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Time history effects at the magnetopause:
Hysteresis in power input and its implications
to substorm processes

M. Palmroth, T. I. Pulkkinen, T. V. Laitinen, H. E. J. Koskinen, and P. Janhunen

Abstract: The energy input processes through the magnetopause arérned in the GUMICS-4 global MHD simulation.
We demonstrate that the energy input through magnetopausteongly controlled by the IMF clock angle, but also on

the previous level of magnetic activity. This hysteresipegys in a variety of model runs, and seems to originate fren t
nature of magnetopause reconnection. These results amn shdmply that the substorm energetics is directly driven b
the incoming energy. Based on these results, the diffesebetveen the substorm dynamics and substorm energetics are
discussed.
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1. Introduction the IMF magnitude, ané = tan~—! (By /Byz) the IMF clock

The traditional view of the energy input from the solar wind angle [2].

into the magnetosphere is that it is modulated by the solad wi
and interplanetary magnetic field (IMF), which control taéer 2. GUMICS-4 global MHD simulation
of dayside reconnection [6]. However, a global MHD simu- ) _ .
lation GUMICS-4 [7] has recently shown indications that the The GUMICS-4 global MHD simulation [7] solves the ideal
energy transfer through the magnetopause may not only beHD equations in the solar wind and in the magnetosphere,
function of the present, but also of the past solar wind anél IM @nd is coupled to an electrostatic ionosphere at the innerdo
conditions [12]. In other words, the energy input througa th &y at3.7k. The upstream boundary conditions (either meas-
magnetopause shows hysteretic behavior with respect to tged or idealized) are given by solar wind and IMF condi-
driving solar wind and IMF parameters so that more intensdions at the sunward boundary of the simulation. The iono-
driving implies large energy input even after the driving ha sphe_np S|_mulat|on tz_;lkes the field-aligned cu_rrents_am:tleja
already weakened. This result has important implicatians t Precipitation at the inner boundary of the simulation mappe
the substorm process [13]: The simulation results inditaie ~ along dipole magnetic field lines, and feeds the MHD part with
if the energy input is evaluated from a quantitative analysi NeW solution of the electric potential. For more_deftallshﬂt
at the magnetopause, energy dissipation in the tail andein thcode structure and setup see e.g. [10]. Quantitative msthod
ionosphere are quite directly proportional to it, not shayi have been developed to extract the amount of energy entering
the characteristic time delays one gets when comparing-obséhrough the magnetopause surface sunward ot —30Rp
vational proxies for the driver and the ionospheric dissigpa ~ [10], reconnection behavior [9], and energy dissipatiothie

In this paper we examine the energy transfer through théonosphere (including contributions from both Joule hegti
magnetopause. Based on series of simulation runs performé¢fd particle precipitation) [11].
using artificial solar wind and IMF driver conditions we dis-
cuss the processes at the magnetopause contributing tgghe h
teresis and the associated time delays. A particular substo
event is used to discuss the implications of the hysterasis 0 A moderate substorm (AE maximum of about 500 nT) on
the global energetics and its possible interpretationlisgarm  August 15, 2001, was simulated with GUMICS-4 to examine
processes. In comparisons with observational data, idvesgp the energy transfer and dissipation during actually oleskry
dissipation is assumed to be proportional to #he index [1],  solar wind conditions. Fig. 1 shows the observguhrameter
while the energy input is parametrized by the often used giving a proxy for the driver conditions and the AE-index-giv
= (47 /po)vB213 sin®(A/2), wherepy is the vacuum permeab- ing a proxy for the ionospheric energy dissipation [1]. Gver
ility, v solar wind speediy = 7Ry a scaling parametei3 plotted in a different scale, we show the power transfenigho
the magnetopause and the ionospheric dissipation evdluate
Received 10 May 2006. from the simulation. While there is a clear time shift betwee

the observed and energy input through the simulation mag-

M. Palmroth and H. E. J. Koskinen. Finnish Meteorological In-  netopause, the dissipation time sequences have quiteasimil

3. Event study

stitute, Helsinki, Finland. _ temporal evolution (with the exception that the simulatioes
-I{ll\/ll Elé”;\k'ne”' Los Alamos National Laboratory, Los Alamos, ot see the rapid rise in dissipation at substorm onset).

