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Abstract. We use the global MHD model GUMICS-4 to While observationally the question is difficult to solve glob-
investigate the energy and mass transfer through the magally, the behavior of the various activity indices (such as the
netopause and towards the closed magnetic field as a rePst and AE) have suggested that the southward orientation
sponse to the interplanetary magnetic field (IMF) clock an-of the interplanetary magnetic field (IMF) has a dominant
gle#=arctan{By/Bz), IMF magnitude, and solar wind dy- role in the energy transfer (e.g., Burton et al., 1975; Akasofu,
namic pressure. We find that the mass and energy transfel981). This has been explained by reconnection transferring
at the magnetopause are different both in spatial characterignergy from the solar wind, as first suggestediyngey

tics and in response to changes in the solar wind parameter§1961). While reconnection between the IMF and terrestrial
The energy transfer follows best the %if/2) dependence, magnetic field occurs practically for any orientation of the
although there is more energy transfer after large energy intMF, during southward IMF a large portion of the subsolar
put, and the reconnection line follows the IMF rotation with magnetopause is opened along the reconnection line, while
a delay. There is no clear clock angle dependence in the ndbr northward IMF reconnection moves to the lobes tailward
mass transfer through the magnetopause, but the mass trand-the cusps (e.g., Luhmann et al., 1984). Deducing from
fer through the dayside magnetopause and towards the closdbe polar cap potential difference, which can be thought of
field occurs preferably for northward IMF. The energy trans- a proxy for the reconnection efficiency, the energy coupling
fer occurs through areas at the magnetopause that are pdretween the solar wind and the magnetosphere during north-
pendicular to the subsolar reconnection line. In contrast, thavard IMF constitutes up to a few tens of percent of that dur-
mass transfer occurs consistently along the reconnection linéng southward IMF (e.g., Shepherd et al., 2002).

both through the magnetopause and towards the closed field. As reconnection allows also mass transfer from one

Both the energy and mass transfer are enhanced in responggasma system to another along the interconnected field lines,
to increased solar wind dynamic pressure, while increasingne could imagine that the times of southward IMF would

the IMF magnitude does not affect the transfer quantities ag|so signify efficient mass transfer between the solar wind
much. and the magnetosphere. However, the plasma population

Keywords_ Magnetospheric physics (Magnetopause, Cusp,inSide the plasma sheet becomes dense. and cool near the
and boundary |ayers; Solar Wind_magnetosphere interacﬂanks ad]acent to the magnetosheath dunng northward IMF

tions) — Space plasma physics (Numerical simulation stud{Wing and Newell, 2002; Tsyganenko and Mukai, 2003), im-
ies) plying efficient plasma entry from the solar wind. Hence,

at least lobe reconnection (behind the cusps) and Kelvin-
Helmholtz instability acting favorably for northward IMF
have been suggested to control the mass transfer between
the solar wind and the magnetosphere (e.g., Li et al., 2005;

Understanding and quantifying the energy and mass trans'>kayrl and Otto, 2001; Hasegawa et al., 2004). Also diffu-

fer from the solar wind to the magnetosphere has been ong o through the magnetopause may come into dlagigson

; ) . L ._.and Cheng1997); however, it is not clear whether the dif-
of the the important long-standing question in space phySICSfusion would particularly favor northward IMF conditions.

Correspondence td¥l. Palmroth Since the plasma sheet plasma may later occupy the ring cur-
(minna.palmroth@fmi.fi) rent (Thomsen et al 2003 having a crucial role in magnetic
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storms, processes involved in populating the plasma sheet atrough the magnetopause ambiguous. However, as previ-
of major interest also from the practical space weather poinbusly mentioned, processes related to reconnection can be
of view. studied using the global MHD (Laitinen et al., 2005, 2006),

Besides the IMF dependence, other solar wind parameeven if the reconnection appears as a consequence of the nu-
ters influencing the mass and energy transfer have also beamerical solution of the ideal MHD equations.

iqvestigated. Hubert et al.(2006§ show that 'Fhe compres- In this paper, we continue the work &falmroth et al.
sion of the magnetosphere due to a dynamic pressure puls©o03 to fully characterize the energy transfer from the solar
drives flux closure in the tail, and hence the energy transyying into the magnetosphere, and for the first time attempt
fer may also be dependent on the dynamlc pressure. FuUky quantify the mass transfer through the magnetopause and
thermore,Lu et al. (2004 present evidence that compres- (owards the closed field using a global MHD simulation. As
sional waves after a dynamic pressure impulse may modug ey feature, we investigate the dependence of the energy
late reconnection and lead to ion injections into the mag-5,,q mass transfer on the IMF and solar wind dynamic pres-
netosphere. Still, thle proxy used most often for the energysyre. We study these dependencies using synthetic runs with
transfer, the-=4r 11515 B sirt' (6/2) parameter&kasofu  controlled solar wind input parameters. The initial results
1981, wheref=arctan By / Bz) is the IMF clock angle, and  from these runs were published Ralmroth et al(2008.
lo is a scaling parameter, depends on the IMF magniféide  The paper is organized as follows: First we introduce the
but the solar wind dynamic pressupayn=pv® is present  glohal MHD code as a tool to study the near-Earth space, as
only through the solar wind speed while the solar wind  ye|| as briefly summarize the developed methods with which
densityp is absent. _ the energy and mass transfer may be investigated. Second,
Currently, the global magnetohydrodynamic (MHD) e present our results of the energy transfer as functions
codes provide the only means to self-consistently model theys the IMFE clock angled, IMF magnitude, and solar wind
solar wind — magnetosphere — ionosphere system and tgynamic pressure. We then characterize the mass transfer,
quantitatively study the spatial distribution of the global en- ¢ through the magnetopause as well as through the sur-
ergy and mass transfer. Statistical studies on the filling of thggce formed by the last closed field lines — again as functions
plasma sheet report larger densities near the flavksgand  of 9, IMF magnitude, and solar wind dynamic pressure. Fi-

