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Abstract. Magnetic disturbances in the Earth’s magneto- clouds (Burlaga et al., 1981), post-shock streams and fast so-
sphere can be very different depending on the type of sofar wind streams (Tsurutani et al., 1988; Gosling et al., 1991,
lar wind driver. We have determined the solar wind causesRichardson et al., 2001). Magnetospheric activity is often
for intense magnetic storm®(; <—100nT) over a 6-year generated by southward interplanetary magnetic fields (IMF)
period from the beginning of 1997 to the end of 2002, us-in a region of piled-up solar wind plasma in front of the CME
ing observations by the WIND and ACE spacecraft. We haveejecta called the sheath region (Tsurutani et al., 1988). In the
taken into consideration whether the storm was caused by thsheath region solar wind plasma is heated and compressed,
sheath region or by the following interplanetary coronal massand the draping of the IMF ahead of the CME ejecta can
ejection (ICME). We also divided ICMEs into those having a cause intense southwaB] events. A shock is a larger scale
magnetic cloud structure and those without such a structurestructure than the CME ejecta driving it. Thus, in many cases
We found that post-shock streams and sheath regions causepacecraft upstream of the Earth observe only a shock fol-
the largest fraction of intense magnetic storms. We presenliowed by a disturbed solar wind flow (i.e. post-shock stream)
four periods of magnetospheric activity in more detail. One but the CME ejecta itself is missed. Practically all interplan-
of the events was caused by a magnetic cloud (10-11 Auetary shocks observed at 1 AU have been demonstrated to be
gust 2000) and the rest (13—14 July 2000, 8-9 June 2000 andriven by CMEs (Sheeley et al., 1985), whereas the corotat-
17-18 April 2001) by sheath regions and post-shock streamsng interaction regions develop shocks mainly at larger dis-
We have used several magnetic indices to monitor the lowtances from the Sun. It can make a big difference which type
and high-latitude magnetospheric response to these differerdf solar wind structure causes the storm. Magnetic clouds
solar wind structures. Two of the events are interesting ex-have smoothly changing magnetic field direction and typi-
amples where at first strong high-latitude activity took placecally low dynamic pressure (a few nPa), whereas a rapidly
and the low-latitude response followed several hours laterfluctuating magnetic field direction and high dynamic pres-
These events demonstrate that low- and high-latitude activsure (up to several tens of nPa) are characteristic for sheath
ity do not always occur concurrently and the level of activity regions and post-shock streams. These different solar wind
may be very different. According to the examples shown theconditions put the magnetosphere under very different driv-
evolution of the pressure-correctéy, index was more dif- ing. Huttunen et al. (2002a) showed that sheath regions and
ficult to model for a sheath region or a post-shock streampost-shock streams generated m&rgactivity and magnetic
driven storm than for a storm caused by a magnetic cloud. clouds enhanced mom,,. This suggests that the magneto-
spheric current systems have different responses during dif-
ferent types of solar wind drivers.

In this paper we examine the drivers of intense magnetic
storms ,; <—100nT) that occurred during the period from

One of the main challenges in space weather is to predict997 t0 2002, i.e. during the rising, maximum and early de-
the magnetospheric response from the solar wind condition§!ining phases of solar cycle 23. We focus on comparing
upstream of the Earth. The main causes of magnetic activStorms caused by post-shpck streams and sheath regions to
ity at the Earth are interplanetary manifestations of coronafStorms caused by magnetic clouds, because solar wind con-

mass ejections (CMEs), particularly a subset called magneti@itions during these structures are most distinctly different.
We investigate four cases in more detail to see the differ-

Correspondence tdz. Huttunen ences in the magnetospheric response driven by different so-
(emilia.huttunen@helsinki.fi) lar wind structures. We have used several magnetic indices,

