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I ntroduction

Interplanetary shocks (IPS) represent structures whiclpoapagate in the solar wind and
into the Earth’s magnetosphere and interact with it. On@efésults are magnetosphere
compressions/expansions and magnetopause and tail natidific On the ground these
processes are related to geomagnetic phenomena calleginscolthmencements/sudden
impulses. In comparison to other IPS, fast forward shoc&sstonger, have higher oc-
currence in the solar wind, and cause more intense compregskthe Earth’s magneto-
sphere, so they are preferential subjects of our study. d3$tddrward shocks are usually
connected with the fast stream interfaces of the corotatitggaction regions or they are
precursors of the large and fast coronal ejecta - flares agetia clouds.

Interaction of fast forward shocks with the bow shock and magne-
topause
The interplanetary fast forward shocks usually cause @amg® compression of the Earth’s

magnetosphere(see Figure 1). These type of shocks prepagaie solar wind plasma
frame with a speed about 50-200 km/s [Berdichevsky et aDQRO0
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Figure 1: Schematic plot of interaction between the fastkl{fS) and the bow shock
(BS) and magnetopause (MP). X axis depicts distance frontdreh (Sun—Earth line)
and Y axis depicts time. Perpendicular lines show initiasipon of BS and MP.

Oblique lines show the earthward motion (compressions olaB& MP and propaga-
tion of FS/disturbance into the magnetosphere) of the &tres. MSH= magnetosheath.
CD = contact discontinuity. S or S= shock. Adapted from Yan and Lee [1996].

The modification of the shock inside the Earth’'s magnetosphas been studied
by several authors using gas dynamic and magnetohydrodgmaadeling or using the
Rankine—Hugoniot conditions, such as Spreiter and Stgi&@4], Grib et al. [1979],
Grib [1982], and Zhuang et al. [1981]. Magnetohydrodynamadeling of the interac-
tion between the Earth’s bow shock and the IP shocks or ootattidiscontinuities has
been performed by Yan and Lee [1996]. Considering shockapiignin the solar wind,
the front of the shocks may be curved near the flank magnetepas shown by Koval
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et al. [2005, 2006]. The IP shock propagation along a norrraction has been also
studied by Villante et al. [2004]. They found a time delay bbat 5 minutes from the
bow shock to the ground for almost radially propagatingdtries. They also estimated
the speed of the shock in the magnetosheath to & —~ 1/4 of the shock speed in the
solar wind. Interaction of the FFS with the bow shock creatésin of discontinuities
behind fast forward shock. It moves with a similar speed erttagnetosphere (see local
3D MHD simulation results by Samsonov et al. [2006]). In thregmetosheath, such com-
pound discontinuity was described éﬁfrankova et al. [2007a] and its speed determined
in a case study by Prech et al. [2008].

The analysis of Rankine-Hugoniot conditions performed by @t al. [1979] shows
that interactions of FFS with the magnetopause result imedaetion waves propagating
toward the bow shock [Zhuang et al., 1981].

According to global numerical MHD simulation performed byd&set al. [2005] the
shock orientation plays an important role in determining tR shock-magnetosphere
interaction effects. They compared the IP shocks with thmesaolar wind dynamic
pressure and IMIB, but with the different direction of propagation, parallabeoblique
to the Sun-Earth line. In the first case, observation at géiostary orbit at local noon
showed that the front of the magnetic field compression dagb®ut 1 min. The ramp
may be split in two parts with a small decrease in betweennfAlai jump existed in the
oblique case but lasted 5 minute.

Tamao [1964] found that isotropic compressional hydronetigiwave are generated
at the magnetopause, starting at a single point of the firgtacb but later the source is
moving with the IP shock/magnetopause interaction regiuat, are propagating inward
through the magnetosphere. In the case study Wilken et@82]lestimated propagation
velocities to be about 600 km/s in the radial direction (fritve@ geostationary orbit to the
ground) and about 910 km/s in the azimuthal direction in thesgationary orbit plane.
Nopper et al. [1982] estimated impulse disturbance speedtalb00 km/s within the
geostationary orbit.

The aimsof thethesis

The aims of this thesis are to study different types of intarptary shocks in the solar
wind, their propagation into the Earth’s magnetosphere their modifications. We have
chosen fast forward shocks because of their higher ocateremthe solar wind and as
precursors of the arrival of large solar wind structuresnfithe Sun, such as CMEs and
CIRs.