Newell, 2002, while it is not clear whether the mass transfer nally, we end the paper with our discussion and conclusions.
occurs at the flanks. Namely, using a test particle approach

utilizing the electromagnetic fields from a global MHD simu-
lation, Li et al. (2005 reported that lobe reconnection during
nprthvyard IMF captures magngtosheath plasma, which theri Model and methods
sinks into the plasma sheet while convecting tailward. Using
another global MHD code&Ralmroth et al(2003 found that
electromagnetic energy focusses towards the magnetopau
controlling the energy transfer both spatially and temporally,
while they did not investigate the spatial extent of mass transGUMICS-4 (Janhunenl1996 is a computer code designed
fer. The reconnection efficiency in the tail and at the magne-for solving the coupled solar wind — magnetosphere — iono-
topause have also been quantified using a global MHD codsphere system. The solar wind and magnetosphere are mod-
(Laitinen et al., 2005, 2006). The tail reconnection was foundeled by solving the fully conservative MHD equations in a
to process half of the incoming magnetopause energy, indisimulation box extending from 3R to —224Rg in the
cating that the tail reconnection in the global MHD code is Xgsg direction and+64 Ry in Ygse and Zgse. Near the
an efficient process and central to the tail dynamics. This im-Earth the MHD domain reaches a spherical shell with a ra-
plies that the tendency to slow reconnection rates in the MHDdius of 3.7Rg. The ionosphere is electrostatic and uses
formulation Birn et al, 2001 does not necessarily mean that the electron precipitation and field-aligned currents from the
reconnection could not realistically operate in global MHD magnetosphere to solve the ionospheric potential, which is
simulations. mapped back to the magnetosphere and used there as a
At present, the global MHD simulations cannot answer boundary condition. The grid in the MHD simulation box is a
the major unsolved question of the relative impact betweenCartesian octogrid, and it is adaptive allowing finer grid to be
different energy and mass transfer mechanisms, as the usuased when the spatial gradients become large. This ensures
spatial resolution{0.2Rg) is not enough to model Kelvin- that the magnetopause is a sharp boundary, whose properties
Helmholtz vortices at the magnetopause. Furthermore, are well in accordance with empirical models based on large
property of ideal MHD is that all boundaries get thinner statistical surveysRalmroth et al.2001). Solar wind density
when increasing the grid resolution. Hence, the diffusionn, temperaturd’, velocity v and magnetic field are treated
coefficient depending on the spatial gradient of the mag-as boundary conditions on the sunward wall of the simula-
netopause would be unreliable and a function of the gridtion box; outflow conditions are applied on the other walls of
spacing, making the assessment of the diffused populatiothe simulation box.

&1 GUMICS-4 global MHD code
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2.2 Determining energy transfer through magnetopause the four types of field lines meet in a spatially limited region.
Laitinen et al.(2006 conclude that the method, named the
Palmroth et al(2003 introduced a method determining the “four-field junction” (FFJ) condition, is robust and in agree-
energy transfer through the magnetopause using GUMICSment with other characteristics of reconnection, such as the
4. The method detects the magnetopause surface for eagfign change of the normal component of the magnetic field
output file (usually saved once in 5min) and computes thein the tail current sheetLaitinen et al.(2006§ emphasize
transferred energy through the surface using the simulationthat the FFJ condition alone is not sufficient for tracking the
results. The method determines the magnetopause by findeconnection sites, but may be used as a reconnection char-
ing approximately the inner edge of the void encompassed bycterization if electromagnetic energy is converted into other
the solar wind stream lines. The stream line surface is foundorms of energy at the FFJ location. In GUMICS-4, this oc-
to coincide with the spatial gradients existing at the magne—urs at the dayside magnetopause approximately for clock

topause; however, it is considerably smoother than a surfacgngles between 6&:6 <300, and behind the cusps other-
based on, e.g., plasma or current density. Hence, the streagise (not shown).

line surface does not contain significant bulges or valleys that
would deteriorate the surface orientation (having significance

in the actual energy transfer calculation). 3 Characteristics of transfer quantities
Once the surface is detected, the total transferred energy
through the magnetopausey p, is defined as Figurel and Tablel present the solar wind input for the runs
presented in this paper. The IMF clock angle (Fig) ro-
Pyp = /dAK -1, (1) tates from O to 360 with 10° steps such that each clock

angle value is kept constant for 10 min. Altogether, the full
wheredA is the area of the surface element ahds the IMF rotation takes 6 h in all four runs. Figurd® andlc
unit vector perpendicular to the surface element pointing outpresent the IMF y- and z-components, respectively, com-
wards from the magnetopausk.is the total energy flux, and puted using the clock angle with IMF magnitude 5nT (solid)

is defined as and 10 nT (dashed). As the clock angle was the only variable
B2 1 that changed during the course of the runs, four runs were

K = (U + P — —)v + —E x B, (2) needed to investigate the influence of the two values of IMF
H0 Mo magnitude and solar wind dynamic pressuggnp As can

where P is the pressureB is the magnetic fieldp is ve- b€ seen in Tabld, both the solar wind x-directed velocity
locity of solar wind, E=Bxuv is the electric field, and vr @nd density: were changed in order to vary the dynamic
U=P/(y—1)+pv2/2+B2/2u0 is the total energy density. Pressure, because these variables usually change in concertin
Due to the sign convention of the surface normal, negativeth® solar wind. Tablé further shows that IMF x-component
values indicate transfer towards the surface, and vice vers&S Well as the y- and z-components of solar wind velocity,
For obtaining the total energy through the surface the inte-2nd the dipole tilt angle are zero in all runs. The runs were
gration in Eq. {) is carried out from the nose of the magne- initiated by running IMF (x, y, 2)=(0, 2, 5)nT for one hour
topause to-30 R in the tail over all azimuthal directions in  before the full rotation started.

theY Z plane.
3.1 Energy transfer at the magnetopause

2.3 Determining the reconnection site location

Panels (a—f) of Fig2 present the instantaneous distributions
Traditionally, reconnection is identified from the observa- of energy transfer for Run #1, integrated from the nose of the
tional data through its characteristic plasma and magnetiecnagnetopause t630 R in the tail. Each sector shows the
field signatures (e.g., Dieroset et al., 2004). Basically, breaksum of transferred energy taking place in the angular direc-
ing of the frozen-in condition requires a parallel electric field, tion shown in the outer circle, viewing from the Sun looking
which, however, is identically zero in ideal MHD. There- tailward. The size of the sector is normalized to the outer cir-
fore, other characteristics of reconnection must be used wheaole (800 GW). The IMF clock angle at the time for which the
tracking its location in a global MHD simulation. As ob- distribution is plotted is indicated by a red arrow. Blue color
served in any 2-dimensional reconnection settings, such amdicates net energy flow towards the magnetopause, while
the classic Sweet-Parker reconnection (Sweet, 1958; Parkethe black circles plotted over the sectors show the location
1957), the diffusion region contains four separate segmentsvhere the FFJ condition holds, i.e., where reconnection is
of field lines. In the magnetospheric context they may belikely to occur. For the energy transfer there is no informa-
identified as closed, open, towards and away from the Earthtion on theX-distance at which the energy transfer occurs,
Based on this property, aitinen et al.(2006 introduced although we have previously shown that the energy transfer
a general method to locate the separator line in a threeeccurs predominantly Sunward of the distarite—10Rg
dimensional grid. The method searches for locations wherg¢Palmroth et al.2003. However, the black circles range
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Table 1. Parameters for synthetic runs.

