm
onset, whereas thick black line shows average of IMF Bz.

Fig. 9. (a) Solar wind velocity dependence of high latitude substorm
events. Majority of substorms were observed under slow or moderate solar
wind streams (<500 km/s). (b) Magnitude of maximum H depression at
station HOR with respect to that observed at near-conjugate station BHA
during Antarctic summer and equinox months. The plot shows that there
is a tendency of higher amplitude at HOR lying in the winter hemisphere.

Fig. 10. Statistics for low latitude signatures of very high latitude
substorms in terms of positive bay in H and Pi2 bursts as observed at
ABG.
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5. Discussion

Auroral region, often lying between 60� and 70� geo-
magnetic latitude, demarcates the open and closed geomag-
netic field lines (Feldstein and Starkov, 1970). Maximum
amount of energy, derived from solar wind-magnetosphere
interaction, is deposited in this region by field-aligned cur-
rents (FACs) during a substorm. However, the auroral oval
is quite dynamic, expands equatorward and contracts pole-
ward with changing interplanetary conditions and strength
of substorm activities (Allen and Kroehl, 1975; Kamide
and Akasofu, 1983). During years 2007–10, solar activity
was fairly low, which resulted in prolonged quiet magneto-
spheric conditions. Under such quiet conditions, the auro-
ral oval contracts poleward of 70� magnetic latitude.
Substorms occurring during quiet times may not produce
appreciable field changes in the standard auroral oval. As
a result such substorms are not identified in the standard
AE indices.

Using magnetic data from a pair of very high latitude
(> 74�) near-conjugate stations, we selected 25 weak to
fairly intense substorms events (in 100 days duration) which
were not identified in the standard AE indices. Closely
spaced IMAGE chain stations in the same meridian enabled
us to estimate the center of westward electrojet for these
substorms. For all the selected events, center of the west-
ward electrojet was lying poleward of BJN (latitude
71:4�). After onset of a substorm the stretched magnetic
field lines very rapidly return to dipolar configuration
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causing the aurora to move poleward, which is followed by
westward electrojet (Akasofu, 1964). The westward surge
arrives later at stations poleward of onset latitude. Conse-
quently, there is typical delay in the onset of H depression
towards higher latitudes as shown in Figs. 3(a) 5(a) and
7(a).

Although this study used smaller data base, we could
clearly observe the MLT dependence of very high latitude
substorms. Majority of substorms were observed near mag-
netic mid night (21:00–02:00 MLT). Earlier studies sug-
gested that the polar substorms are predominantly
observed in the winter hemisphere during periods of north-
ward IMF Bz or when the solar wind velocity is high
(Gupta and Loomer, 1979; Papitashvili et al., 2002). It
should be emphasized that for substorms centered around
74� magnetic latitude, we do not find such dependence.
This study shows that substorms at very high latitudes were
observed during northward as well as southward IMF Bz

conditions. Superposed epoch analysis indicates that many
substorms occurred when Bz was negative. Moreover,
majority of substorms were observed when solar wind
velocity was low or moderate (<500 km/s).

Magnetic disturbances at near-conjugate pair stations
often varied in tandem. However, there were considerable
difference in the amplitudes in the two hemispheres. We
found a tendency of higher amplitude in the winter hemi-
sphere than those observed in the summer hemisphere.
Earlier reports (e.g., Papitashvili et al., 2002; Weygand
and Zesta, 2008) suggests that a substorm initiated at some
latitude, propagates poleward; more easily and deeply in
dark hemisphere than those in sunlit hemisphere due to sig-
nificant difference in the ionospheric conductivities.

Differences in the ionospheric conductivity in the two
hemispheres could have played an important role for the
observed hemispherical asymmetry of amplitudes. During
December to February months, very high latitude stations
HOR (Northern hemisphere) and BHA (Southern hemi-
sphere) were dark and sunlit, respectively. As a conse-
quence of lower conductivity in Northern (winter)
hemisphere, the substorm could have propagated easily
to HOR, whereas at BHA in the Southern (summer) hemi-
sphere where ionospheric conductivity was higher, the sub-
storm disturbances might have confined to a narrow
latitudinal region and could not leap efficiently to BHA.
For equinox month when both stations (BHA and HOR)
were in dark, amplitude was found higher in southern
hemisphere for 2 out of 3 events. Larger data set would
be required to establish the inter-hemispherical characteris-
tics of very high latitude substorms during equinox
months.

It should be noted that there is about 1 hr MLT differ-
ence between BHA and HOR. This could also lead to
hemispherical asymmetry in the amplitude of substorm dis-
turbances in addition to uneven distribution of the tail cur-
rent in two hemispheres.

A magnetic substorm causes significant magnetic field
changes at night side low latitudes. Positive bay in H
component, ASYH=D enhancements and Pi2 bursts associ-
ated with auroral substorms have been extensively studied
for the identification of substorm activities (Rostoker et al.,
1980; Iyemori, 1990; Olson, 1999; Clauer and McPherron,
1974). However, low latitude signatures of substorms
occurring at very high latitudes, have got less attention
despite the fact that there is no physical difference between
the substorms initiated at auroral and polar latitudes (Lui
et al., 1976). For substorms, selected in this study, we could
identify low latitude signatures (positive bay and/or Pi2
pulsations) of 80% events even if AE indices failed to
monitor. Since the ASY indices are computed using
magnetic data from 5–6 longitudinally distributed stations,
there is probability that signatures of weak and localized
substorms may not be observed in ASY. However, for
some events ASY enhancements were clearly evident, e.g.,
for the event 2 March 2008.

A new substorm index, Wp is recently introduced by
Nosé (2009) as an indicator of substorm onset. The Wp

index is based on the Pi2 pulsations observed at globally
distributed observatories. For substorms, localized to very
high latitudes, Wp index could probably be a better indica-
tor than the popular AE and ASY indices.

6. Concluding remarks

Magnetic disturbance data, collected during four sum-
mer Antarctic expeditions (XXVI–XXIX) at Indian Ant-
arctic station Bharati, has been analyzed in conjunction
with magnetic data from IMAGE chain and Alibag obser-
vatories. Important findings of this study can be summa-
rized as follows:

1. Significant number of substorms during the low solar
activity period (year 2007–2010) were observed pole-
ward of the standard auroral oval without giving appre-
ciable clue in frequently used auroral electrojet indices.

2. Substorms initiated at very high latitudes often cause
substantial magnetic field changes at night side low lat-
itudes, e.g., positive bays and Pi2 bursts in H
component.

3. Strength of substorms Magnetic signatures of very high
latitude substorms were often observed more pro-
nounced in the winter hemisphere than those observed
in the summer hemisphere probably due to differences
in the ionospheric conductivities.

4. Very high latitude substorms (>70� latitude) were
observed during northward as well as southward IMF
Bz conditions. Fairly large number of substorms,
selected in this study, were observed during slightly slow
or moderate solar wind speed in contradiction to earlier
reports.

The most obvious inference of this study is that inclu-
sion of polar latitude stations to the existing standard AE
network will increase the reliability of AE indices for
substorm studies. For this study, only Antarctic summer
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season data was available from Bharati, full year data in
the forthcoming expeditions will help us to understand inter-
hemispherical characteristics of substorm phenomenon.
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