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[1] Sudden energy release (ER) events in the midnight sector auroral zone during
intense (B > 10 nT), long-duration (T > 3 h), northward (N = Bz > 0 nT) IMF magnetic
clouds (MCs) during solar cycle 23 (SC23) have been examined in detail. The MCs with
northward-then-southward (NS) IMFs were analyzed separately fromMCs with southward-
then-northward (SN) configurations. It is found that there is a lack of ER/substorms
during the N field intervals of NS clouds. In sharp contrast, ER events do occur during
the N field portions of SN MCs. From the above two results it is reasonable to conclude
that the latter ER events represent residual energy remaining from the preceding S portions
of the SN MCs. We derive a new solar wind–magnetosphere coupling function during
northward IMFs: ENIMF = a N−1/12 V7/3 B1/2 + b V |Dstmin|. The first term on the right-hand
side of the equation represents the energy input via “viscous interaction,” and the second
term indicates the residual energy stored in the magnetotail. It is empirically found that the
magnetotail/magnetosphere/ionosphere can store energy for a maximum of ∼4 h before
it has dissipated away. This concept is defining one for ER/substorm energy storage.
Our scenario indicates that the rate of solar wind energy injection into the magnetotail/
magnetosphere/ionosphere for storage determines the potential form of energy release
into the magnetosphere/ionosphere. This may be more important to understand solar
wind–magnetosphere coupling than the dissipation mechanism itself (in understanding
the form of the release). The concept of short-term energy storage is also applied for the
solar case. It is argued that it may be necessary to identify the rate of energy input into
solar magnetic loop systems to be able to predict the occurrence of solar flares.

Citation: Du, A. M., B. T. Tsurutani, and W. Sun (2011), Solar wind energy input during prolonged, intense northward
interplanetary magnetic fields: A new coupling function, J. Geophys. Res., 116, A12215, doi:10.1029/2011JA016718.

1. Introduction

[2] It was well established that the mechanism of mag-
netic reconnection [Dungey, 1961; Gonzalez and Mozer,
1974] is the predominant means of solar wind energy
transfer to the magnetotail/magnetosphere, especially for
large energy release events such as magnetic storms
[Gonzalez and Tsurutani, 1987; Gonzalez et al., 1989, 1994;
Tsurutani et al., 1988; Tsurutani and Gonzalez, 1997;
Echer et al., 2008]. However, it is unclear if there is residual
energy remaining in the magnetotail/magnetosphere sys-
tem after a southward IMF interval, and if so, how much
and for how long after injection? Is the vast magnetic
energy in the magnetotail/magnetosphere a reservoir for
energy release?

[3] Zhou and Tsurutani [2001], Tsurutani and Zhou
[2003], and Echer et al. [2011] have examined specific
cases of interplanetary shock triggering (or lack of triggering)
of sudden magnetospheric midnight sector energy releases
(ERs). They determined a critical duration of t ∼ 1 1/2 to
2 h of magnetotail/magnetosphere preloading. If there is
substantial southward IMFs with t < t, then a sudden com-
pression of the magnetosphere/magnetotail by a shock will
lead to a sudden release of energy in the form of an ER.
If there is not, then there will not be an ER. The arguments
presented in the above works are that fresh solar wind
energy must be put into the magnetosphere/magnetotail for
ERs (and substorms) to occur, otherwise the energy will
leak away within a short time t. Thus, the enormous tail
energy reservoir does not appear to be tapped in these cases.
For high solar wind speed and high ion density conditions,
the duration of the N part of south-north (SN) MCs [Du et al.,
2008; Mannucci et al., 2008] would be ideal to test this
idea further.
[4] In this paper, we use the term “ER” to indicate a

sudden release of energy into the midnight sector auroral
region. Many of the past papers on shock triggering of
geomagnetic activity have called these ER events substorms
[Heppner, 1955; Schieldge and Siscoe, 1970; Kawasaki
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et al., 1971; Burch, 1972; Tsurutani et al., 1999; Zhou and
Tsurutani, 2001; Tsurutani et al., 2001; Tsurutani and
Zhou, 2003; Echer et al., 2011]. Because there is some con-
troversy about whether this energy release (ER) is indeed
a “classic” substorm or some other related phenomenon
[Henderson et al., 1996; Chua et al., 2001; Lyons, 2000;
Meurant et al., 2005], we use the neutral term ER
throughout this paper. The main point of this paper is that
sometimes there is midnight sector energy release and
sometime there is not. This is the main focus of the paper,
not the form that the energy release takes. We do describe
the auroral forms in these sudden bursts of energy release
so that the reader can decide for himself/herself whether
they are “classic” substorms or not.
[5] Tsurutani and Gonzalez [1995] have examined solar

wind energy input into the magnetosphere during intervals
of intense and long duration northward IMFs. From their
empirical studies, they found that the fractional amount of
solar wind (ram) energy input into the magnetosphere
during northward IMFs is sometimes quite low, units of
∼1 to ∼4 × 10−3. They surmised that the input mechanism
could either be a low level of magnetic reconnection or
some form of viscous interaction.