Run# [IMF|[nT] pgynlnPal vy [km/s] n[#/cc] v, o [km/s], By [nT], tilt [°]

1 5 2 —400 7.3 0
2 5 8 —600 13.3 0
3 10 2 —400 7.3 0
4 10 8 —600 13.3 0

behind the cusps (not shown), while the FFJ method often
shows reconnection at low latitudes. This is because lobe re-
connection generates open field lines that convect sunward

IMF clock
angle [deg]
RPENNW
ONOOAND
OO OO0

1 to the other hemisphere, which causes the method to find all
| ] four types of field lines at the dayside low latitudes. Although
/ 04:10 (@), misleading, these locations usually do not form a clear “re-
. 0 | connection line” but appear to lie on specific field lines (as
= 10 PR ' (bj is the case in Fig2a), and therefore their existence may be
; M' regarded as evidence of lobe reconnection and sunward con-
m g | vection. Nevertheless, it is clear that even for due north IMF,
é ) 7 the (small) energy transfer occurs away from the reconnec-
= I e 47 tion location, which in this case occurs at dusk (dawn) high
-10 : : T ' ' latitudes in the Northern (Southern) Hemisphere. The recon-
',:'10 N ' " ' LT nection location is away from noon meridianéat0° prob-
= - - ably because the run was initialized with finite positive IMF
5 ON‘ : ,5”’/’ y-component, which still shows before the IMF rotation is
w S | g clearly in action.
= w ©)
.10 ) N LY, ) ) In Fig. 2b, the IMF has rotated for over an hour&e-60°.
1 2 3 4 5 6 7 The energy transfer is enhanced, and it occurs clearly at dawn
simulation time [hrs] (dusk) high-latitudes in the Northern (Southern) Hemisphere.

The reconnection occurring in the dusk (dawn) sectors in the
Fig. 1. Time evolution of(a) IMF clock angle,(b) IMF y compo-  Northern (Southern) Hemisphere already has a low-latitude
nent, andc) IMF z-component for simulation runs; solid (dashed) component, although it does not yet reach the very nose of
line is for runs where IMF magnitude is 5 (10) nT. See Tabfer the magnetopause. Furthermore, the sunward convection due
further details of the run parameters. to behind-cusp reconnection has ceased, as can be seen from

the fact that the FFJ locations now form a clear (discontinu-

ous) “reconnection line”. In fact, as reconnection now has the
from the nose of the magnetopause (center of the panel) tgyy-|atitude component, the open field lines convect to the
the dawn-dusk terminator, which has been chosen as the ”mi‘iightside through dawn (dusk) high latitudes in the Northern
of the FFJ. This is because only on the dayside magnetopaus&outhern) Hemisphere, as can be seen from the schematic
the FFJ is accompanied by considerable electromagnetic elkig. 3a adopted fronCowley et al.(1991). On the other
ergy annihilation, and can thus be considered to mark theyang, Fig.3c shows that where-ever a field line moves with
reconnection linel(aitinen et al, 2006). a finite angle with the magnetopause, geometry between the

Figure 2g shows the total integrated energy across themagnetosheath bulk flow and the moving field line demands
entire magnetopause (solid, Et), and scaled sf¢/2)  that the Poynting vectc§ points towards the magnetopause.
(dashed), both as a function of the clock angle (and time), inThis implies that electromagnetic energy, which forms the
Run#1. The vertical dashed lines indicate the times for WhiChlargest component of the transferring energy in all runs at all
the instantaneous energy transfer distributions are showfimes, focusses toward the magnetopause at locations where
above. field lines convect to nightside. This also explains why the
During §=0° (Fig. 2a), the energy transfer is at minimum energy is mainly transferred sunwardX&—10Rg (Palm-

and occurs at dawn (dusk) high-latitudes in the Northernroth et al, 2003, because tailward of this distance the field
(Southern) Hemisphere. For clock angles betweer? 300 lines are already more aligned with the magnetosheath bulk
60° the examination of the electromagnetic energy annihila-flow, making the Poynting vector towards the magnetopause
tion indicates that reconnection occurs only at small locationssmall.

Ann. Geophys., 24, 346348Q 2006 www.ann-geophys.net/24/3467/2006/
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Run #1: small IMF, small pdyn: integrated sectorwise from nose to -30 RE (a) (b)

0
@ 330 30 ®) 350

300/ 60 300/ &0 \\&\\/ y//
. : 06 18 MLT 06 18 MLT
270} {90 270} ~l90
; N\CUSP cusp,/4
’ LL re;,\_> LL rec C_/
\ / \ / By >0 -
200\ - 120 240\ F . /120 y 12 By<0 |12
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(c) 330 T ~30 (d) 330- ] ~30 © agnetopause
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270( 270

240 240\

v
E=BxvZ0,pS=ExBO SOB

210 150

180
® 330 0 30 Fig. 3 (€G] High Iatitl_Jde cc_)r_lvection vieweql above the Northern
. Hemisphere, if IMFy is positive, and low-latitude (LL) reconnec-
300 )60 tion is taking place. The convection is towards afternoon sector in
: the Southern Hemisphere (not showfi)) Same as panel (a) but for
270}~ |90 negative IMFy; the convection is toward dawn sector in the South-
L ‘ ern Hemisphere. (a and b aft€owley et al, 1991). (c) Poynting
240\ oY /120 flux focussing: if a field line traverses tailward with a finite angle
210 150 with the magnetopause and magnetosheath flow, then geometry de-

180

mands that Poynting vect&r points toward the magnetopause and
is perpendicular to the open field line (afalmroth et al.2003.

