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Abstract. It is well-known that interplanetary magnetic There were many extensive studies of CMEs and magnetic
clouds can cause strong geomagnetic storms due to the higtlouds since the paper #flein and Burlaga1982. In the
magnetic field magnitude in their interior, especially if there present paper we are only interested in fast CMEs because
is a large negatives, component present. In addition, the the interplanetary magnetic clouds related to the faster CMEs
magnetic disturbances around such objects can play an incan cause strong geomagnetic storms, not only due to the
portant role in their “geo-effectiveness”. On the other hand,magnetic field with high magnitude that is present in their in-
the magnetic and flow fields in the CME sheath region interior, but also because of the CME sheath region around the
front of the body and in the rear of the cloud are impor- cloud which also contains a magnetic field with a large neg-
tant for understanding both the dynamics and the evolutiorative B, component. It was concluded Eang et al (2008,

of the interplanetary cloud. The “eventual” aim of this work that the cloud’s sheath area when it is present, can bring up
is to calculate the magnetic field in this CME sheath region into 29% additional energy into the magnetosphere. The mag-
order to evaluate the possible geo-efficiency of the cloud innetic field and the velocity field in the CME sheath region,
terms of the maximumB, |-component in this region. In this which extends from the front to the rear part of the cloud, are
paper we assess the potential of this approach by introducingoth important for understanding the dynamics and the evo-
a model with a simplified geometry. We describe the mag-lution of the interplanetary cloud. Moreover, the magnetic
netic field between the CME shock surface and the cloud'dfield in the magnetosheath area can contribute significantly
boundary by means of a vector potential. We also apply outto the “effectiveness” of the impact of the magnetic cloud on
model and present the magnetic field distribution in the CMEthe Earth’s magnetosphere.

sheath region in front of the body and in the rear of the cloud  There are various methods that can be applied to math-
formed after the event of 20 November 2003. ematically model the conditions in the CME sheath region

Keywords. Interplanetary physics (Interplanetary shocks; around supersonic objects in general, and supersonic mag-

Solar wind plasma) — Solar physics, astrophysics, and astetic clouds in particular. However, most of these mathe-
tronomy (Flares and mass ejections) matical models can be used only within the so-called “rigid

wall” approximation. The “rigid wall” approximation means
that the boundary conditions are imposed on a fixed (a pri-
ori given) surface. The boundary position and the shape of
the boundary are not calculated but set. A more accurate ap-
proach would give the surface position and shape from the
balance of pressures on both sides of the surface as it was
done, for example, ilRomashets and IvandiL991). Some

cent methods for the numerical calculation of flows past
ifferent bodies can be found in, eMyu (1992); Lipatov et

1 Introduction

Solar Coronal Mass Ejections (CMESs) play an important role
in the triggering of magnetic storms on Earth. A lot of
CMEs propagate in the interplanetary (IP) medium as mag
netic clouds, usually at speeds that are higher than the spee(
of the ambient medium, i.e. the solar wind plasma. The faste ) o i i
IP magnetic clouds are accompanied by a CME shock and l. (2002; Omidi et al.(2002; Blanco-Cano et al2003;

CME sheath region around the central magnetic flux tube, aede(2003. In case of magqetlc clouds |.n.the interplane-
tary space, however, such rigid wall conditions are not ac-

Correspondence tdS. Poedts ceptable because the boundaries of these magnetic clouds
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A conclusions are given in the last section in which we also ad-
y dress the limitations of the present model and possible future
reverse shock forward extensions.
bow shock
R M2 2 Mathematical model and solution
0
We consider the two-dimensional set-up that is sketched in
fo ® Fig. 1. We assume that the magnetic field in the entire vol-
X loud | O » > ume between the cloud and the surrounding CME shock is
o)\ clou described by the vector potentidkA,, A,, Az), which is
given by
magnetosheath A =0 1)
r - )
Ay =0, &)
o E— 00 rm_ rén
solar wind Az = Boro Z P
m=1 12 0
X (am COSM@ + by, Sinme), (©)