The bottom parts of Fig. 1 show the time differences even
more clearly. The four hodograms show the various input and
dissipation parameters plotted against each other. kés that

T. V. Laitinen and P. Janhunen. Department of Physical Sci-
ences, University of Helsinki, Finland.

Int. Conf. Substorms-8 : 219-223 (2006) (© 2006 ICS-8 Canada



220 Int. Conf. Substorms-8, 2006

using the observational proxies, the system shows inecrgasi 4. Energy transfer processes at the
input leading to a later dissipation of energy (top left hodo magnetopause

gram). The same is true if theis computed from the simula- . . .
tion at the magnetopause and compared with the dissipation | 10 Systematically investigate the energy transfer at thg-ma
the simulation ionosphere (top right). However, the plaiveh netopause, we ran four S|mulat|0n§ with cont(olled solardwi
ing the hodogram betweenand the energy input through the data. In the_fo‘.” runs, th_e solar wind dynamic Presguis
magnetopause (bottom left) demonstrates that the timey del@nd magnetic field intensity were kept constant, \Q’h'le the IM
associated with the varying solar wind and dissipation @ th Was rotated in th&”Z plane from clock anglé = 0° to 360
ionosphere is associated with processes occurring alraady With 10° steps such that each clock angle value was kept con-

the magnetopause; the hodogram betwesmd magnetopause stant for 10 minutes. The full rotation thus lasted for 6 sour
energy input is idéntical in shape to those compasirand The simulation was initialized by rgnning a steady northdvar
ionospheric dissipation. On the contrary, if one examifes t IMF for one hour before the rotation started at the sunward

energy input through the magnetopause as computed from il of the simulation box. Table 1 summarizes the input para

simulation and compares that with the energy dissipation if€ters. g hei distributi
the ionosphere, there is almost no time delay associatéd wit F19: 2&-d presents the instantaneous distributions ofggner

the ionospheric dissipation (bottom right). Hence, thergye transfer for Run #1, integrated from the nose of the magneto-

transferred through the magnetopause is quite directiygased Pause t0 -30% in the tail. Each sector shows the sum of en-
by the system. ergy transfer taking place in the angular direction shown in

the outer circle, viewing from the Sun looking tailward. The
IMF clock angle at the time for which the distribution is plot
ted is indicated with the black arrow. Fig. 2e shows the total
integrated energy across the entire magnetopause as a func-
tion of the clock angle (solid line). The vertical dashedesn
indicate the times for which the instantaneous energy {rans
fer distributions are shown above. The dashed line in Fig. 2e
:288 shows the functiomsin®(#/2) scaled to same minimum and
maximum intensity. We use the second powep (i instead
the fourth (which would give a functional form similar to tha
0 of the e parameter), as it is a better representative of the sim-
ulation results. Thus, the simulation indicates that thergyn
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UT [hours] transfer through the magnetopause scales rather morenkke t
electric field in?(0/2)) thane (sin®(6/2)).
600 20 The gray area, normalized to 800 GW at the outer circle,
500 - © 4 151 (d) i and negative values in the line plot indicate energy inpainfr
" 400 1o the solar wind into the magnetosphere. For the energy trans-
< 300 186 10r B fer there is no information on the distance at which the en-
200 ] 51 4 ergy transfer occurs; however, we have previously showh tha
100" : ‘ ] ‘ ‘ the energy transfer occurs predominantly Sunward ofthe
0 50 100 150 O 50 100 150 —10Rg [10]. The black circles plotted over the energy trans-
Epsilon Epsilon fer sectors highlight the locations where reconnectioikedy
to occur (for a characterization of magnetopause recoiumgct
F(e) 4 20 ®) see [9]) ranging from the nose of the magnetopause (center of
120+ . i
c 100 7 15f . the panel) to the dawn-dusk terminator.
2 80 12 4oL i In Fig. 2a, the IMF has rotated for over an houbte- 60°.
S 60- +42 The energy transfer occurs at dawn (dusk) high-latitudésdn
‘2‘8: ] 5r 7 northern (southern) hemisphere. Although reconnecti@sdo
w not yet reach the very nose of the magnetopause, it already ha
0 1 2 0 1 2 a low-latitude component. Hence, the open field lines travel
Mpause Mpause

