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Onset of a geomagnetic substorm often intensifies the westward auroral electrojet, as well as produces

asymmetric magnetic field at low-/mid-latitudes. Auroral electrojet and low latitude asymmetric

indices are known to correlate well during substorms. These indices have been widely used to monitor

the duration and strength of substorm activities. However, several processes, other than substorms,

introduce local time asymmetry in magnetic field at low latitudes, which can substantially influence

the ASY indices. Large number of substorms are observed in association with changes in the

interplanetary magnetic field (IMF). It is known that sharp IMF Bz orientation changes result in

penetration of interplanetary electric field (IEF) to lower latitudes, which affects the geomagnetic fields

to different degree in different local times. In the present study, we demonstrate that sharp IMF Bz

fluctuations during the expansion phases of substorms introduce additional asymmetry at low

latitudes. The effect is clearly seen in ASYH, whereas ASYD remains almost unaltered.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

A geomagnetic substorm is one of the most important phe-
nomena in the solar–terrestrial relationship. It involves many
interesting physical processes of magnetospheric dynamics and
plays a key role in the solar wind energy dissipation into the
Earth’s magnetosphere and ionosphere (Akasofu, 1981; Rostoker
et al., 1980). Substorms often initiate at auroral latitudes on the
nightside of the Earth, but cast almost global effects in magnetic
and electric observations (McPherron et al., 1973a; Huang et al.,
2004; Sastri, 2002).

Davis and Sugiura (1966) introduced auroral electrojet indices
(AU, AL, and AE) to monitor substorms, which are based on H

disturbances observed at auroral latitudes in different local times.
The westward auroral electrojet, represented by the AL index, is
closely related to the substorm activity. Therefore, AL index is
believed as a better indicator of substorms than AU or AE indices
(Kamide and Rostoker, 2004).

During a substorm, low-/mid-latitude geomagnetic distur-
bances are strongly asymmetric in local time due to dominance
of various current systems, such as substorm current wedge,
asymmetric ring current, and ionospheric currents (Iyemori and
Rao, 1996). The asymmetries in global H and D component
disturbances (respectively in magnetic north–south and east–
west directions) are derived using low-/mid-latitude magnetic
data to indicate the effects of above-mentioned current systems.
ll rights reserved.
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The asymmetry in H component is represented by the ASYH index,
whereas the same for D component is given by the ASYD index.

Sharp intensification of auroral electrojets (depression in AL

index) is often accompanied with rather smooth positive bay in
ASY indices during isolated, as well as storm-time substorms
(Crooker, 1972; Iyemori and Rao, 1996; Grafe et al., 1997; Wada
et al., 1998). It has been recently reported by Singh et al. (2011,
2012a) that on occasions when substorms are localized poleward
of the standard auroral oval and consequently not identified in
the standard auroral electrojet indices, ASY indices could monitor
such substorms. However, earlier studies show that ASY indices
are very likely to be affected by other processes that may not be
directly related to the substorm phenomenon, for example, solar
wind pressure enhancements (Shi et al., 2005, 2006), asymmetric
ring current during main phases of storms (Hamilton et al., 1988;
Liemohn et al., 2001), generation of ionospheric current due to
solar flares (Singh et al., 2012b), etc.

It is known that substorms can get triggered either in associa-
tion with changes in components of the IMF (Caan et al., 1975;
Lyons, 1996; Lyons et al., 1997; Troshichev et al., 1986) or solar
wind variations (Kokubun et al., 1977) or even due to internal
plasma instabilities (Henderson et al., 1996; Lui, 2004). The
externally triggered substorms can be observed in some cases
when IMF Bz quickly turns to north or becomes less negative after
a sustained southward condition (Lyons et al., 1997; Liu et al.,
2011). Hsu and McPherron (2004, 2009) showed that the magni-
tude of the AL index is higher for externally triggered substorms
than those initiated spontaneously (or internally).

The inner magnetosphere of the Earth is generally shielded
from the interplanetary electric field, IEF (Esw¼�V � Bz) or the
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magnetospheric electric field due to the polarization electric field
associated with charge separation in the ring current region
(Baumjohann and Treumann, 1997). However, there are numer-
ous experimental evidences that the shielding can be weakened
or broken on occasions (e.g., sharp and prominent changes in the
orientation of IMF Bz) and the IEF or the magnetospheric electric
field can instantly penetrate up to equatorial latitudes (Nishida,
1968; Fejer et al., 1979; Gonzales et al., 1979; Kelley et al., 1979;
Kikuchi and Araki, 1979; Kikuchi et al., 2000; Sastri et al.,
2001, etc.).

