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AbSTrAcT

During strong geomagnetic disturbances, the Earth’s magnetosphere exhibits unusual and nonlinear interaction with 
the incident flow of magnetized solar wind plasma. Global Magneto-hydro-dynamic (MHD) modeling of the magnetosphere 
predicts that the storm-time effects at the magnetopause result from the abnormal plasma transport and/or extremely strong 
field aligned currents. In-situ observations of the magnetospheric boundary, magnetopause, by Geosynchronous Operational 
Environmental Satellite (GOES) allowed us to find experimentally such effects as a saturation of the dayside reconnection, 
unusual bluntness and prominent duskward skewing of the nose magnetopause. The saturation and duskward skewing were at-
tributed to the storm-time magnetopause formation under strong southward interplanetary magnetic field (IMF). The unusual 
bluntness was observed during both high solar wind pressure and strong southward IMF. We suggest that these phenomena 
are caused by a substantial contribution of the cross-tail current magnetic field and the hot magnetospheric plasma from the 
asymmetrical ring current into the pressure balance at the dayside magnetopause. 
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1. InTroDucTIon

The magnetopause shape is usually represented by a 
surface of revolution around the aberrated Sun-Earth line, or 
X-GSM axis. A functional form of the shape and its depen-
dence on solar wind driving parameters vary from one mod-
el to another (e.g., Shue et al. 2000). Key driving parameters 
of the magnetopause are solar wind dynamic pressure (Pd) 
and Bz component of interplanetary magnetic field (IMF). 
Different parts of the magnetopause are driven by the solar 
wind parameters in different manners. Here we focus on the 
dayside magnetopause. 

For quiet and moderately disturbed conditions, practi-
cally all the empirical models demonstrate similar accuracy 
in prediction of the dayside magnetopause (Šafránková et al. 
2002). During strong geomagnetic disturbances, the magne-
topause exhibits unusual and nonlinear behavior such as re-
connection saturation and prominent dawn-dusk asymmetry 
(e.g., Dmitriev et al. 2004, 2011; Suvorova et al. 2005). 

It is widely accepted that the subsolar magnetopause 
moves earthward due to the reconnection of geomagnetic 
field with a southward component (negative Bz) of the IMF. 
Stronger southward IMF results in a smaller distance to the 
subsolar magnetopause. However, when the magnitude of 
negative Bz exceeds a certain threshold, the magnetopause 
distance no longer decreases, i.e., the southward IMF influ-
ence (reconnection) is saturated (e.g., Yang et al. 2003; Su-
vorova et al. 2005). The threshold for saturation is estimated 
to be about -20 nT (i.e., E ~ 10 mV m-1) and its magnitude 
increases with solar wind pressure.

The dawn-dusk asymmetry in the shape of dayside 
magnetopause has been convincingly shown on the ba-
sis of geosynchronous magnetopause crossings (GMCs) 
(Dmitriev et al. 2004). They found that the GMCs occur 
most often in a prenoon sector. Moreover, higher (lower) 
solar wind pressure is required to push the magnetopause 
inside the geosynchronous orbit in postnoon (prenoon) and 
dusk (dawn) sectors. As a result, during magnetic storms 
the magnetopause is located closer to the Earth in the dawn 
and prenoon sectors and is more distant in the postnoon and 
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dusk sectors. This duskward skewing can be represented by 
a translational shifting of the magnetopause toward dusk 
such that the focus of the magnetopause conic section would 
be shifted from the Sun-Earth line towards dusk by several 
tenths of the Earth’s radii (Re) (Dmitriev et al. 2005a).

For slightly and strongly disturbed conditions, the day-
side magnetopause is more accurately predicted by those  
models which incorporate non-linear effects (Lin et al. 
2010). A well-regarded model developed by Kuznetsov and 
Suvorova (1998) reproduces both the reconnection satura-
tion and duskward magnetopause skewing. The highest ac-
curacy is demonstrated by a new 3-D magnetopause model 
by Lin et al. (2010), which incorporates the effects of re-
connection saturation and a tilt of the geomagnetic field. 
Nevertheless, the non-linear effects at the storm-time mag-
netopause require still further investigation because of the 
limited amount of experimental data.