—total energy

g E !
N 1f .\\——Escaled:sinZISIZ) 1
S | NN : ey
22 0
& i@ ' ' ' ' consequently the amount of energy over dawn (dusk) sec-
30 60 120 180 240 300 360 tor in Northern (Southern) Hemisphere has been enhanced.

IMF clock angle 6 [deg] In Fig. 2d, the IMF is due southward, and the reconnec-
tion line lies near the equator and extends throughout the

Fig. 2. (a-f) Instantaneous distributions of azimuthal magne- [ow latitudes. This implies that the field lines convect tail-
topause energy transfer at angles indicated by dashed vertical linggard throughout the high latitudes. Consequently, the energy

in panel (g), which presents the time evolution of total transferrediyansfer is enhanced in both high-latitude dusk and dawn sec-
energy for Run #1. Blue color indicates inward (towards magne-,.< on both hemispheres.

topause) energy to sectors shown outside the outer circle. The sec- ) )
tors scale from 0GW at the centre to 800 GW at the outer circle. N Fig- 2€, the clock angle has rotated to 24@igure3b
The IMF clock angle direction is indicated by a red arrow, while Shows that during low latitude reconnection and negative

black circles show the locations where the “four-field junction” con- IMF y-component, the open field lines convect through dusk
dition holds; i.e., where reconnection is likely to occur (note that (dawn) sector on Northern (Southern) Hemisphere, which is
the dayside black circles in panel (a) indicate sunward convectionywhere the largest energy transfer is also taking place due
not reconnection, which occurs behind the cusps as deduced frofy Poynting flux focussing (Fig3c). Notice also that the
the annihilation of magnetig energy(g) The solid Iine_ is the to_tal dawn (dusk) high latitude sector in the Northern (Southern)
transferr_ed energy as function of clo_ck angle (and time), while theHemisphere show more enhanced energy transfer than dusk
dashed line is S”"‘?/Z?- Althgughtheflgure is for Run #1, the other (dawn) sector during similar exterior conditions in F&y.
runs behave qualitatively similarly, only the amount of transferred . .
energy in the other runs is different (sealmroth et al.2006). (_exc_ept_for sign of IMFy)' Fyrthermo_re, the reco_nnecﬂon
line is slightly more aligned with low latitudes than in FRg.
Both facts imply, respectively, that 1) convection has not alto-
gether ceased from dawn (dusk) sector in the North (South),
and that 2) convection is more enhanced in dusk (dawn) high
In Fig. 2c energy is still transferred in the dawn (dusk) latitudes. Consequently, more energy is transferring during
sector in the Northern (Southern) high latitudes, perpendic9=240 than duringd=12C, which shows also in Fig2g.
ular to the reconnection line. As the low latitude reconnec-Palmroth et al(2006 have speculated that this might be due
tion has now fully begun, the high latitude convection and to hysteretic behavior of magnetopause reconnection.

www.ann-geophys.net/24/3467/2006/ Ann. Geophys., 24, 34B3-2006
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similar (except for the sign of IMB component). As the
reconnection line in Figef has rotated to dawn (dusk) sector

in Northern (Southern) Hemisphere, the energy input from
these sectors has ceased. Therefore the larger energy input in
Fig. 2f is due to more enhanced convection in the primary en-
ergy transfer sectors perpendicular to the reconnection line.
The more enhanced convection in these sectors may be ex-
plained by the orientation of the reconnection line, which is
located at slightly lower latitudes (about from 320 140,
whereas in Fig2b it is aligned from 30 to 21C). Further-
more, the low latitude reconnection has not ceased and the
reconnection is still taking place at the very nose of the mag-
netopause (unlike in Figb). Hence, comparison of Figah

and 2f suggests that reconnection follows the IMF rotation
with a delay, explaining the larger energy input in Fif.
Overall, the GUMICS-4 magnetopause reconnection seems
to be consistent with the component reconnection model.

3.2 Mass transfer at the magnetopause

Z-axis [Re]

Since the method for energy transf@a(mroth et al.2003
determines the magnetopause as the surface encompassed by
the solar wind stream lines, it seems meaningless to replace
K in Eq. (1) by pv because the magnetopause given by the
method should be parallel to magnetosheath velocity field.
However, as Fig4 indicates, the subsolar region and espe-
cially the region where the magnetosheath flow is accelerated
and diverted to the different hemispheres are locations on the
surface, where the surface normal is not perpendicular to the
magnetosheath velocity field. While Figjis for due south-
ward IMF, the tailward acceleration is always larger in the
perpendicular direction than it is paralllel to the reconnection
line (not shown). Furthermore, a reconnection line includes
flow towards and away from the reconnection region. Hence,
we hypothesize a priori that replaci#gby pv in Eq. () will
. AR characterize mass transfer at locations, where also reconnec-
0 5 , 10 15 tion is taking place. Notice that the method does not make a
Ackna e distinction about which process transfers the mass, other than
it will occur near the reconnection region. Hence, diffusion

ity of the magnetopause (white thick line) ¥Z plane in Run #1 through the reconnection region might also play a part in the

during due south IMF. Color coding shows the logarithm of density, resglts. .
where white is 3 #/cfy and dark red 100 #/cfn Magnetic field Figure 5a presents the total integrated mass through the
lines (black) end to 3.R inner shell of MHD domain. magnetopause in the four runs specified in Tdldes a func-

tion of clock angle (and time); vertical dashed lines refer to
Fig. 6. Figurebb is the total transferred mass through the
dayside portion of the magnetopause. Negative (positive)
In Fig. 2f, the energy transfer has moved to dusk (dawn)values indicate that the net transfer is into (out of) the mag-
high latitudes at Northern (Southern) Hemisphere. Thisnetosphere. For other runs except for Run #3 (large IMF
is in accordance with Fig3b, which shows that the field and small dynamic pressure) the net effect is mass inflow
lines opened by low-latitude reconnection convect throughfor all clock angles. Run #3 indicates net mass outflow for
dusk (dawn) high latitudes in the Northern (Southern) Hemi-clock angles between 33@nd 30. A closer inspection of
sphere, allowing Poynting flux focussing and energy transfetthe simulation results indicate that this outflow takes place
in these sectors. The energy transfer is larger duing00® tailward of the dawn-dusk terminator, while the dayside still
(Fig. 2f) than 6=60° (Fig. 2b), although the instantaneous shows mass inflow (Fighb). Larger mass inflow occurs in
exterior conditions during these two time instants are exactlyruns with larger dynamic pressure than for runs with smaller

