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Abstract. The polar cap boundary (PCB) location and mo- 1 Introduction

tion in the nightside ionosphere has been studied by us-

ing measurements from the EISCAT radars and the MIRA-

CLE magnetometers during a period of four substorms on 18 ) )
February 2004. The OMNI database has been used for obsefe polar cap boundary (PCB) is one of the most impor-
vations of the solar wind and the Geotail satellite for magne-tant boundaries in the ionosphere. It marks the ionospheric
tospheric measurements. In addition, the event was modelleface of the surface separating the closed field line region
by the GUMICS-4 MHD simulation. The simulation of the from the so-called open field lines close to the geomagnetic
PCB location was in a rather good agreement with the experP0les. Only space-borne optical imaging by satellites pro-
imental estimates at the EISCAT longitude. During the first Vides the possibility to observe the PCB globaBaker et
three substorm expansion phases, neither the local observal: 2000 Milan et al, 2003 Hubert et al. 2009. In addi-
tions nor the global simulation showed any poleward motionsfion, several local methods exist, based on observations of
of the PCB, even though the electrojets intensified. Rapidthe auroral emissiong{anchard et &).1999, in situ particle
poleward motions of the PCB took place only in the early detection Newell et al, 1996ab), analysis of coherent radar
recovery phases of the substorms. Hence, in these cases th@ckscatterGhisham et a).2004), or electron temperature
nightside reconnection rate was locally higher in the recoverylTom incoherent scatter rada¢tgaard et 3|12005 Aikio et
phase than in the expansion phase. al, 2009.

In addition, we suggest that the IMB, component cor- Magnetic reconnection on the dayside magnetopause and
related with the nightside tail inclination angle and the PCB N the nightside magnetotail drive global plasma convection
location with about a 17-min delay from the bow shock. By &llowing energy, momentum and plasma to transfer from the
taking the delay into account, the IMF northward turnings Selar wind into the magnetosphere and the ionosphere. The
were associated with dipolarizations of the magnetotail andoW-latitude dayside reconnection creates open flux whereas
poleward motions of the PCB in the recovery phase. Thethe nightside tail reconnection closes it. Thus, the amount of
mechanism behind this effect should be studied further. ~ 0pen flux in the magnetosphere is dependent on the balance

) ) , between the average day- and nightside reconnection rates.
Keywqrds. Magnetos.pherlc phy§|cs (magnetospherlic CON"As the open magnetic flux changes, also the size of the po-
f!guratlon and dynamics; solar wind-magnetosphere interacy,, cap area changes (Siscoe and Huang, 1985; Cowley and
tions; storms and substorms) Lockwood, 1992). In the substorm cycle, during the growth
phase the dayside reconnection rate is usually higher than the
nightside reconnection rate, so that the polar cap expands.
During substorm expansion, reconnection at the near-Earth
neutral line (NENL) becomes important and as open field
lines start to reconnect in the magnetotail, the polar cap area
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Fig. 1. AE index (top panel) and integrated currents over the MIRACLE chain in units%Af(bottom panel). Pi2 pulsations from NUR in
arbitrary units are added in the bottom panel. Grey areas denote expansion phases of substorms SS1-SS4.

starts to decrease. During the recovery phase, tail reconne@ Data analysis
tion still continues.
This study has two main goals. The first one is to compare; 1 gybstorms on 18 February 2004
the experimental estimates of the polar cap boundary location
to a global MHD simulation and the second one is to study . . S
how the IMF affects the PCB motions during a time interval The time interval studied is on 18 February 2004 from

containing four substorms on 18 February 2004. The PCBlS:oo t0 24:00 UT £ 17:30-02:30 MLT in the Scandinavian

is identified from the EISCAT incoherent scatter radar datase_Ctor)' We identify_the substorms based on the_ AE index
by utilising the method described in Aikio et al. (2006) and (F19- 1)- The expansion phase starts when the AE index starts

applied in several studies together with satellite and MIR-2 rapid rise and it ends when the index has reached a max-

ACLE magnetometer data (e.g. Aikio et al., 2008; Ritkn imum (McPherron 1999. In this case, the AE index is al-
et al. 2009a. b. 2011: Hubert et al. 2010)'_ Glob,al simula-most entirely determined by the AL index: AU is small and

tion is provided by GUMICS-4, which solves the ideal MHD slowly varying th_roughout the time interval st_udigd (data not
equations in the solar wind and in the magnetosphere, anéhown)' Expansion phases are marked grey in Fig. 1 and each

is coupled to the electrostatic ionosphere. The code struc(—)'c them is followed by a recovery phase, not marked in the

ture and setup are discussed in detail e.g®amroth et al. figure for clarity. During the recovery phases, the AE index
(2008. The solar wind data is from the OMNI database and generally decreases, but temporal increases also occur, so the
in this event, the data comes from the ACE satellite. The IMFeX_aCt;;art t|met_of th? rf_covery ph;ls;: E)S Stﬁm?\lvbhg t E{Jntper-
data is used to calculate two coupling functions, the daysidéa'n' 12 magnetic pusations recorded by the station

reconnection voltageS{scoe and Huand.985 Cowley and (56.8 cgmLat) in the Scandinavian sector are shown in the
Lockwood 1992 Milan et al, 2007, 2008 and the Newell bottom panel. Pi2 pulsations are generated at substorm on-

coupling function Kewell et al, 2007). To gain more under- sets, and at mid-latitudes they are expected to be seen within

standing of the IMF effect on the magnetosphere—ionospherél few hours of MLT from the meridian of the substorm cur-

system, we also use Geotail satellite data from the near-EartfFt wedge (see e.g. the short review in Kepko gnd Klvelson,_
magnetotail. 1999). The onsets of three last substorms are indeed associ-

ated with a Pi2 burst, but not the first one at 16:00 UT.

