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Abstract. The magnetospheric response to step-like solarstudies have shown that the solar wind density has little to
wind dynamic pressure increases under southward IMF conno effect on the electric potential in the ionosphere, while
ditions is studied using the University of Michigan MHD the velocity can help to control the electric potential (e.g.,
code. A two phased response in the ionosphere is observeonzalez 1990 Weimer, 1995 Boyle et al, 1997. Re-
similar to what is observed when the IMF is northward by cently, it has been suggested that the solar wind pressure
looking into the residual potential and field-aligned current helps to control the energy transfer from the solar wind to
(FAC) patterns in the ionosphere. The first phase responsthe ionospherelopez et al, 2004 Boudouridis et a].2003

right after the high pressure enhancement hits the magneand whether the ionospheric potential will be saturaid-(
topause is associated with a pair of FACs downward in thecoe et al. 2002. While the role of the relatively calm solar
postnoon and upward in the prenoon region. These FACsvind pressure/density is questionable in driving the magne-
are caused by dusk-to-dawn electric fields inside the daysidéosphere, transient or step changes in the pressure or density
magnetopause launched by a fast mode compressional wavappear to have a strong influence on the magnetosphere for
The second phase response shows another pair of potentialshort period of time. Magnetic perturbations measured by
cells as well as FACs in opposite polarity, which originates ground-based magnetometers after pressure changes in the
from magnetospheric vortices on the equatorial plane. Thesolar wind have been reported by many researchenis{
vortices appear to be formed by the recovery of the systenChristensen et gl1988 Farrugia et al.1989 Sibeck et al.

from the fast mode wave. 2003 Araki, 1994 Russell and Ginskey995 Engebretson
_etal, 1999 Moretto et al, 2002 Sibeck et al.2003. Ground
gnagnetic perturbations experience two successive impulses
that are denoted as PI (preliminary impulse) and MI (main
impulse) Araki, 1994. PI signatures at lower latitudes are
positive in the morning sector and negative in the afternoon;
MI signatures have the reversed sense. At higher latitudes
the magnetic signatures are opposite.

Understanding the interaction between the solar wind and the ENgebretson et a(1999 showed equivalent convection
magnetospheric-ionospheric system is important for a numbatterns calculated from all available magnetometer data for
ber of practical and theoretical reasons. Space weather bd'® Préliminary impulse and revealed traveling convection
sically begins with this interaction. Studies have shown thatvortices (TCV). Moretto et al.(200 interpreted the re-

the interplanetary magnetic field (IMF) strongly controls the SPONse measured by ground-based magnetometers to a com-
state of the magnetospheieighida 1983. While the solar pressmn_of the magnetosphere on 22 A_ug_usF 1995 m_terms
wind pressure can determine the size of the magnetospher@f Potential patterns by means of the assimilative mapping of
less is understood about how the pressure influences the elel2nospheric electrodynamics (AMIE) techniquei¢hmond

trodynamics of the magnetosphere-ionosphere system. Marg"d Kamide 1988. Slinker et al.(1999 studied the iono-
Spheric response to a density pulse in the solar wind using

a global 3-D MHD model. The last two studies showed
Correspondence tov. Yu that a pair of oppositely rotating flow vortices appear in the
BY (Yiqunyu@umich.edu) ionosphere around 7hear noon and propagate toward the
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nightside, fading as they move. They also reported a secthe second response to enhanced convection electric fields,
ond pair of ionospheric convection vortices that follow the Moretto et al.(2000 inferred it as a generic feature of the
first set but rotate in the opposite senSénker et al.(1999 magnetospheric and ionospheric response to the pressure in-
presented results that show a pair of magnetospheric vorticesrease, but did not determine the physical mechanietier
traveling toward the magnetotail that are associated with theet al. (2002 concluded that the first response is consistent
ionospheric response. with the theory oKivelson and Southwoo(991) who pro-

