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ABSTRACT

Enhancements of aurora and auroral electrojets in response to sudden compression of the magnetosphere by shocks/
pressure pulses are well known and have been attributed by some to compression-enhanced magnetic field reconnection. To
examine such a view, we analyze a fortuitous event that is comprised of a series of pressure pulses (< 20 min) on November
8,2000. These pressure pulses were preceded by a large, northward interplanetary magnetic field (IMF) that lasted more than
15 hours such that effects from reconnection can be minimized. Auroral images acquired by ultraviolet imager on board the
Polar satellite clearly show intensifications of the aurora that occurred first near local noon and progressively extended from
dayside to nightside. The area-integrated global auroral power reached ~30 gigawatts (GW). It is also found that the global
auroral power is well correlated with the solar wind dynamic pressure (correlation coefficient » ~0.90), rather than the change
in the solar wind dynamic pressure. In-situ measurements of particle data from the Defense Meteorological Satellite Program
satellite indicate that the magnetospheric source for the pressure-enhanced auroras is most likely the central plasma sheet.
Other ionospheric parameters such as the auroral electrojet (AE index), magnetic storm index (Sym-H), and the cross polarcap
potential drop also show a one-to-one correspondence to the pressure pulses. In one instance the auroral electrojets AE index
reached more than 200 nT, the cross polar-cap potential drop (¢,.) inferred from the SuperDARN radar network ionospheric
plasma convection increased to ~60 kV. The observed increases in the auroral emissions, AE, and polar cap potential were not
associated with substorms. Our result strongly suggests that solar wind pressure pulses are an important source of geomag-
netic activity during northward IMF periods.
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1. INTRODUCTION

across the magnetosphere boundary layers. Although the
energy density of the IMF is small in comparison with that

The response of the magnetosphere-ionosphere system
to variations in the solar wind plasma and interplanetary

magnetic field (IMF) constitutes a fundamental element in
magnetospheric physics. Magnetic field merging (Dungey
1961) and viscous interaction (Axford and Hines 1961) are
two well recognized processes that permit the transfer of
mass, momentum, and energy of solar wind into the mag-
netosphere. Magnetic field merging permits a direct entry
of solar wind plasma and electric field through the newly
opened Earth’s magnetic field, while viscous interaction al-
lows transfer of solar wind mass and momentum diffusively
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of the solar wind plasma, the southward component of the
IMF, which enhances the coupling, perhaps through merg-
ing, is recognized as a primary cause of geomagnetic and
auroral activity (cf., Newell et al. 2007). Statistical analysis
has shown that the southward component of the IMF is the
major parameter responsible for the most enhanced aurora
observed, with some delay, in the premidnight sector (Liou
et al. 1998). An approximately linear relationship has also
been found to exist between the solar wind speed and the
nightside auroral power regardless of the sign of the IMF B.,
and the effect of solar wind speed probably plays the domi-
nant role at times during northward IMF conditions (Liou
et al. 1998).



184 Liou et al.

Although evidence of global auroral intensification
after magnetospheric compression by shocks was first re-
ported 25 years ago (Craven et al. 1986), significance of
sudden changes in the solar wind dynamic pressure on the
dynamics of the magnetosphere-ionosphere system was not
widely recognized until the International Solar-Terrestrial
Physics (ISTP) Program era when large amount of global
auroral images became available. The intensive studies of
the 6 - 11 January 1997, coronal mass ejection (CME)/mag-
netic cloud (MC) event clearly demonstrated global auroral
enhancements associated with the crossing of interplan-
etary shocks and pressure pulses (e.g., Spann et al. 1998;
Zhou and Tsurutani 1999; Tsurutani et al. 2001). The im-
pingement of a sudden increase in the solar wind dynamic
pressure on the Earth’s magnetosphere produces auroral
brightenings first on the dayside around the local noon. The
initial brightening is localized and the region of brightening
often extends quickly antisunward to cover a much wider
local-time sector of the oval. The effect of magnetospheric
compression is not limited to the dayside auroral oval; com-
pression of the magnetosphere by shocks can also enhance
auroral activity in the nighttime sector (Zhou and Tsurutani
2001; Boudouridis et al. 2003; Liou et al. 2003), widen the
auroral zone width, and reduce the polar cap size (Boud-
ouridis et al. 2003, 2004). Furthermore, Liou et al. (2006)
demonstrated that global auroral responses to negative pres-
sure pulses (magnetospheric decompression) are opposite to
that of positive pressure pulses (i.e., decompression of the
magnetosphere quenches the global development of auro-
ras). These study results strongly suggest that interplanetary
shocks/pressure pulses can be an important source of solar
wind energy transfer to the magnetosphere creating geo-
magnetic and auroral activity.