The bottom panel of Fig. 1 shows the integrated total
east-west equivalent current along a MIRACLE magnetome-
ter chain in Scandinavia extending from 78M0to 60.5 N
in geographic latitudes. The selected stations are located
close to a constant cgm longitude (about 2)03lose to the

Ann. Geophys., 31, 10211034 2013 www.ann-geophys.net/31/1021/2013/
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2004-02-18, SW-based data delayed to bow shock
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Fig. 2. IMF parameters at the bow shock. From top to bottdn(solid) andBy (dashed) in GSM coordinates, solar wind velocity, solar
wind dynamic pressure, and calculated dayside reconnection voltage. Grey shaded areas are as in Fig. 1.

longitude of the EISCAT radar in Tromsg. The total current In conclusion, there is no indication of an external trigger of
includes both the eastward and westward currents. These Isubstorms.
cal currents are in good accordance with the AE index repre-
senting a more global view. 2.2 Polar cap boundary and ionospheric currents
Altogether four substorm expansion phases are seen
(denoted by SS1-SS4), 16:00-16:48, 19:30-19:54, 21:42Measurements by the EISCAT VHF radar together with the
21:54, and 22:30-23:18 UT. The expansion phase of SSEISCAT Svalbard radar (ESR) are used to identify the po-
lasts only about 15min and the increase in the AE indexlar cap boundary (PCB) as describedAiikio et al. (2000.
is hardly 300nT, so it could be considered as a pseudoDuring 18 February 2004, the VHF radar was pointed at low
breakup. As has been shown by several authors (e.g. Aikio eglevation (30) to geographic north and the electron temper-
al., 1999), there is no substantial difference between the subature measurements are used to calculate the PCB location
storms and pseudobreakups, since both are associated witietween Tromsg (69, 19.2 E) and Svalbard (78°N,
current wedge formation, particle injections at the geosyn-16.0° E). The calculated geographic latitude of the PCB is
chronous orbit and magnetic reconnection in the near-Eartishown by a black curve at 1-min data resolution in Fig. 3.
tail. However, pseudobreakups are smaller scale events thahhere are two gaps in the curve, 17:30-19:00 and 19:25-
substorms with shorter duration and associated with only20:23 UT. The former is due to the fact that the PCB goes
small or no poleward expansion. poleward of the ESR radar and the latter because the PCB
Figure 2 top panel shows the IMB, and By compo-  comes too close to the VHF radar at Tromsg so that the radar
nents in the GSM coordinates from the OMNI database (datdeam does not cover the F region.
delayed to the bow shock). As can be seen, all the sub- The colour surfaces in Fig. 3 are the equivalent currents
storms begin when the IMF is in the southward direction calculated from the MIRACLE magnetometer network data
at the bow shock. During the period of interest is neg-  along the central meridian by using the 1-D upward contin-
ative (duskward). The solar wind velocity (second panel)uation method byanhan@ki et al.(2003 in geographic co-
stays at a very constant value, about 490k &he den-  ordinates. The range is from 660 79 ggLat, which corre-
sity is small with values even below 1 cthbefore 16:36 UT ~ sponds to 63 %to 75.3 cgmLat.
and up to 3cm? after that (data not shown). The dynamic  Red colours indicate eastward currents and yellow to blue
pressure (third panel) reflects mainly the changes in dencolours indicate westward currents. As is well known, the
sity and it shows an increase at 16:36 UT to about 1.3 nPaglectrojet current is eastward in the evening sector and west-
Another small steplike increase in pressure occurs at abouvard in the morning sector. The poleward boundaries of the
19:41 UT. Neither of these coincides with substorm onsetselectrojets are co-located with the poleward boundaries of
the respective convection electric fields, which are in the
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18 Feb 2004 lonospheric eq. currents in mA/m (> 0 eastward)
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Fig. 3. Equivalent east-west currents calculated from the MIRACLE magnetometer data. Red colour indicates eastward and other colours
westward flowing currents in units of mAT} (scale on the right). The zero current corresponding to the MCRB is shown by a white curve
and the PCB from EISCAT data by a black curve. Expansion phases of substorms SS1-SS4 are denoted by vertical solid lines in this figure.