Fig. 4. GUMICS-4 plasma flow pattern (white arrows) at the vicin-

Ann. Geophys., 24, 346348Q 2006 www.ann-geophys.net/24/3467/2006/
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Run #L, IMF 5, pdvn 2 Run #1: small IMF, small pdyn: integrated sectorwise from nose to -30 RE
——— Run #3, IMF 10, pyn 2 @ 0 (b) 0
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Fig. 5. Total transferred mass throug) the entire magnetopause e L :
between subsolar position arB0 R g, and(b) sunward of the ter- 240N . Tt 190 240\ 5. /120

minator as a function of clock angle (and time) in the four runs. : : e
210 = 150 210 =150
180 180
Fig. 6. (a—f)Instantaneous distributions of azimuthal magnetopause
dynamic pressures both on the dayside and on the entire sumass transfer at angles indicated by dashed vertical lines irbFig.
face. The net inflow in all runs is relatively steady as a func-which presents the time evolution of net transferred mass for all
tion of the clock angle through the entire surface, but theruns. Blue (red) color indicates inward (outward) mass at magne-

dayside shows generally larger (smaller) mass inflow duringioPause in sectors shown outside the outer circle. The sectors scale
northward (southward) IMF. from Okgs * at the centre to 1 kg‘s1L at the outer circle. The IMF

clock angle direction is indicated by a red arrow, while black cir-

entire maanetonause from the Nose-80 R » as a function cles show the locations where the “four-field junction” condition
g p E holds; i.e., where reconnection is likely to occur. Notice that the

of the IMF clock angle. The format of Fig.is the same as dayside black circles in panel (a) indicate sunward convection, not

in Fig. 2: the distribution is presented for azimuthal direc- reconnection, which occurs behind the cusps (as deduced from the
tions shown at the outer circle, and each sector shows thgnnihilation of magnetic energy). Although the figure is for Run #1,

net mass transfer (normalized to 1Kkdgsat the outer cir-  the other runs behave qualitatively similarly.
cle). Blue (red) color indicates net mass inflow (outflow),

and black circles are where FFJ condition holds (again, nose

of the magnetopause is at the center of the panel and dawn-

dusk terminator at the outer circle). The red arrow is the

clock angle direction, and the times shown are indicated as

vertical dashed lines in Fi..

Panels (a—f) of Fig6 show that the mass inflow occurs for northward than for southward IMF, in accordance with
aligned to the reconnection line for all clock angles. This alsoFig. 5b. A closer inspection of the simulation results re-
proves correct our hypothesis that the mass inflow througtveals that the larger mass inflow during lobe reconnection
the surface determined by stream lines occurs where also rezonditions is due to plasma capture by sunward convecting
connection is taking place. Mass outflows are in action in thefield lines that close on the dayside. However, simultaneous
low-latitude sectors for clock angles between 3@8d 60. inflow and outflow during northward IMF compensate and
Although Fig.6 is an integration through the entire length lead to the flat total integral in Figa. Although Fig.6 is
of the magnetopause from the nosete—30Rg, the mass  for Run #1, the other runs behave qualitatively similarly (in-
inflow occurs in the dayside, while the mass outflow occursflow from dayside along the reconnection line, outflow dur-
in the nightside. We also note that the mass inflow is largering northward IMF from the low-latitude tail).

In Fig. 6, we present the mass transfer distribution for the
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Run #L, IMF 5, payn 2 In contrast to the magnetopause, where the azimuthal dis-
— Run #3, IMF 10, pdyn 2 tribution of energy and mass transfer is qualitatively similar
—__Run ﬁﬁ: iy 150” ggggg in all runs (behaves as in Figg.and6, respectively; only
- - | | | magnitudes are different), the mass flux to closed field varies
@ 20- out fram closed | | | 1 according to the solar wind conditions. Panels (a—c) of &ig.
2 07 ' ; : = | present an overview of the azimuthal distribution for the day-
@ % | | — side mass transfer to closed field for Runs #2, #3, and #4,
g -20; : : : : : ) respectively, for the due southward IMF; the format of the
T -40" I I I I I figure is similar to Fig8d.
S / into tlosed | ! ! ! 1 Figure 9 shows that the mass inflow component during
'600 60 120 180 240 300 360 southward IMF along the reconnection line is presentin other

IMF clock ang|e 0 [deg] runs (Fig.8d, and Figs.9a and c) except for during large
IMF and small dynamic pressure (Fi&b). The mass outflow