Fig. 1. Geometrical set-up of the considered problem (cut in the o ) o
Z=0 plane). The particular case treated in Sect. 3 is displayed, witHn cylindrical coordinates, ¢, andZ. In this simple model,
xp=—rp. But in generalxy can have an arbitrary value (limited by the boundary of the magnetic cloud is modeled as a cylin-
the geometry of the problem). der with radius-g and with its central axis going through the
point 0=(0, 0), in Cartesian coordinates at tie=0 plane.
In other words, the cloud’s axis coincides with tAeaxis

response to the varying parameters of the ambient plasmés€e Fig. 1, depicting a cross-section perpendicular tathe
during the propagation of the cloud. Nevertheless, if these?Xis, i-e. theZ=0 surface). In the equation above, the con-
changes are smooth and they do not vary too fast, in comStantsa, andb,, denote unit-less coefficients. The potential
parison with the local Alfén velocity, the so-called quasi- (1-3) ensures that the component of the external magnetic
steady-state approximation can be appli&mashets and field normal to the cloud boundary (i.&,), is zero. The
Vandas (2005 used a similar approach as we use in the Az component is constructed from this condition, in a way
present paper. The only difference is thaRamashets and 0 ensure that there is enough flexibility at the CME shock
Vandas(2005 the magnetic field in the CME sheath region Surface, in order to be able to satisfy the required continuity
was given by a scalar potential. This means that there i®f the normal component and an increase of magnetic field
no current present in the magnetosheath region. Howevefhagnitude on it, i.eB2/B1>1. Among the large number of
this is not compatible with the observations nor with the cur-POsSible sets of functions that can satisfy these conditions,
rent physical insights regarding this problem. Another diffi- W& have chosen this one, because the presence of terms like

culty encountered ifRomashets and Vandé2005 is that, % with correct coefficients, can ensure natural values of

in some points on the modeled CME shock surface, the magtfie r(r)1agnetic field jump across the CME shock. The depen-
netic field does not increase but decrease in the shock. Thigence on the angle is apparent, and is the same as in many
magnetic field magnitude jump, resulting in magnetic field other analytical solutions of similar problems. The CME
ratios B/ B1 <1 (whereB; indicates the magnetic field mag- shock surface is also treated as a cylinder but with radius
nitude in the undisturbed solar wind plasma before the CMER, and with its central axis going through the paing, 0) in
shock, andB corresponds to the magnetic field magnitude the z=0 plane, as illustrated in Fig-

at the magnetosheath side of the CME shock), was consid- To satisfy the boundary conditions at the CME shock, we
ered as a “small error” in that paper. In the present paper, Wehould requireB1, =By, i.€. continuity of the normal com-

show how both these problems are solved at once by usingonent of the magnetic field. The unit vector normal to the
a vector potential representation of the magnetic field in thec\E shock in the pointxio, y12) is given by
CME sheath. As a matter of fact, the electric currents in the

magnetosheath region are non-zero in our solutions, andthe _ *12—Xo0  _ V12 (4)
magnetic field magnitude jumps are all above unity on the * Ro = 7 R’
CME shock. . . . . - .
. . fn Cartesian coordinates, or, in cylindrical coordinates,
In the next section, we present the new mathematica
model and its solution. In Sect. 3, we present an application r12 — X0 COS@ xoSing
and we model the event of 29 November 2003. Finally, the’r = —Ro v Ny = —Ro : (®)
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Fig. 2. Magnetic magnitude and components measured at 1 AU on 20 November 2003.

Here,r12(p)=xq cos<p+,/R§—x§ sir? ¢ is the distance from Here, B, and B,, are the components of the magnetic field
the origin O to the point at the CME shock with coordinates given by the vector potential{3),