northward and southward directions in the evening and mornsolar wind parameters from the ACE satellite as input and
ing sectors, respectively. The poleward convection reversathe delay time to the dayside magnetopause of 46 min was
boundary (CRB) is a proxy for the polar cap boundary (e.g.estimated byHonkonen et al(2011). Figure 4 top panel
Nishitani et al., 2002) and e.g. the event studyHRitkanen  shows some selected views from the GUMICS simulation.
et al. (2009ab) shows that the PCB and the CRB follow The Northern Hemisphere is viewed from the +Z GSE di-
closely to each other. The latitude where the equivalent eastrection, and the open field line region is shown by a violet
west electrojets change direction according to magnetometezolour. The colour coding represents the flux tube entropy
analysis, is called the latitude of the magnetic sighature ofaccording toFarr et al.(2008. The colours from blue to red
the convection reversal boundary (MCRB), see Amgm et correspond to entropy from small to large values and violet
al. (2005. However, since equivalent electrojets may deviateis zero entropy corresponding to lobe field lines. The PCB
from the real electrojets, the MCRB may differ 0.5-1iB corresponds to the ionospheric trace of the first closed field
latitude from the CRB (e.g. Amm et al., 2000). Despite this lines adjacent to the lobe field lines. Continuous time series
drawback, the MCRB is a very useful proxy for the PCB, of GUMICS simulation results are shown by red lines in the
since the MIRACLE magnetometers cover a wide range ofmiddle and bottom panels. In the middle panel, the red curve
latitudes. The MCRB at 1-min resolution is shown by a white represents the PCB latitude at the EISCAT longitude at 5 min
curve in Fig. 3. Indeed, the white and black curves overlapresolution from the simulation. In addition, the PCB from
before 19:30 UT, and after that there is a tendency for thehe EISCAT measurement is shown by black squares and the
MCRB to be located aboufoleward of the EISCAT PCB, MCRB by a blue curve.
especially during Substorm 4. It has been shown in earlier The latitude of the PCB and its temporal evolution
studies Amm et al, 2003 Pitkanen et a].2009ab) that this ~ from the GUMICS simulation match surprisingly well the
behaviour is typical in the morning sector and is probably EISCAT and MIRACLE measurements, taking into account
caused by field-aligned currents. the many assumptions inherent in a global simulation. Be-
Figure 3 shows that Scandinavia is in the eastward electween 16:00 and 17:20 UT, the PCB from GUMICS is lo-
trojet (EEJ) region until Substorm 2 onset at 19:30 UT, andcated about 15poleward of the EISCAT PCB and MCRB,
within the westward electrojet (WEJ) region after Substorm 3but its temporal evolution is similar. All the boundaries start
onset 21:42 UT. During Substorm 2 expansion and recoveryto contract poleward at about 16:45 UT, at the end of the ex-
the Harang discontinuity region (the midnight sector shearpansion phase of SS1. After the GUMICS PCB has reached
flow region) is in the vicinity of Scandinavia. the maximum latitude at 17:20 UT it starts immediately to
The GUMICS-4 MHD simulation was used to calculate go down in latitude. The MCRB and the EISCAT PCB show
the polar cap boundary for this event. The simulation useshe equatorward motion later. For the EISCAT PCB, the start

Ann. Geophys., 31, 10211034 2013 www.ann-geophys.net/31/1021/2013/
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Fig. 4. Top panel: Selected plots of the Northern Hemisphere from the GUMICS simulation with violet colour showing the polar cap
(12:00 MLT is up and 06:00 MLT to the right, for further details see the text). Middle panel: PCB from EISCAT (black line and squares),
PCB from the GUMICS simulation (red) and the MCRB (blue). Bottom panel: Polar cap area from the GUMICS simulation (red) and
estimates of the polar cap area from EISCAT (black) and MIRACLE (blue). Grey shaded areas are as in Fig. 1.

time of the polar cap expansion cannot be determined, but The red curve in the bottom panel of Fig. 4 shows the po-
for the MCRB it is between 18:00 and 18:25UT. Around lar cap area from the GUMICS simulation. Naturally, the
19:00 UT all the three boundaries have the same latitude, buPCB motion to the poleward direction is associated with a
after that the EISCAT PCB and the MCRB go to lower lati- decrease in the polar cap area and vice versa. The variations
tudes than the GUMICS PCB. in the polar cap area are large and in the beginning of ex-
During the expansion phase of SS2, there is no signifi-pansion phases areas are in the order k1103 m?, corre-
cant poleward expansion in any of the boundaries. Duringsponding to the open magnetic flux of about 0.63 GWhb. After
the recovery phase of SS2, the GUMICS PCB, the EISCATSubstorms 1 and 2, the open magnetic flux has decreased to a
PCB and the MCRB all show a similar poleward expansion.value half of that and the decreases take place in the recovery
Again, right after having reached the maximum latitude atphases. During the open flux closure, the electrojets remain
about 21:00 UT, the GUMICS PCB starts to move to lower rather intense (Fig. 1, bottom panel). After the expansion
latitudes. The EISCAT PCB and the MCRB start the equa-phase of SS2, two intensifications in the electrojet are seen.
torward motion about 20 min later than the GUMICS PCB. These WEJ intensifications take place just equatorward of the
The short-lived expansion phase of SS3 is associated witl?CB, and they bring the PCB poleward (Fig. 3, blue-coloured
no poleward expansion in any of the boundaries. Immedi-current intensifications). Substorm (pseudobreakup) 3 closes
ately after the expansion phase of SS3, all the three boundsnly about 15 % of the open flux, and that also takes place in
aries exhibit a small (about L.fat) and short-lived excursion the recovery phase. However, the local total current intensity
to the north. (Fig. 1, bottom panel) has a maximum later, and again it is
Substorm 4 seems to be different from the previous sub-associated with a local intensification of the WEJ close to the
storms, since it is associated with a poleward expansiorPCB (Fig. 3, blue-coloured current intensification).
of the EISCAT PCB and the MCRB within the expansion  Normally, it is not possible to calculate the polar cap
phase. The poleward contraction of the EISCAT PCB andarea from a local measurement like the EISCAT radar mea-
the MCRB continue in the recovery phase and then alssurement. However, since the GUMICS PCB latitude at the
GUMICS simulates a poleward contraction. EISCAT longitude is in a rather good agreement with the

www.ann-geophys.net/31/1021/2013/ Ann. Geophys., 31, 102234 2013
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EISCAT PCB latitude and the MCRB latitude, we have either decreasing or increasing and the polar cap boundary is

utilised the global GUMICS results in determining the po- moving.

lar cap area as follows. We have plotted the GUMICS po- To approximate the dayside reconnection voltage, we use

lar cap area as a function of GUMICS PCB latitude, deter-the equation bilan et al.(2008 2007 which is given by

mined at the longitude of the EISCAT measurement. The

data points have been fitted to a second order polynomialvday: Leffvx /354_ Bzzsinzg , 2)