fcomponent in the sectors where convection is taking place is,
however, present in all runs. The relative magnitudes of the
mass inflow and outflow components in the different runs are
different: For small IMF and large pressure (Fg) the mass
inflow component along the reconnection line is larger than
3.3 Mass transfer to the closed field the mass outflow components in the convection sectors. For
large IMF and large pressure (FRE), the inflow component
To complete our analysis of mass inflow to the magneto-along the reconnection line is decreased while the outflow
sphere, we examine the preferential conditions for mass ineomponent in the convection sectors is of similar magnitude
flow to closed field as it is not self-evident that the mass trans-as for small IMF and large pressure (F&g). This suggests
ferred inside the magnetopause is readily available for thehat the outflow in the convection sectors is controlled by the
system dynamics. Hence, in Figwe present the net mass dynamic pressure (as it remains unchanged from Bgso
flux through the surface formed by the last closed field linesc). It also suggests that the inflow component along the re-
as a function of the clock angle in the four runs; negative connection line decreases for increasing IMF; this can also be
(positive) values indicate mass flux to (out from) the closedseen by comparing Figd with Fig. 9b. In Run #4 the out-
field (for the method of identifying the surface, degitinen  flow component in the convection sectors is generally larger
et al.(2006). The computation is for the dayside portion of than the inflow component along the reconnection line, while
the surface only. Figuréindicates that the net effect of mass the opposite is true for Run #2. In Run #1, however, the in-
transfer is towards the closed field during northward IMF, flow and outflow components are relatively of the same mag-
and outwards of the closed field during southward IMF in nitude throughout the southward IMF (F&@). Table2 sum-
other runs except for Run #2 (small IMF and large pressure)marizes the changes in the mass inflow (along the reconnec-
where the net effect is towards the closed field at all clock an+ion line) and outflow (in the convection sectors) components
gles. However, in all runs the largest flux to the closed fieldduring southward IMF as a function of IMF and dynamic
takes place during northward IMF, while for southward IMF pressure.
the mass flux to closed field decreases and even becomes flux
towards the open field. Note that the magnitude of the mass
flux is larger than through the magnetopause as the surfacé Discussion
is different and not necessarily parallel to the magnetosheath
velocity field. Hence there is a largep-n at the surface. In this paper we have used a global MHD code GUMICS-4 to
Panels (a—f) of Fig8 show the net flux towards the day- investigate the energy and mass transfer through the magne-
side closed field in Run #1; the format of the figure is similar topause and towards the closed magnetic field. We have stud-
as in Fig.6. Again, the mass flux towards the closed field ied the energy and mass transfer as a response to changing
is at maximum during northward IMF as then the sunwardclock angle?, IMF magnitude, and solar wind dynamic pres-
convecting field lines opened by lobe reconnection close orsure. We find here and Palmroth et al(2006 that while the
the dayside capturing also a large amount of plasma to thenergy transfer follows best the $ii/2) dependence, there
closed field. The flux towards the closed field always oc-is more energy transfer after large energy input. There is no
curs where reconnection is occurring, indicating that the twoclear clock angle dependence in the net mass transfer through
different methods (mass flux through magnetopause and tthe magnetopause, but the mass transfer through the dayside
closed field) yield a similar result regardless of the choice ofmagnetopause and towards the closed field occurs favorably
the surface. Outflow from the closed field occurs in sectorsfor northward IMF. The energy transfer occurs through areas
perpendicular to the reconnection line, i.e., in sectors wherat the magnetopause that are perpendicular to the reconnec-
convection is taking place. tion line. In contrast, the mass transfer occurs consistently

Fig. 7. Net transferred mass to dayside closed field as a function o
IMF clock angle (and time) for all runs.
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Table 2. Changes in mass transfer to closed field in different runs.

inflow (along rec. line)

outflux (conv. sectors) Figs. to compare

Const.pgyn (small): small IMF large IMF decrease ~same 8d, 9b
Const.pgyn (large): small IMFlarge IMF decrease ~same 9a,9c
Const. IMF (small): smalpgyn—large pgyn increase increase 8d, 9a
Const. IMF (large): smalpgyn—large pgyn increase increase 9b, 9c

Run #1: small IMF, small pdyn: integrated sectorwise from nose to 0 RE
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Fig. 8. (a—f) Instantaneous distributions of azimuthal mass transfer
to dayside closed field for Run #1 at angles indicated by dashed ver-
tical lines in Fig.7. Blue (red) color indicates towards closed (out
from closed) field mass transfer in sectors shown outside the outer
circle. The sectors scale from 0kgsat the centre to 4kgs at

Integrated sectorwise from nose to 0 RE
(a) Run #2
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the outer circle. The IMF clock angle direction is indicated by a Fig. 9. (a—c)Instantaneous distributions of azimuthal mass trans-
red arrow, while black circles show the locations where the “four- fer to dayside closed field for Run #2, #3, and #4, respectively, for
field junction” condition holds; i.e., where reconnection is likely to due south IMF. Blue (red) color indicates towards closed (out from
occur. Note that the dayside black circles in panel (a) indicate sunclosed) field mass transfer in sectors shown outside the outer circle.

ward convection, not reconnection, which occurs behind the cuspdhe sectors scale from 0 kgd at the centre to 8 kg at the outer
circle. The IMF clock angle direction is indicated by a red arrow,

(as deduced from the annihilation of magnetic energy).

while black circles show the locations where the “four-field junc-

tion” condition holds; i.e., where reconnection is likely to occur.

along the reconnection line, both through the magnetopause
and towards the closed field. Both the energy and mass trans-
fer are enhanced in response to increased solar wind dynamic

www.ann-geophys.net/24/3467/2006/

Ann. Geophys., 24, 34B3-2006



3476 M. Palmroth et al.: Magnetopause energy and mass transfer

pressure, while increasing the IMF magnitude does not affectirise from processes taking place at the magnetopause (see
the transfer quantities as much. also Pulkkinen et al., 2006). In the opposite case we learn
Using a predefined simulation box with fixed boundary more of the capabilities of global MHD to model the system
conditions,Birn et al. (2001) showed that the reconnection behavior.
rate as measured by the parallel electric field is slower in Recently,Klimas et al.(2009 criticize the dynamics in
the MHD formulation as compared to other numerical tech-the global MHD codes for being too directly driven by the
niques. However, in a global MHD code, the boundary con-solar wind and IMF driver. They assert that the “substorm in
ditions are self-consistent and follow global dynamics. Asthe magnetotail is hysteretic: Magnetic flux is added to the
shown byLaitinen et al.(2009, the tail reconnection pro- tail until the threshold of a still-undetermined instability in
cesses half of the incoming magnetopause energy, indicathe tail is reached at which point unloading begins with the
ing that the GUMICS-4 tail reconnection is an efficient pro- onset of a substorm”. They suggest that an instability is trig-
cess and central to the magnetospheric dynamics. Howevegered when a critical current density in the tail is reached,
even if the GUMICS-4 reconnection rate would be too smallwhile quenching of the instability occurs when the current
(of which we have no evidence), the global energy and masslensity decreases to below another critical current density,
transfer may still correspond to reality at the magnetopausesmaller than what was required for the instability triggering.
Energy transfer takes place because open field lines movingsing such formulation leads to a loading-unloading cycle
tailward form an angle between the magnetosheath velocityn a driven current sheet even under continuous, steady driv-
field, allowing Poynting flux to focus towards the magne- ing. However, it is interesting to note that no such imple-
topause. Hence, the reconnection rate is not a large issuaentation of critical current density thresholds is needed at
in the global energy transfer, as long as it creates enougthe GUMICS-4 magnetopause to get the hysteretic behavior
open field lines at the magnetopause. This is clearly the casef the dayside reconnection line location and energy transfer
in GUMICS-4, otherwise the Poynting flux would be zero efficiency.
at the magnetopause. On the other hand, the mass transferlt is often implicitly assumed that the energy transfer
through the magnetopause only needs a place where the magould occur near the reconnection line (e.g., Pudovkin et al.,
netosheath velocity field is not parallel to the surface, which1986). Furthermore, the parametgiin ¢ (Akasofy 1981
occurs near the reconnection region. Even with a small rethat was originally used to scale the input to equal the output,
connection rate one can still have a roughly right location forhas been interpreted as the radius of the energy transfer area.
the reconnection line, and the results may still be quantitativelhis justifies the representation efas the “Poynting flux
taken that the magnetosheath parameters are correct. Hendbrough an area”e(<x4nlc2,- (1/uo)vB?). The results shown
we believe that our results on the energy and mass transfén here and inPalmroth et al(2003 indicate that the area
may still be quantitative and reflect the global properties atthrough which the energy transfer takes place is neither close