The effect of magnetospheric compression on geomag-
netic and auroral activity depends on the sign of IMF B..
Previous study results suggest that the compression effect is
more pronounced during southward than during northward
IMF conditions (e.g., Liou et al. 1998; Zhou and Tsurutani
2001; Boudouridis et al. 2003, 2005). These works suggest
that enhanced solar wind-magnetosphere coupling occurs
after a sudden increase in dynamic pressure under a south-
ward IMF. Boudouridis et al. (2004, 2007) attributed the
effect to the enhancement of dayside reconnection result-
ing from a solar wind dynamic pressure. A valid question is
whether or not the compression effect still exists when the
magnetosphere is extremely quiet. To address this question,
we have identified a fortuitous event involving a series of
large pressure pulses over an extended period (more than
12 hours) of strongly northward IMF to minimize the effects
of magnetic reconnection. While viscous interactions still
exist during northward IMF, the typical efficiency of solar
wind energy injection into the magnetosphere is estimated
~30 - 100 times less than during periods of southward IMFs
(Tsurutani and Gonzalez 1995; Du et al. 2011). We per-

form analysis of the responses of a number of ionospheric
parameters to the pressure pulses to provide a quantitative
measure of the compression effect. We also study the mag-
netospheric source and provide a possible mechanism for
the compression aurora.

2. OBSERVATIONS

2.1 Solar Wind and Geomagnetic Conditions

This special event occurred from 0200 to 1200 UT on
November 8,2000. According to the solar wind plasma data
acquired from the Solar Wind Experiment (SWE) instrument
(Ogilvie et al. 1995) and the magnetic field data acquired
from the Magnetic Field Investigation (MFI) instrument
(Lepping et al. 1995) on board the Wind spacecraft, which
was in the solar wind ~70 - 80 Ry upstream of the Earth, a
magnetic cloud (from 2200 UT, November 6 to 1800 UT,
November 7) preceded the event by several hours [see, e.g.,
Fig. 2 of Nieves-Chinchilla and Vifas (2008)]. Inside the
cloud the magnetic field was large and southward (~-10 nT)
initially. After ~1200 UT, November 7, the magnetic field
smoothly turned northward into the second half of the cloud
and remained large (~15 nT) for more than 18 hours. After
the passage of the cloud, Wind observed a number of short-
lived pressure pulses on November 8. All these pressure
pulses were caused by density changes (solar wind velocity
showed little changes) and were associated with an increase
in the thermal temperature and a decrease in the magnetic
field (magnetic cavities).

A large negative IMF B, component in the magnetic
cloud front sheath initiated a large magnetic storm (D,, <
-160 nT), which subsided several hours before the start of
the event. The planetary K, index was 2 for the six-hour
period prior to the start of the event (~0200 UT on Novem-
ber 8, 2000) and increased to 5- in three hours after the ar-
rival of the pressure pulses/magnetic cavities on the Earth.
These solar wind structures also produced two large posi-
tive deflections in D,,. Positive excursions in D,, at times of
high solar wind dynamic pressures are well known and are
caused by the increase in the magnetopause current and the
inward (earthward) displacement of the magnetopause.