To get fits with small residuals, we had to subdivide the time 2

interval into three parts, 16:35—19:35 UT, 19:35-21:35UT herewy is the solar wind speedy and B, the IMF compo-

and 21:35-24:00 UT. The reason is probably that the magnents in GSM and the IMF clock angle. The expression is

netospheric configuration and the corresponding oval shapegekan and Led1979 reconnection electric field multiplied

changed between these times. The fitted functions have thepy 5 characteristic scale lengths = 2.75Re. The charac-

been used to calculate the polar cap areas from the EISCAYgristic scale length is obtained by fits to the dataviifan

PCB latitudes and from the MCRB latitudes and they aregt g1.(2007) and they show that in some cases; can be a

shown in the bottom panel of Fig. 4 as a black and blue curvefactor of 1.6 larger.

respectively. _ _ The dayside reconnection voltayigay is displayed in the
The curves are now smoother than in the top panel, sincottom panel of Fig. 2. In this case, when the solar wind ve-

a sliding average over 9 min and with a 5-min step is appliedjoity is almost constant and th®, component stays nega-

to the original 1-min EISCAT data. In this figure, the gaps tjye Vday is almost a mirror image ;. Variations inB; are

in the EISCAT data are filled with linear interpolation. Since yjsjple even during northward IMF iWgay, SinceBy is non-

the magnetic data fluctuated more, we used 19-min averagegero and rather stabl®qay is large during the growth phases

with 5-min steps for the MCRB data. The blue (MCRB) and and close to zero at the end of the expansion phases or in the

black (EISCAT) curves now reflect better the true tempo- garly recovery phases.

ral variations in the polar cap area than the simulation (red | principle, one could try to calculate the time deriva-

curve). Since the EISCAT measurement did not capture thgjye of the open magnetic flux and then use Eq. (1) to de-

highest and lowest latitudes of the PCB, we use the variarive v;,y. We have tested that, but there are two difficulties.

tions in the MCRB to estimate the changes in the open magrirst, for time derivatives, strong smoothing of magnetic flux

netic flux content. During SS1-SS3, no open flux is closedmyst be done, which results in poor time resolution. More

during the expansion phases according to the experimenta@erioys is that obviously the numeric values/afy given by

or simulation data. During the SS4 expansion, EISCAT andgq, (2) are sometimes too small (maximum values are about

the MCRB show flux closure, but the GUMICS simulation ggkyv/), since negative values ®hignt Were obtained at the

does not. The main open flux closure takes place at the beanq of two growth phases.

ginning of the recovery phases for the first three substorms, Newell et al.(2007) studied different coupling functions
and the values from the MCRB are 0.32, 0.42 and 0.06 GWbgn( found that the function below correlated best with differ-

respectively. The small flux closure of SS3 supports the interapt magnetospheric state variables and geomagnetic indices
pretation of a pseudobreakup. The last substorm closes about

0.19 GWb during the expansion phase. These figures are in

accordance witiMilan et al. (2007, who noted that on aver- d®vp vgB% sin3 i ©)

age substorms close 0.3 GWhb. dt T 2°

whereBr is the magnitude of the transverse IMF at the sub-
solar magnetopause. Newell et al. argued that also this func-

To study how the IMF affects the amount of open flux in tion represents the rate magnetic flux is opened at the magne-

the magnetosphere and hence the polar cap area, we will u4@Pause and the difference to Eq. (2) is only somewhat differ-
the approach byiscoe and Huangl989 and Cowley and entin exponents. In ad_dltlon,.the Newell coupling function is
Lockwood (1992, which can be formulated as follows by nqt scaled.to any physical units. The shapes of thesg two.cou-
applying Faraday’s law plmg functions given by Egs. (2) a}nd (3) are almqst identical
in this case as will be shown in Fig. 6. So, there is reason to
ddp believe that the time dependencelity is reasonably well
2 = Vday— Vnight @ captured, but the actual magnitude of the voltage is uncertain.

2.3 Dayside and nightside reconnection

whered is the open magnetic flux threading the polar cap,2.4 Magnetospheric observations

Vday is the reconnection rate (voltage) on the dayside, pro-

viding open flux, and/hignt is the reconnection rate (voltage) For the studied time period, the GOES10 and 12 satellites
on the nightside, closing open flux (both are positive quan-were located on the dayside magnetosphere and hence their
tities in the equation). Since the time-dependent dayside andata could not be used to study the possible dipolarizations
nightside voltages are usually different, the polar cap area i®n the nightside. The LANL geosynchronous satellites show

Ann. Geophys., 31, 10211034 2013 www.ann-geophys.net/31/1021/2013/
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Fig. 5. Geotail data on 18 February 2004 from top to bottom: GSM magnetic field compaBgmiy, Bz, number density, ion temperature,
and GSM plasma velocity componenis, Vy, Vz as a function of UT and satellite location. Grey shaded areas are as in Fig. 1.