In the thesis, we discuss following topics:

¢ Interaction of the interplanetary fast forward shocks wiith Earth’s bow shock.

e Statistical analysis of the fast forward shock speed iredifit parts of the Earth’s
magnetosphere, including a short statistical study taudisthe fast forward shock
properties and dependencies on the different solar winahpaters.

e Detailed investigation of two close interplanetary shopkspagating through the
magnetosphere.

e Comparison of these observations with results of MHD madgdf the same events.
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¢ Short comparison of two MHD simulation tool results modglihe event.

Data set

We have selected FFS events from the interplanetary shaakase compiled by Kasper
[2005] and the SOHO [2007] database.

For investigation of the interaction of the IPS with the Bartmagnetosphere, we
have used simultaneous plasma and magnetic field data frow lMepping et al., 1995;
Ogilvie etal., 1995; Lin et al., 1995], IMP-8 magnetic fieldtp://nssdcftp.gsfc. nasa.gov/
spacecrafdata/imp/imp8/mag/ (A. Szabo and R. P. Lepping, NASA GSFE@Y plasma
instruments [Bellomo and Mavretic, 1978], SOHO [Ipavichakét 1998], ACE [Smith
et al., 1998; McComas et al., 1998], Interball-1 [Klimov &t 4997; Nozdrachev et al.,
1998; Safrankova et al., 1997], Geotail [Kokubun et al.,4;99ukai et al., 1994], Cluster
[Balogh et al., 1997; Reme et al., 1997], GOES-8 to GOES-IyS et al., 1996], and
Polar [Russell et al., 1995; Harvey et al., 1995] in the swliand, in the magnetosheath,
and in the magnetosphere. Some data were provided also Wyahesis, Double Star
TC1, and geostationary LANL satellites. The satellite detae mainly obtained through
the CDAWeb service (http://cdaweb.gsfc.nasa.gov) or tbgept-dedicated archives (Clus-
ter Active Archive http://caa.estec.esa.int/, DARTS Hittpww.darts.isas.ac.jp/stp/geotail/,
CNES-SADS http://sads.cnes.fr:8010/).

During our analysis, we assumed FFS as planar shocks wittotistant speed in the
solar wind. We calculated shock normals using differenthoé$ (RH or 4 S/C), and
from the multi-spacecraft timing we calculated disturt@speeds in the Earth’'s mag-
netosphere. We compared the results with existing MHD satrarls and also run own
simulation aimed to the comparison with the real events.

Results

I nteraction of the |l P shock with both the bow shock and magnetopause

In the papers bysafrankova et al. [2007b,a], we investigated the evotutif IP shocks

through the magnetospheric boundaries in the magnetdshé analyzed several ob-
servations of IP shocks in the magnetosheath and compaged tth results of a local
MHD model [Samsonov et al., 2006] and discussed global feataf the IP shock-bow
shock-magnetopause interaction as well as the structutedP shock front. From our
detailed analysis based on the Interball-1 observatioagomcluded that:

1. the IP shock passage into the magnetosheath causes #rel imwtion of the bow
shock as a result of changes of parameters downstream &t 8tetk, as predicted
also by Rankine-Hugoniot conditions (e.g., Grib et al. @®Zhuang et al. [1981]);

2. the inward bow shock motion is followed by an opposite mmotand a combina-
tion of these two displacements creates a bow shock indetm{éiafrénkové etal.,
20074a] that moves along the bow shock surface with the IPkslitds often iden-
tified as two bow shock crossings in observations;
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Figure 2: (a) Simulated profiles of the density, temperataragnetic field magnitude,
and velocity. The vertical lines denote IP shock (1), bowckherossings BS1 and BS2.
(b) Wind observation of the interplanetary shock on July 2896 (first three panels),
together with Geotail observation in the magnetosheathl@sier panels). Panels from
top: solar wind magnetic field magnitudesy,, the solar wind density,, and velocity
v, in GSE coordinates, next two panels showing magnetic fi¢lg;, By, and By,
By, densityn, velocity v in the magnetosheath, cone anglg and ion temperaturé.
The shock parameters in the solar wind afg = 339 km/s, M, = 2.06, andn =
[—0.92, —0.06, —0.39].

3. the interaction of IP shock and bow shock frequently cauassplitting of the IP
shock front into two steps (similarly as in 1-D MHD simulat®of Yan and Lee
[1996])with an usual time lag of the order of one minute. Rarimore, the authors
note that these two observed discontinuities having vernyiai velocities are gen-
erally consistent with the MHD magnetosheath model of Samset al. [2006].