Sudden and prominent southward turning of IMF Bz frequently
results in a dawn-to-dusk electric field in the inner magneto-
sphere (so-called undershielding), which is westward on the
night side and eastward on the day side (Huang et al., 2005;
Rastogi et al., 2010). The abrupt northward turning of IMF Bz after
a prolonged southward orientation (or even significant decrease
in the magnitude of southward Bz) produces dusk-to-dawn
electric field (so-called overshielding) resulting in an eastward
electric field in the night side and a westward electric field on the
day side (Kelley et al., 1979; Rastogi et al., 2010). The penetration
electric fields may significantly alter the dynamics of different
ionospheric regions. Based on the direct observations of the
ionosphere, several studies have clearly established various char-
acteristics and consequences of the penetration electric field, e.g.,
local time dependence (Sastri et al., 1997), ionospheric plasma
drift (Abdu et al., 1998), altitudinal changes in the ionospheric
regions (Sobral et al., 1997), etc.

Ground-based magnetic field observations have also played a
vital role in the study of penetration electric fields (e.g., Nishida,
1968; Veenadhari et al., 2010). Particularly, high conductivity (s)
in the E-region (� 100 km height) of the day side ionosphere
results in significant enhancement of ionospheric current
( J
!
¼ s E
!

, where E
!

is the penetration electric field) thereby
changing the geomagnetic field values dramatically. Relatively
weaker geomagnetic effect is observed on the night side due to
lower ionospheric conductivity. The effects of penetration electric
fields are mainly observed in the H component due to the zonal
ionospheric currents (Abdu et al., 2007). As discussed above, the
westward (eastward) electric field on the night (day) side asso-
ciated with southward turnings of IMF Bz would weakly depress
(greatly enhance) the low latitude H component. Opposite effects
are observed during abrupt northward turning of Bz, i.e., weak
enhancement in H component on the night side and sharp
depression on the dayside. It suggests that sharp and prominent
orientation changes of IMF Bz may act as an additional feed for
low-/mid-latitude asymmetry in addition to substorm associated
current system.

In this paper we investigate whether sharply varying IMF Bz

conditions affect the low latitude ASY indices during magnetic
substorms and how well the two types of indices (AL and ASY) are
correlated during smoothly and sharply varying IMF Bz condi-
tions. In Section 2 of this paper, we present details of data set and
method used in the study. Observational results and discussion
are given Section 3. We summarize and conclude our finding in
Section 4.
2. Data set and method

The geomagnetic activity indices (AL, ASY, SYM and Dst) are
obtained from World Data Centre (WDC) for Geomagnetism,
Kyoto. Ground magnetic field data have been taken from the
global network of observatories—INTERMAGNET. We used IMF
and solar wind data recorded by instruments aboard ACE satellite.
The time-shifted IMF and solar wind data to the nose of the Earth’s
bow shock are available at http://omniweb.gsfc.nasa.gov/form/.
In this study, we selected non-storm time isolated substorm
events to delineate the effect of prompt penetration on the low
latitude asymmetry. It is known that intense storms can con-
tribute to asymmetric magnetic field variations in local times
(e.g., Singh et al., 2012c, and references therein). Only those
durations were considered when Dst4�60 nT. We defined iso-
lated substorms as sharp depression in the AL index reaching
beyond �400 nT from fairly quiet auroral electrojet condition
(AL4�200 nT) for at least 1 h before the onset of sharp depres-
sion. Recovery of substorm was considered when the AL index
reached to pre-substorm level. It should be noted that there is no
well-defined criterion based on the existing auroral electrojet
indices for selection of substorms (e.g., Rostoker et al., 1980). We
believe that our substorm selection criteria is reasonable in the
sense that selected substorms were fairly intense and would
produce significant magnetic field variations in the low latitude
region. Since the prompt penetration mainly depends upon the
IMF Bz changes, we consider only those substorm events when
(i) changes in Bz are smooth, i.e., DBzo5 nT within 10 min
interval and (ii) Bz changes are sharp, i.e., DBz410 nT (south to
north) within 10 min interval. Sharp north to south Bz turnings
were not considered in this study because such turnings were
often found to initiate a series of substorms or intense geomag-
netic storms. We discarded cases coinciding with sharp solar
wind pressure variations (DP=Po42) to avoid the effect of any
additional source of low latitude asymmetry. Moreover, it was
assured that there were no intense solar flares during selected
events as flares could substantially contribute to ASY indices.