particle injections associated with onsets of Substorms 2 anth the geomagnetic tail: IMF polarity, solar wind speed and
3 (data not shown). During Substorm 1, there is a data gap. density. In this case, the SW density has been extremely low
The Geotail satellite was located in the dawnside magnefor an extended period, and is expected to affect the den-
tosphere at a distance of abet22 Rg in the Xggy direction sities in the plasma sheet in a similar manner, as shown in
and it was moving away from the magnetic midnight. During Tsyganenko and MukgR003. During a few time intervals,
15:00-23:00 UT the MLT of Geotail changed slowly from 7; drops to about 100 eV and densities go below 0.02%m
about 03:00 to 05:00 MLTXgsm from —13 to—17 Rg) and (short periods between 16:00 and 17:00 UT, longer period
Zgsm from 2 to—5 Rg. around 20:00 UT), indicating that Geotail is moving into the
Overview of Geotail data is shown in Fig. 5. During the lobe.
period of interest, Geotail is mostly in the plasma sheet (PS) Before 15:45UTBy is nearly zero and; positive. Geo-
or plasma sheet boundary layer (PSBL), based on densityail is located in the Northern Hemisphere and the field is
and ion temperatureT(). Most of the timeT; is 1-7keV, rather dipolar. After 15:45 UBy shows an abrupt enhance-
which is typical of PS/PSBL. Densities vary between aboutment andB; starts to decrease, indicating that field lines
0.05 and 0.3, mainly below 0.2 ctA. These densities are start to stretch. This happens during the growth phase of
rather low, since typical densities close to the PS flanks arghe first substorm. At the same time, a large tailward~{
0.2-0.5cm® (Tsyganenko and MukaR003 Nagata et al.  —1000 kms1) plasma flow starts at Geotail. This could in-
2008. However, several SW parameters affect the densitieglicate the beginning of near-Earth reconnection earthward of

www.ann-geophys.net/31/1021/2013/ Ann. Geophys., 31, 102234 2013
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2004-02-18

-Vday -New07 Bz

Geotail B incl angle

MCRB PCB gglat

Fig. 6. IMF B; (blue), negative oVyay (red), and negative of Newell et al. (2007) solar wind coupling function (black), all parameters
normalised and delayed by 17 min from the bow shock (top), inclination angle in the magnetotail as measured by Geotail (middle), polar cap
latitude in the nightside ionosphere as measured by EISCAT (blue squares, bottom) and convection reversal boundary as measured by th
MIRACLE magnetometers (black solid line, bottom). Marked points (A—F) are used in the time delay analysis. Grey shaded areas are as in
Fig. 1.

Geotail Xgsm > —22Rg) and it takes place 15 min before of By decreases whil®, increases, so the tail changes to a
the substorm onset as defined, based on the AE index (semore dipolar configuration. Fast plasma flows (magnitudes
Fig. 1). up to 400kms?) occur in the earthward directionrAg-

At about 16:20 UT plasma flow turns earthward, reachesgelopoulos et a].1994).
values up to 1400 kmt and the fast flow lasts 10 min. It is After 18:00 UT the tail starts slowly to stretch, indicating
followed by another earthward flow burst of 900 kmse-  the beginning of a growth phase of Substorm 2. At 19:20 UT
tween 16:40 and 16:50 UT. These flows are associated witlthe magnitude oBy increases suddenly and the tail becomes
complex variations in magnetic field. Between the burB{s, more stretched, plasma sheet thins and and Geotail moves
goes negative and after the second flow buBgtremains  from the PSBL to the tail lobe. Substorm 2 onset takes place
negative, indicating that Geotail has moved from the North-19:30 UT (Fig. 1) and the recovery phase starts at 19:54 UT,
ern Hemisphere to the Southern Hemisphere. These varibut only at 20:14 UT that Geotail observes the first signa-
ations take place during and in the end of the expansioriure associated with it and then a tailward flow of about
phase of the first substorm: the recovery phase of the sub200kms? is observed, which is followed by an earthward
storm starts at 16:48 UT according to the AE index. Possi-flow (300 kms1) starting from 20:16 UT. At 20:22UT a
bly the earthward flows are associated with reconnection taknew tailward flow burst of 500 ks starts and it changes
ing place tailward of Geotail. Slavin et al. (2003) have stud-to earthward flow of 600 knTs" at 20:28 UT and lasts un-
ied small flux ropes in the near-tail plasma sheet and foundil 20:40 UT. In association with the flow bursts, Geotail has
that all of them were embedded within either earthward ormoved from the lobe to the PSBL, indicating thickening
tailward directed high-speed plasma sheet flows. Analysingf the plasma sheet. After 20:46 UT the densities decrease,
these magnetic structures in detail is out of scope of this pawhich indicate that Geotail is again in the lobe.
per. The expansion phase of Substorm 3 takes place 21:42—