As an example of this comparison of observations with MHDOJprgons, we present
here one event that was observed on July 28, 1996 by Geotathel Samsonov et al.
[2006] model, we put an artificial spacecraft on thes,, axis near the bow shock and
the predicted profiles of basic parameters are plotted iarEiga for a run with a standing
magnetopause. The spacecraft would observe the IP shotle imagnetosheath and
then it would cross the bow shock because of its inward moflidve modification of the
magnetosheath parameters by the reverse shock refleatethiecstanding magnetopause
results in the bow shock outward motion that is recorded asngsexutive bow shock
crossing.

The IP shock observations in the magnetosheath is showrgurd-2b. The shock
was registered by Wind at 1214 UT on July 28, 1996. We notethimapredicted time of

4



v (MS) km/s

2000 [ T T T T ? 2000 r T T /’/. T

[ % central [ . ]
1500 [° nightside % B 1500 F o L7 ]
E CI E +’/’+/, ot " - i
1000 - it -7 2 1000 A 1
: - ; ] > I ek 1
500 - i %% 3 8 500 e ]
0b-="", ‘ ‘ ‘ 1 oL ‘ ‘ ‘ ]

0 200 400 600 800 1000 0 500 1000 1500 2000

v (SH) km/s vms_d
(a) (b)

Figure 3: (a) Relation of the disturbance speed in the Eandgnetosphere to the shock
speed in the solar wind black color denotes dayside valueg tgans-terminator (central)
values and light grey - nightside values. Light grey, grey black lines show linear fits of
these dependencies. Disturbance speed is higher in thesEaggnetosphere than in the
solar wind and higher in the nightside than in the daysidermatasphere.(b) Dependence
of nightside disturbance speed on dayside disturbance spashed line depicts ratio 1:1
and means lower limit. Observations above the line showdpaéds gradually increase
from the dayside to the nightside region.

the shock propagation from Wind to Geotail was 50 min, whetbat observed was 52
min.

Statistical analysis

According to our study [Andreeova and Prech, 2007b] [Al] $peed of waves in the
Earth’'s magnetosphere are higher than the original shoekdsm the solar wind (see
Figure 3a). We studied disturbance speeds in the diffeegnons of the magnetosphere,
dayside, central and nightside, as shown in Figure 3a. Aloogtto this, the disturbance
speeds gradually increase from the dayside to the nighgsidare 3b).

The compression ratio, defined as the ratio of downstreanupstieam density, and
dynamic pressure, see Figure 4a, are attributes whichibdegstie shock strength. The
observed magnetospheric speeds decrease for smalles ealhe dynamic pressure (less
than 2.5 nPa) and start to increase for higher values.

Case study: November 9, 2002

On November 9, 2002 (Table 1, 2), the Wind satellite obsetwednterplanetary shocks
in sequence after 1724 UT and 1827 UT. The corresponding cpems of the shock
normal vector were (-0.99, 0.15, -0.05) and (-0.98, -0.020) in the GSE system. The
0p, angle wasv 43° and70°, the compression ratio 1.69 and 2.01, respectively.

The IMF was Parker-spiral-like anl; was positive both upstream and downstream
of these eventd(~ 30 — 60°, ¢ =~ 130°). The situation is depicted in Figure 5a,b for the
two events. During that time, the satellites SOHO, ACE, Genend Geotail were also
operating in the solar wind, while the geosynchronous G@egw GOES-10 satellites
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Figure 4. (a) Dependence of the disturbance speed on theriypaessure upstream of
the IP shock. Dashed color lines depict linear fits of thegeddencies. (b) Distribution
of cone angles of the shock normal (0-90 degrees) for thetewreour data set. The cone
angle of a shock perpendicular to the Sun-Earth line is Oedeghe cone angle equal
to 90 degrees corresponds to a shock parallel to the Suh-kaet Fast forward shocks
propagate almost quasi-perpendicular to Sun-Earth line.

were in the Earth’s magnetosphere. The Cluster spaceamdtallation was situated on
the night side in the dusk flank plasma sheet near the magnetebefore the events.
It orbited behind the quasiperpendicular part of the bowckheo we don't expect any
foreshock effects there.

