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[1] The solar wind is filled with strong current sheets and sudden velocity shears; often the
two are co-located. Sudden velocity shears at 1 AU are statistically analyzed using ACE
measurements from 1998 to 2008. The occurrence rates of passage and the orientations of
the shear planes are examined. For shear layers with vector velocity changes |Dv| > 50 km/s,
an average of �12 pass the Earth per day. In the fast wind, �60 sudden shear layers
pass the Earth per day (about 2.5 per hour). To explore the effects of sudden wind shears on
the Earth’s magnetosphere, global magnetospheric MHD simulations with four different
simulation codes are performed at the Community Coordinated Modeling Center (CCMC)
with north-south and east-west wind shears. Windsock movement of the magnetotail
is analyzed and comet-like disconnections of the magnetotail and magnetosheath are
examined. Sudden changes in the cross-polar-cap potential and ionospheric Joule
dissipation are seen as the shear layers pass the Earth. Other potential effects of sudden
wind shear on the magnetosphere are discussed.
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1. Introduction

[2] Abrupt velocity shears are ubiquitous in the solar wind
plasma [Burlaga, 1968; Neugebauer et al., 1984; Borovsky,
2008] and many shear layers per day pass the Earth’s mag-
netosphere. The abrupt shears (vorticity layers) separate
different blocks of solar wind plasma that move at different
velocity [Borovsky, 2006]. Across the shear layers the abrupt
change Dv in the vector flow v of the solar wind is typically
accompanied by an abrupt change DB in the solar wind
magnetic field direction, i.e., there is a current sheet co-located
with the velocity shear. These magnetic field changes are
better studied [e.g., Vasquez et al., 2007], where they are
known in the space-physics literature as solar wind dis-
continuities [Siscoe et al., 1968; Tsurutani and Ho, 1999].
The focus here, however, will be on the velocity shear.

1.1. What the Velocity Shears Are

[3] The origin of the strong velocity shears in the solar
wind is not known. Several ideas have been discussed in the
literature.
[4] The strong shear layers could be boundaries between

wiggling tubes of magnetized plasma [Bruno et al., 2001;

Borovsky, 2008, 2010]. Supporting this notion, the solar
wind plasma is born in magnetic flux tubes [cf. Fisk and
Zurbuchen, 2006, Figure 2; Pariat et al., 2009, Figure 1].
The flux tube picture can account for the evolution of the
spread of magnetic field directions about the Parker spiral
with distance from the Sun and the anisotropy of the magnetic
field directions in corotating interaction regions [Borovsky,
2010]. Further support for this notion will come from
section 2 where it will be shown that the velocity shears often
separate plasmas with different specific entropies. A question
about this explanation is why the wigglings of the plasma
tubes are Alfvenic?
[5] The strong shear layers could be steepened Alfven

waves propagating out from the Sun [Malara et al., 1996;
Vasquez and Hollweg, 1999; Tsurutani and Ho, 1999; see
also Gosling et al., 2011]. The fact that a good portion of
the shears are very Alfvenic (v and B perturbations are
correlated, with amplitude ratios corresponding to outward-
traveling Alfven waves) supports this notion. The fact that
many of these shears are co-located on plasma density,
temperature, and/or composition boundaries argues against
this notion.
[6] The strong shear layers could be vorticity sheets gen-

erated within MHD turbulence [Miller et al., 1996; Mininni
et al., 2006; Greco et al., 2009]. Sheets of vorticity are seen
in computer simulations of turbulence, co-located [Mininni
et al., 2006] or not co-located [Miller et al., 1996] with cur-
rent sheets. Arguing against this notion, the amplitudes of
the sheets of interest in the solar wind are extremely large
(|Dv|� vA as will be shown in section 2). Also, expectations
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from simulations are that the layers should have thicknesses
at the dissipation scale [Biskamp and Welter, 1989; Dmitruk
et al., 1998; Lazarian and Vishniac, 1999; Maron and
Goldreich, 2001] whereas in the solar wind they are much
thicker.
[7] The strong shear layers could be discontinuities formed