Between 17:00 and 17:10, in the recovery phase of the21:54 UT and Geotail sees earthward plasma flow with a ve-
first substorm, high values of plasma density are recordedocity below 500 kms?! 21:50—-22:00 UT. During Substorm
(1 cm3), indicating that the plasma sheet has expanded ta} Geotail has moved to the morning sector and close to the
engulf Geotail. At the same time, a small tailward flow is flank of the magnetosphere.
seen. After this short period, Geotail moves back to PSBL The magnetic field inclination angle in the magnetotail
(n < 0.3cm3). Between 17:00 and 17:20, the absolute valuemeasured by Geotail is defined heretby: arctari— B,/ Bx)
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and is shown in Fig. 6, middle panel. Here €orresponds ternating earthward and tailward fast flows which were ob-
to magnetic field in the- Xggum direction (Geotail is in the  viously associated with some localised magnetic structures
Southern Hemisphere for most of the time of interest). Dur-including a high frequency component, and during F Geotail
ing the expansion phase of SS1 before 16:48 UT, Geotaihad moved close to the flank of the morning magnetosphere.
crosses the neutral sheet several times and is engulfed withiSo, from the Geotail data we are able to identify local min-
flow bursts and complicated magnetic structures, so the inima B, C and D. From the MCRB curve (bottom panel of
clination angle varies rapidly and hence the angle is showrFig. 6) two points are not estimated: the currents were very
only after 16:30 UT. weak during B (Fig. 3), so the MCRB can not be estimated
The bottom panel of Fig. 6 shows the PCB latitude from very well, and during C there were several local intensifica-
EISCAT data (blue squares) and the MCRB latitude (blacktions of the oval currents affecting the MCRB location. From
curve), both taken from Fig. 3. The Geotail inclination an- the MCRB curve, we determine points A, D, E and F. The
gle correlates well with the EISCAT PCB latitude so that a PCB from EISCAT (bottom panel of Fig. 6, blue squares)
taillike configuration (small inclination angle) corresponds suffers from the limited latitudinal extent of the observations
to a large polar cap (low PCB latitude), whereas a dipo-and hence only E and F can be determined. In summary, from
lar configuration (angle approaching ®y0corresponds to the middle and bottom panels of Fig. 6, we obtain altogether
a small polar cap (high PCB latitude). Even many detailsnine time estimates for comparison with the IME data.
are reproduced like the short-lived increase in the EISCATThe calculated mean of the time delay is 17.0 min and the
PCB latitude at 19:10 UT. However, there are also differ- standard deviation is 2.7 min. This time delay has been ap-
ences. During 20:00-20:40 UT the inclination angle first in- plied to the top panel of Fig. 6.
creases and then decreases, whereas the EISCAT PCB lat-During the whole time period, the IMF northward turn-
itude increases steadily from 20:21 UT onwards. However,ngs (B; increasing) and associated decreases in the day-
the MCRB shows a similar bump. Still after 22:00 UT, in the side reconnection voltage and the Newell coupling function
SS3 recovery phase, the EISCAT PCB latitude, the MCRB,are closely correlated with dipolarizations of the magneto-
and the Geotail inclination angle all show small excursiontail and poleward motions of the nightside PCB. However,
to a poleward direction, but after that only little variation in the IMF northward turnings are very abrupt, whereas the
Geotail data can be seen. At 23:00 UT Geotail is approachinghanges in the nightside tail configuration and the PCB lo-
05:00 MLT and is getting closer and closer to the flank of thecation are more gradual. In specific, the dipolarizations and
magnetosphere. PCB poleward motions starting at about 16:50, 20:00, 22:00
and 23:20 UT are all associated with northward turnings of
2.5 IMF effect on the tail configuration and on the PCB  the IMF with the 17-min delay.
The IMF starts to turn in a southward direction approx-
The top panel of Fig. 6 shows the following parameters: theimately after 17:30UT and this turning is gradual. Espe-
IMF B, component, the negative Gfjay, and the negative cially between 18:00 and 20:00 UT the correlation between
of the Newell solar wind coupling function “New07” from the IMF B; (and the negatives of the coupling functions) with
Eq. (3), all normalised between 0 and 1. The sign informationthe Geotail inclination angle and the PCB latitude is very
of the IMF B; has been lost in the normalisation, but can beclear. Hence, the dayside reconnection obviously affects di-
seen from Fig. 2, top panel. Small values of the normalisedrectly the tail configuration and the nightside polar cap lati-
B; correspond to the southward IMF and large values (uptude by adding new magnetic flux in the magnetotail. Later,
to 1) to the northward IMF. Small values of the normalised after 22:00 UT the IMF change from the south to the north
—Vday and —NewQ7 correspond to large values of the solar and back to the south is associated with a similar change in
wind coupling functions. One can see that all the parametershe PCB location and Geotail inclination angle. Further im-
in the top panel have a very similar time dependence, indicatplications of these correlations are discussed in the next sec-
ing that the IMFB; is the main factor affecting both of the tion.
functions.
The IMF B; and the negatives of the related coupling func-
tions show a clear resemblance with the Geotail inclination

angle and the PCB latitude. To estimate the time delay be-

. . ) s in the earlier papers cited in Sect. 1, the EISCAT PCB
“’Yee” the dayside (bOW. ShOCk.) functions in th? top_panel Of:nd the MCRB determined from the MIRACLE magnetome-
Fig. 6 (already delayed in the figure) and the nightside func-

tions in the middle and bottom panels, we search for clear.ters were in very good accordance for most of the stud-

turning points in the curves. The selected local minima in theIe<j time interval. After the local magnetic midnight (about
IMF B; curve are marked by letters from A to F in the top 21:30UT), the MCRB was located up t6 Poleward of the

panel of Fig. 6. From Geotail data (middle panel), A can notEISCAT PCB, which is a feature typical of moming sector

be determined since flux ropes or corresponding structuregSee Sect. 2.2).
were observed at that time. During D, Geotail measured al-

3 Summary and discussion
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A new aspect in this study is the comparison to a globalginning of the expansion phase of SS2, current direction
simulation. The GUMICS-4 MHD model results of the polar changed abruptly westward, but the PCB remained in the
cap boundary location and motion showed a general agreesouth, actually equatorward of the EISCAT f-o-v. During the
ment with the EISCAT PCB and the MCRB. The polar cap recovery phase of SS2, the PCB came to the f-o-v of EISCAT
contractions started at about the same time, but the polar cafpom the south and contracted rapidly polewards. Geotail
expansions in the GUMICS simulation started immediatelymeasured a stretched tail configuration during the growth
after the polewardmost PCB latitude had been reached. Thphase and the tail remained stretched during the expansion
poleward expansion of Substorm 4 took place in GUMICS phase. During the recovery phase when the plasma sheet ex-
about 30 min later than observed. These results resemble thganded, fast flows were measured. Again, the GUMICS po-
study presented ifPalmroth et al(2004), where the simu- lar cap area stayed constant during the expansion phase and
lation substorm was a half an hour faster than the observedtarted to decrease in the recovery phase.
substorm and the onset was about a half an hour later than Substorm 3 could be classified as a pseudobreakup. The
the observed one. PCB was moving in the equatorward direction close to the