[6] It is the purpose of this present work to extend the
above ideas further. We will examine the MC events that
occurred from 1996 through 2007 in solar cycle 23 (SC23).
However, unlike the Tsurutani and Gonzalez [1995] effort,
we will go further and distinguish NS events from SN event.
Each group will be studied separately. It will be demon-
strated that the geomagnetic activity in the magnetosphere
during the northward IMF intervals is different for these two
different cases. Second, a scenario of energy storage will be
presented. A new solar wind–magnetosphere coupling rela-
tionship will be presented for magnetic reconnection during
northward IMFs.

2. Observations of ER Events During Northward
IMF Intervals in Magnetic Clouds

2.1. ER Occurrence During N Intervals in NS MCs?

[7] Figure 1 shows, from top to bottom, the proton number
density (Np), velocity (Vsw), temperature (T) of the solar
wind, the magnetic field magnitude (B), the GSM Bz com-
ponent, the clock angle (q) of the IMF (described below), the
ɛ-function [Perreault and Akasofu, 1978], the geomagnetic

Figure 1. A typical example of the NS type of cloud on 2000 October 3–4. From top to bottom, the
proton number density (Np), velocity (Vsw), temperature (T) of the solar wind, the magnetic field magni-
tude (B), the GSM Bz component, the clock angle (q) of the IMF (described below), the ɛ function, the
geomagnetic SYMH index and the AE index during October 3–4, 2000.
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SYMH index and the AE index during October 3–4, 2000.
The clock angle q is defined by IMF By and Bz as:

q ¼ tan−1 jBy=Bzj
� �

if Bz ≥ 0;

q ¼ pþ tan−1 jBy=Bzj
� �

if Bz < 0
ð1Þ

The ɛ-function is a solar wind–magnetosphere coupling
function [Perreault and Akasofu, 1978] and can be written as

ɛ ¼ VSWB2 sin4 q=2ð Þl20 � 10−7 Js−1
� � ð2Þ

where the constant l0 is taken as 7 RE, where a RE is an Earth
radius.
[8] A magnetic cloud (MC) is defined as a region in the

solar wind with enhanced magnitude of magnetic field,
smooth rotation of the magnetic field vector with a lack of
discontinuities and waves and with a low plasma tempera-
ture [Burlaga et al., 1981; Tsurutani et al., 1988; Tsurutani
and Gonzalez, 1994]. In this paper, the identification of
magnetic cloud events and its boundaries was adopted from
Lepping et al. [2006]. Two red vertical lines indicate the
beginning and end of a MC occurring from 1600 UT,
October 3 to 1400 UT, October 4, 2000. A blue dash line
indicates the time at which the IMF Bz component changed
from northward (positive values) to southward (negative
values). This occurred at ∼0400 UT. The data were shifted
forward by 42 min (calculated using the measured solar
wind speed and the distance between ACE and the Earth).
Thus the solar wind convection delay from ACE to the
Earth was removed.
[9] It can be noted that the geomagnetic activity is

exceptionally quiet (AE < 200 nT, Dst > −20 nT) during
the N part of the MC from 1600 UT of October 3 to 0400 UT
of October 4. In contrast, the geomagnetic activity became
enhanced and multiple AE events with AE > 1000 nT took
place after the IMF turned southward at ∼0400 UT of
October 4. The ɛ-function was very low (<1 × 1011 Js−1)
during the N part of the MC, whereas it increased to ∼2 ×
1012 Js−1 during the following S part of the MC.

2.2. ER Occurrence During N Intervals in SN MCs

[10] Figure 2 contains much of the same interplanetary
parameters and geomagnetic indices as in Figure 1, but for
a MC SN event. The interval shown is from 0000 UT,
August 12 to 2400 UT, August 13, 2000. The figure contains
the solar wind Np, Vsw, T, B, Bz, q values and the SYMH,
and AE indices. Several new parameters have been added:
dFMP/dt (defined below), EVIS, and the tilt angles of the
magnetic field in the plasma sheet. Solar wind plasma and
IMF parameters were observed by the ACE satellite [Stone
et al., 1998], and the data were shifted forward by 36 min
to take into account the solar wind convection delay to the
Earth.
[11] dFMP/dt is the magnetopause magnetic flux cutting

rate. An expression for this has been given by Newell et al.
[2007, 2008] as:

dFMP=dt ¼ V 4=3
SW B2=3 sin8=3 q=2ð Þ ð3Þ

The ɛ-function and dFMP/dt give quantitative values for the
solar wind–magnetosphere energy coupling by magnetic
reconnection at the dayside magnetopause.