Past studies have speculated that the ionospheric vorticgzosed that Alfén waves driven by a pressure perturbation
are driven by field-aligned currents generated at the magnenear the magnetopause generates the FACs. The authors also
topause, due to the indentation of the magnetosphere at th&uggested that conversion processes between compressional
pressure front. The perturbations on the magnetopause mowgaves and transverse waves directly are driven by magne-
along the flanks of the magnetosphere with the solar windfopause indentations, and that the shear &ifwave is the
causing the FACs to travel antisunward, and thus ionospheribest candidate of the generator of the FAC in the second
traveling vortices resultGlassmeier and Heppnet992. phase.Kataoka et al(2004 studied TCVs caused by a lo-
Lysak and Leg1992 studied the response of the magne- calized density pulse in MHD simulations and concluded that
tosphere to a pressure pulse at the magnetopause using atBe transient response at the higher latitude is due to the FACs
D model of Ultra-Low-Frequency (ULF) waves in a dipole converted from the inertial current associated with the mag-
geometry and showed that a compressional wave is directiyetopause deformation via the curvilinear effect, while the
excited by the pressure pulse, and converts to a shear modewer latitude TCVs result from the FACs that are converted
Alfv én wave in the inhomogeneous magnetosphere, carryingia both curvilinear effect and inhomogeneous effect.
the FACs down to the ionosphere. In other words, the FACs Fujita et al.(20033, Fuijita et al.(20038 showed simula-
are generated inside the magnetosphere but not on the magien results of the response of the geospace environment to
netopausel tihr et al (1996 proposed that the FACs are gen- a sudden solar wind pressure enhancement under northward
erated by local pressure perturbations at the inhomogeneouMF conditions. These researchers thoroughly analyzed the
magnetospheric boundary layedlinker et al.(1999 inter- generation mechanism by focusing on current systems in the
preted the ionospheric traveling vortices as a result of fieldtwo-phased responsdauijita et al.(20033 examined the first
aligned currents that are generated by a hydromagnetic waveesponse that is associated with the preliminary impulse of
propagating in the inhomogeneous magnetosphere plasnground perturbations by studying the evolution of the iono-
from the dayside to the nightsidéefTamao(1964g, Tamao  spheric field-aligned current system and ground-based mag-
(19648 and Southwood and Kivelso(1990 proposed the netic perturbations. They showed that an upward (down-
development of vortical flows in the ionosphere through theward) FAC appears in prenoon (postnoon) region, propagat-
conversion of compressional to transverse wavgsgelson ing poleward and nightward, and that the northward com-
and Southwood1991) proposed that the field-aligned cur- ponent of ground-based magnetic field shows bipolar vari-
rents are generated by the shear Athperturbations directly ations. They suggested that the current associated with the
at the boundaryCowley (2000 reviewed and compared sev- preliminary impulse first is generated at the magnetopause
eral previously suggested generation mechanisms for traveland subsequently is converted into field-aligned current to-
ing convection vortices (TCV) that result from a compressiveward the ionosphere via polarization current in the compres-
pulse in the solar wind, and concluded that there is yet nosional wavefront launched by the solar wind impulse. This
consensus on which of the proposed mechanisms matcheonversion involves a mode change from the compressional
the observed pattern for an impulsive compressiSineck  wave to the Alfien wave and occurs in the region with a steep
et al. (2003 suggested that field-aligned currents would be Alfvén wave speed gradientujita et al.(2003h showed
generated where the transient azimuthal pressure gradienthat during the main phase, another twin convection cell sys-
are applied to the more permanent radial gradients, and pealem with opposite rotational sense appears on the dayside at
at the inner edge of low latitude boundary layer (LLBL). lower latitudes, propagating toward the nightside. The au-

While these FAC generation mechanisms do not considethors studied two successive current systems. One is a tran-
separately the two-phased response to the solar wind presient current system, consisting of three currents: upward
sure increase, some studies started looking into the Pl anBAC on the sunward side, dawn-to-dusk current in the inner
MI phases separatelyEngebretson et a(1999 suggested magnetosphere that is caused by the deceleration of plasma
the first short-lived set of FACs results in charge imbalancespehind the compressional wavefront, and downward FAC on
which, when unloading, could help to enhance the effect ofthe night side. While the other one, which is rather station-
the second set of FAC#raki (1994, Moretto et al.(2000 ary and resembles the Region-1 current system, is driven by
explained the first response as a result of a dusk-to-dawia dynamo in the tailward side of cusp region.
inductive electric field launched by a compressional wave While some studies mentioned above did not account for
that is caused by the sudden change in magnetic field at ththe IMF orientation (e.g.Lysak and Lee1992 Engebret-
dayside magnetopause due to the compression induced tson et al. 1999, some studies specifically focused on pres-
the pressure enhancement. WhHleaki (1994 attributed  sure changes when the IMF was northward (eRussell
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and Ginskey 1995 Slinker et al, 1999 Moretto et al, Northern Hemisphere

200Q Fuijita et al, 2003ab). Using the University of Michi- 60E ‘ ‘ ‘ ‘
gan MHD code, we have investigated the response of the

magnetosphere-ionosphere system to a sudden pressure en- ¢
hancement under northward IMF conditions and found the _ 40F
same responses as those reportedslgker et al.(1999, :
Keller et al.(2002), Fujita et al.(20033, Fujita et al.(20038. o TUE
Here we present results on the magnetospheric response dure 5,
ing southward IMF conditions, which is found to be some- g E
what different than during northward conditions, but having 10¢ E
the same two-phased ionospheric response. The generation o§ ‘ ‘ ‘ ‘
mechanism of the two phases are discussed in detail. 1721 UT 1727 UT 1733 UT 1739 UT 1745 UT
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Fig. 1. Cross polar cap potential as a function of time when the
2 Methodology high pressure solar wind hits the bow shock around 17:20 UT with
northward IMF conditions.
The magnetohydrodynamic (MHD) code BATS-R-US
(Block Adaptive Tree Solar wind Roe-type Upwind Scheme) . i )
is described byowell et al(1999. It solves the ideal MHD solqr wind speed, aqd the response in the system is caused by
equations and is coupled to an ionospheric electrodynamié€ introduced step increase.
model, as described Wyidley et al.(2004). The MHD code
has a block-based structure, such that a wide range of scalg Simulation results
sizes can be simulated within the same domain. In this work;
simulations are conducted with _the inner bqundary of Mag- 1 Results with northward IME conditions
netosphere at 2.8, resolved with a resolution of 1/&g.
The initial parameters are IMB,=0.5nT,B,=0, B,=-5nT,
solar wind density = 5 cm?, temperature = 100 000K, ve-
locity V,=—400km/s, andV,=V,=0. The simulation start
time is at 16:45UT. The solar wind conditions are constant
until 17:15UT, at which time a density change from 5¢m
to 20 cn1 3 is introduced at the upstream boundary of the do