nightside through dawn (dusk) high latitudes in the norther
(southern) hemispheres [4]. As demonstrated in [10], tlee ge
metry between the magnetosheath bulk flow and the tailward
moving open field line demands that Poynting vector points
towards the magnetopause. This implies that electromagnet
energy, which forms the largest component of the transfgrri
energy in all runs at all times, is focused toward the magneto
pause at locations where field lines convect to the nightside
This also explains why the energy is mainly transferred sun-
ward of X = -10 Ry [10]: Tailward of that distance the field
lines are already more aligned with the magnetosheath bulk
flow, making the Poynting vector component perpendicular to
the magnetopause small.

Fig. 1. Substorm on Aug 15, 2001. (a) Energy transfer rate
through the magnetopause from GUMICS-4lit2 W (gray,

thick line) and measured transferred to the magnetopause (black,
thin line, scale on the right). (b) lonospheric dissipatfoom
GUMICS-4 in GW (gray, thick line) and measured AE-index
(black, thin line, scale on the right). (c) Hodogram of the
observede vs. AE index. (d)e vs. ionospheric dissipation, (e)
magnetopause energy transfer wsand (f) magnetopause energy
transfer vs. ionospheric dissipation all from GUMICS-4.eT$tart
points are marked by the large filled circle [13].
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In Fig. 2b the energy is still being transferred in the dawn
(dusk) sectors in the northern (southern) high latitudes; p
pendicular to the reconnection line. As the low latitudeorec
nection has now fully started, the high latitude convectod

Table 1. Synthetic run parameters.

Run# |IMF|[nT] pay. [NPa] time lag [min]

consequently the amount of energy over dawn (dusk) sectorst o 2 30
in the northern (southern) hemisphere has been enhanced. | 10 2 40
Fig. 2c, the clock angle has rotated to 24During the negat- 150 2 ég

ive IMF y component, the open field lines convect through the
dusk (dawn) sector on the northern (southern) hemisphgre [4

which is also where the largest energy transfer is takinggla ) , ) ,

again due to Poynting flux focussing. on the S|mulat|on_results_, it appears that after the recctiore

Curiously, in Fig. 2c, the dawn (dusk) high latitude sectorshas fully begun, it remains active although the driver cendi
in the northern (southern) hemisphere show more enhancdt®ns in the solar wind subside. This is observed in the follo
energy transfer than dusk (dawn) sectors in Fig. 2b, althougind aspects in the simulation results: -
the driving conditions in the solar wind and IMF are identica (1) The reconnection line reaches over the subsolar positio
during these two time instants (except for the sign revestal after dqe south IMF, although beforg_the due south _the line is
IMF y component). Furthermore, the reconnection line is mordliscontinuous over the subsolar position (compare Figanga
aligned to low latitudes than in Fig. 2b. Both facts implyttha 2d); o _ _

(1) convection has not altogether ceased from dawn (dusk) se(2) The reconnection line follows the IMF rotation with aalg|
stronger convection taking place in dusk (dawn) high ldgs  IMF (compare Figs. 2a and 2d, 2b and 2c); and _

in Fig. 2¢ than in Fig. 2b. Consequently, more energy is be{3) The tailward convecting field lines remain open until the
ing transferred during = 240° than duringd = 120°, which  tail reconnection closes them, and during the convectien th
shows also in Fig. 2e. As speculated in [12], this may be du&oynting flux continues to focus toward the magnetopause-{co
to hysteretic behavior of magnetopause reconnection. pare Figs. 2b and 2c). _ .