The reconnection saturation is studied on the basis of 
global MHD simulations. Siscoe et al. (2004) considered 
magnetic effect of the region 1 field-aligned current (FAC) 
as a possible mechanism responsible for saturations. At the 
stagnation point (subsolar magnetopause) the region 1 FAC 
results in a depletion of the geomagnetic field as well as 
substantial changing of the magnetopause shape such that 
a dimple develops at the stagnation point and the magneto-
pause becomes blunt and the bow shock recedes. Dimples 
tend to fill with stagnated plasma, which puts a buffer be-
tween the boundary and the flow, that leads to decrease and 
limitation of the reconnection at the dayside magnetopause. 
Analyzing geomagnetic field observations during the strong 
southward IMF, Ober et al. (2006) have found experimental 
evidence of that mechanism. They observe a strong domi-
nance of the region 1 FAC generated magnetic fields both 
at high and low latitudes and diminishing of the Chapman-
Ferraro current system. Two sets of spacecraft observations 
at high and low latitudes suggest that the dayside magneto-
pause assumes a very blunt shape consistent with the predic-
tions of the MHD simulations.

Modeling the dayside magnetopause with Artificial 
Neural Networks, Dmitriev and Suvorova (2000) found a  
“dimple” arising in the subsolar region when IMF Bz <  
-10 nT. Rufenach et al. (1989) interpreted the feature as a 
result of the magnetopause erosion. The dimple is a large-
scale local structure. It is unlikely that such structure is 
formed by the cross-tail and/or field-aligned currents, which 
produce a global magnetic effect in the dayside hemisphere. 
Hence, it should be another phenomenon responsible for 
that distortion.

Borovsky et al. (2008) used high-resolution 3-D MHD 
simulations and found that the reconnection can be saturated 
by a “plasmaspheric effect;” high-density magnetospheric 
plasma flows from plasmasphere into the magnetopause re-
connection site and mass loads the reconnection such that 
the reconnection rate is reduced locally. Based on statistical 

analysis of magnetopause crossings of geosynchronous sat-
ellites, Suvorova et al. (2003) proposed that the reconnec-
tion saturation is caused by an enhanced thermal pressure of 
the magnetospheric plasma and ring current particles during 
strong magnetic storms.

Saturation effects are taken into account in the last ver-
sions of Tsyganenko’s geomagnetic field model adopted for 
strong magnetic storms (e.g., Tsyganenko and Sitnov 2005). 
In the model all the internal magnetospheric currents (cross-
tail current, ring current and region 1 and 2 FACs) are satu-
rated at different thresholds, which have been derived from 
the fitting of experimental data. It is important to note that 
in the Tsyganenko model, the magnetopause is a predefined 
surface fitted to the empirical boundary of Shue et al. (1998) 
but, in contrast to the original model, it is controlled only by 
the solar wind ram pressure. Hence, the Tsyganenko model 
can be used only for comparison with geomagnetic field ob-
servations and it is useless in studies of the magnetopause 
shape and location. 

Despite being well-known for many years, the effect 
of dawn-dusk asymmetry is still poorly understood. The 
storm-time dawn-dusk asymmetry of the geomagnetic field 
is represented by the Tsyganenko model in the form of an 
asymmetrical ring current (Tsyganenko et al. 2003; Tsy-
ganenko and Sitnov 2005).The contribution from the ring 
current was split into two parts, corresponding to its axially 
symmetric component and the partial ring current field. The 
partial ring current includes a westward azimuthal current at 
low latitudes, closed via field-aligned currents and localized 
in the evening-premidnight sector. This component is quite 
important in the modeling of the storm-time magnetosphere 
since it provides the observed strong dawn-dusk asymme-
try of the geomagnetic field, extending over a wide range 
of altitudes up to geosynchronous orbit. However, the Tsy-
ganenko model does not predict any changes of the magne-
topause size and shape. 