The response of the magnetosphere to a step change in the
solar wind density under northward IMF conditions in our
simulation results is consistent with previous studies. Two
phased responses reported Fyjita et al. (20033, Fujita

et al. (2003h, as described in the Introduction section, are

. ) .~ -~ reproduced. Figurd shows the cross polar cap potential
main (32K ). I_n °'Tder 1o keep S.UCh a contact dlscontlnu_lty profile after the sudden pressure enhancement encounters the
from propagating in the solar wind, the property of contin- bow shock around 17:20 UT. The first phase of the response

uous thermal pressure across the discont.inu_ity requires .thghows an increase of the cross polar cap potential soon after
temperature to be 25 OOOK after the density '”.‘p“'se: Whllethe disturbance hits the magnetosphere, and then it starts to
the other parameters remain unchanged. The simulation ru

n&ecay 2min later. This increase of the cross polar cap po-

30min under the disturbed conditions to examine the "®tential is associated with a strong reversed potential pattern

sponse of the magnetosphere and ionosphere to the dynamdgr enhancement of the northward IMF potential). The sec-
pressure. enhancemell’lt. ) ond phase of the response takes over in magnitude in another
An estimate of the time delay for the disturbance to propa- min, significantly increasing before it fades. The potential
gate before encountering the bow shock is made in this studynen pegins a phase of slow decline lasting tens of minutes.
Prior to its encounter with the bow shock, the front of the dis- The potential pattern of the second response is a more typ-
turbance convects at solar wind speed superposed by the fagly| two-cell pattern, which implies that the currents being
mode wave speed that propagates away from the idealizegyiyen by the enhanced pressure condition dominate over the

step disturbance. However, the solar wind speed is muchyorthward IMF current system (i.e., the NBZ currents).
larger than the fast-mode wave speed in much of the volume

of the magnetosheath and in the solar wiRdrfugia etal. 3.2 Results with southward IMF condition

1989. While numerically the discontinuity diffuses slightly,

causing part of the step disturbance to arrive at the bow shocB.2.1 lonospheric signatures

earlier than the real step change, resembling the fast wave

perturbation, the diffusion does not introduce a significantUnder southward IMF conditions, the ionospheric convec-
difference from a real step change, since the spreading of théon is a typical two-cell pattern (positive potential cell on the
discontinuity is observed to be about 0.5 min. Therefore, indawn side, and negative on the dusk side) and the Region-
what follows, the disturbance is treated to be traveling at thel and Region-2 current systems in the ionosphere have
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4394 Y. Yu and A. J. Ridley: Response to sudden pressure change

/!;;1““/ i
,'). ! \‘\\\

Fig. 2a. Residual potential patterns in the Northern Hemisphere after the pressure enhancement hits the magnetosphere with southward IMF
conditions. They are derived by removing a potential pattern, obtained by averaging the patterns from 17:15UT to 17:20:00 UT, from the
plot at the specific time. The yellow (blue) contours represent the positive (negative) residual potential, while the arrows are the equivalent
convection velocities. The last plot is the cross-polar cap potential as a function of time.
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Fig. 2b. Continued.

significant magnitudes. Therefore, in order to detect the reat approximately 70 latitude. The two cells grow and
sponse of the ionospheric current and potential to the suddethen decay in a time-scale of two minutes, propagating to-
disturbance, background patterns are subtracted. The backvard the nightside. Another two residual potential cells
grounds are obtained by averaging the patterns from 17:15 tavith the opposite polarity emerge around 17:23:30 UT &t 68
17:20 UT, the time before the sudden pressure enhancemeat 10:00 MLT/14:00 MLT. The cells expand and strengthen,
encounters the bow shock, i.e., when the system has not ygiropagating slightly toward the nightside. These variations
been disturbed. are the same as that showrHujita et al.(2003h and others’
. . . . work with northward IMF. Although the cross polar cap po-
The ionospheric regldual potential pattern at.l7:'20 uT andtential profile (line profile in Fig2b) primarily shows a single
afterwards at a 30s time cadence are shown in Eigand phased response (an increase from 90kV up to 160 kV from