[12] EVIS and AEVIS, were calculated using the TG method
[Tsurutani and Gonzalez, 1995]. This represents the energy
input into the magnetosphere via “viscous interaction” and
the AE index contributed by the “viscous interaction” pro-
cess, respectively. These two terms are defined in section 3.2.
[13] In Figure 2, it is noted that after the IMF turned

northward at 1732 UT, ɛ was ∼1012 Js−1 and Evis was
∼0.5 × 1011 Js−1. In Figure 2 (bottom), the AEvis index is
much lower than the AE index.
[14] The tilt angle of the magnetic field in the plasma sheet

was observed by GOES 8. The tilt angle is calculated using
the following expression:

#tilt ¼ tan−1 Bz=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bx
2 þ By

2
� �q� �

; ð4Þ

A SN MC structure is identified in Figure 2 between
0520 UT, August 12 and 2200 UT, August 13, 2000. The
beginning and end are indicated by two vertical red lines.
This identification follows previous works by Xue et al.
[2005], Nieves-Chinchilla et al. [2005], Lepping et al.
[2006], and Wang et al. [2006]. A major magnetic storm
developed when the S portion of a MC impinged onto the
magnetosphere. In this case the main phase of the storm
started to develop at ∼0210 UT on August 12, 2000 and
reached the minimum negative SYMH value of −240 nT at
∼1000 UT. During the recovery phase of the storm, the IMF
Bz turned northward at 1732 UT on August 12, 2000
(indicated by the vertical blue dash line) and remained
northward for over 12 h.
[15] During the storm recovery phase, the AE index had

abrupt increases at ∼0005 UT and ∼0325 UT on August 13,
2000. These two events had maximum AE values of 647 nT
and 561 nT, respectively. There was a change in the dipole
tilt for the first event but a lack of a change in the second
event (the GOES 8 spacecraft was located on the dusk side
for the second event, a location that may have missed the
magnetotail depolarization). These two events are inter-
preted as the occurrence of two ERs.
[16] There are more AE events just after the “northward

turning” of IMF. Lee et al. [2010] identified an ER onset at
1910 UT for about 1.6 h after the “northward turning” of the
IMF. We did not classify this ER as part of the geomagnetic
activity event during prolonged IMF conditions. During
this period, the former ERs did not recover to quiet level
(<500 nT). The IMF Bz was not sufficiently strong, but
turned southward around the onset of the ER.
[17] The IMAGE Wideband Imaging Camera (WIC) UV

images for the first event at ∼0005 UT of 13 August 2000 are
shown in Figure 3. In each north pole image, noon is at
the top and dawn is to the right. The magnetic pole is at the
center and the concentric rings demark 10° in MLAT. The
imaging shown has a cadence of 2 min 3 s. The images start
at the top left and proceed to the right.
[18] The first image of Figure 3 shows the pre-onset

auroral oval. There is some faint (shown in blue) aurora from
18 to 22 MLT and from 60° to 70° MLAT. The ER onset
time is identified at ∼0002:59 UT by the intensification in
the local time-MLAT region mentioned above [Frey et al.,
2004]. By 0013:12 UT the aurora had extended from
∼2100 to 0200 MLT and 60° to 70° MLAT (primarily an
eastward expansion). After that time, the aurora faded. There
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are unfortunately no available confirming auroral observa-
tions for the second ER at 0325 UT.
[19] Figure 4 shows one more example of a SN MC from

1200 UT, July 15 to 1200 UT, July 16, 2000. A SN MC
impinged upon the Earth between ∼1900 UT, July 15 and
∼0900 UT, July 16, 2000. Solar wind plasma and IMF
parameters were observed by the ACE satellite, and the data
were shifted forward by 23 min to take into account the
solar wind convection delay. The MC is again identified by
the vertical red lines. The S portion of the SN MC caused a
major magnetic storm with a minimum SYMH value of
−350 nT at 2200 UT on July 15, 2000. The IMF Bz turned
to northward at ∼0050 UT on July 16, 2000 (indicated by
the vertical blue dash line) and remained northward for
more than 12 h afterwards.

[20] After the onset of the N interval, the ɛ function was
∼1012 Js−1 and Evis was ∼1011 Js−1. In Figure 4 (bottom), it
is noted that the AEvis index is much lower than the AE
index. Three AE enhancement events occurred at ∼0101 UT,
∼0345 UT, and ∼0420 UT of 16 July 2000 with peak AE
values of ∼1100 nT, ∼673 nT, and ∼1000 nT, respectively.
These three events occurred during the N portion of the MC.
[21] Magnetic field depolarization can be seen by the

magnetic field data of GOES 8, which was located in the
midnight sector. The dipole tilt angle in Figure 4 sharply
increased at ∼0101 UT, and again at ∼0420 UT.
[22] The IMAGE/FUV auroral images for this event are

shown in Figure 5. The format is the same as in Figure 3.
The first row of the Figure 5 images shows the ongoing
auroral expansion process for the first ER. The onset time of

Figure 2. The proton number density (Np), solar wind velocity (Vsw), temperature (T), B, Bz, clock angle
(q) of IMF, ɛ, dFMP/dt, EVIS, tilt angles of magnetic field in the plasma sheet, the SYMH index and the AE
index from 0000 UT, August 12 to 2400 UT, August 13, 2000. Two red vertical lines indicate the bound-
aries of the magnetic cloud, and the blue vertical dash line indicates the southward turning of IMF.
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∼0101 UT is not shown but the interval from 0101:43 UT to
0111:56 UT indicates the ER intensity in the premidnight
sector (unfortunately the IMAGE viewing misses part of the
auroral activity). In the second row of images, the aurora
brightening was observed at ∼0343:09 UT, and the auroral
expansion at ∼0345:12 UT, corresponding to the second ER
onset time. In the third row of images, the ER onset occurred
in the first image at ∼0415:51 UT with auroral intensifica-
tion at ∼1800 MLT located at 70° MLAT. The third onset
time is identified by the AE index and the dipole tilt angle.
By the last image of the third row at 0428:07 UT, the aurora
has extended to cover the spatial location MLT = 1900 to
0000 MLT and MLAT = 60° to ∼78°. The ER morphology
of the latter event was similar to a typical substorm under
more normal southward IMF conditions.