For the two FF shocks, we calculated speeds of correspomtistigrbances inside
the Earth’s magnetosphere between pairs of satellitegalom original shock normal
direction. Calculated speeds of disturbances were highdra Earth’'s magnetosphere
than in the solar wind (Andreeova and Prech [2007a]) [Al§¢ Begure 5a,b. Speeds
of the disturbances in the magnetosphere calculated fromidMBPOES 8, 10 were for
the first event 550-580 km/s and for the second event 670 Krofs, the dayside to the
nightside magnetosphere for the first event 580-590 km/d@rithe second event 710-
760 km/s, and between Cluster and Polar in the nightsiddnéofitst event 590 km/s and
for the second event 780 km/s. The speed of the disturbanadsa]ly increased from the
dayside to the tail. Our results generally agree with esgsiay Wilken et al. [1982] and
Nopper et al. [1982](about 600—1500 km/s): our compresgimont speeds are similar to
their lower values representing the radial inward motia,dve smaller than their values
for the azimuthal/near-geostationary-orbit propagatime difference may be caused by
a diverse state of the magnetosphere and content of plasamalyrthe density of plasma
near and outside the geostationary orbit): in the Wilken.dt1882] case, the preshock
magnetopause had been already compressed near to the geosyus orbit (subsolar
magnetopause at abald§ ~ 7.8 Rg). Likewise, we got higher speed for the second event
when the magnetopause was initially closer to the Eadfth~+{ 9.7 Rg) than before the
firstevent ®, ~ 11.7 Rg). We also got slightly higher values for the propagatioresii®
Cluster (significant at least in the second event) that wéisdafrom the Earth than Polar.
On the other hand, the higher speed for the second event maypperted by the faster
and stronger interplanetary shock actuating along the stagause. Also we note here
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Satellite X[Re] Y[Re] Z[Re] Arrival Time UT Region
SOHO 241.3 -82.0 14.3 1642:36 SW
ACE 229.9 409 -17.0  1648:10 SW
Genesis 1869 -15 -1.5 1659:00 SW
Wind 96.4 -29.9 55 1724:49 SwW

Geotall 1855 8.13 1.92 1747:50 SW
GOES-8 6.06 1.25 2.32 1750:34 MS
GOES-10 4.62 -4.72  0.06 1750:38 MS
Polar -5.9 6.0 1.7 1752:50 MS

Cluster SC1 -8.60 13.8 4.43 1753:30 MS
- 114 -1.2 0.6 1749:29 MP

Table 1: Satellite locations in GSE coordinates and artivas/compression onsets for
the first shock on November 9, 2002. The last line shows themat#d arrival of the IP
shock to the magnetopause. SW — solar wind, MS — magnetospher

Satellite X[Re] Y [Re] Z[Re Arrival Time UT Region
SOHO 2412 -82.1 14.2 1755:56 SW
ACE 229.9 41.0 -17.0  1754:12 SW
Genesis 1869 -15 -1.5 1807:00 SW
Wind 96.6 -29.9 55 1827:49 SwW

Geotail 17.76  8.63 1.76 1846:08 SW
GOES-8 541 2.8 2.56 1849:07 MS
GOES-10  5.57 -3.48 0.73 1849:13 MS
Polar -555 5.2 2.2 1850:40 MS

Cluster SC1 -8.62 14.34 3.93 1851:00 MS
- 9.4 0.3 -1.9 1848:29 MP

Table 2: Satellite locations in GSE coordinates and artivas/compression onsets for
the second shock on November 9, 2002. The estimated arfitla shock to the magne-
topause in the last line. SW — solar wind, MS — magnetosphere.

that a significant distortion of the wave front was expectedrrhe flank magnetopause.
Both shock fronts at Geotail (in both cases first panels alifeig 6a,b) last about 10 s.
From the high-resolution data, two parts of the fronts on@@ES spacecraft can be
distinguished. First, there are slow 3-5 min. long rampeaaly reported elsewhere. On
top, at the beginning of them, there are very fast step-li&eté taking about one half of
the total field compression. They last about 10 s — the same disrthe original shock
fronts seen in the solar wind by Geotail, and they are maialysed by the increase of
the H, (northward) component at GOES-8. A small decrease of theniatg follows
after this fast front, similarly as in the simulation caseylGuo et al. [2005]. The second
part of fronts starts by a steep (30 s) decrease of thél, (earthward) component and
continuing increase of th&, component. No such double-part structure is seen in the
Geotail data, which was upstream the bow shock in the solad.wilThe last panel in
Figure 6 shows magnetic field magnitudes from the Clustecespaft. During the first
event, the Cluster fleet saw large fluctuations of the magtiieiid magnitude. At the
moment of the passage of the disturbance after 1753 UT, fileguency increased and
the first leading front is quite fast (about 30 s, not resolae®C2). During the second
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Figure 5: (a) Positions of satellites for the first case onéioler 9, 2002. Comparison
of propagation of disturbance in the Earth’s magnetospaedepropagation of original
shock in the solar wind. Dashed lines in the magnetosphemietdebservations of distur-
bance. Dashed lines in the solar wind depict the shock, ifvggesst the same speed and
shape of both shocks in the solar wind. (b) Similar situatasrihe second case.