2b. Two weak potential cells, with the positive(negative) cell 793 UT } :
; . : to 17:28 UT), which corresponds to the second
in the afternoon(morning) sector, appear around 17:22:00 U'I;L ) P

www.ann-geophys.net/27/4391/2009/ Ann. Geophys., 27, 489122009
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Fig. 3. Residual field-aligned current patterns in the Northern Hemisphere after the pressure enhancement hits the magnetosphere with
southward IMF conditions. They are obtained in the same way as that of residual potential patterns. The yellow represents the upward flow

of the current, while blue is downward.
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Fig. 4. The H component of the ground magnetic perturbations in the Northern Hemisphere at 6 different longitudes (6 panels) at various
latitudes (4 lines in each panel). The interval of perturbations between latitudes is 100 nT.

two-cell ionospheric potential set, there is a slight decreasanay not notice a change in the FAC or potential during the
after the magnetopause is disturbed around 17:21 UT witHirst response.

respect to the initial cross polar cap potential. This is the The same two-phased response is also observed in the
first phase response, as shown in the northward IMF caseesidual field-aligned current in the ionosphere, as shown in
(Fig. 1). The difference between the northward and south-Fig. 3. The residual patterns are obtained in the same way
ward IMF cases is due to the background ionospheric potenas that for the residual ionospheric potential. The residual
tial cells. In the northward IMF case, the FACs produced by downward and upward FAC emerging around 17:22:00 UT
the magnetospheric response are in the same sense and coifi-the postnoon and prenoon regions respectively &t 73
parable or larger than the weak background FACs. While inare the cause of the residual positive and negative poten-
the southward IMF case, the first set of currents is opposite injal cells shown in Figs2a and2b. These FACs elongate
sense to the background FACs, but significantly weaker thamnd propagate at roughly a constant invariant latitude to-
the strong background currents. This causes the net currenigard the nightside. The second residual current system,
(and therefore potential) to be barely changed during the firstesembling the Region-1 current system, appears near 70
response. Without subtracting the background pattern, ongt 17:22:30 UT on the dayside and propagates in the same

www.ann-geophys.net/27/4391/2009/ Ann. Geophys., 27, 489122009
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direction, overwhelming the first FAC set. These results areand is similar to the northward case. The ionospheric convec-
all consistent with-ujita et al.(20033, Fujita et al.(20038 tion vortices are strongly related to the field-aligned currents
in the sense of ionospheric responses. There is one morhat connect the magnetosphere and the ionosphere.
residual FAC set that emerges around 17:26 UT at a much

lower latitude (65): downward FAC elongated in the dusk 4.1 First phase

sector and upward FAC in the dawn sector (too weak to be

seen). This residual FAC system is related to the RegionAs seen from the review in the Introduction section, there
2 current, which is observed iRujita et al.(2005 and our ~ are a number of studies that attempt to interpret the gener-
simulation under northward IMF conditions, but the Region- ation of FACs after a sudden solar wind pressure increase.
2 current in the southward case has a much larger magnitudgowever, most of them did not distinguish between the se-
and appears at an earlier time compared to the northwarguences of the two phases. Here, we attempt to investigate

IMF case. the two responses separately to study both generation mech-
anisms. For the FACs in the first response, one suggestion
3.2.2 Ground signatures from earlier work that separately considered two responses