1 Introduction
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described briefly in Sect. 2.1, to monitor the low- and high- verted into a locakK -index using the station specific quasi-
latitude magnetospheric response. In Sect. 2.2 we discuss tHegarithmic scale. The effects of annual and daily variations
definition of a magnetic storm based on different activity in- are eliminated by applying conversion tables. This deter-
dices. We have applied twb,; models that are described in mines the standardizekl index, K, for each station that is
Sect. 2.3 to predict the time evolution Bf; for four example  expressed in the range 0-9 in steps of one unit. A 3-h global
events presented in Sect. 3.2. The purpose of this paper is tgeomagnetic indexX ,, is obtained as an average&f val-
show that sheath regions and post-shock streams are efficienes. Variations inK,, are difficult to interpret physically
drivers of intenseD,; storms and we demonstrate that, on the since depending on the level of magnetic activity, ftig
other hand, these structures sometimes generate intense asitions are under the influence of different magnetospheric
relatively long lasting high-latitude activity though,; and  current systems. Thug’, is more sensitive to high-latitude
SYM H do not decrease concurrently. activity thanDg,. All magnetic indices described above are
available at the World Data Center for Geomagnetism, Ky-
oto.
2 Analysis procedure
2.2 Definition of a storm
2.1 Description of magnetic indices
We briefly discuss the definition of a magnetic storm in
The level of magnetic activity is continuously monitored by the context of the indices used in this study. Generally, a
various magnetic indices calculated from the measurementgmagnetic storm is understood as an increase in particle en-
of different sets of magnetometer observatories distributecergy densities encircling in the equatorial ring current, which
around the Earth (Mayaud, 1980). Tiig, index is calcu-  causes a global depression of the low-latitude H component
lated every hour from perturbations of the horizontal com-of the Earth’s geomagnetic field lasting several hours (e.g.
ponent {) of the geomagnetic field using measurementskamide et al., 1997). The strength of a magnetic storm
of four low-latitude magnetometer stations. Physicalby; is usually defined by the minimun®,,. The Dy, value
aims to measure the strength of the symmetrical equatorial-50 nT is often used as a threshold for a moderate storm, and
ring current, but it is contaminated by other current systems—100 nT as a threshold for an intense storm (e.g. Gonzalez et
(e.g. magnetopause current, tail current, field-aligned cural., 1994). However, it has become clear thgt measures
rents). In this study final values db;, were available for  more than just the symmetric ring current. It has been doc-
1997-2001 and provisional values were used for the yeaumented both observationally and in theoretical models (e.g.
2002. Greenspan and Hamilton, 2000; Liemohn et al., 2001) that in
The SYMH index (lyemori, 1990; lyemori and Rao, the storm main and early recovery phases, the ring current is
1996) is essentially the same as thg, index, but has a highly asymmetric. Up to 90% of the magnetic field depres-
higher time resolution (1 min) and is calculated from a partly sion during a storm can be due to ions in open trajectories
different set of six stationsSY M H is obtained by averaging (Liemohn et al., 2001), i.e. they drift around the Earth on the
the disturbance component at each minute for the selectedusk side and disappear on the dayside magnetosphere. Also,
6 stations.ASY H is an asymmetric disturbance component other current systems, especially the tail current, may have
in the SYM H index. The longitudinally symmetric com- a significant contribution tdD;, (Ganushkina et al., 2003;
ponent is subtracted from the disturbance field for each staTurner et al., 2000; McPherron, 1997). Thus, it should be
tion. ASY H is obtained as the range between the maximumpointed out that when we talk about the ability of different
and minimum deviationsDy;, SY M H and ASY H monitor solar wind structures to generate integ storms, it is not
mainly low-latitude activity (i.e. evolution of the ring cur- exactly consistent with their ability to increase the amount
rent), although 1-mifY M H andASY H are more sensitive and energy of particles encircling in a ring current. The rel-
to the substorm related activity (e.g. tail current disruption atative contribution from different current systems may be dif-
the substorm onset). ferent in storms caused by different solar wind structures.
The AE index is derived as 1-min values from geomag- The K, index is also widely used as a storm indicator,
netic variations in thed component using a chain of 10-13 though it is more difficult to interpret physically and may
magnetometer stations distributed under the Northern Hemihave a significant contribution from high-latitude auroral cur-
sphere auroral zonedA E measures the strength of the auro- rents. According to Tsurutani et al. (1997), magnetic activity
ral electrojets and thus represents the substorm activity wellis defined as moderate &, is 5 or larger, and intense K ,
When the overall level of magnetic activity is high, the con- exceeds 6. Gosling et al. (1991) and Richardson et al. (2001)
fidence ofAE is reduced as the auroral oval moves equato-defined a large storm to have-&K ., <7+ and K ,>6—
ward. However, for all presented events in Figs. 24%, for at least three 3-h intervals during a 24-h period. In this
should give a good estimate during the whole storm period. work we investigate both low- and high-latitude magnetic ac-
K, is arange index obtained from 13 subauroral stationstivity. In Sect. 3 we show two examples where a sheath re-
First, the local disturbance levels at each stations are degion generated high level E and K, activity, but D, and
termined by taking the largest excursion in the horizontal SY M H indices were not depressed to storm-time values at
components during a 3-h time interval. The range is con-the same time.
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To predict the evolution oDy, using solar wind parameters 5| [ other I

as input we have used two modelling schemes developed by
O’Brien and McPherron (2000a) (M1) and by Fenrich and