3. Energy Coupling Between the Solar Wind
and Magnetosphere

3.1. The N Portions of NS MCs

[23] A total of 14 NS MC events were identified
throughout SC23 (1996–2008) with a criteria with Bn > 10 nT
and T > 3 h. Parameters for NS cloud events such as date,
average value of UT, UI, B, Vsw, N and q are listed in Table 1.
The averaged values were obtained using the 1 min resolu-
tion data during the N part of NS MCs.
[24] UT is the total energy dissipation and can be written as

[Akasofu, 1981]

UT ¼ UR þ UI ð5Þ
where UR and UI are the energy deposition rates in the ring
current and in the polar ionosphere, respectively. UR is
defined as:

UR ¼ −4� 107
∂D�

st

∂t
þ ∂D�

st

tr

� �
J s�1

� � ð6Þ

where Dst* (nT) is the solar wind pressure corrected ring
current index [Gonzalez et al., 1989]. In the above expression,

Dst* =Dst − b
ffiffiffi
p

p − c, where b = 10.5 nT(nPa)−1/2 and c =
22 nT. The time constant tr is the life time of the ring
current particles. Following Akasofu [1981], tr takes two
different values for strong storm and non-storm/weak storm
conditions:

tr ¼
20h for ɛ < 5� 1011 J s�1

1h for ɛ > 5� 1011 J s�1

(
ð7Þ

The ionospheric energy deposition rate, UI, can be approx-
imated [Akasofu, 1981] by

UI ¼ UA þ UJ ¼ 3� 1015AE nTð Þ J s−1 ð8Þ

where UA is the auroral energy deposition, and UJ the rate
of Joule heating. In the above, the AE index is standardly
used as a proxy for both the magnitudes of UA and UJ.
[25] Figure 6 shows the correlation of UT with the inter-

planetary parameters B, VSW, N and q for the N portion of the
NS MCs. It is interesting to note that UT has a good linear
correlation with the solar speed Vsw. This is shown in
Figure 6b. The correlation coefficient is 0.98, and the slope
is 3.62 × 10−9.
[26] Vasyliunas et al. [1982] suggested a solar wind–

magnetosphere energy transfer formula for the viscous
coupling.

PVasyliunas ¼ N1=2−b=3VSW
5=2þb=3F M2

A ;q
� �

M1=2−b=3
E m1=6−b=3

0 m=eð Þ1=2þb

ð9Þ

where N is proton density, Vsw is solar wind velocity,
B is magnitude of IMF, F(MA

2, q) = MA
−1/2G(q) is an

unspecified dimensionless function of the dimensionless
ratios, MA (=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m0NVSW

2=B2
p

) is the Alfvén-Mach number,
ME (∼7.95 × 1015 T·m3) the Earth’s magnetic dipole moment,
m0 is vacuum permeability, m and e are the proton charge and
mass, respectively.

Figure 3. The Wideband Imaging Camera (WIC) images from IMAGE satellite during ER on August
13, 2000.
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[27] Here, we set G(q) = 1. Figure 7 shows the correlation
of UT with PVasyliunas for b = 0, 0.5 and 1.0, respectively. The
highest correlation coefficient is 0.86 for a value b = 1.
[28] Setting b = 1, equation (9) can be written as:

PVasyliunas ¼ aN −1=12V 7=3
SW B1=2 ð10Þ

where the coefficient, a = 9.42, is a constant estimated by an
experimental fit between PVasyliunas and UT. For the 2001
April 4 event, VSW is >750 km/s, and the PVasyliunas and UT

values are much larger than that for other events. Thus, the
correlation coefficients and slope of the linear fit in Figure 6
could be mainly controlled by the two points of the 2001
April 4 and 2004 September 9 events. Indeed, the correlation

coefficients and slope of UT with PVasyliunas (with the
exclusion of the 2001 April 4 event and 2004 September 9
events) are 0.42 and 31.4, respectively.

3.2. The N Portion of SN MCs

[29] In Figure 2, the S portion of SN MC beginning at the
first red line and ending at the dash blue line, through
magnetic reconnection, causes the main phase of the mag-
netic storm. During the main phase, many ERs took place,
indicated by the AE index variations. During the 8 h fol-
lowing the end of the southward IMF (the dashed blue line),
the IMF Bz remained northward. Some ERs occurred during
this latter interval of the storm recovery phase. This is the
topic of focus in this section.