The solar wind pressure pulses seen from the Wind
spacecraft at ~0200 - 1200 UT on November 8, 2000 were
also observed later by MGF magnetometer (Kokubun et
al. 1994) and the Comprehensive Plasma Instrument (CPI)
solar wind analyzer (Frank et al. 1994) on-board the Geo-
tail spacecraft, which was located at ~(11.0, -27.4, 5.8) R;
at 0200 UT and (15.9, -22.4, 13.6) R; at 1200 UT. Geotail
encountered a number of bow shock crossings during this
time period, which can be seen in the IMF B, data in Fig. la
as shaded regions. Figures 1b and c¢ show the solar wind
proton density and dynamic pressure during the occurrence
of pressure pulses/magnetic cavities. These solar wind
and IMF data have shifted in time to the Earth’s subsolar
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Fig. 1. Stack plots of, from top to bottom, (a) IMF B, component, (b) solar wind proton number density, (c) solar wind dynamic pressure, (d) total
magnetic field at GOES 08 (light) and GOES 10 (dark), (e) Sym-H index, (f) AE (dark), AL (light), and AU (light) indices, (g) cross polar-cap po-
tential, ¢, (h) integrated auroral power (GAP), (i) &€ = vB’sin*(0./2) (Perrault and Akasofu 1979), (j) Ex, = vB;sin*(0,/2) (Kan and Lee 1979), and
(k) CFy = P,"*vB;sin*(0./2) (Vasylinuas 1982) on November 8, 2000 from 0200 to 1200 UT.
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magnetopause by a time lag (2 minutes) at which the cross-
correlation coefficient between the dynamic pressure and
the Sym-H index (plotted in Fig. 1e) maximizes. The IMF
was large in magnitude (~20 nT) and predominately north-
ward for the entire period and its preceding ~14 hours. A
number of large solar wind density pulses ranging from ~20
to ~80 c.c.”! were identified and occurred at ~0335, ~0600,
~0730, ~0830, 1020, and ~1100 UT, respectively. Because
the solar wind bulk flow was relatively steady, the solar
wind dynamic pressure also showed pulse-like structures.
The magnitude of IMF was large (~20 nT) outside the pres-
sure pulses but reduced greatly, especially the dominant
B. component inside the pulses. These dynamic pressure
pulses/magnetic cavities have a thickness of ~10 - 20 min
(~40 - 80 Ry) in the radial direction. Similar features of these
pressure pulses/magnetic cavities were also observed ear-
lier by the Advanced Composition Explorer (ACE) satellite
(not shown), indicating that they are large-scale phenomena
(over 100 Ry in the transverse direction).

2.2 IONOSPHERIC RESPONSES
2.2.1 High-Latitude Auroral Electrojets

The auroral electrojet AE index for the 0200 - 1200 UT
interval is plotted in Fig. 1f as a dark line. It is shown that
the response of the total auroral electrojets is positive. The
intensification of AE occurred concurrently with the arrival
of the pressure pulses. Surprisingly, the AE index exceeded
~200 nT, a typical small substorm level. Such a prompt en-
hancement of the auroral electrojets associated with magne-
tospheric compression has been reported previously by Liou
et al. (2004) and is named “compression bays” in against the
more familiar negative bays associated with substorms. The
eastward, AU, and westward, AL, electrojet indices are also
plotted in Fig. 1f as light traces. In general, both AU and
-AL follow nicely with AE, except that AU is slightly more
intense than AL.

2.2.2 Cross-Polar Cap Potential

The response of the cross-polar cap potential, ¢,., to
the compression of the magnetosphere is shown in Fig. 1g.
The cross-polar cap potential is obtained from ionospheric
convection measurements from the Super Dual Auroral
Radar Network (SuperDARN) radar network (Greenwald
et al. 1995). A standard mapping algorithm developed by
Ruohoniemi and Baker (1998) is used to assemble and syn-
thesize the individual sets of line-of-sight velocity measure-
ments into a best-fit estimate of the global pattern of plasma
convection. The global convection patterns are generated
at a cadence of 2 minutes and the corresponding potential
drops are plotted in Fig. 1g. It is clearly shown that there is
one to one response between the pressure pulses and poten-
tial drops.

2.2.3 Global Auroral Power

The global ionospheric response to the pressure pulses/
magnetic cavities was also monitored by the Polar ultravio-
let imager (UVI) (Torr et al. 1995) in the Northern Hemi-
sphere. During this time interval, UVI was operated in a sin-
gle-filter (LBHI: 160 - 180 nm) and single-integration mode
(37 s), thus providing highest temporal resolution auroral
images from UVI. Auroral luminosities within this emission
band are proportional to the energy flux of typical precipi-
tating auroral electrons (Strickland et al. 1989; Germany et
al. 1994). Polar UVI images during this time period have
been discussed previously (Liou et al. 2005). To illustrate
basic auroral dynamics in a global aspect, we use global au-
roral power (GAP) and local-time auroral keogram (LAK)
(Meng and Liou 2002). The auroral power is derived from
the UVI auroral images based on auroral transport modeling
result (Germany et al. 1998) and is shown in Fig. 1h. The
enhancements of global auroral power were in good one-to-
one correspondence with the pressure pulses.