is wave mode conversion, which occurs in the nonuniform
Ground magnetic field perturbations are calculated from Hallplasma (e.g.Fujita et al, 20033. After the sudden com-
currents over the entire hemisphere by Biot-Savart integralpression of the magnetopause, a compressional wave (i.e.,
using the technique described By and Ridley(2008. Fig- a fast-mode wave) is excited at the dayside magnetopause.
ure4 shows the ground perturbations at various magnetic lo-This compressional wave converts to shear Atfwvave at
cal times and latitudes. The expected bipolar variation ofthe boundary where the plasma has a sharp spatial gradient
the preliminary impulse are reproduced at 15:00 MLT andin the region of &L <7 in their simulation. The current is
09:00 MLT around 17:22 UT: positive pulse at higher lat- then carried down to the ionosphere along the field-lines by
itudes in postnoon region and negative at lower latitudesAlfv én waves. Another suggestion is fraxraki (1994 who
which is consistent with the first newly emerged ionosphericproposed a physical model that attributed the first double-cell
convection. In addition, the MI signatures are also repro-system to the inductive dusk-to-dawn electric field transmit-
duced, i.e., the deflection goes to negative in the postnootted to the polar ionosphere from the compressional wavefront
region at higher latitudes, and the opposite direction at lowerpropagating in the dayside magnetosphere.
latitudes. Fujita et al.(2003) mentioned that the deflection Examining the magnetospheric flow at the beginning of
maximized at different times depending on latitude and MLT. the disturbance helps to understand the first response ob-
This is reproduced in the simulation reported here with theserved in the ionosphere. It is well known that the day-
maximum perturbations from dayside to nightside at variousside reconnection plays a dominant role in influencing the
latitudes lagged in time as the wave propagates toward thenagnetosphere-ionosphere system during steady-state peri-
nightside. ods under southward IMF conditionBngey 1961). Dur-
Since FAC is a primary driver of the ionospheric Hall cur- ing the first 2min after the pressure change encounters the
rent, which determines the ground-based magnetic perturmagnetopause, it appears that reconnection plays little role in
bations, it is expected that the perturbations will maximize determine the flow on the dayside magnetosphere. Figure
when and where the FACs are strongest. By comparing withllustrates that the disturbance caused by a sudden pressure
Fig. 3, which displays the evolution of FACs in the iono- increase in the solar wind is opposite to the steady flow that is
sphere, it is found that the second set of residual FACs maxusually caused by the subsolar reconnection: the convection
imizes at 08:00 MLT and 16:00 MLT around 17:27:00UT at the dayside magnetopause cavity is observed to have an
at 72 magnetic latitude, which explains the maximum de- Earthward flow just after the pressure enhancement hits the
flection in the ground perturbations at 17:27:00 UT aroundbow shock around 17:20 UT, rather than the typical sunward
this latitude at 15:00 MLT and 09:00 MLT. The elongation of flow, until 17:23:00 UT when the reconnection site starts to
FACs towards the nightside contributes to the propagation oftabilize at a new position and the sunward plasma flow re-
the maximum deflection. covers. This sequences is shown in the lower row of 5jg.
which illustrates the plasm¥, in color with the magnetic
field-lines overplotted in Y=0 plane. The blue branch inside
4 Discussion the dayside magnetosphere cavity (at 17:21:30, 17:22:00 and
17:22:30) represents the antisunward flow soon after the high
Itis shown above that the magnetosphere and ionosphere upressure hits the magnetopause.
dergo a two-stage response to a step function in pressure dur- The upper row of Figs shows the electric field in the
ing southward IMF. In the ionosphere, the first response isequatorial plane in the dayside magnetosphere. The color
quite rapid and is very weak compared to the backgroundrepresents the Y-component of the electric field, while the
and therefore may be easily overlooked. Utilizing a back-vectors indicate,,. Before the magnetosphere is disturbed,
ground subtraction technique, though, it is easily observedthe electric field in the dayside magnetosphere cavity is

Ann. Geophys., 27, 4398407, 2009 www.ann-geophys.net/27/4391/2009/
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Fig. 5. Upper row: electric fields on equatorial plane. Color represents the dusk-to-dawn (Y) component of eletric fields, and black arrows
are vectors of electric fields on the plane (i.e., in both x and y components). Lower row: Snapsipta tie dayside magnetosphere on

the Y=0 plane. Color represents the velocity, and the lines are the magnetic field lines. Note that the magnetosphere is slightly stretched in
the x axis compared to the y axis.

roughly dawn-to-dusk, except in the places where magne- It should be noted that the reversed convection near the
tospheric convection vortices reside. After the high pressuredayside reconnection point seems contradictory to the recon-
enhancement encounters the subsolar magnetopause, duslection process, but the reconnection point is moving Earth-
to-dawn electric fields are created inside the dayside magward with a velocity of almost 1/Rg per minute, (approxi-
netopause, generating antisunward plasma flow, due to themately 55 km/s), which is significantly larger than the Earth-
compressional fast mode wave. This fast mode wave isvard flow inside the magnetosphere. Therefore, in the recon-
caused by a largéB/dt due to the inward motion of the nection frame of reference, there is flow directed towards the
magnetopause. A dusk-to-dawn displacement current is gerreconnection site on both sides.

erated by the change of electric fields.
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Three-dimensional plots are shown in F&to help to
investigate the relationship between the first pair of field-
aligned current in the ionosphere and the inductive elec-
tric field. After introducing a sudden pressure enhance-
ment in this simulation, the response in the magnetosphere-
ionosphere system is found to be the same as that observed
during northward IMF conditions, implying that the first re-
sponse in the system has little to do with the IMF orientation,
as long as the IMF stays steady. Furthermore, it is difficult
to distinguish the newly emerged FACs from the background
ones due to the same polarity of these FACs under southward
IMF conditions. Therefore we choose to show the 3-D re-
sults from simulation under northward IMF conditions. The
color on Z=0 and Y=0 plane in Fid is the Y component
of inductive electric field. The black lines are the contour
lines of thermal pressure. Blue lines represent the current
flow in the magnetosphere. Initially, after the sudden com-
pression, the inductive electric field caused by the fast mode
wave generates a dusk-to-dawn displacement current just in-
side the dayside magnetopause, which is closed by the dawn-
to-dusk magnetopause current, seen at 17:21:30 UT. During
the fast mode wave passage in the dayside magnetosphere,
this dusk-to-dawn displacement current is produced in the
space between the Earth and dayside magnetopause and fol-
lows the propagation of the inductive electric field, which
wraps around the Earth from dayside. At 17:22:00 UT, the
current circuit is no longer completely in the magnetosphere:
the displacement current is now closed by the field-aligned
current that flows down towards the ionosphere on the after-
noon side (blocked) and out of the ionosphere on the morning
side, forming a current loop with the dawn-to-dusk magne-
topause current. This field-aligned current pair is consistent
with the first response. With the propagation of the induc-
tive electric field towards the nightside, the roots of FACs in
the ionosphere also move in that direction. The turning point
from displacement current to FAC on the morning side ap-
pears around (5+-3.5, 5)Rg, which is at a high Z position
and close to the noon-midnight meridian. Actually, the root
of this current flow in the ionosphere lies around T3ag-
netic latitude and 10 magnetic local time, which is consistent
with the position where the ionospheric vortex appears.