Figure 4. The proton number density (Np), solar wind velocity (Vsw), temperature (T), B, Bz, clock
angle (q) of IMF, ɛ, dFMP/dt, EVIS, tilt angles of magnetic field in the plasma sheet, the SYMH index
and the AE index from 1200 UT, July 15 to 1200 UT, July 16, 2000. Two red vertical lines indicate
the boundaries of the magnetic cloud.
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[30] Tsurutani and Gonzalez [1995] found that the typical
efficiency of solar wind energy input into the Earth’s mag-
netosphere via “viscous interaction” [Axford and Hines,
1961] is 1.0 to 4.0 × 10−3, 100 to 300 times less efficient
than that during periods of intense southward IMFs. The
AEvis, as a part of the AE index, which is attributed to
“viscous interaction” can be estimated as following.
[31] First, the cross-sectional area of the magnetosphere

can be calculated by using the formula

Area ¼ p 1:1� RSOð Þ2 ð11Þ

where the nose of the magnetopause distance to the center
of the Earth is in Earth-radii, RSO. An expression for this
distance given in terms of the solar wind pressure P and the
IMF Bz has been derived by Shue et al. [1997].
[32] The incident solar wind energy flux in erg cm−2 s−1 is

estimated by using formula 1
2MNVSW

3 , where MN is the total
proton plus helium mass density. The total energy flux
impinging on the dayside magnetosphere, ET, is calculated
by

ET ¼ Area� 1

2
MNV 3

SW ð12Þ

Figure 5. The Wideband Imaging Camera (WIC) images from IMAGE satellite during ER on July 16,
2000.

Table 1. NS Cloud Events

Number Datea
Average UT

(1010 J/s)
Average UI

(1010 J/s)
Average B

(nT)
Average VSW

(km/s)
Average N

(n/cc)
Average q

(deg)
Minimum Dst

(nT)
Maximum AE

(nT)

1 2000/10/03 2.37 1.83 17.1 409.2 9.2 11.8 −62 180
2 2001/04/04 11.29 6.48 14.3 731.3 4.2 5.1 −20 331
3 2002/03/19 1.94 1.21 14.3 366.1 1.1 4.1 −17 44
4 2002/08/02 2.55 2.55 12.7 507.0 5.2 6.0 −71 146
5 2002/10/01 2.06 1.73 22.5 364.2 7.5 11.5 −35 41
6 2003/06/17 4.03 4.03 8.4 471.5 6.1 7.0 −38 129
7 2004/04/04 2.23 1.27 16.5 415.0 7.8 13.8 −49 65
8 2004/08/29 3.14 1.17 9.4 408.0 7.0 7.9 −4 44
9 2004/11/09 13.79 13.44 38.0 805.6 7.7 9.8 −223 723
10 2006/02/05 1.29 0.60 7.9 352.0 15.3 20.7 6 27
11 2006/04/13 2.92 1.74 15.8 523.0 4.6 9.2 −6 104
12 2006/09/30 1.79 1.30 17.5 396.6 13.5 15.3 −7 53
13 2007/05/22 5.42 0.92 9.9 441.6 4.6 5.9 9 58
14 2007/11/20 3.47 1.44 14.6 452.7 8.4 14.6 −1 126

aDate format: yyyy/mm/dd.
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A lower efficiency limit (2.0 × 10−3) [Tsurutani and Gonzalez,
1995] is applied to estimate the energy dissipation within the
magnetopause [Akasofu, 1981].

EVIS ≈ 1:5� 10−3 � ET ¼ UT ¼ UR þ UA þ UJ ð13Þ

The UI should be a part of energy dissipation of ERs in the
ionosphere, UI = 2/3UT [Akasofu, 1981]. Finally, the AEVIS

can be obtained by:

AEVIS ¼ 2

9
� 10−15UT nTð Þ ð14Þ

After the IMF turned northward for the event in Figure 2, there
was little electromagnetic energy input from the solar wind, as
shown by ɛ ∼ 1012 J/s and a small amount of kinetic energy by
viscous interaction as shown by EVIS ∼ 1011 J/s and by the
AEVIS index with a red line in Figures 2 and 4 (bottom). The
total input energy is not enough for the energy dissipation
through an ER.
[33] For the SN MCs, it is implied that a great amount of

energy has been stored in the magnetosphere during the
leading part with southward IMF Bz accompanied by a storm
[Du et al., 2008; Mannucci et al., 2008]. Then the stored
energy is released during the N part of the SN cloud

providing energy for occurrence of ERs. The energy dissi-
pation within the magnetosphere also includes new energy
input contributed by “viscous interaction” [Tsurutani and
Gonzalez, 1995] or IMF By reconnection [Lee et al., 2010]
during the N part of the SN clouds.
[34] Figures 8a–8d show the correlation of the AE index

to the magnitude of the IMF (B), clock angle (q), solar
wind speed (VSW), and the Dst index, respectively. The black
solid circles represent the events with VSW > 700 km/s. The
red solid circles represent events with VSW < 700 km/s.
The results demonstrate that no single parameter is well-
correlated with the maximum AE value during ERs
within northward IMF. However, it should be noted that
VSW (>700 km/s) and Dst have better correlations with the
AE index than other parameters.
[35] The viscous coupling function, PVasyliunas, can be

used as a baseline for the energy input. In order to estimate
the energy stored in the magnetotail, PVasyliunas is deduced
from the total energy dissipation, UT, during the N part of
the SN clouds. Figure 9a shows the relationship between UT

and PVasyliunas for SN cases. Eight ER events of Table 2 were
analyzed. For the 2003 October 31 event, the data of the
solar wind ion density are not available, thus we cannot
estimate the pure energy stored (from our model) in the