Here we report magnetopause shape distortions ob-
served by GOES fleet of geosynchronous satellites. The 
GOES experimental data are presented in section 2. Distor-
tions of the magnetopause shape are studied in section 3. 
Section 4 offers a discussion and section 5 contains con-
cluding remarks.

2. GoES MEASurEMEnTS of ThE MAGnETo-
pAuSE

In the study we use magnetic field data of 1-min time 
resolution acquired from GOES 8, 9, and 10 geosynchro-
nous satellites in 1994 - 2001. The method of magneto-
pause identification is described in detail by Suvorova et 
al. (2005). A magnetopause crossing was identified when 
one of two requirements was satisfied: (1) the GOES mag-
netic field deviated significantly from the geomagnetic field 
with a dominant northward component in the dayside mag-
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netosphere and (2) the By and Bz components measured by 
the GOES correlated with the corresponding IMF compo-
nents measured by an upstream monitor. High-resolution  
(~1-min) experimental data about upstream solar wind con-
ditions were acquired from Geotail, Wind, and Advanced 
Composition Explorer (ACE) upstream monitors. The so-
lar wind propagation time from an upstream monitor to the 
Earth was taken into account. 

The magnetopause has a systematic distortion related 
to the Earth’s rotation around the Sun with an orbital speed 
of ~30 km s-1. In order to eliminate the aberration effect, all 
the coordinates and vector parameters were converted in the 
aberrated GSM (aGSM) coordinate system by taking into 
account both the orbital velocity of the Earth and non-radial 
solar wind propagation (Dmitriev et al. 2003).

Figure 1 demonstrates that upstream solar wind con-
ditions during GMCs vary over a very wide range of total 
solar wind pressures (Psw) from ~5 to ~100 nPa and Bz from 
-35 to 30 nT. The Psw is calculated as the sum of the solar 
wind dynamic (including the helium contribution), thermal 
and magnetic pressures. Note that strong geomagnetic dis-
turbances are produced by magnetic clouds which contain 
very hot plasma and strong magnetic field. Hence, the con-
tribution of the thermal and magnetic pressures to the Psw 
can reach up to 30%. 

In Fig. 1 one can see that the solar wind conditions 
required for GMCs are restricted rather sharply by a lower 
envelope boundary below which GMCs are not observed. 
The envelope boundary corresponds to minimal solar wind 
conditions which are necessary for GMCs. It was derived 

by Suvorova et al. (2005) on the basis of 23 magnetopause 
crossings observed by 7 geosynchronous satellites during 18 
storm events and using solar wind data provided by 3 differ-
ent upstream monitors. Thus, four outliers observed at low 
solar wind pressures and Bz < 0 are actually just a portion 
of quite large statistics. In order to minimize instrumental 
effects such as aging and radiation effects of the ACE/SWE-
PAM plasma instrument (e.g., Dmitriev et al. 2005b, c),  
we restrict the data to the year 2002, at which time the deg-
radation of the ACE plasma instrument was not yet signifi-
cant.

Numerically the boundary can be represented by the 
following expression (Suvorova et al. 2005):

.
.

expP B21 1 0 2 2
16 2

sw
z

= - + -^ h6 @        (1)

The right horizontal branch of the envelope bound-
ary, asymptotically approaching Psw = 21 nPa, corresponds 
to a regime of pressure balance for the magnetopause un-
der strong northward IMF. The left branch approaches Psw  
~4.8 nPa under very strong negative Bz and is associated 
with the regime of reconnection saturation. 

A scatter plot of the collected GMCs in aberrated GSM 
coordinates is shown in Fig. 2. The crossings occupy a wide 
latitudinal sector from -30° to 30° on the dayside. The wide 
latitudinal spread is explained by a superposition of two ef-
fects: 23,4° tilt of the Earth’s rotation axis to the ecliptic 
plane and ~11° tilt of the geomagnetic dipole relative to the 

Fig. 1. Total solar wind pressure (Psw) and IMF Bz in aGSM coordinates 
during GMCs. The thick solid curve indicates an envelope boundary 
derived by Suvorova et al. (2005). 