X12=r12C0Sp and y1o=r12Sing. On the outer side of the ro & mo_pm
CME shock we have B, = Bo— Z m— (,)ﬂ
r =1 r12 — }’O
By, = Boxny + Boyny x[—ay, Sinmg + b, cOSme
_ Box(r12C08p — x0) + Boyrizsing ©) pt . x2sin2
Ro +— — | xosing +
_ _ 12770 2,/R2 — x3sirf ¢
Bo, and By, are the components of the undisturbed inter- ]
planetary magnetic field (IMF) far from the magnetic cloud X (ay COSMY + by SINMY)], ©)
(constants). On the inner side, the normal component of the s pm-1
magnetic field is given by By, = —Boro Z M
m=1 12 0
Bo, = Bn, + Byny X (am COSme + by, Sinmg) , 9)
_ B 0 s oG0S exprgssed at=r12, and 30:‘/ng+.35y. | As it has. been
Ro — mentioned before, the magnetic field is tangential to the
m—1 mal cloud’s surface, becaud® =0 atr=rg as can be seen from
% [(2) _ (r_0> i| the form of the vector potential given by Eqs-8).
ro rz By the selection of a limited seti(< M) of coefficientss,,
X (@, COSMQ + by, sinme) andb,, in Eq. (7), one can achieve an approximate equity
|: rip\ "L ro \H of Egs. 6) and (7). The other condition, the condition of
+xpSing <—> + (—) :| coplanarity, is automatically fulfilled sincBz=0. It should
o 12 be noted, however, that the approach for modeling the mag-
X (—ay Sinme + by, COSMe)} . (7 netic field in the magnetosheath of magnetic clouds, adopted
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in this paper, can also be applied when there Bzacom-
ponent present. To meet the coplanarity condition, the deFig
terminant consisting of the components of the CME shock

normaln and the magnetic fields in the CME sheath region
Bi (inner) and upstrears, (outer), just at the CME shock, d20 November 2003. This cloud is listed in the WIND

must be zero. Using the fact that the normal magnetic fiel . . e X
component is continuous at the CME shock, one arrives aMFI (Magn.etlc F|§Id Investigation) . table of magnetic
the following expression foB; in the CME sheath: clouds ht.tp.//Iepmﬂ.gsfc.nasa.gov/mﬂ/mmjputiSl.htm)
and also in the list by Huttunen et al. (2005). The former
Bilz(B.lz — B2y 4 pl2(gl2 _ pl2 table gives a 76inclination of the cloud, the latter 71so it
[l oy ir ir or . . . i " ;
0Z —1> 17 o 5 aiz o (10) is a highly inclined cloud. The vertical dashed lines show our
Bog(Big — Bog) + Bor(Bj,” — Byf) estimate of magnetic cloud boundaries from the behaviour of
the magnetic field components. They are not identical, but
close to the identifications in the mentioned tables. The lead-
ing CME shock is marked by an arrow. The MFI Table yields
%0.09 AU for the cloud radius and a nearly central crossing by
the satellite. The duration of the leading CME sheath was
about 3 h, so its thickness was about 0.04 AU (using aver-
aged solar wind velocity of 600 km/s). In the model param-
eters it means thay=0.09 AU, Ro=2.5rg, andxg=—1.0rg.
3 Applications of the model The background magnetic field components were estimated
from data to beBg, =2 nT andBg, =3 nT (in the GSE system).
In order to compare our model with in-situ measurements, This set of parameters resulted in the Figs. 3-5, so these
we searched for observations of magnetic clouds with aare related to the event under study. We took a simple ap-
highly inclined axis, moving fast, and preceded by a well- proach for this first comparison, viz. the magnetic cloud was
developed CME shock wave. A low backgrouBdcompo-  regarded to be perpendicular to the ecliptic plane and the
nent was also desirable. There are few such candidates anthagnetic field components in this plang,(and B,) were
in fact, none of them fulfilled all these criteria completely.  taken as relevant for the model; ti®2 component was ig-
Figure2 shows WIND magnetic field observations (1 min nored (even though it is not negligible in comparison with
averaged data from NSSDC) of the magnetic cloud ofthe remaining components, but no more suitable example has

. 5. Magnetic field magnitude jump at the CME shock.

Biz(r,¢) = B

where B,.1¢2=B,-¢(r12, @), etc. For simplicity it is assumed
that the component depends only on the coordigat&he
solenoidality restriction requires that this component doe
not depend orZ. In fact, none of the model components
depend onZ: this approximation is usually called a 2.5-D
model.
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been found yet). In Fig. 6 we plotted the model magnetic LI L e I I
field components (in GSE) and the magnitude of the mag+=" 10 |- -
netic field for the central crossing through the model cloud, L 4
i.e. along the x-axis. The first jump indicates the CME shock ) EE T i T
crossing and the entering into the CME sheath. The second
small jump corresponds to the exit from the magnetosheath— 10 - 7
The data gap is due to the passage of the proper cloud. Ths?;< 0/
model shows that the magnetic fiel&#)(magnitude is in- @ - .
creasing in the magnetosheath behind the bow shock. The -10
By, component too is increasing in the magnetosheath, While|:. 10 F -
the B, component is diminishing. These features can also bec, E 3