In Fig. 2d, the energy transfer is still larger than durihg These observations from the simulations suggest that the
60° (Fig. 2a), although the driving conditions during these twoMagnetopause reconnection is not only a function of ther sola
time instants are similar (except for the sign reversal oFIM Wind driver, but also depends on whether reconnection fes pr
y component). The larger energy input in Fig. 2d is due toviously been active. _
more enhanced convection in the primary energy transfer sec |n order to test these results, a series of other test runs wer
tors perpendicular to the reconnection line. The more eciain  Performed. The results (not shown) indicate that the hgster
convection in these sectors may be explained by the orientat iS & general property of the simulation, not dependent on the
of the reconnection line, which is located at slightly lovggit- ~ run or driver details: The dawn-dusk asymmetry effects ef th
udes (about from 320to 14, whereas in Fig. 2a itis aligned corotation electric field and Hall conductivity in the iopbere
from 30° to 21C°). Furthermore, the low latitude reconnection Were tested by a run where the IMF rotation occurred in a
has not ceased and the reconnection is still taking pladeeat t counter-clockwise direction. The results were identioghbse
nose of the magnetopause (unlike in Fig. 2a). Hence, the conVith clockwise rotation. Possible asymmetry effects rsldb
parison of Figs. 2a and 2d suggests that the reconnectien lifotation of the clock angle rather than changing IMom-
rotation follows the IMF rotation with a delay, explaininget ~ Ponent was tested by rotating the IMF back from due south-
larger energy input in Fig. 2d. ward through positive3, (clockwise rotation from 0 to 180

The time delay between the scaleid?(¢/2) and the total and counter-clockwise rotation from 180 t6)0Again, the
energy transfer is 30 minutes after the due southward IMF iflySteretic behavior was observed, but this time with a short
Fig. 2e. For other runs specified in Table 1 the temporal evollime delay. The speed of the IMF rotation does not eradicate
ution of the total energy transfer is similar as in Fig. 2¢]{12 the hysteresis: runs with twice as fast and twice as slow rota
However, the time lag, computed by finding the best correlalion also show hysteretic behavior, but again with a diffiére
tion for the energy transfer with thén?(6/2) after due south ime delay. An interesting question is what happens if thé IM
IMF, is different in the other runs (Table 1): For larger IMF is rotated clockwise a second time: In this case, after IMRde
the time lag increases, while for larger pressures the tage | northward, the energy input followed the IMF rotation as the
decreases. The IMF dependence of the time lags support tt§2Ck angle increased, identically to what was found dutireg
hypothesis that reconnection processes may be involvértin t first rotation. After due southward IMF, the energy inputiaga
hysteretic behavior of energy transfer. The pressure diepenShowed hysteretic behavior with a time delay similar to that
when the pressure is large that reduces time scales agsbciaff@gnetopause memory of past driving.

with propagation through the system. The ¢ parameter is frequently used to parametrize energy
transfer processes at the magnetopause. Our simulatioitsres

_ _ indicate that
5. Summary and discussion (1) Thee parameter does not accurately account for the en-

In this paper, we have presented evidence that in GUMICS-§rgy input after the IMF has been negative, i.e., after jovaf

; , trong driving. During such conditions, the reconnection |
global MHD S|mulat|op the energy transfer through the Mag+emains at low latitudes and energy input remains large;
netopause does not directly follow the solar wind driveis&h

(©2006 ICS-8 Canada



222 Int. Conf. Substorms-8, 2006

Magnetopause

Solar wind

210

— total energy
™\~ - scaled sin%/6/2)