Figure 6. The correlation of the total energy dissipation (UT) with the interplanetary parameters of B,
VSW, N and q for the N portion of the NS MCs.
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magnetotail. For the two ER events on 2000 August 12–13
and three ER events 2000 July 15–16 listed in Table 2, the
two ERs with maximum AE were shown in Figure 9,
respectively. It is noted that the PVasyliunas is about 1.0 ×
10−3 less than UT. The stored energy in magnetosphere
UT - PVasyliunas is well correlated with V|Dst|min for ERs
during the N part of the SN MC as shown in Figure 9b.
[36] We thus proposed a new solar wind–magnetosphere

energy coupling function, ENIMF. The expression is:

Enimf ¼ aN −1=12V 7=3B1=2 þ bVDstmin ð15Þ

Where a = 9.42, and b = 1.64. The first term of the right
side represents the energy coupling via “viscous interac-
tion,” and the second term indicates the energy stored in the
magnetotail after a southward IMF interval.

3.3. The N Portion of NS and SN MCs Without ERs

[37] The minimum Dst and maximum AE index during the
prolonged N part of NS MCs were listed in Table 1. There
was a major geomagnetic storm (Dst ∼ −223 nT) on
November 9, 2004. The N part of NS MC was involved in
the recovery phase of this storm, and the high AE (∼723 nT)
was also in the recovery phase of a storm during
1910∼2130 UT on November 9, 2004. Except this event on
November 9, 2004, the geomagnetic activity was very weak

(Dst > −80 nT and AE < 400 nT) during the N part of NS
MCs. It is noted that the solar wind speed was not very
high.
[38] Table 3 gives 19 SN cloud events without ERs during

the prolonged northward parts occurring in SC23. For these
events, the magnitude of IMF was from 8.4 nT to 23.1 nT,
the maximum solar wind speed was between 317 km/s and
625 km/s, Dst from 0 to −139 nT, and all AE values were
less than 400 nT. For the event on April 29, 2001, the solar
wind speed was about 625 km/s, the minimum Dst was
−41 nT, while the AE index was only 118 nT. For these SN
cloud events, the V•Dst is very small, the energy input by
“viscous interaction” and the energy stored in the magne-
totail after a southward IMF interval is very small and
insufficient for an ER event.

4. Discussion

[39] The characteristics of ERs during prolonged north-
ward IMF intervals (N intervals) are summarized below.
[40] 1. All ERs identified in this study took place in the N

part of SN MCs and during the recovery phases of geo-
magnetic storms.
[41] 2. The ERs above were typically moderate in intensity

with AE ∼ 500 to 1500 nT. In the case that there is a series of
ERs, the peak intensities typically decayed with time.

Figure 7. The correlation of UT with PVasyliunas for b = 0, 0.5 and 1.0 cases, respectively.
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Figure 8. The correlation of the AE index to magnitude of IMF (B), clock angle (q), solar wind speed (V),
and the Dst index during the N part of SN cloud, respectively.

Figure 9. (a) The relationship between UT and PVasyliunas for SN cases and (b) the correlation between the
stored energy in magnetosphere UT - PVasyliunas and V|Dst|min for NS cases.
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[42] 3. There were not ERs after 4 h after the onset of the
N event.
[43] 4. The associated aurora patches of ERs were usually

located in the midnight sector at 60∼70° MLAT.
[44] The development of ER disturbances is mainly gov-

erned by variations in solar wind conditions and structures
[Lu et al., 1998; Despirak et al., 2009]. In the cases shown in
the last section, MCs impinged upon the magnetosphere and
caused large storms. Many intense ER events occurred
during the main phase of storms with southward IMF Bz.
Typically, the northward turning of the IMF Bz terminated/
reduced magnetic reconnection and caused the onset of the
recovery phase of the major storm. Somewhat weaker ERs
occurred during the northward IMF intervals.
[45] The strong correlation between solar wind speed VSW

and UT indicates that the new energy stored in the magne-
totail is dependent on VSW. The energy supplied by the solar
wind was initially converted to electromagnetic energy (and
can be viewed as being stored in the magnetic field,

perhaps in the magnetotail) [Kamide et al., 1998]. How-
ever, other regions of energy storage have been mentioned
by Tsurutani et al. [2009]. The intense solar wind controls
the driven and unloading of the energy stored in the
magnetotail/magnetosphere system.
[46] The maximum |Dst| value can be used to roughly

evaluate the maximum energy input during the main phase
of a storm. The magnetic flux, stored in the tail lobes/
magnetosphere during the growth phase, is proportional to
the dayside ‘merging’ electric field [Shukhtina et al., 2005].
Thus the correlation of Dst with UT (see second panel of
Figure 2) is interpreted to indicate that the energy input
from previous magnetic merging during southward IMF is
necessary for the latter occurrence of ERs during northward
IMF.
[47] All ERs during prolonged northward IMFs occurred

following SN MCs but not following NS MCs. It implies
that the level of ERs with northward IMF is controlled by the
previous level of magnetic activity, as well as by the structure

Table 2. ER Events During Prolonged Northward Part of SN Clouds

Number Datea

Onset
Times
(UT)