Fig. 2. Scatter plot of the collected GOES magnetopause crossings 
(GMCs) in aberrated GSM (aGSM) coordinates latitude versus local 
time. The GMCs occupy a wide latitudinal sector of ±30°.
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rotation axis. The wide angular spread of GMCs makes it 
possible to conduct statistical studies of the shape of dayside 
magnetopause.

3. DAySIDE MAGnETopAuSE DISTorTIonS

The orientation of the magnetopause is determined  
from the rotation of the magnetic field across the magneto-
pause. Note that the magnetopause is usually considered as 
a tangential discontinuity (TD) wherein both the magnetic 
field and plasma parameters change abruptly. During mag-
netic reconnection with strong southward IMF, the magne-
topause should be considered as a rotational discontinuity 
(RD) because of the nonzero magnetic field component 
normal to the magnetopause (e.g., Sonnerup and Ledley 
1974). 

A normal to the plane of magnetic field rotation across 
either TD or RD is determined from a minimal variance 
analysis (MVA). Note that the results of MVA vary by the 
length of the time interval chosen for the analysis. If the 
results vary greatly for different time intervals, they are un-
reliable. By varying the boundaries of the time intervals for 
each GMC, we found time ranges for which the results of 
MVA changed slightly and gradually (i.e., the solution of 
MVA was stable). Using this method, we calculate a normal 
to the magnetopause, i.e., local orientation of the magneto-
pause. 

Figure 3 shows orientations of the normal to the mag-
netopause relative to the X axis in aGSM coordinates. The 
normal is characterized by a wide random scatter. The scat-
ter with a relatively small tilt can be explained by tilted 
interplanetary fronts of enhanced solar wind pressure. Sig-
nificant inclinations of the normal are revealed in ~15° vi-
cinity of the nose point (longitude = 0 and latitude = 0). The 
prominent magnetopause distortions can result from time-

dependent reconnection and multiple flux transfer events 
(FTEs) formed during strong southward IMF (Omidi et al. 
2009). 

Despite the scattering in Fig. 3, one can easily recog-
nize a regular pattern of the normal orientation in relation to 
the curvature of the dayside magnetopause. In the zonal (X-
Y) plane, the normal is mainly tilted duskward (dawnward) 
in the postnoon (prenoon) sector. In the meridional (X-Z) 
plane, the normal has a mainly northward (southward) tilt 
in the northern (southern) hemisphere. On average, the tilt 
increases with the angle from the nose point. 

Figure 4 shows orientations of the normal to the mag-
netopause, which is mainly compressed by strong solar 
wind pressure Psw > 16 nPa. Note that for the present case, 
the effect of reconnection is minor (Bz > -5 nT). Again, we 
find a regular pattern for the magnetopause normal, which is 
characterized by the tilt increasing with the latitude and lon-
gitude. On average, the tilt is almost symmetrical relative 
to the nose point. Hence, the magnetopause has a smooth 
shape symmetrical relative to the X axis. It is interesting 
to note an irregular orientation of the normal in the region 
restricted by ~15° of the longitude and ~10° of the latitude. 
It seems, such behavior indicates an unusually blunt magne-
topause in the nose region under strong compression. 

Another pattern of the magnetopause shape is revealed 
in Fig. 5 for the strong southward IMF (Bz < -5 nT) and 
moderate solar wind pressures (Psw < 16 nPa). In the zonal 
plane, the normal is mainly tilted dawnward in the prenoon 
sector, while in the postnoon sector, the normal is not regu-
larly tilted duskward. In contrast, 11 out of 16 normals dem-
onstrate dawnward or an unusually small duskward tilts. 
Note that the normals with unusual orientation are distrib-
uted widely from about -10° to 10° in latitude. Statistically, 
the observed dawn-dusk asymmetry can be represented as 
an extended bluntness at the postnoon magnetopause. Per-

Fig. 3. Orientations of the normal to the magnetopause relative to the aGSM X-axis in the zonal plane (a) and meridional plane (b) for all selected 
GMCs.