Figure 2 shows LAK for the 0300 - 1200 UT period.
The auroral brightenings associated with the pressure pulses
first occurred on dayside near noon then propagated/extend-
ed toward nightside, similar to those reported by Zhou and
Tsurutani (1999) for interplanetary shock-induced auroras.
Note that intensification of the aurora can be seen to occur
at night times at, for example, ~0600 and 0800 UT; how-
ever, they occur prior to the ST onsets and are not associated
with the pressure pulses. It is also important to point out that
these nighttime auroral brightenings are not associated with
substorms. Actually, the energy deposition for these auroral
brightenings is quite small. For example, at ~0620 UT, the
auroral power in the premidnight sector is only a few giga-
watts per local hour sector, which is about one order of mag-
nitude smaller than typical substorm power [see, e.g., Meng
and Liou (2002)]. The time difference between the day and
night brightening was 2 - 4 min. The propagation speed of
the pressure pulses, estimated from the time and location
differences in the first appearance of the pressure pulses
time at ACE and Geotail, is ~490 km s'. If we take the sub-
solar point at 7.2 R; for P, ~20 nPa and B, ~ 0 (Shue et al.
1998), the 2 - 4 min day-to-night propagation time would,
therefore, correspond approximately to the time it takes for
the pressure pulses across the dayside magnetosphere.

2.3 Magnetospheric Source of Precipitation

Apparently, compression auroras are caused by en-
hanced particle precipitation associated with magnetospher-
ic compression. A few past studies have shown that the ma-
jor particle source for compression auroras in the dawn and
dusk sectors has structureless particle precipitations origi-
nated from the central plasma sheet for mixed southward
and northward fields of the IMF (e.g., Liou et al. 2006). For
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Fig. 2. Magnetic local-time keogram showing auroral power (inferred fro 60° to 90° magnetic latitudes) in gigawatt at different hourly sectors on
November 8, 2000 for 0200 to 1200 UT. The auroral power is inferred from auroral images in the Lyman-Birge-Hopfield band (160 - 180 nm)

acquired from the Polar ultraviolet imager.

this event, we have checked particle data from DMSP and
found instances that can be used to address this question for
purely northward IMF conditions. Figure 3 shows particle
spectrograms from DMSP F13 for two consecutive northern
polar passes: first (top panel) at 0750 - 0800 UT and next
(bottom panel) at 0933 - 0942 UT. The first pass occurred
during the impact of the third pressure pulse, whereas the
second occurred after the impact. Note that the trajectories
of the two DMSP passes are approximately the same, pass-
ing the postnoon during the northbound and the prenoon dur-
ing the southbound. In the postnoon sector, particles are a
mixture of low-energy (a couple of hundred eV) sheath ions
and electrons and high-energy (> 1 keV) magnetospheric
ions. This region is located at high latitudes (> ~75° mag-
netic latitudes) and most likely maps to the lower-latitude
boundary layer (LLBL). In the low-latitude prenoon sector
(< ~75° magnetic latitudes), particle spectrum is filled with
high-energy, structureless electrons, likely coming from the
central plasma sheet (CPS). Comparing the spectra between
the two passes, one can see the major difference is the en-
hancement of CPS precipitation. The energy flux of CPS
electron precipitation shows an increase of ~5 times from
~2 x 10" to exceed 1 x 10" eV (cm?*sr-s)'. The energy
flux of precipitating electrons in the postnoon sector also in-
creased slightly. Overall, the total energy flux is dominated
by CPS precipitation during the impact of the third pressure
pulse and is likely responsible for the auroral enhancement
observed by Polar UVI.