Luhmann (1998) (M2). Both of them have a clear physical

content and they are easy to use. The M1 model is adjusted
to storms withD,;,>—150nT and have been proved to es- o
tablish well the Dy; changes during several storm periods
(O’Brien and McPherron, 2000b). The pressure-corrected |
Dy; (D},) is calculated by removing the effect of the mag-

netopause Chapman-Ferraro currents using the formula by
Burton et al. (1975): or

D;kt = DS! — b den + C. (1)

|Dst| > 100 nT |Dst| > 150 nT Dst| > 200 nT

For constants a and b, we have used vaIuesF_ 1B how the diri ‘ _ for three diff
b=7.26ntT(NPaY2 and ¢=11nT derived by O'Brien ig. 1. Bars show the drivers of magnetic storms for three different
level of the Dy; depression. The numbers above each bar present

and McPherron (2000a). The evolutionBf, is covered by the total number of storms in that category.

the Burton et al. (1975) formula:
d(D* D}

% = Q(E) — Tn ) values are used or not for the pedk,. If the pressure
corrected values would have been used, the importance
of post-shock streams and sheath regions as storm drivers
would have slightly increased, as these structures are
associated with high dynamic pressure and thus have a large
pressure correction. A solar wind driver of a storm was de-
fined as the feature during which tiig, index reached 85%

of its minimum for this particular storm. Figure 1 shows the
drivers of magnetic storms for three different limits of the
The injection term in the M2 model depends on the solarMaxXimum|Dy[:100nT, 150nT, and 200nT. We classified

where Q(E) is a ring current injection function andis a
ring current decay parameter. FO(E) the M1 model uses
a linear function of solar win@&,=V By similar to Burton et
al. (1975) with slightly modified coefficients:

o E. < 049mV/m
Q(E) = {_4_4 x (Ey — E¢) Ec >0.49mV/m @)

wind dynamic pressure: the drivers of storms in the following categories: post-shock
stream or sheath region (shock/sheath), magnetic cloud
Q(E) = —4.3(Payn)3(E, — 0.5). (4)  (MC), CME ejecta without the magnetic cloud structure

(ejecta) and solar wind causes not associated with shocks or
The coefficient—4.3 is chosen so tha(E) is consistent CME ejecta (other). We identified solar wind drivers from
with the Burton et al. (1975) value whefayn is 2nPa. Thus, ACE or WIND magnetic field and solar wind measurements.
a Pgyn larger than 2 nPa increases the ring current injection.Magnetic clouds were identified using the definition by
For the M1 model the ring current decay paramet¢nvaries  Burlaga et al. (1981). Note that the categories “MC” and

as a function oV Bg: “ejecta” also include a few cases where sheath region fields
0.74/(4694V B preceding the magnetic cloud contributed significantly (but
t(hours) = 2.4¢ ™% 9, (5)  less than 85% of thé®,, minimum) to theD,, depression.

The first bar in Fig. 1 shows the storms for which the max-
imum | D] was >100nT. Sixteen of 53 storms (30%) had
a main contribution from southward magnetic cloud fields.
The largest fraction of storms, 24 (45%, was caused by a
post-shock stream or by a sheath region. In the next bar the

In the M2 modek has a constant value 7.7 h whEp is less
than 4mV/m and 3, or 5 h (the value that gives the best fit is
chosen) is used otherwise.

3 Events limit of |Dy;| has been increased to 150 nT, and the num-
ber of magnetic storms is reduced to 19. The relative contri-
3.1 Drivers of intense magnetospheric storms butions from shocks and sheath regions is now larger; they

caused 12 (60%) storms, whereas the relative contribution of
We investigated the solar wind causes of intensemagnetic clouds decreased. Magnetic clouds caused only 5
(Ds;<—100nT) magnetic storms during the 6-year in- storms (20%). And finally, the last panel shows drivers for 11
terval (1997-2002). In total, 56 intense magnetic stormsmagnetic storms that had the maximuby,|>200 nT. Post-
occurred and in 53 cases we could identify the solar windshock streams or sheath regions caused 7 of these storms, and
driver. We decided not to use the pressure correbtgas it magnetic clouds caused only 2 or 3 storms. The driver of the
is not statistically important whether the pressure correctediggest storm of solar cycle 23 (31 March 2001) is unclear.
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Four of the storms caused by sheath region fields were prerival and reached the minimum ef102nT (D,,:—106 nT)
ceded by a sequence of multiple fast CMEs observed by then 11 August 2000 at 07:00 UT. From Fig. 2f it is seen that
LASCO instrument on board SOHO. The sheath region forthe symmetric part off was larger than the asymmetric part
these cases probably contained piled-up material from theluring the whole storm periodK, had storm-time values
preceding CME(s). The more detailed study of these major(>5) for 12 h with a maximum value of 6 on 11 August,
magnetic stormsld,; <—200nT) is given in Huttunen et al. 00:00-06:00 UT. Thus, this was not a large storm accord-
(2002b). The solar wind driver and magnetospheric conseing to the Gosling et al. (1991X ,-criteria. TheAE index
quences of the strong storm on 6—7 April 2000 are describedhows continuous substorm activity. TAd. index did not