We visually scanned 3-year interval (2004–2006) data for the
selection of events. With the above criteria we found 53 substorm
events in the category-1 (i.e., slowly varying IMF Bz) and 16
events in category-2 (i.e., sharply varying IMF Bz from south to
north).
3. Observational results and discussion

In this section, we present a detailed comparative study of
these two categories of events and their low latitude magnetic
signatures. The last part of the section provides the statistical
studies of these two types of substorm events.

3.1. Substorm events of January 2, 2005

A high-speed (� 700 km=s) stream of solar wind had hit the
Earth’s magnetosphere during early hours of January 2, 2005 and
continued over next several days. The north–south component of
IMF (Bz), believed to play the most dominant role in the geo-
effectiveness (Dungey, 1961; Gonzalez et al., 1994), kept on
fluctuating between north and south (mainly between �10 and
þ10 nT) and did not produce major storm. However, many
intense substorm activities were evident in the AL index during
the day. Interestingly, we could identify two different substorms
in the two categories described above on this day.

Fig. 1 illustrates the IMF, solar wind conditions and geomag-
netic activity indices during 12:30–23:00 UT on January 2, 2005.
Two intense substorms are evident in the figure as marked by
events A and B between pairs of dashed vertical lines. The
minimum AL values for events A and B are around –1500 nT
and –1000 nT, respectively. Event A started around 13:40 UT with
moderate but sharp depression in AL which later intensified to
��1500 nT when IMF Bz turned southward at � 14:50 UT.
Solar wind density (Nsw), dynamic pressure (Psw) and velocity
(Vsw) do not exhibit significant change during the event A. The
substorm A recovered after 18:30 UT. Another major intensifica-
tion of westward electrojet (event B) started around 20:15 UT

http://omniweb.gsfc.nasa.gov/form/
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following southward turning of IMF Bz. During the expansion
phase of this substorm, two sharp IMF Bz fluctuations from south
to north (410 nT) are evident. First Bz fluctuation (� 21 : 00 UT)
was transient and short-lived in the north direction, whereas
second fluctuation (after � 20 min) was further intense and
mostly stayed northward after turning from south. The second
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Fig. 1. IMF, solar wind conditions and geomagnetic indices on January 2, 2005.

First two panels from the top show components of IMF, whereas Psw, Nsw and Vsw

are given in next two panels. Two different intensifications of auroral electrojets,

events A and B, marked between pairs of vertical lines show clear ASYH=D

enhancements. IMF Bz is slowly varying during event A than that during event

B. Dst index is shown in the bottom panel of the figure.

0 300 600 900 1200 1500
0

30

60

90

120

150

180

|AL| (nT)

A
S

Y
H

 (n
T)

Event B (Y = −28.4 + 0.2*X)

Event A (Y = 11.2 + 0.07*X)

Fig. 2. Scatter plot of 9AL9 vs ASYH=D for events A and B. (a) Open circles show 9AL9 vs A

thick lines show robust fit for events A and B, respectively. (b) Same as (a) but for 9AL
IMF Bz fluctuation was accompanied by a moderate pressure
pulse (DP=PoC1:8).

In Fig. 1, second panel from the bottom shows the low latitude
asymmetry indices (ASYH and ASYD) during the events. It is quite
evident that intensification of auroral electrojet is accompanied
by low latitude asymmetry enhancement for both the events, A
and B. Intensity of the westward electrojet is higher for the event
A than that for the event B, but interestingly the ASYH is higher for
the weaker substorm (event B). There is no major difference in
ASYD values for the two events. Bottom panel of Fig. 1 shows the
Dst index which represents the intensity of the ring current. Dst

values indicates a weak magnetic storm on the day (minimum
Dst��50 nT).

To bring out differences in the AL and ASY values more clearly
for the two substorm events, we depict the scatter between the
magnitude of AL index (i.e., 9AL9) and ASYH=D index for events A
and B in Fig. 2. The left panel shows the scatter between 9AL9 and
ASYH (open and filled circles represent events A and B, respec-
tively), whereas the right panel shows the same between 9AL9 and
ASYD. It should be noted that the 9AL9 index is higher for the
substorm A (minimum AL ��1500 nT) than that for the sub-
storm B (minimum AL ��1000 nT). But scatter plot (Fig. 2a)
shows that the ASYH is significantly higher for event B (filled
circles) than those for event A (open circles). As seen in Fig. 2a,
robust fit for the event B scatter plot (shown by thick line) is
much steeper than that for event A (shown by thin line).
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Table 1
List of low-/mid-latitude INTERMAGNET stations, their geographic and geomag-

netic coordinates (Epoch-2005).