Maximum
AE
(nT)

Maximum
IMF Magnitude

(nT)

Maximum Solar
Wind Velocity

(km/s)

Maximum
Solar Wind

Density (n/cc)

Average
Clock Angle

(deg)

Maximum
Epsilon Function

(1012 J/s)
Minimum
Dst (nT)

Delay
Time
(min)

1 2000/07/16 01:01 1119 48.5 1050 3.4 77.6 12.1 −347 66
2 2000/07/16 03:45 692 40.2 952 11.7 66.6 6.50 −347 170
3 2000/07/16 04:22 929 40.0 949 4.60 55.2 5.00 −347 207
4 2000/08/13 00:05 647 21.0 562 9.50 28.9 1.10 −235 391
5 2000/08/13 03:25 561 20.6 600 27.5 22.0 0.55 −235 591
6 2000/09/18 04:45 430 32.7 871 9.06 39.5 1.37 −203 289
7 2000/11/07 12:40 685 24.2 523 6.40 74.4 1.30 −176 147
8 2001/11/24 22:30 418 19.5 827 8.35 11.6 0.02 −234 420
9 2003/10/31 03:43 1027 26.7 957 X 44.0 X −432 115
10 2003/10/31 05:30 1683 22.0 1111 X 29.4 X −432 222
11 2003/10/31 06:19 1827 17.3 1134 X 23.5 X −432 271
12 2004/11/08 16:35 463 10.6 668 2.28 51.5 0.34 −394 270
13 2004/11/11 17:40 533 11.0 588 14.0 47.3 0.14 −282 182
14 2005/05/15 10:23 608 54.3 979 3.98 51.9 5.93 −305 25

aDate format: yyyy/mm/dd.

Table 3. Lack of ERs During Prolonged Northward Part of SN Clouds

Number Start Datea

Start
Times
(UT) End Datea

End
Times
(UT)

Maximum IMF
Magnitude (nT)

Maximum
Solar Wind
Velocity
(km/s)

Maximum
Solar Wind
Density
(n/cc)

Minimum Dst
(nT)

Maximum AE
(nT)

1 1998/02/04 04:30 1998/02/05 22:30 13.8 331 57.8 −36 54
2 1998/03/04 14:18 1998/03/06 06:18 12.9 342 62.9 −28 104
3 1998/06/02 10:36 1998/06/02 15:54 10.6 397 12.5 0 73
4 1998/08/20 10:18 1998/08/21 19:18 15.6 330 14.3 −69 96
5 1999/04/16 20:18 1999/04/17 21:18 21.1 416 22.2 −123 186
6 2001/04/29 01:54 2001/04/29 12:54 11.2 625 8.9 −41 118
7 2001/05/28 11:54 2001/05/29 10:25 10.1 445 6.0 −48 226
8 2001/10/31 21:18 2001/11/02 10:18 11.7 317 17.0 −102 132
9 2002/03/24 03:48 2002/03/25 22:48 20.4 485 27.0 −114 247
10 2002/08/01 11:54 2002/08/01 22:36 14.3 464 22.7 −44 274
11 2005/06/15 05:48 2005/06/16 07:48 10.2 503 11.2 −49 245
12 2005/12/31 14:48 2006/01/01 10:48 10.9 487 7.3 −28 123
13 2007/03/24 03:06 2007/03/24 16:54 8.4 377 23.4 −79 160
14 1996/05/27 15:18 1996/05/29 07:18 16.6 394 58.1 −39 94
15 1996/07/01 17:18 1996/07/02 10:18 12.4 358 26.6 −28 175
16 1997/01/10 05:18 1997/01/11 02:18 23.1 455 71.3 −85 378
17 1997/05/15 09:06 1997/05/16 01:06 19.5 466 13.7 −129 378
18 1997/10/10 23:48 1997/10/12 00:48 11.7 417 9.9 −139 51
19 1997/11/07 15:48 1997/11/08 04:18 18.3 445 10.2 −125 171

aDate format: yyyy/mm/dd.
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of solar wind. For SN MCs the IMF rotation aids energy
input and/or storage. Our results are consistent with the
MHD simulation results [Palmroth et al., 2003; Pulkkinen
et al., 2007].
[48] The component merging at the low latitude boundary

for northward IMF requires a large IMF By. Sandholt et al.
[1998] have suggested that open flux tube production does
not switch off entirely until the clock angle falls below
30°∼40°, such that during intervals of northward, but
By-dominated IMF, both open field line (lobe) and closed
field line merging may be taking place [Nishida et al., 1998].
Grocott et al. [2004], following the work of Nishida et al.
[1998], suggested that tail merging during northward IMF
could be resulted from prolonged dayside merging between
terrestrial field lines and a By-dominated IMF. Lee et al.
[2010] consider dayside magnetic reconnection related to
finite IMF By as a possible mechanism for solar wind
energy transfer causing ERs during northward IMF. In
contrast, Echer et al. [2008] concluded that the primary
cause for all major (Dst < −100 nT) magnetic storms that
occurred during SC23, was IMF BS fields and not IMF By
fields. However, we do not see the present results and those
above to be in conflict. As found in this study, the cause of
the main phase of magnetic storms was indeed IMF Bz.
However, that does not rule out the possibility that recon-
nection associated with IMF By also occurs, but to a lesser
extent. It is also possible that a major magnetic storm
caused by IMF By exists, but has not been found yet. This