in detail in Huttunen et al. (2002c). recover near the zero level, so the number of substorms is
hard to determine. Both the M1 model and the M2 model
3.2 Events (with T=5) give good estimates of th@}, behaviour and the

minimum value. The M2 model gives a better prediction for
Four periods of solar wind data and magnetospheric indiceshe recovery phase than M1.
are presented in Figs. 2-5. Solar wind data is obtained
from the ACE satellite located near the L1 point, more than3.2.2 17-18 April 2001 (APR2001)
200Rf from the Earth. All solar wind data have been shifted
from ACE to the magnetopause. The data before the shockigure 3 shows another intense magnetic storm that was
have been shifted by the approximate downstream solar windaused by a disturbed solar wind flow after a strong shock
speed and the data after the shock by the approximate umbserved at ACE on 18 April at 00:05 UT. Tlig; minimum
stream solar wind speed. The overlapping data points werevas about the same as for AUG2000. The comparison of this
omitted as physically they were hidden inside the shockevent to AUG2000 reveals many differences in the charac-
structure. Figures 2-5 are in the same format, showing fromeristics of the solar wind driver and the storm evolution. At
top to bottom: solar wind, component in the GSM coordi- the shock the solar wind speed rose from about 380 km/s to
nate system (a) and solar wind speed (b). Together with th&00 km/s, and solar wind temperature, density, and the mag-
solar wind dynamic pressure (blue line) (c) the subsolar maghetic field magnitude had clear jumps. During several hours
netopause location (green line) is given from the empiricalafter the shock, the IMF had irregular behaviour, fluctuating
model by Shue et al. (1998) that estimates the magnetopaugeom the south to the north. At the shock the dynamic pres-
location as a function of IMB; and the solar wind dynamic sure increased from a few nPa above 10nPa and remained
pressure. The dashed line marks the geostationary orbit. Thieigh for several hours. Figure 3c shows that the dayside mag-
energy input to the magnetosphere is estimated by the epietopause was strongly compressed during a 6-h period (i.e.
silon parameter,s(:107VB213 sin*(6/2), using Sl-units and  during high dynamic pressure), most of that time beyond the
l,=7 Rg) (d). The last four panels show magnetic indices: geostationary orbit.
Dy, (solid black line), pressure correctddl, (dashed blue There was one longer interval of southward IMF from
line) and the modelled;, indices: The prediction from the about 02:00 to 04:00 UT on 18 April, with a minimum value
M1 model is shown by open red circles and from the M2 of —25nT. The energy input was strong, up te B)2W,
model by filled green circles (e},)Y M H (blue dashed line), but irregular. The main phase of this storm lasted only 5h.
pressure correctedY M H (red dashed line) and negative D?¥ reached the minimum valuel28nT (Dy,;: —114nT) on
ASY H (black solid line) (f);K, (g) and finally,AE andAL 18 April at 07:00 UT. Figure 2f shows that during the storm

indices (h). main phase the symmetric part &f was clearly larger than
the asymmetric part. The high-latitude response was stronger
3.2.1 10-11 August 2000 (AUG2000) than during AUG2000K , had 9-h period storm-time values

(6, 7+, 7=), with the maximum being 7+ on 18 April, 03:00-

Figure 2 shows an example of an intense magnetic stornd6:00 UT. Note that during this 9-h period &l|, values were
driven by a slow speed magnetic cloud that was observedarger than the maximurk , for AUG2000. The level of the
by ACE on 10-11 August 2000. There was a small shockAE activity was high, reaching 1800 nZL shows that four
at ACE at 04:07 UT on 10 August. The magnetic cloud substorms occurred during the main phase. The most intense
started at~19:00 UT on 10 August, identified from a drop in  one ¢~—1500nT) took place before the start of thg, and
plasma beta (not shown) and the start of slow the magneti¢ghe SY M H decrease. For this event the M1 model gives a
field change. TheB, minimum was—14nT at the leading rather good estimation of the;.
edge, from which the southward component rather smoothly
decreased during the passage of the cloud. Dynamic pressug2.3 13—14 July 2000 (JUL2000)
was only a few nPa. As a consequence, the subsolar magne-
topause was not significantly compressed from the quiet-time_ast two events were not intense magnetic storms if deter-
position (~~11Rp). mined by Dy,, but they were associated with strong high-