the magnetopause. to the reconnection line nor directly scalable by the magne-
topause area. This implies that the energy transfer proxies
4.1 Energy transfer need to be further refined to arrive at a fully quantitative de-

scription of the system input. According to the simulation
Pudovkin et al.(1986 suggested that the Poynting flux results, the energy transfer takes place at locations where the
through the magnetopause is proportional to?>@r¢), magnetosheath velocity field and the open field lines drag-
whereg¢ is the angle at which the stagnation line lies at the ging tailward form a finite angle with each other, allowing
magnetopause. The results in this paper are in agreemettie Poynting vector to have a component towards the magne-
with Sonnerup(1974) andKan and Leg(1979, and imply  topause. Hence, the electromagnetic energy transfer accom-
thatgp~6/2. However, according to the results shown here,modates a geometrical demand arising from tailward moving
energy transfer through the magnetopause is not only a fundfield lines and magnetosheath velocity field.
tion of 4, but it remains enhanced after large energy input (the Due to the vast area of the magnetopause, the spatial vari-
“hysteresis” effect discussed in Se8tl and inPalmroth et  ation of energy transfer shown in here andHalmroth et
al. (2006). The simulation results indicate that 1) the subso-al. (2003 has never been observationally verified. However,
lar reconnection remains active after it has started (comparéhere are some studies that support the simulation results. For
e.g., Figs2b and f), 2) the reconnection line follows the IMF example, the dayside auroral activity is thought to be a man-
rotation with a delay, and 3) the previously active convectionifestation of direct energy transfer, as the so-called “after-
maintains the Poynting flux focussing for a while in some ar- noon hot spot” responds to variations in convection, which
eas of the magnetopause, even though the reconnection liria turn responds to variations in the solar wirkdll{ngim et
orientation would already accommodate energy transfer iral., 2005. Using simultaneous observations from both hemi-
some other area of the magnetopause. If observationally veisphereskillingim et al. (2005 showed that the afternoon hot
ified, the hysteretic behavior of reconnection may lead to im-spot is active in the Southern (Northern) Hemisphere during
portant consequences in magnetospheric physics, as some pbsitive (negative) IMB and southward IMF. Figurg indi-
the delays associated with the system energetics may alreadates that this is in agreement with the simulation results: the
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afternoon sector shows most enhanced energy transfer in th@002 found that the high densities both in the plasma sheet
Southern Hemisphere during positive IMFand southward  and at geosynchronous orbit are associated with high density
IMF (Fig. 2c). On the other hand, the afternoon sector in thein the solar wind, regardless of the IMF orientation. Further-
Northern Hemisphere shows most enhanced energy transfenore,Borovsky et al(1998 show that the plasma sheet den-

during negative IMF and southward IMF (Figze). sity is positively correlated with the solar wind density, again
without grouping the observations according to the IMF ori-
4.2 Mass transfer entation. Notice that the transfer rate does not have to depend

on the solar wind density, as denser plasma sheet would re-

First, we remind that the method for detecting the magne-sult from a denser solar wind also for a constant transfer rate.
topause through which the transfer quantities are computed QOur results show more mass transfer towards the closed
is based on solar wind stream lines. As there are alwaysield during northward IMF. This is mainly due to lobe re-
flows toward and away from the reconnection line, the re-connection occurring simultaneously in both hemispheres,
connection region will have a componentf towards the  creating closed field lines at the dayside and in the pro-
magnetopause. Thus, itis not surprising that the mass inflowtess capturing plasma to the closed field. As many obser-
through the magnetopause from the method occurs along theational studies show, the plasma sheet becomes denser and
reconnection line rotating with the IMF clock angle. How- cooler for prolonged periods of northward IMF (e.g., Wing
ever, the surface contained by the last closed field lines isand Newell, 2002; Tsyganenko and Mukai, 2003), indicating
determined by a completely independent methiogitinen  that mass transfer does occur for northward IMF. Consistent
et al, 2009. As the mass influx from the two methods are with observations\ing and Newell 2002, the GUMICS-
qualitatively in agreement, we may assert that both methodg plasma sheet is hot and tenuous during southward IMF
characterize the physics in the simulation and are not depenand cool and dense during northward IMF. This is shown in
dent on the methods. The magnetopause of GUMICS-4 isFig. 10, where a cut through the magnetosphere in il
statistically in accordance with the magnetopaus8tufe et plane atX=—8 R, within the GUMICS-4 plasma sheet, is
al. (1998 (Palmroth et al.2001), and that the magnetosheath presented. The first (second) row shows the density and tem-
parameters given by the global MHD simulations are generperature for northward (southward) IMF. Hence, we suggest
ally in agreement with observations (e.g., Koval et al., 2006).that during northward IMF plasma transfers into the day-
Furthermore, the GUMICS-4 magnetopause reconnection igide closed field, and later this plasma moves into the plasma
consistent with component reconnection model, which is insheet through convection, aset al. (2005 suggests. Dur-
agreement with several observational papers (e.g., Phan @ig southward IMF there is not enough time to fill the plasma
al., 2006). Hence our results on the mass transfer magheet as the transferred mass is readily heated and accelerated
well characterize the mass transfer through the observationabwards the Earth and tailward at the tail reconnection region.
magnetopause. Hence, during southward IMF there is an active emptying