2.4 Correlation Analysis

In the previous sections we have demonstrated posi-
tive responses of a number of ionospheric parameters to a

series of short-duration (10 - 20 min) solar wind pressure
pulses under extended northward IMF conditions. This
result strongly suggests that the solar wind dynamic pres-
sure is the prime driver of these ionospheric perturbations.
Indeed, magnetohydrodynamics (MHD) simulations have
shown that enhanced field-aligned currents and convec-
tion can arise in response to magnetospheric compression
during a northward IMF (Fujita et al. 2003). On the other
hand, although the IMF was predominantly northward, the
y-component of the IMF became large and may result in
an increase in magnetic field merging (Crooker 1979). In
addition, when the solar wind dynamic pressure is high, re-
connection could occur at the subsolar magnetopause under
northward IMF conditions (Russell et al. 2000). Therefore,
one cannot be certain if these pressure pulses are fully ac-
countable for the perturbations in the auroral electrojets, the
cross-polar cap potential, and the aurora. To measure the re-
sult more quantitatively, we calculate the Pearson product-
moment correlation coefficient between a number of solar
wind and ionospheric parameters. Specifically, we consider
three previously proposed solar wind-magnetosphere cou-
pling functions: & = vB%*in*(0,/2) (Perreault and Akasofu
1978), Ex., = vB;sin*(6,/2) (Kan and Lee 1979), and CF, =
P,"*vB;sin*(0./2) (Vasylinuas 1982), where B;and 6, [= tan™!
(B,/B,)] is the transverse component and the clock angle of
the IMF, respectively. The IMF By effect on merging is in-
cluded in the sin*(6./2) term to ensure that magnetic field
merging does not diminish for nonzero IMF B, during north-
ward IMF conditions. These three coupling functions, after
normalized by B =B, =5nT and V=400 km s and P, =
1 nPa, are plotted in Figs. 1i - k. Note that the solar wind and
IMF parameters are based upon Geotail data. Since the solar
wind speed did not show significant changes and the IMF
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Fig. 3. Auroral particle spectra observed by DMSP F13 (a) during (0751 - 0800 UT) and (b) after (0933 - 0942 UT) a pressure pulse.

magnitude actually showed a decrease associated with these
pressure pulses, increases in these coupling functions come
mainly from the increase in the IMF clock angle.

Table 1 summarizes the Pearson correlation coeffi-
cients. Note that the correlation coefficients listed here rep-
resent the maximum values, which are obtained by comput-
ing the cross-correlation with various lag times. It shows
that all three empirical functions are not well correlated
with the all four ionospheric parameters (AE, Sym-H, @,.,
and GAP) for a wide range of lag times considered. The
theorized solar wind-magnetosphere coupling function, &,

(Perreault and Akasofu 1978) ranks the last, with maximum
correlation coefficients ranging from r = 0.23 for the &-¢,,
pair to r = 0.43 for the e-GAP pair. Another theorized func-
tion CFy (Vasyliunas 1982) ranks slightly better, with corre-
lation coefficients ranging from 0.27 (¢,.) to 0.48 (Sym-H).
The well accepted empirical solar wind electric field Ex.;
(Kan and Lee 1979) ranks the first among the empirical
function group with correlation coefficients ranging from
0.34 (¢,.) and 0.59 (Sym-H). Such a small correlation sug-
gests that dayside merging cannot be accountable for the ob-
served increase in the ionospheric parameters. On the other
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hand, the dynamic pressure is much better correlated with
these ionospheric parameters; the largest correlation coef-
ficient comes from the P,-Sym-H pair (r = 0.91), which is
followed closely by the P,-GAP pair (r = 0.90). The cor-
relation coefficient for the P,-AFE pair is 0.65 and for the
P,-AE pair is 0.66. Note that the solar wind dynamic pres-

sure correlates better with AU (r = 0.66) than with AL (r =
0.36), indicating the auroral electrojet is convection driven.

In Fig. 4 the lag times for maximum correlation coef-
ficients are generally small (within 10 minutes) for all pa-
rameters, indicating a prompt response. Note that the zero
lag time for the P,-Sym-H pair, which is consistent with our

Table 1. Correlation coefficients of ionospheric parameters with solar wind parameters and proposed solar
wind-magnetosphere coupling functions (coefficients are maximized with time shifted in minutes indicated

by numbers inside the parenthesis).