(a)

(b)
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haps, this bluntness is related to a translational shift of the 
blunt magnetopause nose region to the postnoon sector. 

The dawn-dusk asymmetry is also revealed in the ori-
entations of the magnetopause normal in meridional plane. 
In the prenoon sector, the normal demonstrates a regular 
increase of the tilt with the module of latitude. In the post-

noon sector, the normal is almost parallel to the X-axis in 
the range of latitudes from ~-5° to ~10°. Note that in this 
case, the Northern hemisphere is purely covered by the data. 
Such orientation of the normal in the postnoon sector is an 
additional indication of the unusual magnetopause blunt-
ness. Hence, we find that during intense reconnection at the 

Fig. 4. The same as in Fig. 3 but for strong magnetopause compression: Psw > 16 nPa and Bz > -5 nT. The normals in longitudinal range from -15° 
to 15° are in bold. On average, the magnetopause shape is smooth and symmetrical around the X-axis. The subsolar magnetopause seems unusually 
blunt.

Fig. 5. Orientations of the normal to the magnetopause relative to the aGSM X-axis in the zonal plane (a) and meridional plane in the postnoon (b) 
and prenoon (c) sectors for strong southward IMF: Bz < -5 nT and Psw < 16 nPa. The magnetopause is characterized by a strong dawn-dusk asym-
metry. The numbers at lower panels indicate aGSM longitudes.

(a)

(b)

(c)

(a)

(b)
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magnetopause affected by very strong southward IMF, the 
magnetopause in the postnoon sector is characterized by a 
prominent bluntness, the extent is estimated to be from 0° to 
~30° in longitude and from ~-10° to ~10° in latitude.

4. DIScuSSIon

From the GOES observations of the magnetopause 
crossings, we have found two prominent distortions from 
the well-accepted magnetopause shape: unusual bluntness 
in the nose region and substantial duskward skewing of 
the nose region for large southward IMF. Discussing pos-
sible drivers of the asymmetry, Dmitriev et al. (2004, 2011) 
showed convincingly that asymmetries in the upstream solar 
wind drivers, such as IMF orientation along/orthogonal the 
Parker spiral, were unlikely responsible for the dawn-dusk-
ward asymmetry of the magnetopause at geosynchronous 
orbit. Orientation of the IMF during geosynchronous mag-
netopause crossings is totally different from either Parker 
or ortho-Parker spiral, which are usually exhibited for the 
undisturbed solar wind. In contrast, geosynchronous mag-
netopause crossings occur during magnetic storms caused 
by magnetic clouds whose magnetic structure is character-
ized by a very strong Bz component. 

Dmitriev et al. (2011) concluded that the hot plasma 
of storm-time partial ring current, occupying the dusk and 
postnoon sectors, might be a cause of the duskward trans-
lational shifting of the magnetopause. Recent advantages 
in remote sensing of the storm-time ring current by an en-
ergetic neutral atom (ENA) imager of the TWINS mission 
(Keesee et al. 2012) provided a strong support for this idea. 
In addition, the thermal pressure of hot plasma populating 
the storm-time ring current is considered as a factor which 
restricts and saturates the magnetic reconnection at the day-
side magnetopause (Dmitriev et al. 2011). 

It is reasonable to assume that the bluntness is also 
caused by an internal source such as region 1 FACs (Sis-
coe et al. 2004). On the other hand, Nakano and Iyemori 
(2003) showed that during magnetic storms, the magnitude 
of region 2 FACs was comparable with region 1 currents 
in the postnoon and premidnight sectors and, thus, the net 
contribution of the region 1 and 2 FACs was small. This 
finding supports the experimental result conducted by Na-
gai (1982) who found that no appreciable variations in the 
dayside geosynchronous magnetic field are associated with 
the Birkeland currents during geomagnetic storms.