Some may argue that the turning of the current path
from “displacement current-magnetopause current” circuit to
“FAC-displacement current-magnetopause current” circuit is
a result of the wave mode conversion between the fast mode
wave and Alf\en wave at the boundary of great plasma gra-
dient (e.g.,V, at the plasmapause ifamaq 196443 Fujita
et al, 20033; however, in this simulation, no plasmasphere
model is implemented. The structure of the magnetosphere
does not display a significant gradientlin near the position
where the displacement current turns to field-aligned current.

Fig. 6. The current flow in a 3-D view in the first phase. Blue lines: Furthermore, no time delay is found between this current
current flow; Color on the Z=0 and Y=0 plane: electric field in Y di- flow turning to FAC and the ionospheric vortices appearance.
rection; black contour lines: thermal pressure in the magnetosphererhey both occur near 17:22:00 UT. While the delay is possi-

The axis orientation is shown in the upper right corner.

Ann. Geophys., 27, 4392407, 2009

ble if it is in the wave mode conversion, as the traveling time
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Fig. 7. Magnetospheric convections on the equatorial plane. Upper six panels: the IMF is northward; Lower six panels: the IMF is

southward. The color contour represents the thermal pressure.

through Alfvén wave is approximately 1-2 min.

4401

Instead, gation, since the inductive electric field is observed to travel

this change of current path might be associated with the entowards the cusp region where the change of current path
hanced cusp dynamics as a result of fast mode wave propaccurs. Samsonov et al2009 observed a current dynamo

www.ann-geophys.net/27/4391/2009/
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Fig. 8. Northward IMF condition: left column displays the plasma convection (shown by the black streamlines) in the equatorial plane, and
the color contour ié’l‘%” (or the I.h.s. of Eql); right column shows the current flow in 3-D, and the color on Y=0 and Z=0 planes represents

J - E, while the black contour represents the thermal pressure in the magnetosphere. Thga%‘him0‘3/s, and unit ofJ - E is pW/md.
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near the dayside cusp region after the sudden compression of The left column of Fig.8 shows the plasma convection

the magnetosphere in a MHD simulation and found a good(black streamlines) superposed on the color contouf8f
temporal correlation with the first ionospheric response. (or the right hand sides of Eq) for the Northward IMF

case. Negative (blue‘-f% means the direction of the vor-
ticity is southward (into the plane), while positive (yellow)
Although the second response in the ionospheric potentiafepresents a northward directed vorticity (out of the plane).
and current shows the same phenomena as in the northwarghe increase Of@I inside the magnetopause (denoted by
IMF conditions simulations, the magnetospheric convection,req arrows) from the dayside towards the flank and the night-
which may help to reveal the generation mechanisms, is difiqe with time indicates the vortices are under development.
ferent than during the northward case. To address this difag ghserved in the left column, the vortices (as indicated by
ference, Fig7 shows the magnetospheric convection devel-he fiow Jines transferring from antisunward flow along the

opment in the equatorial plane for both the northward IMF yagnetopause to sunward flow deeper in the magnetosphere)
tahnd TOUtth?rd IME.IC?Qd't'OInS' Tr:e stégarrllnetr:ept);]esentisare being led by the increasirié%| from 17:23:00UT
prispsif;n aflow, while the color contour dispiays the thermaly, 1 7.55:00 UT. The right column of Fig8 shows three-

dimensional view of current flow with the color contours on
421 Northward IMF Z=0 and Y=0 plane representinfj- E and the black con-

o _tour lines representing the thermal pressufe.E contours
In the northward IMF situation, after the sudden solar wind ;; the equatorial plane indicate a dynamo. The “generator”

pressure change hits the bow shock, the pressure evolyss cyrrent is whereJ - E < 0, which means the kinetic en-
tion and the vorticity motion inside the magnetosphere showergy (or plasma convection) is converted to electromagnetic

a strong relationship between them. AccordingQgino  gnergy. This occurs in front of the emerging vorticity and

4.2 Second phase

(1986: is a strong evidence for the vorticity-generated field-aligned
4o B2 i 2B.-V»x VB current mechanism. As seen from three-dimensional view
Gl _HKg2q P2y 2 VPXVD (1) o " ;

i p I P 5= 0 B2 ’ of current flow, this “dynamo” (negativg - E) appears from

) the dayside magnetosphere, generating currents that flow into
djn g2 1o pa o (2)  or out of the ionosphere at auroral latitudes. These cur-