The simulation results indicate that the net mass transfemechanism that may in some occasions push the plasma also
at the reconnection line is a few kilograms per second. Thisout from the closed field region. During northward IMF there
amount for mass inflow through the entire magnetopause cotis nothing to transport mass out from the plasma sheet, and
responds quantitatively with previous assessme3itseck et hence after a while the plasma sheet gets denser and cooler,
al. (1999 estimate that 3% of the incident¥ons per sec-  consistent with observational studies.
ond enters the magnetopause, yieldingkg s ! total mass The simulation results indicate that the energy and mass
entry through the entire magnetopause (assuming that thimflow through the magnetopause are qualitatively similar in
majority of incident ions are protons). However, Figin- the different runs, but the mass transfer towards the closed
dicates that this amount can enter solely at the reconnectiofield varies qualitatively in the different runs. Figu®eand
location. Table 2 show that there are two components in the closed

According to GUMICS-4, there is more mass transfer dur-field mass transfer, whose relative impact depends on the
ing large solar wind dynamic pressures, regardless of the&eombination of solar wind dynamic pressure and the IMF
magnitude of the IMF. The large dynamic pressure was im-magnitude. The inflow component along the reconnection
plemented by increasing both the velocity and density in theline increases with increasing pressure, but decreases with
solar wind, in order to avoid possible problems arising from increasing IMF magnitude. The outflow component in the
unrealistically high values in one or the other. Hence, theconvection sectors does not depend on the IMF magnitude,
pv in the magnetosheath is larger in the runs having a largéout increases with increasing solar wind dynamic pressure.
dynamic pressure. The amount of mass crossing the magné&-e pressure dependence may be explained in the following
topause should be related to the amount of mass in the plasmaay: First, high pressures are required to bring the magne-
sheet, because the system is in pressure balance in the quasheath field lines efficiently to the magnetopause, where
sistationary sense (plasma sheet with lobes and lobes witthey are reconnected. Second, the opened field lines are also
magnetosheath). Using the Medium Energy Neutral Atomefficiently carried away by the large magnetosheathto-
(MENA) imager onboard the Image satellid¢cComas etal.  wards the tail.
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Fig. 10. Logarithm of density (left) and temperature (right) in the GUMICS-4 simulatioki=t 8 R g, within the simulation plasma sheet.

First row shows the parameters for northward IMF (locally-8tR ), while the second row is for southward IMF. The color bars range from
10*7 to 10-2 #/m? for the density, and from fto 101K for the temperature. The figure is from Run #1.

However, if the solar wind dynamic pressure is constant,5 Conclusion and summary
and only the IMF magnitude increases, the inflow compo-
nent towards the closed field along the reconnection line deln conclusion, we find that a global MHD codes can be used
creases (Tablg). This means that the mass outflow from in quantifying and characterizing the energy and mass flow
the closed field is enhanced?han et al(2005 report of  through the magnetopause and towards the closed field, as
an event during which low latitude reconnection appears tonany of the simulation results are consistent with observa-
be in process of eroding a pre-existing dayside low-latitudetional results. According to GUMICS-4, the mass and en-
boundary layer (LLBL); which, during the event (northward €rgy transfer at the magnetopause are different both in spatial
IMF and substantial IMF), should lie on closed field lines characteristics and in response to changes in the solar wind
(Phan et a.1997). Although the event oPhan et al(2005 parameters. The findings of this paper are summarized as
occurs during northward IMF, it has an active low-latitude follows:
reconnection component, as in FB. Likewise, although
Phan et al(2005 do not consider an increasing IMF magni-
tude, they show that during low-latitude reconnection there is
mass outflow from the closed field lines. Hence, the follow-
ing assumptions together explain our results: 1) low-latitude

1. Energy transfer follows best the %’(ﬂ/Z) dependence,
but there is more energy transfer after large energy in-
put, and that the reconnection line follows the IMF ro-
tation with a delay.

reconnection erodes mass out from the closed ﬂéldi('l et 2. Energy transfer occurs through areas at the magne-
al., 2009, and that 2) larger IMF increases this effect (assug-  topause that are perpendicular to the reconnection line.
gested by Fig7), while the effect may be absent during small Energy transfer is due to Poynting flux focussing, aris-
IMF and large pressure (see Fif). We suggest that the mass ing from a geometrical demand between the tailward
erosion out from the closed field during southward IMF may moving field lines and magnetosheath velocity field.

be related to the active reconnection process emptying the

plasma sheet. 3. Mass transfer occurs along the reconnection line, both

through the magnetopause and towards the closed field.
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The magnitude of mass transfer through the magne<Janhunen, P.. GUMICS-3: A global ionosphere-magnetosphere
topause is a few kilograms per second. coupling simulation with high ionospheric resolution, in: Pro-
ceedings of Environmental Modelling for Space-Based Applica-
4. Thereis no clear clock angle dependence in the net mass tions, Sept. 18-20 1996, Eur. Space Agency Spec. Publ., ESA
transfer through the magnetopause, but the mass trans- SP-392, pp. 233-239, 1996.
fer through the dayside magnetopause and towards théohnson, J. R. and Cheng, C. Z.: Kinetic Afvwaves and plasma
closed field occurs favorably for northward IMF. Dur-  transport at the magnetopause, Geophys. Res. Lett., 24, 1423~

ing such conditions the sunward convecting field lines 1426, 1997.

. . Kan, J. R. and Lee, L. C.: Energy coupling function and solar wind-
opened by lobe reconnection close on the dayside cap- magnetosphere dynamo, Geophys. Res. Lett., 6, 577-581, 1979.

turing also a large amount of plasma to the closed f|eld.K“mas] A. J., Uritsky, V. M., Vassiliadis, D., and Baker, D. N.: A
. mechanism for the loading-unloading substorm cycle missing in
5. Both the energy and mass transfer are enhanced in re- MHD global magnetospheric simulation models, Geophys. Res.

sponse to increased solar wind dynamic pressure, while Lett., 32(14), L14108, doi:10.1029/2005GL022916, 2005.
increasing the IMF magnitude does not affect the trans-kgyal, A, Safiankova, J., Nemeek, Z., Samsonov, A. A.,

fer quantities as much. Prech, L., Richardson, J. D., and Hayosh, M.: Interplane-
tary shock in the magnetosheath: Comparison of experimental
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