event (after 1852 UT), a wide ramp is seen by all Cluster spafidasting up to 7 minute
(at SC2).

For the reported events, GOES measurements revealed sefyofats of the magnetic
field compression (about 10 s), comparable with the integikry shock front duration
in the solar wind, followed by another slower compressiod atation of the magnetic
field. Russell et al. [1999] explained a similar fast fronsetvation by forming shock—like
features due to slowing of compressional waves below thedspElPS in the denser inner
magnetosphere. Other proposed explanations, takingaetwat the front structure, are:

1. Observation of the original shock in magnetosphere Ieviedd by a reverse going
rarefaction wave reflected from the denser plasmaspheppdsied by numerical
simulations by Guo et al. [2005], Ridley et al. [2006]). O thther hand, Sam-
sonov et al. [2007] supported the reflection of IP shock absphere rather than at
plasmasphere.

2. A double part structure is created during the interactibiPS with the BS/MP
system and swept into the magnetosphere. Similar doubpepsbfiles of the den-
sity and magnetic field of IPS in the magnetosheath weredjresported, e.g., by
Samsonov et al. [2006] ar8afrankova et al. [2007a], but timing related to differen
propagation speeds would have to be verified. So far we weralie to find si-
multaneous multipoint observations in the magnetoshaalhaaithe geostationary
orbit with sufficient time resolution for such study.

Global MHD simulation

To verify our experimental investigation, we used the nuocaMHD models to model
the November 9, 2002 events. Simulations enable us to dishesprocesses inside the
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Figure 6: November 9, 2002 events in detail. (a) Shock at L¥B@b) Shock at 1850 UT.
The top panels show the magnitude of IMF as measured by Geodkes next two panel
pairs depict the GOES-8 and GOES-10 high-resolution magfiedt! data in local S/C
coordinatesf/; magnitude /7, northward component (in grey), earthward component,
H,, normal to both/, andH,, eastward (in grey)). The bottom panels plot the magnitude
of magnetic fields measured by Cluster SC1 (black), SC2, &88,SC4 (grey). All
panels in nT units.

magnetosphere and to trace the disturbance propagatido divdctly compare observa-
tions with predictions.

The first selected GUMICS-4 code [Janhunen, 1996, GrandadniMiagnetosphere -
lonosphere Coupling simulation,] is a global MHD simulatemupled with a comprehen-
sive ionospheric model developed and run at Finnish Metegiwal Institute. It consists
of two parts: MHD magnetospheric part and electrostatiogpheric part.

The GUMICS-4 global MHD code solves the ideal MHD equatiom$tovide the
self-consistent temporal and spatial evolutions of themkain the magnetosphere and
in the solar wind. The simulation box ranges from B2 upstream of the Earth to -224
Ry in the tailward direction and-64 R; in the directions perpendicular to the Sun-Earth
line. The equations are solved in the geocentric solar tcl{®SE) coordinates. The
finest grid resolution is 1/&x whenever the code detects large spatial gradients.

The second selected tool is the 3D global BATS-R-US codedBladaptive-Tree-
Solar wind-Roe-Upwind-Scheme) described by Groth et &0(2, provided by CCMC
(Community Coordinated Modeling Center) and run at wee-kitp://ccmc.gsfc.nasa.
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gov/index.php. The Space Weather Modeling Framework (BRFSS with Rice Con-
vection Model) contains 9 modules that cover the variousoregbetween the Sun and
Earth. We have used the Global Magnetosphere (GM) modulehd@scribes the Earth’s
magnetosphere and is driven by upstream satellite datadj\Witne GM module includes
the magnetosphere from 33; upstream to some 258; downtail. The GM module
has a near-Earth boundary located between 2.5 and 3.8istance from the center of
the Earth. Near-Earth boundary conditions are determigdtdinteraction with the In-
ner Magnetosphere (IM) module. The IM module obtains thermftion on closed field
lines from GM and the electrostatic potential from the Igsteric Electrodynamics mod-
ule and provides density and pressure corrections back toTak! finest grid resolution
is 1/4 Ry, around the Earth or in the dayside magnetosphere.