Jll Il =
dt  po 0 rents are closed by Chapman-Ferraro currents. When the

whereB is the magnetic fieldy is the viscosityp is the den- dynamo travels from the dayside towgrds th.e nightside in-
sity, p is the pressurey is the resistivity,io is the vacuum side the magnetosphere,'the current in the ionosphere also
magnetic permeability; is the parallel component of vor- MOVves towards t_he nightside, Cpn5|stent with the phenomgna
ticity (i.e., along the magnetic field)y, is the parallel compo- _obsgrved in the |on0_sphere. It is found thz_:lt the current orig-
nent of the current density, and, = (B V)/B. The vortic- inating from the_ vort.|C|ty near the gquatorlal plane does ngt
ity is mainly generated by the pressure gradient (i.e., the righflow along the field line at first, but in a nearly transverse di-
hand side of Eql), assuming small viscosity in the magneto- r€ction within a thin layer €1.5Rg) around the equatorial
sphere and small variation of parallel FAC on the equatorialP!ane before flowing as field-aligned current. This is dia-
plane (and thus the 2nd and 3rd terms on the left hand sid8@gnetic current, caused by pressure gradient in magnetized

of Eq. (1) are negligible), and the field-aligned current orig- plasma. Therefore, the current generated in the vorticity con-
inates from the vorticity. Details about the inertia teig%l nects with the FAC toward the Earth via this transverse dia-
' t

(i.e., how the vortices, and,, are generated) are discussed magnetic current aroupd _the Equatorial plane. .
below The second phase is in the same sense as the Region-1
Whén the magnetosonic wave is sweeping through th urrent system, and is therefore often considered as an en-

dayside magnetosphere, two high pressure branches app ncement to the convection p‘.“t?”‘ (eBguidouridis et al.
just inside the magnetopause on both sides of the Eam?[ooa. It should be noted that this is exactly the same genera-

just sunward of the dawn-dusk meridian. These high pres-t'on mechanism that creates the Region-2 current system un-

sure bands appear at around 17:23UT, as seen in7Big. der southward IMF circumstances, except that in the region

The front propagates tailward, generating a pressure radierft CUrrent system, the high pressure is on the nightside (cen-
propag d 9ap g tered around midnight) typically, instead of centered near the

pointing sunward, and the gradient of the magnetic field is to-d i d d ds midniaht in thi . h
wards the Earth. These two gradients create a vorticity point- ayside and spreading towards midnight in this case (i.e., the

ing to the north on the dusk side (out of the plane) and sout VP termin Eq. .0‘) has the opposne S'gf‘)- It should further
on the dawn side (into the plane), as shown at 17:24 UT, an e noted that this resylt |mpI.|e's that during northward _IMF, a
thus field-aligned currents flowing into the dawn ionospherepressure pulse can directly |nje_ct cold dense plasma into the
and out of the dusk ionosphere. The pressure gradient pro;ﬁlasma sheet over just a few minutes.

agates tailward around the Earth, driving the vortices in that

direction (see 17:28:00 UT).
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Fig. 9. Southward IMF condition: left column shows the plasma convection (streamlines) in the equatorial plane, with the contour repre-

(c) Time 17:25:00

sentingJ - E; right column shows the 3-D current flow in the same format as in the right column o8.Fig.
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4.2.2 Southward IMF around 17:26 UT (see Fi@), the time difference indicates
that it takes about two minutes or so for the Region-2 current

Under southward IMF conditions (Figlb), however, the to be restored and then exceed the original magnitude. These
pressure pattern of the magnetosphere develops differentlyonvection vortices are created by the pressure gradient that
No high pressure branches appear inside the magnetospheig.generated by dense plasmasheet on the nightside. Both the
Instead, the high solar wind pressure merely compresses thRegion-1 and 2 currents are enhanced in magnitude under the
magnetosphere, and enhances the bow shock and nightsigew configuration.
ring current. The absence of high pressure branches is be-
cause the enhanced reconnection keeps the plasma from es:2.3 Cross polar cap potential features
tering the dayside magnetosphere, and the ring current in-
creases on the nightside, preventing the high pressure frolote that the cross polar cap potential increases up to 160 kV
wrapping around the Earth towards the nightside. Thereforeat 17:28 UT by the sudden compression before leveling off
vortices behave in a different manner: no pressure gradienivhen the high-pressure solar wind sweeps through the mag-
driven vortices are observed to propagate around the Earthetosphere. This transient increase can be explained by the
and towards the nightside inside the magnetosphere. Instead|astic characteristic of the plasmRussell and Ginskey
the dayside portion of the existing vortices inside the mag-1995; the magnetosphere in this simulation is observed to be
netospheric flank are destroyed by the inflow plasma (com-over-compressed at first and then to relax to a fixed size. Cor-
pare 17:20:00 and 17:22:00 at the dayside magnetopausejkgspondingly, the vortices experience enhancement and de-
followed by rebuilding of this part by the shear flow along crease subsequently, which then influences the field-aligned
the magnetopause (see 17:23:00 UT and beyond). The flowurrent that connects the ionosphere and the magnetosphere
lines switch to almost completely oriented in the Y direc- and thus the ionospheric electric potential. The time when
tion near the magnetopause at dawn and dusk at 17:23:0@he magnetosphere is most compressed is found to be well
While these flow patterns are not completely closed, there igorrelated with the time when the FACs in the ionosphere
a strong indication that this is the start of the vorticity that maximize. Between these two times, a communication time
results in closed cells starting at 17:24 and 17:25 UT. of 1-2 min is allowed as the FACs is carried by Adfvwave