The energy injection to the magnetosphere was steadyatitude activity. The first of these events is shown in Fig. 4.
~1.7x 102 W for about 5 h and afterwards began to weakenA strong shock was observed at ACE on 13 July 2000 at
slowly. D}, started to decrease after the magnetic cloud ar09:18 UT. Note that this event took place 2 days before the
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Fig. 2. Solar wind parameters and geomagnetic indices for a 30-h interval from 10 August, 10:00 UT-11 August, 16:00 UT, 2000 measured
by ACE. The panels from top to bottom show: IMiz componenta), solar wind spee¢b), dynamic pressure (blue line) with the estimated

subsolar magnetopause position from the Shue et al. (1998) model (green line). The vertical dashed line indicates the geosynchronous orbi

(c), thee-parametefd), the D}, index (black solid line) and the modelldsf, indices: Open red circles give the prediction by O'Brien and

McPherron (2000a) and filled red circles by Fenrich and Luhmann (1@98he SY M H index (blue line), the pressure correctedM H

(red line) and thed SY H index (black line)f), K, (g) andAE andAL indices(h). The solid line indicates the start time of the magnetic

cloud.
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ACE. The panels from top to bottom are the same as in Fig. 2. The dashed line indicates the shock.

famous Bastille Day CME hit the magnetosphere (Lepping et Thee-parameter shows that the energy injection was very

al., 2001). After the shock the magnetic field direction fluc- sporadic but strong, with peaks reaching®2 W (i.e. val-

tuated rapidly from the south to the north, with the minimum ues comparable with APR2001). There was also some en-
B, about—20nT. At the shock dynamic pressure increasedergy input between 19:00-23:00 UT due to southward CME
above 20 nPa and remained high until about 17:00 UT orejecta fields, but the magnitude of the southward compo-
13 June. From that time to about 02:00 UT on 14 June thenent was only<4 nT and the:-parameter was-59x 10t W.
magnetic field had regular behaviour and the solar wind dy-During the sheath region passage, high-latitude activity was

namic pressure decreased to a few nPa, suggesting that AC§rong.K , had storm-time values {6, 7, 6+) for a 9-h period
observed a CME ejecta. The subsolar magnetopause was si¢P9:00-18:00 UT) and at the same timé was enhanced

nificantly compressed and fluctuated around the geostationdp to~1100 nT. In total, were 6 substorms, but most of them

ary orbit from 10:00 to 15:00 UT.

were only a few hundred nT. The most intense one was about
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—700nT. During the period of the strong high-latitude ac- CME ejecta. During the sheath regior@9:00-16:00 UT),
tivity, D} andSYM H stayed around the quiet level. Large the magnetopause was compressed beyond the geostation-
positive D}, values were observed during the pressure pulseary orbit. Thes-parameter shows again strong but irregular
and most likely, the pressure correction (Eg. 1) used was noénergy input. TheAE and K, indices were most strongly
enough to remove the effect of the magnetopause current@nhanced during the sheath region passage. Allhenaxi-
Several hours later, when high-latitude activity had alreadymum was about 1900 nT and before the start offheand
weakenedD}, decreased te-45nt at 20:02 UT on 13 June. SYM H decrease three substorms took place. During the
Despite the wealD,; response this event fulfilled th& ,- main phase there were two substornis, had storm-time
criteria by Gosling et al. (1991) for a large storm . Both values of 15h and a maximum value of 7, 12:00-15:00 UT
models, especially the M2 model (with=3 h), predict aDy; on 8 June.D}, started to decrease after 16:00 UT about the
depression during the sheath passage that is too large arioine of the arrival of the CME ejecta. THg, minimum was
when the measured,* decreased, the models predict the —90 nT on 8 June at 20:00 UT. The M1 model predicts some-
recovery ofD},. what lower D}, than the measured during the strong high-
On the next day, 14 July 200&;, again had high values latitude activity. When the measurddf, decreased by al-
(5— 7+ 7-) for a 9-h interval and thé E activity reached al- most 100 nT to its minimum value the model predicts only
most 2000 nT with no concurrent decreas®inor SY MH.  about a 30nT decrease. The M2 model (wita3 h) pre-
This event was caused by a fluctuating magnetic field follow-dicts correctly the depth of thB;, minimum, but too early.
ing a shock seen by ACE on 14 July at 14:59 WO, started
to decrease on 14 July at 21:00 UT and reached the minimum
value,—34nT, on 15 July at 01:00 UT. We could not use this 4 Discussion
event for further study, as both WIND and ACE lacked so-
lar wind measurements. However, magnetic field data showpuring the six year period (1997-2002, 53 intense
that from 21:00 UT on 14 July wheby, started to decrease (Ds;<—100nT) magnetic storms occurred for which we
to the time of theD;, minimum at 01:00 UT on 15 July3;  could identify the solar wind cause. We found that post-
(in GSM) had slightly northward values{5 nT). Thus, the  shock streams and sheath regions were the most important
Dy; models used would likely have failed to predict tbg;  storm drivers, causing nearly half (45%) of the storms. The