Comparison of observation with GUMICS-4

While in the solar wind, the shock fronts lasted for about 1@isturbance fronts in the
dayside magnetosphere showed slower compression, aad fasabout 5 min. The sim-
ulation produced disturbance fronts, which lasted aboutrfutes. As it was mentioned
above, the solar wind shock speeds from the real data wecalatdd to be about 392
km/s for the first case and about 425 km/s for the second onkul@seed GUMICS-4
shock speeds were about 360 and 420 km/s, Table 3. Timingaé#i observations and
simulation is summarized in Table 4. The simulation showstlicbance passages with a
time delay about 140 s for the first event and about 60 s foregbersl event.

Disturbance | Event 1 Event 2
Obs. data GUMICS4 | Obs. data GUMICS4

Vsaw 324 - 348 -

vsp (SW) 380 360 425 420
Uncertainty | + 10 + 20 + 10 + 20

Vs (D) 550 390 671 425

vms(D — N) | 588 500 745 570

Vs (N) 588 410 776 780
Uncertainty | + 50 + 85 + 50 + 85

Table 3: November 9, 2002 interplanetary shock event: Ryaj@n speeds in the solar
wind and in the magnetosphere;, is the solar wind speed,, is the shock speed in the
solar wind,v,,, is the disturbance speed in the magnetosphere, where Dedettegside
values, N nightside value and D-N means trans-terminatenfral”) values. Speeds
determined from observations are shown in the left columwhge those determined from
the GUMICS-4 global MHD simulation are shown in the rightumins for the two events
separately.

GOES-8 and GOES-10 satellites observed magnetic field assajns but there are
no plasma measurements on these spacecraft. Polar obseaiy a density compres-
sion and almost no magnetic field compression. Apart fromnthgnetic field compres-
sion, Cluster observed also density compression, flucsin velocity, and ion deflec-
tion (tailward). During simulation, at the position of theat satellites (GOES-8, 10) we
found magnetic field and density compression. At the pasitibPolar, the simulated
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Satellite  Observation GUMICS4

GOES-8 1750:41, 1849:12 UT 1753:00, 1850:30 UT
GOES-10 1750:44, 1849:16 UT 1753:00, 1850:00 UT
Polar 1752:50, 1850:40 UT 1756:00, 1853:30 UT
Cluster-1  1753:20, 1852:10 UT 1755:30, 1853:00 UT

Table 4: Observation times for both events as compared to Midilation GUMICS-4.

BSx - MPx (y = ORe, z = ORe)

15 rBow shock —

[Magnetopause )
& 10 Petrinec-Russell model ]
e [ ,
© L ]

Magnetosheath thickness
.

1700 1730 1800 1830 1900 1930
time [UT]

Figure 7: November 9, 2002 interplanetary shock event sitrai: Magnetopause and
bow shock distances from the Earthig,. The grey line shows the magnetosheath thick-
ness along the Sun-Earth line. The thick black line showsitagnetopause position
derived from the Petrinec and Russell model of the magnes®pasing the Wind satel-
lite data.

data showed mainly a density compression. And at the pasifi€luster except density
compression, there was also a weak magnetic field compressio

According to the simulation, after interaction with FFSe titmagnetopause starts to
move earthward with the speed of about 30 km/s for both casest FFS reaches the
magnetopause at time 1750 UT, the second FFS at time 185(UtHe second case, the
magnetosphere was more compressed, the main reason beimghier solar wind shock
speed in this case. From the density gradient and magndtoii detected positions
of the dayside magnetopause and dayside bow shock in théasiomuresults. They are
shown in Figure 7, where we depict the positions of the stimest at the nose of the
magnetosphere because FFS propagated almost perperditolthe Sun-Earth line.
The bow shock reacts mainly to changes of the solar wind tond, magnetic field, and
dynamic pressure. Magnetopause interacts with the FFS.

Figure 8 illustrates the strong compression of the magpétre during both shock
passages. According to the simulation, the bow shock moees hear 16 to near 13
Rpg during the first event, and from near 15 to nearA2 during the second event, see
Figure 7. The magnetopause compression was not axially synowith respect to the
Sun-Earth line; during both events, the compression wasgér in the low latitudes than
near the polar regions.