'
=y

Fig. 3. Schematic of energy transfer process: (1) Epsilon

in the solar wind; (2) Energy transferred through the
magnetopause shows delay with respect to epsilon; (3)
ionospheric energydissipation shows delay with respeepsilon,
but only a small delay with respect to energy input through
magnetopause.
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Fig. 2. in Run #: a-d) Instantaneous distributions of azimuthal 1S reached. Quenching of the instability occurs when the cur
magnetopause energy transfer at angles indicated by dashed ~ réntdensity decreases to below another critical curremside
vertical lines in panel (e). Grey areas indicate inward éxig sm_aller than what was required for thg |nstab|I|ty_tr|gggr| _
magnetosphere) energy to sectors shown outside the ontte.ci ~ USINg such formulation leads to a loading-unloading cynle i
The sectors scale from 0 GW at the center to 800 GW at the & driven current sheet even under continuous, steady drivin

outer circle. The IMF clock angle direction is indicated by a However, it is interesting to note that no such implemeatati
black arrow, while the black circles show the locations weher of critical current density thresholds is needed at the gjlob
reconnection is likely to occur [9]. e) Total transferrecergy as GUMICS-4 MHD simulation magnetopause to get the hys-
function of clock angle (and time); the dashed linesiis? (0/2) teretic behavior of the dayside reconnection line locatiod

scaled to maximum and minimum of the energy transfer curve. €Nergy transfer efficiency. S

The results presented here have possible implicationdin su
(2) The energy transfer through the magnetopause is best reptorm dynamics and global energetics that follow. The sub-
resented by a function proportional #n*(¢/2), indicating ~ Storm dynamic cycle can be described in the framework of a
that the energy transfer is better correlated with the selad ~ l0ading—unloading process: Growth-phase-associatesheed
electric field scaling asin?(6/2) than the: parameter or Poyn-  €nergy inputleads to a slow change of the magnetosphetec sta
ting flux scaling asin®(6/2). that at a later time allows for a global reconfiguration dgrin

These results would imply that the energy input after thdhe substorm expansion phase [3]. Because of this, and éecau

substorm onset(when IMF turns northward or becomes lesg' the time delays between the solar wind driver parameters

negative) is not accurately accounted for by using either such ag and dissipation proxies such as AE, the energetics has

Ey as a proxy for the energy input. The simulation results als@€€" interpreted to also show signatures of loading andnlo
hint for a stronger dependence of the energy transfer pseses 'N9: However, several studies indicate that this may notiee t
on the dynamic pressure than has been assumed before [12]gase._ As demonstrate_d by [.15]’ the energy irhuitng th‘? ex-
Recently, [8] criticize the dynamics in the global MHD sim- P&nsion phase, not prior to it, controls the substorm sizieas
ulations for being too directly driven by the solarwindamfA  teérmined by ionospheric dissipation. Furthermore, [S] A
driver. They assert that the "substorm in the magnetothiis show respectively that only about a third of substorms show

teretic: Magnetic flux is added to the tail until the threshof ~ Prior tail flux loading, and that there is no critical threkhof
a still-undetermined instability in the tail is reached atigh lobe magnetic flux that would lead to the substorm onsetgthes

point unloading begins with the onset of a substorm”. Theyesults also would indicate that the energy input prior todh-

; o ; e t is necessary for the configuration change to occur, but no
suggest that the tail stability properties are asymmeticin- ¢ .
stability is triggered when a critical current dénsity iettail @ POWering the substorm [13]. Lastly, the GUMICS-4 results
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shown here and in [13] indicate that the time delays between1.

the system input and output are nonexistent if one compares
the actual energy input through the magnetopause to the iono
spheric dissipation, while they do arise if one usas a proxy

for the energy input (see Fig. 3). Hence, if reconnectiongso  12.

to be hysteretic in nature as the simulation suggests heriman
[12], some of the time delays associated with the systentinpu

and output that have been interpreted as loading-unloating  13.

natures, may already arise from processes taking place at th
magnetopause.

14.
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