Station name Code Geographic Geomagnetic

Lat. (1N) Long. (1E) Lat. (1N) Long. (1E)

Hermanus HER �34.4 19.2 �33.8 84.1

Qsaybeh QSB 33.9 35.6 30.1 113.4

Alibag ABG 18.6 72.9 10.0 146.2

Amsterdam AMS �37.8 77.6 �46.2 144.4

Zhaoqing GZH 23.0 112.4 12.6 176.0

Memambetsu MMB 43.9 144.2 35.16 148.68

Honolulu HON 21.3 202.0 21.5 269.8

Tucson TUC 32.2 249.3 39.7 43.8

Stennis BSL 30.4 270.6 40.0 340.1

San Juan SJG 18.1 293.8 28.2 6.1

Guimar-Tenerife GUI 28.3 343.6 33.6 60.6
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It is clearly evident from Fig. 2a that the low latitude ASYH is
higher during sharply changing IMF Bz condition (event B) than
that during comparatively slowly varying Bz condition (event A).
ASYD vs 9AL9 scatter as seen in Fig. 2b for events A and B are almost
similar, however, robust fit during event B (thick line) shows
slightly steeper response than that for event A (thin line).

It is known that low latitude magnetic signature of a substorm
depends upon local time of the observatory. Here, we examine
signatures of substorms, observed on January 2, 2005, by taking
data from various closely spaced low latitude stations (listed in
Table 1) distributed around the globe. It will help us to under-
stand which local time contributed towards higher asymmetry
during a weaker substorm. Fig. 3a and b respectively show H and
D component disturbances (thick lines) during 13:00–23:00 UT
on January 2, 2005, after subtracting the quiet day curve. The H

and D quiet day curves for individual stations were calculated by
taking an average of respective data on five international quietest
days of the month provided by WDC, Kyoto. Codes of stations are
given between the two plots. The H disturbance at each of the
stations is divided by cos(y) (where y is the average magnetic
latitude of observatories) for latitude correction (Iyemori and Rao,
1996). The two events, A and B, are marked between pairs of
dotted vertical lines. Local times at different stations are dis-
played in figures at the onset of events.
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Observatories on the night side of the Earth show positive bay in
H (thick lines) during substorms A and B, whereas those on the
dayside witness depression in H, more clearly and sharply during
the event B (see Fig. 3a). It is shown in the bottom panel of Fig. 3a
that a weak storm (SYMH ��50 nT) was in progress during the
events. Therefore, H disturbance at stations away from the substorm
current wedge could be dominated by the global ring current or pro-
cesses going on the dayside of the Earth. Variations in the D

component are expected to be minimum near the center of substorm
current wedge and increase/decrease in dusk/dawn side (McPherron
et al., 1973b). It is not very clear during the substorm A which
exhibits multiple intensifications, however, during the event B
variation in D (thick lines in Fig. 3b) is fairly small near midnight
and increases towards dusk, whereas decreases towards dawn. D

disturbances on the dayside are fairly small as shown in Fig. 3b.
Averages of H and D disturbances, observed at globally distrib-

uted 11 stations, are depicted in the bottom panels of Fig. 3a and b,
respectively. It is evident that the short scale fluctuations in SYMH-
11 and SYMD-11 are fairly subsided due to averaging. Here SYMH/D-
11 stands for the equivalent SYMH=D index derived using data from
11 stations. Thin lines in upper panels of Fig. 3a and b respectively
show asymmetric H and D variations at individual stations, which
are obtained by subtracting the SYMH-11/SYMD-11 from the H=D

disturbance at respective stations. Variations of asymmetric H or D
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at individual stations are grossly similar to the H or D component
disturbances except for the fact that asymmetry in H is shifted
positively. The asymmetric time series can be used to derive the ASY

index which is difference between the maximum and minimum of
all time series at each instant of time.

The additional enhancement in ASYH during event B coincided
with the sharp IMF Bz orientation change. It is expected that the
sharp IMF Bz turning from south to north produces a westward
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maximum ASYD. ASYH values are significantly higher during sharp IMF Bz orientation
electric field on the dayside, which in turn depresses H compo-
nent. As shown in Fig. 3a, stations on the dayside of the Earth
witness sharp depression in the H component during the event B.
Thus, sharp IMF Bz orientation change will be an additional feed
for low latitude asymmetry, especially in the H component.