could be an interesting study for the interested young
researcher.
[49] We use the superpose epoch analysis method to

investigate the influence of the IMF By. The epoch start time
t = 0 is set to be the time of the northward turning of the
IMF. We have divided ERs into two groups: |By| > 20 nT
and |By| < 20 nT. The epoch time runs from 4 h before to
2 h after ER onset. The results are shown in Figure 10. In
each panel the thick solid line shows the evolution of the
median quantity of the parameter, while the thin lines show
the upper and lower quantities. We find that the input
energy, Sɛ, and dissipation energy, SUT, both simulta-
neously increase for the |By| > 20 nT case. The energy input
ceases while dissipation continues to increase for |By| <
20 nT. It must be noted, however, that the number of ER
events used here are statistically too low to determine if this
is the general case or not. An analysis involving more events
will be necessary in the future.
[50] In the new coupling function, Enimf = aN−1/12VSW

7/3B1/2 +
bVSWDstmin, we mainly take into account the “viscous
interaction” term and the magnetotail stored energy term. The
first term is based on a solar wind–magnetosphere energy
transfer formula for viscous coupling given by Vasyliunas
et al. [1982]. Its efficiency of solar wind energy input into
the Earth’s magnetosphere via “viscous interaction” is about
1.0 × 10−2 ∼ 1.0 × 10−3, which is consistent with the results
of Tsurutani and Gonzalez [1995]. The second term is
obtained from the empirically derived formula that was

Figure 10. The superpose epoch analysis to investigate the influence of the IMF By.
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obtained by correlating the solar wind parameters, Dst and
the dissipation energy, UT. The influence of the IMF By is
separated from the residual energy in the magnetotail.

5. Conclusions

[51] Magnetospheric ERs occurred during intense north-
ward IMF portions of SN magnetic clouds in the recovery
phases of major magnetic storms (the S portion of the
magnetic cloud caused the storm main phases). For NS
magnetic clouds, there were no ERs detected in the N por-
tions of the clouds (the S portions still created the magnetic
storm main phases). Based on these findings, a new coupling
function was derived, Enimf = aN−1/12VSW

7/3B1/2 + bVSWDstmin.
The first term on the right-hand side represents viscous
interaction energy input and the second is a magnetotail/
magnetosphere energy storage term. A good correlation
between the magnetospheric dissipation energy UT and
function VSWDst demonstrates that the energy associated with
ERs under northward IMF conditions is dependent on not
only solar wind speed but also the magnitude of energy
storage from previous magnetic merging under southward
IMF conditions.

6. Final Comments

[52] Our empirical results support a new view of the
magnetosphere [see also Zhou and Tsurutani, 2001;
Tsurutani and Zhou, 2003; Tsurutani et al., 2003, 2009]. It
is well accepted that southward IMFs and magnetic recon-
nection [Dungey, 1961] is the main mechanism of solar wind
energy input into the magnetosphere/magnetotail. Viscous
interaction, discussed in this paper, is important, but sec-
ondary. Our scenario is that without recent southward IMFs
impinging upon the magnetosphere, there will not be ERs.
When there are strong N fields (such as the NS cases studied
here), any residual stored energy dissipates away slowly
without violent ERs occurring. For SN events, energy stored
during the S portion of the MC can get released as ERs, but
only for up to ∼4 h time. The available energy is then spent.
What about the vast amount of energy present in the Earth’s
magnetotail, enough for a dozen ERs/substorms? In our
scenario, this energy is not available for usage. Otherwise
ERs would occur independent of whether there were S fields
prior to the N fields or not. Many articles (too numerous to
cite) have indicated that common substorms require IMF Bs
priming for them to occur. This is essentially the same
physical scenario as the shock stimulated ERs discussed
here. An interesting question for the space research com-
munity is “where is the energy stored, in the magnetotail, the
magnetosphere or ionosphere?”
[53] This scenario of short-term energy storage is consis-

tent with past magnetospheric observations. If the IMF is
strongly southward, energy is released in the form of ERs
and magnetic storms. Are there observations to the con-
trary? Probably not. If the IMF is moderately southward or
Bz ∼ 0 nT, then shock impingement may cause the sudden
occurrence of an ER, during which the stored energy is
released. If the IMF has been northward, so very little new
energy has been injected and stored, and a shock will not
cause the release of an ER. The implications of this sce-
nario are that the rate of energy input is perhaps the most

critical parameter for the type of energy release in the
magnetosphere/magnetotail.
[54] Tsurutani et al. [2009] have posed the same question

for the solar case. Does this same scenario work for solar
flares? Is it true that the vast energy in the magnetic loops is
not used in the energy release (flares) at the Sun, just like the
vast energy in the Earth’s magnetotail is not used? Then
following this line of thought, to predict when a solar flare
will occur, it will be necessary to identify the rate of free
energy being injected (and stored) into the system. The exact
mechanism of energy release (magnetic reconnection) may
be secondary in importance.
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