qualitatively observed in the measured profiles (Fig. 2). o 0 L i
In Fig. 3, we display colored contours of the magnitude 1o b—+—L——L L+ L 1 L 1 1 1 | 1

of the magnetic field together with magnetic field lines (in 3 2 A 0 1 2 3 4 5

black). x/rg

On Fig.4, we present the quantit B,/ Bo, i.e. the jump _ o _
in the normal component of the magnetic field, at the CMEF'g' 6. Model magnetic field magnitude and components at 1 AU
shock as a function op. In the notation of the previous for 20 November 2003.
section,A B, (¢)=B;, (r12, )—B,n (r12, ¢). The fieldB; is

given by Egs. §-10) andB,=Bo. One can see that the max- mqdel. We did so in order to demonstrate that the modeled
imum of this ratio is a pretty negligible value, of the order of magnetic field magnitude and orientation (i.e. the compo-
only 10°°. nents) are at least qualitatively consistent with the measure-
On Fig. 5, we present the CME shock jumBz|/[Bil  ments. In the near future we plan to interpret more events
as a function ofp. In the notation of the previous section, jithin the presented approach. However, to do so, it is nec-
B2(¢)=Bi (r12, ) andB1(¢)=B, (r12, 9)=Bo. One can see  essary to first make our model more general. The next step is
that for all ang_les this jump is well above unity, as is requiredq construct a fully 3-D model, using Eq. (10). We plan to de-
from observation data. velop an analytical description of the sheath region of mag-
Hence, the results of the application of the simple model tonetic clouds with elliptical cross-sections. In addition, the
this case with a uniform ambient field, displayed in FgH,  formation of the CME sheath region will no longer be stud-
show a very good consistency with all the necessary condijed in a uniform outer magnetic field (as considered here), but
tions for this solution, viz. coplanarity, a jump 8>|/|B1]  in more complex magnetic fields, e.g. in a Parker spiral. No-
above unity everywhere on the CME shock, and the contitice that our model describes the magnetic field in the CME
nuity of the normal component of the magnetic field at the sheath region to a first degree and on a macroscopic scale,
CME shock A B,/ Bo~0). which means that no wave activity can be considered or re-
produced within this model. In reality, the CME sheath is
a very perturbed region permeated by low frequency waves
which can develop considerable amplitudes and change the
properties of the region locallyK@taoka et al.2005. The

The distribution of the magnetic field is derived for both ~\, <hockis composed of two regions, with quasi-parallel
the .forwa}rd gnd rear CME sheath regions aroupd a Superyng quasi-perpendicular regimes, respectively, where waves
sonic cylindrical magnetic cloud in the solar wind. The

delh Iso b lied to d ibe th i field | can be generated and transmitted downstream. Moreover,
model has also been applied to describe the magnetic field Ing ¢ ¢, gyistence of the foreshock, some waves are generated

crease in the sheath area of a magnetic cloud observed ON 4ipstream so that the solar wind conditions prior to the CME
November 2003. The model and measurements are qualitasy, -\ are non-uniform

tively consistent for this specifically chosen event. Moreover,
this result is qualitatively consistent with previous numeri-
cal calculations byOmidi et al.(2002 andBlanco-Cano et
al. (2003. In these numerical calculations the maximum in
crease of the magnetic field magnitulen the CME sheath
is of the order of 3.5 times that of the ambient magnetic field.

) X . ‘the cloud, which is one on the parameters of the model.
In the example considered in the present paper, this maxi-

mum Increa.se of the magnetic field magnltLRiqfl the mag' AcknowledgementsiVe acknowledge the use of data from NSSDC
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4 Conclusions

Our present model constructs only the magnetic field in
the CME sheath, i.e. no plasma quantities are directly used or
derived. This also is a serious simplification of the problem.
" Nevertheless, the plasma quantities are involved indirectly,
e.g. through the stand-off distance of the CME shock from
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