GAP Sym-H AE D, References
vBsin*(0,/2)1,? 043 042 0.34 0.23 Perreault and Akasofu (1978)
P "*vB;sin*(6,/2) 047 048 0.38 0.27 Vasyliunas (1982)
vBsin*(6./2) 0.61 0.59 047 0.34 Kan and Lee (1979)
N, 0.89 0.87 0.66 043
P, 0.90 091 0.65 045
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Fig. 4. Cross correlation analysis of (a) global auroral power, (b) cross polar cap potential, (c) the auroral electrojet AE index, and (d) the Sym-H

index in response to different solar wind drivers.
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solar wind propagation analysis. The maximum response
time is ~2 - 5 minutes for the aurora, ~2 - 8 minutes for the
auroral electrojets, and 6 - 8 minutes for the cross polar cap
potential. There are secondary peaks in the lag response for
all parameters. This is due to the strong response occurring
between 1000 and 1200 UT because they disappear if the
upper data time limit is set to 1100 UT or earlier.

2.5 Quantitative Analysis

To quantify the solar wind dynamic pressure effect,
we plot the solar wind dynamic pressure against the four
ionospheric parameters and perform a least-squares line fit,
assuming a linear response, to each of the parameter-dy-
namic pressure pair for the entire period of 0330 - 1200 UT.
The results are listed below and the linear fits are shown in
Figs. 5a-d.

Sym-H (nT, 0 = 51.6) = (-36.8 £ 0.5)
+(3.0x0.1) P, (nPa) (1

AE (nT, 0®> = 583.7) = (68.0 + 1.5)
+(3.9+02) P, (nPa) 2)

¢, (kV,0?=73.1)=(23.9 £0.5)
+(0.8+0.1) P, (nPa) A3)

GAP (GW,0*=15.7)=(3.9+0.3)
+(1.5+00) P, (nPa) )

where 0% = X (Vs - V)N and N is the total number of
measurement points. The constant term for each parame-
ter fit is likely different for different states of the magne-
tosphere/ionosphere and the slope for each parameter pair
represents the dynamic pressure effect on each parameter
for northward IMF when contribution from merging is min-
imal.

Until now, the absolute value of the drivers and re-
sponses are used in the linear analysis. The background
value of the solar wind dynamic pressure is not removed,
which causes clustered data points near the low solar wind
pressure in Figs. 5a - d. These background values are likely
to affect the linear fit significantly. Without information
about the background pressure, we set a threshold from 1 to
5 nPa and recalculate correlation coefficients and found all
correlation coefficients are reduced. Figures Se - h show the
dynamic pressure in logarithmic scales. It can be seen that
the linear relations hold true even at low dynamic pressure
values, especially for Sym-H and GAP. On the other hand,
it is interesting to see if the responses are associated with
the rate of changes in the solar wind dynamic pressure. The
result is plotted in Figs. 5i - 1 and is negative.

3. DISCUSSION

This event, of a series of large short-duration pres-
sure pulses associated with a magnetic cloud, demonstrated
significant enhancements in a number of ionospheric pa-
rameters during a prolonged northward IMF. The increase
and decrease in the Sym-H (or D,;) index to the solar wind
pressure pulses is well known and is directly related to the
increase and decrease in the magnetopause (Chapman-
Ferraro) currents and the inward (earthward) and outward
motion of the magnetopause caused by the impinging pres-
sure pulses. Some previous studies have suggested that D,
is proportional to the square root of the dynamic pressure
(e.g., Ogilvie et al. 1968; Siscoe 1968). The contribution
of the solar wind dynamic pressure to the H-component of
the magnetic field at mid-latitude ground stations has been
empirically obtained as D,, = -20 + 15.8 x P,”* (Burton et
al. 1975; Gonzalez et al. 1989). This empirical result is plot-
ted in Figs. 5a and e as a dashed line for a comparison. It
clearly shows that a linear fit seems to be better, at least for
northward IMF conditions. Note that there is a large differ-
ence in the zero intercept between their result and this study
result (~160%). The large negative constant from this study
is likely to be caused by residues of the storm ring currents,
as the geomagnetic storm associated with the November
magnetic cloud was not fully subsided. As shown in Fig. 1,
although the K, index was only 2 but the background D,
was ~-40 nT (instead of zero) prior to the arrival of the first
pressure pulse.