depression similar to the event shown in Fig. 4. importance of post-shock streams and sheath regions was in-
creased when the limit of thB,, depression was increased.
3.2.4 8-9 June 2000 (JUN2000) Tsurutani et al. (1988) showed, based on 10 magnetic storms

that sheath regions alone can drive intense magnetic storms.
The last event is shown in Fig. 5. ACE detected a strongNote that we defined the cause of a storm as the solar wind
shock on 8 June 2000 at 08:41 UT. For about 8 h after thestructure that led to 85% of thB;, minimum of that par-
shock the magnetic field direction fluctuated and the solatticular storm. Defining the cause as the structure that led
wind dynamic pressure, was high. On 8 June starting at aboubD,, to cross our storm limits{100, —150 or—200nT, see
16:00 UT, ACE observed regular magnetic field behaviourFig. 1) would have increased the importance of shocks and
and decreasing dynamic pressure indicating the presence ofsheath regions as storm drivers. The period of our study
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Fig. 5. Solar wind parameters and geomagnetic indices for a 30-h interval from 8 June, 04:00 UT-9 June, 10:00 UT, 2000 measured by ACE.
The panels from top to bottom are the same as in Fig. 2. The dashed and solid lines are the same as in Fig. 4.

covers rising, maximum and early declining phases of sopressure is high with large variations in its magnitude. The
lar cycle 23. Thus, during most of the period the CME ac- draping of magnetic field lines and the compression of so-
tivity was high. According to the WIND magnetic cloud lar wind plasma ahead of a CME ejecta lead to large IMF
list at http://lepmfi.gsfc.nasa.gov/mfi/matpud publ.html  magnitudes and intense southwdtdevents.
60 magnetic clouds were identified during the years 1997— Because of low dynamic pressure the subsolar magne-
2002. This means that about one-fourth of magnetic cloudsopause is not significantly compressed during the magnetic
that hit the Earth caused an intense magnetic storm. Theloud passage. A passage of a sheath region or a post-
total number of shocks observed at 1 AU during the pe-shock stream causes significant magnetopause compression,
riod of our study was much larger than the number of mag-as seen from Figs. 3c-5c. The subsolar magnetopause was
netic clouds. According to the ACE shock list at http:// compressed several hours beyond the geostationary orbit,
www.bartol.udel.edu/chuck/ace/ACElists/ohbst.html, ap-  and there were large-scale fluctuations in its position. When
proximately 200 shocks (only clear cases included) were obthe magnetopause is strongly compressed the losses of par-
served during 1997-2002. Thus, about one-tenth of postticles drifting to the dayside magnetosphere are enhanced,
shock streams and sheath regions caused an intense magnetihich in turn may partly kee@,, from developing (Kozyra
storm. Although southward sheath region fields led to theet al., 2002). On the other hand high dynamic pressure may
D;; minimum in such a large fraction of intense storms, theenhance the ring current injection (Fenrich and Luhmann,
following magnetic cloud having southward fields are im- 1998).
portant in the sense thd,, recovers slowly, i.e. magnetic  The energy input to the magnetosphere is steady and con-
cloud fields do not necessarily cause further enhancement afnues for a long time during magnetic clouds because of the
Dy, but can keepDy, low for a long time. Besides, storms smooth rotation of the magnetic field direction. Thus, mag-
caused by magnetic cloud fields usually have more graduahetic clouds cause periods of steady convection. On the con-
Dy, decrease (i.e. longer main phases) than storms caused lary, during the passage of sheath regions and post-shock
post-shock streams and sheath regions. streams the energy input is usually irregular, but intense. The
Let us consider characteristics and differences of magneti¢arger the convection electric field the closer is the separatrix
cloud and sheath region/post-shock stream driven magnetibetween the open and closed drift trajectories to the Earth
storms. In Fig. 2 (AUG2000) we presented an intense mag{e.g. Kamide et al., 1997). In our study the peak value of
netic storm driven by a magnetic cloud. Typical for mag- the southwardB, during the solar wind driver for intense
netic clouds are small variations in solar wind parametersstorms was larger for post-shock streams and sheath regions
for example, smoothly changing IMB, and low dynamic  than for magnetic clouds (29 nT and 21 nT with standard de-
pressure. For the comparison in Fig. 3 we showed an intenseiations 13 nT and 12 nT). Thus, generally during post-shock
magnetic storm driven by a post-shock stream (APR2001)streams and sheath regions particles on open trajectories drift
Events JUL2000 and JUN2000 presented in Figs. 4 and Eloser to the Earth than during magnetic clouds. The effects