In addition to the Birkeland currents, the ring and 
cross-tail currents contribute to the storm-time geomagnetic 
field as shown schematically in Fig. 6. During magnetic 
storms, the magnetopause is controlled by a pressure bal-
ance for confined geomagnetic field (Stern 1995). The mag-
netospheric pressure is the result of magnetic pressure Pm 
and thermal pressure Pt of hot ions in the ring current (e.g., 
Dmitriev et al. 2011). Hence, we can express the pressure 

balance in the magnetopause nose region as follows:

kP H P8sw t

2

r
= +          (2)

H H H f H f Hd i d d i i= + + +^ ^h h/ /        (3)

where Hd is a geodipole magnetic field, and Hi are magnetic 
field components generated by magnetospheric currents 
such as the ring, tail, and Birkeland currents. The magne-
tospheric currents are intensified in response to the IMF 
turning southward. The first term in the right-hand side of 
Eq. (3) H Hd i+^ h/  is the geomagnetic field generated by 
all the magnetospheric sources in the nose point. The sec-
ond term depicts a contribution of shielding currents at the 
magnetopause which confine the geomagnetic field inside 
the magnetosphere. Shielding parameters fd and fi depend on 
the magnetopause shape and might change with solar wind 
conditions. For a “non-disturbed” magnetosphere (Hi = 0), 
Eq. (3) is converted into a classical pressure balance equa-
tion with the shielding parameter fd = 2f - 1 such that fd = 
1(2) for the planar (spherical) magnetopause.

The shielding parameters also depend on the configura-
tion of the magnetic field. During magnetic storms, the ring 
and cross-tail currents are very intense and their magnetic 
effect at the dayside magnetopause might become com-
parable with the effect of a geodipole field (Maltsev et al. 
1996; Turner et al. 2000). A magnetic effect of the ring cur-
rent is still a controversial topic which depends on its spatial 
extent. The ring current, localized in the inner drift shells  
(L < 6) increases the magnetic field at the magnetopause. 
Widely distributed current extending up to the dayside mag-

Fig. 6. A sketch of the storm-time magnetopause affected by the ring 
and cross-tail currents.
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netopause would produce the opposite magnetic effect. A 
depletion of the dayside geomagnetic field results also from 
a storm-time intensification of the cross-tail current and 
from a sunward motion of its inner edge such that the en-
hanced current approaches to the dayside magnetopause. 

The geometry of the magnetic field produced by the 
storm-time cross-tail current at the magnetopause is appar-
ently different from the dipole. The field is rather close to 
a linear configuration formed near the edge of a large-scale 
flat electric current. Such a flat current produces almost 
constant magnetic effect at different latitudes. Hence, the 
shielding parameter for the magnetic field generated by the 
cross-tail current at the nose magnetopause should approach 
fd = 1. In addition, the negative magnetic effect of the “lin-
ear” magnetic field from the cross-tail curent should be larg-
est near the magnetic equator, where the dipole magnetic 
field is the weakest. 

Hence, it is reasonable to propose that the unusual 
magnetopause bluntness results from a strong contribution 
of the cross-tail current to the magnetic field at the dayside 
magnetopause. This idea allows also an explanation of the 
blunt magnetopause during strong magnetospheric compres-
sion by the high solar wind pressure, which, in turn, causes a 
fast intensification of the cross-tail current (Borovsky et al. 
1998; Tsyganenko 2000). 

5. concluSIonS

GOES magnetic data during magnetopause crossings 
allow finding the following distortions of the magnetopause 
affected by strong southward IMF:
(1) An unusual bluntness (with very large radius of curva-

ture) extending from 0° to ~30° in longitude and from 
-10° to 10° in latitude;

(2) Substantial duskward skewing of the nose region;

An unusual bluntness is also revealed for high solar 
wind pressure and weak southward or northward IMF.

The effect of duskward translational shifting as well 
as reconnection saturation can be explained by a substan-
tial contribution of the hot magnetospheric plasma from the 
strong asymmetrical ring current into the pressure balance 
at the dayside magnetopause during magnetic storms. The 
unusual bluntness can result from the magnetic effect of the 
intensified cross-tail current.
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