The auroral electrojet enhancements in response to
the pressure pulses are associated with both convection and
conductivity increases. The two-event study of Shue and
Kamide (2001) demonstrated a positive relationship be-
tween the solar wind density and the intensity of the auroral
electrojets. They also found that the relationship is more pro-
nounced during a southward IMF. Because the solar wind
velocity for their events is relatively unchanged, it is expect-
ed that the enhancements of the auroral electrojets may have
come from the magnetospheric compression associated with
the larger solar wind dynamic pressure. Shue and Kamide
(2001) proposed that the enhancements of the auroral elec-
trojets were associated with auroral intensification. Our re-
sult not only provides further support for enhancements of
auroral electrojets by compression, but also indicates that
auroral electrojet enhancements during compression result
from enhancements in both conductivity (auroral precipita-
tion) and convection (electric field) in the ionosphere. In
addition, our lag-time analysis indicates that both the aurora
and the auroral electrojet AE index have a slightly shorter
maximum response time (~2 - 5 min) than the cross polar
cap potential (~6 - 8 min). A detailed analysis of the lag
times indicates that the response time for the GAP-P, pair
is strongly peaking at ~2 min, while the AE-P, pair has two
peaks: one at ~2 and the other at ~5 min. It is possible that
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the two-peak feature in the AE-P, lag time is caused by two
different processes, conductivity and electric field. For ex-
ample, there are two large AE pulses in response to the first
pressure pulse, with the first AE pulse slightly larger than
the second one. However, ¢,. was smaller during the first
than the second AE pulse. This may be because ionospheric
conductivity is larger during the first than the second AE
pulse, as suggested by the global power. Therefore, in the
cross-correlation analysis, the first peak in AE was prob-
ably associated with the conductivity increase, whereas the

second peak in AE was probably associated with the electric
field increase.

A good linear relationship between the solar wind dy-
namic pressure and the auroral power is somewhat unex-
pected. Conclusions from previous reports seem to suggest
that the enhancements of aurora are associated with a sud-
den pressure increase at the shock front; the magnetosphere
will have time to respond to a slow pressure increase quasi-
stationary and will not lead to a significant aurora. The pres-
ent result, on the other hand, indicates that it is the dynamic
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pressure but not its change that causes the aurora, at least
under northward IMF conditions. Because of the immedi-
ate response of the aurora and a good correlation between
the auroral power and the solar wind pressure (c.c. = 0.90),
the increase and decrease in auroral power must be closely
related to the compression and depression of the magneto-
sphere. Energy spectra of precipitating particles observed
by DMSP on one oval crossing indicate that the major form
of the auroral enhancements seen by Polar UVI is of dif-
fuse type originating from the central plasma sheet. Previ-
ous studies from a limited number of satellite oval crossings
also concluded with the same particle source from CPS (e.g.,
Zhou et al. 2003, 2009; Liou et al. 2006, 2007). Therefore,
diffuse auroras are likely the dominant auroral form during
magnetospheric compression. Particle pitch angle scattering
by wave-particle interaction (e.g., Zhou and Tsurutani 1999;
Tsurutani et al. 2001) and/or changes in magnetic mirror
ratio (Liou et al. 2006) are probably two main causes of en-
hanced particle precipitation without acceleration. Howev-
er, the marginally trapped CPS electrons in a flux tube can
be emptied within a few seconds by the loss cone increase;
therefore, it requires plasma waves that pitch-angle scatter
more deeply trapped electrons into the loss cone to sustain
the auroral emission during stable compression. The plasma
wave(s) that may be responsible for the scattering process
has not been identified, nor has the mirror ratio mechanism
been directly proved. Future studies in these two issues will
help with a further understanding of the auroral process as-
sociated with dynamic pressure.