Figure 9 shows that the Polar satellite was located in thameed plasma flow during
both events. During the first event, Polar observed a slowaease of the plasma den-
sity, which can be interpreted as Polar being at the edgeegpldsma flow. During the
disturbance passages, the plasma flow crossed over théeatedl was seen as an inten-
sification of the flow speeds at that location. During the sdoevent, the plasma flow

11



1752 UT x=+5Re

Figure 8: (a) November 9, 2002 interplanetary shock Evemniilation: A cross-section
of the magnetosphere in the YZ-plane at X &% (left), X = -5 Rr (middle), and in
the equatorial plane (right) at Z = B at 1752 UT (top row) and 1757 UT (bottom
row). The grey coding shows magnitudes of the magnetic fiddignt in nT/Rg. The
black and white lines in the left and right panels show thetmes of the bow shock
and the magnetopause. The position of GOES-8 and Polar enshith the black and
white cross and asterisk, respectively. (b) November 9220@rplanetary shock Event
2 simulation: magnitudes of the magnetic field gradient if R in a format similar to
panel (a) at 1849 UT (top row) and 1854 UT (bottom row).

was stronger and closer to the Earth, which was caused byeadgi more compressed
magnetosphere after the first disturbance passage.

Figure 10 demonstrates that the disturbance front doesayopknar in the magneto-
sphere. Similarly, recent global MHD simulations [Ridléyaé, 2006] have also shown a
significant deformation of the interplanetary shock franthe magnetosphere. The nor-
mals of both IP shocks are not strictly parallel to the SurttfEne and this induces an
asymmetry to the disturbance propagation across the nzgptedre as it is demonstrated
in Figure 10. It displays the disturbance propagation indfeatorial plane using time
derivatives of the magnetic field. The compression of themmatigfield is a little stronger
in the dayside magnetosphere adjacent to the interplgngtack front. The disturbance
wavefront is slightly faster on the opposite side of the negsphere (both dayside and
nightside) where the wavefront normal is closer to the aagshock propagation direc-
tion.

Comparison of GUMICS-4 with BATS-R-US

To compare the real observation and to verify the GUMICSrdusation, we performed
also simulation of those events using the 3D global BATS-&+hbdel, Figure 11.

In the GUMICS-4 simulation, we used data from Geotail, whicts located in front
of the Earth’s bow shock, as the solar wind input. The BAT&8&simulation used Wind

12
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Figure 9: (a) November 9, 2002 interplanetary shock Evenniilgtion: A cross-section
of the magnetosphere in the YZ-plane at X % (left), X = -5 R (middle), and in
the equatorial plane (right) at Z = +R; at 1752 UT (top row) and 1757 UT (bottom
row). The grey coding shows magnitudes of the plasma degsiigient in cm/Ry; in
the given plane. Other description - see Figure 8. (b) Nowerb 2002 interplanetary
shock Event 2 simulation: magnitudes of the plasma densiglignt in cnT®/Ry in a
format similar to panel (a) at 1849 UT (top row) and 1854 UTt{twm row).

data instead, propagated to the simulation box entry side.

Figure 11 brings the magnetic field and plasma density cosgraof both simula-
tions with the real observation of the GOES-8 satellite fimsi At the beginning both
simulations observed lower values of the magnetic field jad® nT), however, they
attained the same level as real observations after the ficgtkspassage. GUMICS-4
observed larger fluctuations abautlO nT. We have no plasma density observation from
GOES satellites. GUMICS-4 observed lower values of therpéadensity (from 1.5 cr?
to 10 cm ?) than the BATS-R-US (from 20 cni to 25 cm®) simulation. Both simula-
tions showed similar plasma density profiles. During the tirsturbance passage, they
saw almost no change in the plasma density. The second eueears that there was
stronger plasma compression.

The shock fronts lasted about 30 s in the solar wind, howavéihe Earth’s magne-
tosphere, the disturbance fronts lasted about 5 min (GO&S38.0), with remark to the
fast initial part according to high time resolution datam8iation BATS-T-US reveals
also 5 minutes, simulation GUMICS-4 reveals 7 minutes ferfitst event, for the second
event also 5 minutes. The first passage was observed in tretgamaccording to the
BATS-R-US simulation and the GOES-8 satellite observat®dMICS-4 had 2-minute
time delay. In the second case, both simulations showedatine 4-minute time delay
here.