were caused by sheath region fields, but had a weBker of the fluctuating convection electric field are twofold: on
response. Sheath regions and post-shock streams are as$ioe one hand, although the energy input is strong, if the pe-
ciated with irregular behaviour of solar wind variables: the riods of enhanced convection are very short in duration (like
magnetic field direction is highly variable and the dynamic for JUL2000 and JUN2000), particles are not transported to
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the ring current region. Such a large fraction of post-shocktion when particles drift close to the Earth and disappear on
streams and sheath regions cannot drive intdhgestorms  the dayside magnetopause. A further interpretation would re-
since the magnetic field direction fluctuates too rapidly. Onquire a closer investigation of the magnetic recordings from
the other hand, when the duration of the injection peaks arenagnetometer stations that have been used to dasuer
longer (like for APR2001), post-shock streams and sheath reand SY M H indices for each event. APR2001 had higher
gions seem to efficiently drive intengg; storms. The weak- level K, and A E activity, while Dy; minima were about the
ening of the convection electric field is necessary for trappingsame. K, values for APR2001 were larger than the maxi-
particles from open trajectories to closed trajectories (e.gmum K, for AUG2000. During the passage of a magnetic
Gonzalez et al., 1994; Kamide et al., 1997). Kamide et al.cloud for AUG2000 thed E activity was continuous. The lo-
(1997) discussed that fluctuations in convection can enhanceal IMAGE magnetometers in the midnight sector indicated
the ring current increase compared to the steady convectiomery complicated current structures (data not shown). Our re-
of the same average magnitude when the storm length excent studies (Huttunen et al., 2002c; Pulkkinen et al., 2002)
ceeds 3 h. have shown that the auroral activity during magnetic storms

It has been demonstrated (Kamide et al., 1997; Kozyra etan be very variable, sometimes exhibiting clear substorm-
al., 2002) that the nightside plasma sheet source populatiotike processes and sometimes not.
changes have a great importance in the ring current evolu- Events JUL2000 and JUN2000 were associated with
tion. Presumably, strong high-latitude activity and solar wind strong high-latitude activity, comparable to the APR2001 in-
pressure pulses during the sheath region or post-shock streatense storm. For both evenks, and AE were strongly en-
passage cause an enhanced outflow dfi@hs, as both the hanced without concurrent decreaseSinM H or Dy;. The
high AE activity and high solar wind dynamic pressure are most intense high-latitude activity had weakened wiign
shown to correlate with ® energy density in the near-Earth andSY M H started to decrease. For the JUL2000 event
magnetotail (Daglis et al., 1994). Furthermore, high densitiegeached 1100 nT and for the JUN2000 event, almost 2000 nT.
typical for sheath regions and post-shock streams may lea@oth events were large storms according tokhecriteria by
to a “super-dense” plasma sheet, that if swept from nightsideGosling et al. (1991), but JUL2000 was only a minor mag-
to dayside, will lead to an extra decreasellyy (Borovsky netic storm if determined bp;.
et al., 1997). Thus, sheath regions and post-shock streams For AUG2000 both the M1 and M2 models predicted well
provide a rich particle source population in the near-Earththe D¥, behaviour and the minimum value Bf;, . The prob-
plasma sheet. When these particles are injected into the innéems of the M1 and M2 models in predicting, variations
magnetospherel;, decreases. During the magnetic cloud for JUL2000 and JUN2000 are probably due to large and
passage, the plasma sheet particle population decreases aygpid variation of the magnetic field direction. It seems that
although the convection remains highy, recovers during these high frequencies are filtered out in the magnetosphere.
the magnetic cloud because less particles from the plasm@he pressure correction d@,; given by Eq. (1) may not be
sheet are injected into the inner magnetosphere. For exanadequate to remove the effect of the magnetopause current
ple, sheath region fields caused the intense magnetic storm &ystems. Furthermore, the sheath regions and post-shock
6—7 November 2000, although the following magnetic cloudstreams may cause strong preconditioning of the nightside
had southward fields at the leading edge and more intensplasma sheet. The injection of these particles to the ring cur-
southward IMF values than the sheath region. Liemohn et alrent region can cause the unpredicted intensificatiabpf
(2001) presented similar events simulating the near-Earth ion
distribution with a kinetic transport model.