The sudden increase in the cross-polar cap potential
drop during northward IMF periods was probably mainly
driven by the pressure pulses as suggested by our correla-
tive study. The electrical potential across the polar cap is
controlled mainly by the solar wind electric field and a num-
ber of statistical studies have related the cross-polar cap po-
tential drop to the IMF (Wygant et al. 1983) and the solar
wind electric field (e.g., Reiff and Luhmann 1986; Boyle
et al. 1997; Eriksson et al. 2000). Effects from the solar
wind density/dynamic pressure were generally considered
insignificant. Hairston et al. (1999) analyzed drift-meter
data taken from the DMSP spacecraft during the January
1997 CME/MC event and found a surprisingly large cross-
polar cap potential drop (¢,. = 235 kV). They attributed the
unusual large ¢,. to a density/pressure pulse, although it is
not clear if the density/pressure pulse is a direct cause of
the large ¢, increase because the IMF had been strongly
southward (B, ~ -10 nT) for many hours. Toward the end of
the CME/MC event, the IMF rotated slowly into northward.
A large density/pressure pulse was observed and resulted in
only a small increase (~10 kV) in ¢, in the hemispheres.
Our result not only supports their finding but also indicates
a much larger increase in ¢,. (30 - 40 kV) can occur during
a prolonged northward IMF period. The good proximity in
the time profile between the solar wind dynamic pressure

and the cross polar cap potential drop suggests that the po-
tential drop is driven mainly by the pressure pulses. Using
a MHD simulation, Fujita et al. (2003) showed that iono-
spheric and magnetospheric plasma convection can arise as
a result of magnetospheric compression during the second
stage of the main impulse phase. According to their expla-
nation, diamagnetic currents behind the compression front
will be mode-converted to field-aligned currents and closed
in the ionosphere by the curl free Pedersen currents. Their
results also support our cross-correlation analysis result of
a 6 - 8 min lag-time for the potential drop relative to the
pressure pulses.

Viscous convection may play an important role in this
event. It has been reported that the polar cap potential de-
creases slowly after an IMF turns northward and reaches a
value between 15 and 20 kV after ~4 hours of northward
IMF (Wygant et al. 1983). Wygant et al. attributed this as-
ymptotic value to a viscous interaction process. Other stud-
ies also suggested that impulse energy injection into the
magnetosphere/ionosphere during pressure pulse events
does not exist after 4 hours of northward IMF (Du et al.
2011). If this is the case, the observed background transpo-
lar potential seems to suggest that the reverse convection
would only contribute to the polar cap potential no more
than 20 kV under very large IMF B, conditions (B, ~18 nT).
Inside the density pulse the high solar wind density is ex-
pected to produce a large viscous drag at the magnetopause
and hence a large convection flow in the magnetosphere and
ionosphere. In contrast to the observed short-time scale in-
crease in the potential, however, viscous drags are a long-
time process. Therefore, it is not clear how important the
viscous drag may have played in this event. Such a question
deserves more detailed studies to help understand the inter-
play among all the possible effects.

4. SUMMARY AND CONCLUSIONS

A series of large-scale solar wind dynamic pressure
pulses (P, up to ~80 nPa and T ~10 - 20 min in durations)
impinged the Earth’s magnetosphere on 8§ November 2000
and produced significant geomagnetic disturbances. The ar-
rival of the pressure pulses produced large northward excur-
sions in the ground magnetic field near the equator (ASym-H
~30 - 40 nT). What is unusual to this event is its prolonged
northward IMF before and throughout the event which al-
lows a detailed study of the solar wind pressure effect be-
cause effects from magnetic field merging are expected to
be small. In response to the pressure pulses, the planetary
K, index increased from 2 to 5-. A number of ionospheric
parameters also showed significant enhancements in one-
to-one correspondence with the pressure pulses with little
delay. For example, (1) the auroral electrojet inferred by the
AE index was intensified (AE > 200 nT), (2) the transpolar
potential also showed a one-to-one increase to the pressure
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pulses (~50 - 60 kV), and (3) the northern hemispheric au-
roral power, inferred from Polar UVI images, also increased
significantly (~30 GW), with the brightening first occur-
ring on dayside then nightside. The (linear) response rate
to the solar wind dynamic pressure is also calculated as
3.9 nT/nPa for AE, 3.0 nT/nPa for Sym-H, 1.5 GW/nPa for
GAP, and 0.8 kV/nPa for ¢,,.

The analysis of this event demonstrates that dynamic
pressure alone can produce significant geomagnetic distur-
bances. The correlation analysis suggests that these positive
ionospheric responses are directly associated with the solar
wind dynamic pressure rather than the solar wind electric
field. Further studies are required to understand the underly-
ing physical process.
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