Magnetopause positions are compared in Figure 12. The BATE magnetopause
position (thick dashed grey line) corresponded mainly eéRletrinec and Russell model.
The GUMICS-4 magnetopause position stayed stable till tserfioment of the interac-
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Figure 10: November 9, 2002 interplanetary shock Event & dikturbance propagation
in the equatorial plane using time derivatives of magnegid fin four times: 1753, 1755,
1757, and 1758 UT. The grey scale is in nT/min.

tion of magnetopause with the IP shock.

Currently the BATS-R-US tool allows a slightly better timesplution of the simula-
tion than GUMICS-4. Both models cannot perform the exacusation of real events, as
they need to seBx = 0 at the solar wind input. Also they enter the same solar wird in
put conditions at the whole simulation box entry side. Bseanf that it was not possible
to simulate oblique structures in the solar wind like CIRvén shocks and other similar
phenomena. The MHD model by Samsonov is supposed to be sadwy te perform
simulations of this kind (personal communication).

Conclusion

The main part of the thesis concentrates on the analysisiandigion of a fast forward
shock in the solar wind and its evolution through the magstetath to the inner magne-
tosphere.

In our statistical study [Andreeova and Prech, 2007b] anddf@eova and Prech,
2007a][Al] based on 42 events registered during 1997-2@aésywe have investigated
the propagation of IP shocks in the Earth’'s magnetosphandetassumptions of planar
shocks, we calculated shock normals applying differentioit [Andreeova and Prech,
2007b] and associated disturbance speeds inside the roaghete using a timing of
various spacecraft. We obtained speeds in the range of 880Km/s (consistently with
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Figure 11: November 9, 2002 interplanetary shock event sitjpm of the GOES-8 satel-

lite: comparison of the total magnetic field and plasma dgnsith BATS-R-US and

GUMICS-4 simulations. The dashed grey line represents D&% 8 observation, the

solid black line represents the BATS-R-US simulation, dredotted grey line represents
the GUMICS-4 simulation.
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Figure 12: November 9, 2002 magnetopause position: theeddslack line shows the
magnetopause position derived from the Petrinec and Russdel using the Wind satel-
lite data, the thick dashed grey line shows the results oBHRES-R-US model, and solid
black line depicts the GUMICS-4 simulation.
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Nopper et al. [1982] and Wilken et al. [1982]). We showed thatdisturbance speeds in
the magnetosphere are higher than the original shock spebkd solar wind and that the
propagation speeds gradually increase tailward from thedar point. Furthermore, a
comparison of propagation speeds with the upstream sotat @yinamic pressure showed
that these speeds are larger for higher dynamic pressuseddpendence of disturbance
speeds in the magnetosphere on the southward/nortiigacdmponent and the IP shock
compression ratios were not clear enough in our data set.

In details, we studied double fast forward shocks on Nover®a2002 using measure-
ments of many spacecraft [Andreeova and Prech, 2007a; Aadaeet al., 2008][A1,A2].
For these two shocks, we estimated the speeds of disturlpaopagation between the
dayside and nightside magnetosphere to be 590 km/s and4/11K4RT/s, respectively. We
partially attributed this increase to higher Alfven speethie outer magnetosphere due to
the compression of the magnetosphere as a consequencefioétieeent, and partially
to the faster and stronger driving interplanetary shocktHemmore, high-time resolution
GOES magnetic field data revealed a complex structure ofdhmpoessional wave fronts
at the dayside geosynchronous orbit during these evertsjmitial very steep parts ( 10
s). We discussed their relation to the double-step profilethe density and magnetic
field during the passage of the IP shock through the magneatisfSafrankova et al.,
2007b,a; Samsonov et al., 2006] and the model predictiohefumave reflection in the
inner magnetosphere [Samsonov et al., 2007].

The observations of the November events were compared agtiGUMICS-4 and
BATS-R-US global MHD models [Andreeova et al., 2008][A2]hd simulation results
allow us to trace the 3D propagations of the IP shock frontiffernt regions of the
magnetosphere. Using these simulations, we confirmed hieatlisturbance speeds in
the Earth’s magnetosphere were higher for the second shaekodthe higher dynamic
pressure. Moreover, we showed that the profile and speedjebamere largest within
the high-latitude magnetosheath and plasma sheet andhéhfxbnt of the disturbance is
significantly deformed in the magnetosphere [Andreeov& 2@08][A2].
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