The evolution of magnetic indices for intense storms5 Conclusions
AUG2000 and APR2001 was very different, which reflects
differences in the response of magnetospheric current sydn this study we have shown that post-shock streams and
tems. For AUG200;, decreased gradually, in 10 h, to the sheath regions caused the largest fraction of intense magnetic
minimum value, whereas for APR2001 the main phase lastedtorms ,; <—100nT) during 1997-2000. The evolution of
only 5h. For AUG2000 the symmetric part &f was larger  a storm caused by a magnetic cloud has many differences
than the asymmetric part &f during the whole storm period. when compared to a storm caused by a post-shock stream or
During the main phase of the APR2001 storm, the asymmetby a sheath region. Post-shock streams and sheath regions
ric part of H dominated the symmetric part aldsY H had  are associated with irregular behaviour of solar wind vari-
large variations. Also, for the JUL2000 and JUN2000 eventsables and high dynamic pressure. These features result in
ASY H had large values during high-latitude activity. For strong and variable convection strength (essential for trap-
all events peaks i SY H were associated with high E ping ring current particles), preconditioning of the nightside
activity. We suggest that a substorm related partial ring curplasma sheet source population and strong high-latitude ac-
rent flowing around the dusk side of the Earth caused thesévity. Due to high dynamic pressure the subsolar magne-
ASY H peaks. lyemori (1990) discussed the morphology oftopause is compressed at times beyond the geostationary or-
such a current system as inferred from the mid-latitude asymbit. Probably the compressed and dynamic state of the mag-
metric fields. Partly, larga SY values for sheath regions and netosphere also increases the geoeffectivity of these struc-
post-shock streams can result from periods of intense convedures.
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Our study demonstrates that, on the other hand, sheath re- bances and coronal mass ejections, J. Geophys. Res., 96, 7831—

gions and post-shock streams may cause relatively intense 7839, 1991.

and long-time disturbances at the high-latitude magnetoGreenspan, M. E. and Hamilton, D. C.: Atest of the Dessler-Parker-

sphere, while they have little or no effect at the low-latitude ~ Sckopke relation during magnetic storms, J. Geophys. Res., 105,

magnetosphere (i.e. decreasdyf or SY M H). These kind 5419-5430, 2000. _

of events would be classified as large magnetic storms if lUtunen. K. E. J., Koskinen, H. E. J., and Schwenn, R.:

the K, index only were used as a storm indicator. For the Varlaplllty of magn.etospherlc storms driven by different so-
P . . o lar wind perturbations, J. Geophys. Res., 107(A7), 1-12,

events prgsented hgre h|g_h-lat|tude activity was not followed doi:10.1029/2001JA900171, 2002a.

by low-latitude activity until several hours later. Thus, hav- yytunen, K. E. J., Koskinen, H. E. J., Schwenn, R., and dal Lago,

ing a global idea of the magnetospheric effects using differ- A: Causes of major storms near the last solar maximum, in:

ent magnetic indices is necessary. It was shown that the mag- Proceeding of The 10th European Solar Physics Meeting “Solar

netic activity generated by post-shock streams and sheath variability: From core to outer frontiers”, edited by Wilson, A.,

regions is more difficult to model probably due to more ir- 1 ESA Publication Division, ESTEC, 37-140, 2002b.

regular solar wind conditions and the preconditioning of the Huttunen, K. E. J., Koskinen, H. E. J., Pulkkinen, T. I., Pulkkinen,

nightside plasma sheet source population. To distinguish the A-» Palmroth, M., Reeves, E. G. D., and Singer, H. J.: April 2000

general trend in the characteristic of magnetospheric activity Magnetic storm: Solar wind driver and magnetospheric response,

generated by different solar wind drivers is helpful for space, 107(A12), 1440, doi:10.1029/2001JA009154, 2002c.

weather forecasting and for better understanding of ma r,|el_yemori T.: Storm-time magnetospheric currents inferred from mid-
9 9 9 latitude geomagnetic field variation, J. Geomag. Geoelectr., 42,

tospheric dynamics. 1249-1265. 1990.
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