The other main aspect of this study was to gain an un-magnetic midnight during the growth and the short-lived ex-
derstanding of the role of solar wind effects on the observedpansion phases. Westward currents intensified during the ex-
polar cap motions and substorm dynamics. In the standargansion phase and Geotail measured a burst of fast flows in
picture of substorms, the nightside field lines start to stretchthe morning sector. GUMICS simulated an increase in the
when the IMF turns southward in the beginning of the growth polar cap area during the growth phase, and the area stayed
phase. A near-Earth neutral line (NENL) is formed in the at a constant level in the late growth and expansion phases. In
late growth phase or in the beginning of the expansion phasehe beginning of the recovery phase, the local WEJ decreased
First, closed field lines are merged, but on a time scale ofin magnitude and the PCB experienced a small jump in the
minutes open field lines start to reconnect. Because the repoleward direction. GUMICS modelled a small decrease in
connection rate is proportional to the A#fiw speed of the the polar cap area.
inflowing plasma, the process is relatively slow as long as Substorm 4 followed immediately after SS3. Now, the lo-
it remains on the closed magnetic field lines where plasma isal PCB in the post-midnight sector started to move in the
abundant. After the last closed field line is reached, the reconpoleward direction already in the expansion phase and the
nection rate increases abruptly. During the recovery phaséyVEJ intensified. Geotail had moved close to the flank of the
the substorm X-line moves very rapidly down the magne-morning magnetosphere. GUMICS modelled slowly increas-
totail. Concurrently, the earthward part of the plasma sheetng polar cap area and the area started to decrease only at the
expands and fills with hot plasma. The mid-tail plasma sheeend of the expansion phase. A very significant reduction in
thickening is associated with fast earthward flows (e.g. Bakeithe polar cap area was modelled in the recovery phase.
et al., 2005). In summary, the common feature in SS1-SS3 is that their

The solar wind effect on the dayside magnetopause igxpansion phases were not to associated with poleward mo-
global, but substorm dynamics depend on the MLT of thetions of the local polar cap boundary in the Scandinavian
observation point in the nightside magnetosphere. Below wesector. For SS1, a plausible explanation is that EISCAT and
summarise the main observations by EISCAT, MIRACLE MIRACLE were located in the evening sector within the re-
and the Geotail satellite as well as the GUMICS simulationgion of the eastward electrojet. For SS2 and SS3, Scandi-
during the four substorms SS1-SS4. navia was located in the pre-midnight sector and obviously

During the expansion phase of SS1, Scandinavia was nowithin the substorm current wedge region. Nevertheless, the
located within the substorm current wedge, but measured enpoleward motion of the PCB took place only in the recovery
hanced EEJ in the evening sector (18:30-19:18 MLT). Thephase. The global GUMICS simulation showed no decrease
local PCB was slowly moving equatorward. Geotail in the in open flux during any of the substorm expansion phases, but
mid-tail was located at 03:15 MLT at the onset time of SS1only in the recovery phases. This is in accordance with our
and measured fast flows and complex magnetic structuregocal observations by EISCAT and MIRACLE for SS1-SS3,
Geotail location ofX ~ —22Rg was very close to the aver- but not for SS4.
age NENL position a ~ —25Rg (e.g. Nagai et al., 1998), The absence of poleward expansion of the PCB means that
so obviously flux ropes were moving past the Geotail loca-the dayside reconnection is greater than or equal to the night-
tion. In the beginning of the recovery phase, the local PCB inside reconnection according to Eq. (1). Only whéjynt is
the evening sector contracted rapidly in the poleward direc-greater thanVyay, poleward expansion takes place. Several
tion. The GUMICS polar cap area stayed constant during theecent observations support our findinlyklan et al. (2008
expansion phase and started to decrease in the beginning ofport that during 15 min in the beginning of an expansion
the recovery phase. phase aurora was expanding poleward, but auroral emissions