The left column of Fig.9 shows the plasma convection from the equatorial magnetosphere down towards the iono-
with J - E as color contours on the equatorial plane in the sphere. The transient increase in the ionospheric cross polar
Southward IMF case. It is found that two pairs of dynamo cap potential during southward IMF is not accounted for in
currents (in blue) emerge from the dayside magnetosphersimple empirical relationships between the solar wind/IMF
(denoted by the red arrows): One inside the magnetopausand the ionospheric potential (e.Boyle et al, 1997). Fur-
flank and the other one in the inner magnetosphere. Theyher, it has been noted by some that the potential should de-
correspond to the rebuilding of the large-scale vortex alongcrease if the pressure is increased, due to the decrease in the
the magnetopause flank and the rebuilding of the smallerlength of the reconnection line (e.drjdley, 2005. These
scale vortex in the inner magnetosphere, which are associategimulation results show that under transient conditions, the
with the new field-aligned current in the second phase andyotential may increase significantly. This effect was dis-
the Region-2 current system respectively. 3-D current flow iscussed byBoudouridis et al(2004, when comparing to the
shown in the right column of Fig®, with J-E on Y=0 and  Siscoe et al(2002 formulation. It is clear that during the
Z=0 plane. The current generated from the dynamo on thdransient time, these simple relationships do not represent
magnetopause flank flows into the ionosphere on the mornthe true physics that is occurring in the magnetosphere, and
ing side and out of the ionosphere on the afternoon side. Thist more sophisticated technique, such as that described here,
FAC is closed by the magnetopause current. The diamagreeds to be utilized. Conversely, a time-dependent empirical
netic current again is observed around the Equatorial planeelationship could be developed that specifically includes the
near the pressure gradient on the flank, connecting the maggffects of pressure increases and decreases. Further, it is un-
netopause current and the field-aligned current. The tailwardertain how long the magnetosphere is disturbed because of
motion of this dynamo drives the same motion of the secondhis transient behavior, and whether the magnetosphere actu-
pair of FACs in the ionosphere. ally settles down to its initial state or a different state after a

In the inner magnetosphere, the initial convection, whichlong enough time period. These are issues that may be ad-
is related to the Region-2 current system, is partially de-dressed in further studies.
stroyed by the antisunward plasma flow during the period Besides the transient feature of the cross polar cap poten-
when the fast mode wave sweeps through the dayside madial, another feature is that the cross polar cap potential is
netosphere (i.e., the inner magnetosphere is under-shieldeatound 130 kV in the new configuration, significantly higher
from approximately 17:21 UT-17:25 UT). After that, the two than the initial value (i.e..~100kV), although this poten-
convection vortices in the inner magnetosphere start to retial gradually decreases near the end of the simulatiam-
cover and strengthen starting at 17:24UT (see Hig). nerup and Sieberf2003 pointed out that the FACs at the
Since the residual Region-2 currents appear in the ionospherusk and dawn sides are larger since the shear flow inside

www.ann-geophys.net/27/4391/2009/ Ann. Geophys., 27, 489122009
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the magnetospheric flank is larger, which is consistent withmagnetospheric vortices from the inductive electric field (due
the simulation results. As the forces such Ax B and  todB/dt) generated by the first response. Because the con-
V p, which control the plasma shear flow on the magneto-vection reverses during the first response, the previous pat-
spheric flank, are enhanced due to several reasons (i.e., thern needs to be reestablished, which creates vortices close
increased magnetic field in the compressed magnetospherty the magnetopause (one on each side of noon). These vor-
the increased magnetopause currents and the larger pressurees spread antisunward, reestablishing the previously exist-
gradient), the shear flow along the magnetopause is enhancéalg magnetospheric convection pattern. Field-aligned cur-
in the new configuration at the end of the simulation, result-rent, responsible for the second phase in both southward and
ing in enhanced FACs, and thus a higher cross polar cap paaorthward cases, is generated in the vortices and is closed by
tential in the recovery phase. the magnetopause current via a transverse diamagnetic cur-
On the other hand, the gradual decrease of the cross paent around the Equatorial plane.
lar cap potential near the end of the simulation is possibly
caused by energy dissipation between the magnetosphere ap@knowledgementsThe authors thank Mike Liemohn for his assis-
the ionosphere. Another possibility is that the ongoing com-tance in interpreting the simulation results. This work is supported
pression in the tail magnetosphere depletes part of energy oty NSF grant 0639336.

from the tail region, resulting in the decrease of the cross po-  Topical Editor I. A. Daglis thanks A. Boudouridis and S. Fujita
lar cap potential. for their help in evaluating this paper.
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