It should be noted that the sharp IMF Bz traversal from south
to north was accompanied by a small pressure pulse (see Fig. 1).
Shi et al. (2005) pointed out that the pressure pulses can further
intensify the ring current asymmetry provided that the ring
current is already asymmetric. However, the pressure pulse
shown in Fig. 1 is not so intense and initiation of asymmetric
enhancement slightly prior to pressure pulse is associated with
the substorm activity, not the ring current asymmetry.

In Fig. 4, we show an example when a pressure pulse of similar
magnitude (DP=PoC1:6) was observed during quiet magnetic
condition on January 24, 2006. It is seen that the pressure enhance-
ment does not affect the asymmetric indices (ASYH=D), however,
clear enhancement in SYMH is observed (bottom panel of Fig. 4).
SYMH index is essentially the 1-min resolution version of hourly Dst

index (Iyemori and Rao, 1996). This pressure pulse resulted in
enhanced H field in different local times including the dayside
(not shown here).

It is well known that pressure enhancement intensifies the
magnetopause current, which is identified as positive perturbation
in H component at the ground (Araki, 1977). Fig. 3 shows that the H

component on the dayside is depressed for both events A and B (very
sharply for event B). For event B, due to pressure pulse one would
expect enhanced H field at stations located on the dayside (away
from substorm current wedge). On the contrary, the depression in H

is observed more prominent for event B than that for event A due to
penetration of IEF associated with sharp IMF Bz orientation change.
The intensified ring current will depress the H field globally, however,
role of the ionospheric electric field associated with sharp traversal of
IMF Bz from south to north is clearly seen in the dayside magnetic
field variations. The prompt penetration of electric field resulted in
higher asymmetry at low-/mid-latitudes during a weaker substorm.
3.2. Statistical results

In order to establish clear role of IMF Bz orientation change on
the low latitude asymmetry, we divided isolated substorm events
into two categories, viz. slowly and sharply varying IMF Bz as
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discussed in Section 2. We found 53 and 16 events, respectively
under slowly varying Bz condition (category-1) and sharply
varying Bz condition (category-2). Fig. 5 shows the scatter plot
between 9AL9 and ASYH=D indices for events in category-1 (open
circles) and events in category-2 (filled circles). Each point in the
figure represents the magnitude of the minimum value of AL

index on the X-axis and the maximum value of ASYH=D on the
Y-axis for different selected substorm events. It is evident from
Fig. 5a that the ASYH is significantly higher for substorms
triggered during sharply varying IMF Bz conditions (filled circles)
than those triggered during slowly varying IMF Bz (open circles).
However, we do not see clear difference in ASYD for the two
categories of substorm events (Fig. 5b). It is expected that the
promptly penetrated zonal electric field will predominantly affect
H component, whereas D component remains almost unaffected
(Abdu et al., 2007).
4. Summary and conclusion

Geomagnetic substorms make substantial changes in the
magnetic field right from high to low latitudes on the Earth’s
surface. The standard AL and ASYH=D are widely used for
identification of substorms. However, there are subtle differences
between AL and ASY indices. The AL index represents the max-
imum intensity of the westward auroral electrojet which is
closely related to substorm onset on the nightside. At low
latitudes, magnetic disturbance on the nightside is dominated
by substorm current wedge, whereas on the dayside of the Earth
various ionospheric currents influence the magnetic field varia-
tions. The ASY indices, derived using data from low latitude
stations distributed in local time, are likely to be affected by
processes other than substorms.

In this study, we performed a statistical study of substorm-time
AL and ASYH=D indices during slowly and sharply varying IMF Bz

conditions. The important findings of this study are listed below
1.
 Sharp IMF Bz changes from south to north during substorms
could result in the penetration of IEF to the lower latitudes. The
IEF can drive intense westward ionospheric current on the
dayside (due to high conductivity) causing a substantial
depression in the H field. The nightside magnetic field remains
almost unaffected by the IEF due to low ionospheric
conductivity.
2.
 IMF Bz orientation changes during substorms become an
additional source of asymmetry at low latitudes, which inten-
sifies particularly ASYH index. However, the zonal electric field
associated with the penetration of IEF does not produce
significant change in ASYD.
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