During the growth phase of SS2, MIRACLE measured remained inside the previously closed field line reghdilan
eastward currents in the Scandinavian sector at aboutt al.(2007) studied the durations of nightside closure events
22:30 MLT, and the PCB expanded equatorward. In the be-and found values up to 2.5h with a mean of 70 min. The
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mean value is larger than the typical duration of an expansiomightside parameters was especially clear during the recov-
phase, so this suggests that reconnection may take place aty phase of SS1 and the growth and the expansion phases of
a significant amount in the recovery phases. Recenblgk- SS2. Let us first discuss the possible mechanisms and after
wood et al(2009 have found that the nightside reconnection that a plausible time delay.
voltages maximise in the recovery phase. When the IMF turns southward, merging of magnetic field
The MIRACLE magnetometers showed that during recov-lines at the dayside magnetopause takes placeVagan-
ery phases of Substorms 2—4, the westward electrojets corereases. If the nightside reconnection rate is not increased to
tinued to be intense within the main oval, well separated frombalance the dayside merging, the nightside near-Earth mag-
the PCB. In the late recovery phase of Substorm 2, shortnetic field lines start to stretch and the polar cap area expands.
lived (about 12 min) intensifications of the WEJ took place This leads to a substorm growth phase and one could indeed
just equatorward of the PCB. Those could possibly be re-expect correlation betweeWyay, the PCB latitude and the
lated to poleward boundary intensifications (PBIs), which arenear-Earth magnetic topology. During the expansion and re-
known to occur in recovery phases, but also during quiet timecovery phases, reconnection at the NENL is expected to take
periods. They have been associated with bursty bulk flowslace, and if the nightside reconnection rate is higher than the
(BBFs) in the magnetotail (Zesta et al., 2000; Nakamura etdayside reconnection rate in Eq. (1), the tail becomes more
al., 2001). Observations show that individual BBFs are ratheipolar and the polar cap area decreases. Hence, no corre-
narrow 1-3Rg (Sergeev et al., 1996; Nakamura et al., 2004) lation to Vgay would be expected during the expansion and
and it has been suggested that they result from bursty recomrecovery phases. However, if in the initial situatidgy and
nection, which is supported by observations (e.g. &idn Vnight would be large and balanced, and thi&g, would start
et al., 2009a, b). Interestingly, Geotail located 05 MLT sep-to decrease whiléign: would stay at a constant level, this
arated from MIRACLE, observed fast flows exactly during would lead to an apparent control fay over the open flux
the same time interval. This could suggest that the nightsidelecrease. Since this is only speculation, the issue should be
reconnection region extended over a very large portion of thestudied further.
tail. The time delay from the dayside magnetosphere to the
One important question is the definition of the recovery nightside is not well knownLockwood and Morley(2004)
phase. Originally, the recovery phase was defined as the pesstimated that the near-Earth tail is compressed by the addi-
riod when auroras, after having reached their polewardmostional open flux from the dayside with a delay of 14 min.
position, start to fade and retreat back to lower latitudesin this case, by using the observed solar wind speed of
(Akasofu, 1964; McPherron, 1970). Because of the lack 0f490 kms1, we get a travel time of 8 min from the bow shock
continuous global auroral observations, it has become custXgsm ~ 17 Rg) to the Geotail distance dfgsm = —21 Rg.
tomary to define the start of the recovery phase as the periotf we take into account a reduction of speed in the magne-
when the AE index starts to decrease from its peak value, otosheath by a factor of 0.8 ¢ckwood and Morley 2004,
the AL index starts to increase from its minimum value (e.g. the travel time increases to 10 min. It is somewhat unclear
Baker et al., 1994; Kamide et al., 1996; Gjerloev et al., 2004;what kind of an additional delay to 10 min is needed for the
Juusola et al., 2011). It is not obvious that the maximum ofmagnetic pressure change to affect the inner parts of the tail
AE would correspond to the changes in the magnetotail disat this Xgswm. If the propagation occurs with the Aln ve-
cussed in the beginning of this section, since AE is a measurécity and travels from the magnetopaugesy = —22 R
of global electrojet activity. In addition, because of the lim- (Shue et al., 1997) to the Geotail locationfifsy = —2 Rg,
ited number of stations used to derive the AE index, it maythe delay is 4.4 min, by using values of 7 nT for the tail lobe
underestimate or even miss localised events. magnetic field and 0.1 cnf for proton density when calcu-
To evaluate the role of the IMF on the substorm dynam-lating the Alfven velocity. Then the total time delay estimate
ics, we calculated two coupling functions that are related tois 14 min, which is within the I» confidence limits of the
the rate magnetic flux is opened at the magnetopause: thestimated time delay of 17 min.
dayside reconnection voltag@ay (Milan et al., 2007, 2008) The time delay between the bow shock and Geotail loca-
and the Newell coupling function (Newell et al., 2007). Dur- tion has also been estimated from the GUMICS-4 simula-
ing the studied time interval, both of these functions weretion in three dimensions by using the methodAafdreeova
mainly determined by the IMEB; variations and the func- et al.(2011). The structure followed in the simulation is the
tional forms of the negatives of the coupling functions were sudden pressure increase observed around 16:30 UT at the
almost identical to the IMEB,. bow shock (Fig. 2). The normal direction of the shock is esti-
By selecting clear turning points from the IMF, Geotail ~ mated by using the minimum variance method, and the shock
inclination angle, the MCRB and the EISCAT PCB, we esti- speed is calculated from mass flux conservation. The shock
mated the delay between the Iz at the bow shock and the appears to have first propagated through the dayside magne-
nightside ionosphere-magnetosphere parameters. We arrivédpause and travelled into the tail inside the magnetosphere.
at a value of 17.0 min with a standard deviation of 2.7 min. The time delay from the bow shock to the Geotail location
Correlation between the dayside coupling functions and the
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is between 10 and 15 min, which is in accordance with thedetermined by the IMIB; variations. By selecting clear turn-
simple estimate presented above. ing points from the IMFBg, the tail inclination angle, the
This event is special in one sense: the substorms followedMCRB and the EISCAT PCB, we estimated the time delay
a period of low geomagnetic activity, which was 2.7 days between the IMFB; and the nightside parameters. We arrived
long. During this period, the IMF was mostly northward, so- at a value of 17.0 min with a standard deviation of 2.7 min.
lar wind speed steadily decreasing from 600 to 450kts The propagation time from the bow shock to the Geotail lo-
the solar wind dynamic pressure was very low, the AE indexcation was estimated in two different ways, which yielded
remained below 300 nT and the SYM-H index was approach-alues within 10-15 min. Hence, the 17-min delay seems to
ing zero. So, if there is a so called ground-state of magnetobe physically reasonable. The correlation during the growth
sphere, one could expect that it had been reached before thghase can be explained rather easily, but the reason for the
studied event. correlation during the expansion and recovery phases is not
obvious and should be studied further.
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