by the relaxation of tangled magnetic fields [Longcope and
Strauss, 1993; Parker, 1994, 2004]. This relaxation usually
applies to magnetic field lines that are tied at both ends,
whereas the solar wind is tied only at one end; hence tangling
could lead to propagation without relaxation into dis-
continuities in the solar wind. Two questions about this
explanation are why the discontinuities should have shears
and why the discontinuities should be outward-traveling
Alfvenic.
[8] The strong shear layers could be remnants from chro-

mospheric jets [Feldman et al., 1993; Yamauchi et al.,
2003]. Arguing for this notion is the fact that jetting flows
are detected some distance from the Sun [e.g., Wang et al.,
1998; DeForest et al., 2001; Gabriel et al., 2003]. Arguing
against this notion is the fact that at 1 AU the vector jump
Dv across the shear tends to avoid the radial direction (see
section 2).
[9] One more explanation for strong shear layers that

should be explored is “zonal flows.” Zonal flows with
velocities up to 0.5 vA are known to spontaneously form in
unstable laboratory plasmas owing to nonlinear energy
transfer from turbulence [Diamond et al., 2005; Itoh et al.,
2006; Naulin et al., 2005]. In the laboratory plasmas the
shear flows are often referred to as “transport barriers”
[Burrell, 1997; Terry, 2000] owing to the local suppression
of turbulence at the shear layer. An investigation of zonal-
flow physics for the conditions of the solar wind plasma has
not been performed.

1.2. Importance of Strong Shear Layers
for the Solar Wind

[10] The solar wind protons [Marsch et al., 1982; Schwartz
and Marsch, 1983; Freeman and Lopez, 1985; Richardson
et al., 1995] and electrons [Pilipp et al., 1990; Phillips et al.,
1995] are heated with distance from the Sun. It has long been
recognized that the free energy of differential flow is a pos-
sible source for in situ heating of the solar wind plasma
[Coleman, 1968; Parker, 1969]. Potential mechanisms for
solar wind heating associated with velocity shears are dis-
sipation of Kelvin-Helmholtz waves [Korzhov et al., 1985;
Neugebauer et al., 1986], the excitation and dissipation of
MHD turbulence [Roberts et al., 1992; Goldstein, 2009],
the phase mixing of Alfven waves [Ruderman et al., 1999;
Kaghashvili, 1999], damping of MHD surface waves
[Hollweg et al., 1990; Yang and Hollweg, 1991], damping
of shear-driven plasma waves [Migliuolo, 1984; Markovskii
et al., 2006], and Landau-damping of the shear structure
itself [Borovsky and Gary, 2009, 2011]. However, no heating
was found in the long-lived large-scale shears of corotat-
ing interaction regions [cf. Borovsky and Denton, 2010a,
Figures 4 and 9] where sheared slow wind keeps its specific
entropy low). Heating at intense small-spatial-scale shears is
another issue [cf. Borovsky and Denton, 2011].
[11] Velocity shear in the solar wind is also of interest

as a potential driver for MHD turbulence [Coleman, 1968;
Belcher and Davis, 1971; Roberts et al., 1992;Goldstein et al.,

1999]. Driving of solar wind turbulence by Kelvin-Helmholtz-
like instabilities in shear zones has been explored [Korzhov
et al., 1984; Roberts et al., 1992; Malara, 1999], as has the
driving of solar wind turbulence by shearing low-frequency
Alfven waves [Roberts et al., 1987, 1992;Grappin and Velli,
1996; Ghosh et al., 1998; Roberts and Ghosh, 1999] and by
the reflection of outward-traveling Alfven waves off shear
structures [Bavassano and Bruno, 1992; Klein et al., 1993].
A statistical study of the properties of solar wind fluctuations
in the vicinity of corotating-interaction-region shear zones
at 1 AU found no evidence for the production of turbulence
[Borovsky and Denton, 2010a].
[12] The abrupt velocity shears of the solar wind appear to

defy the action of eddy viscosity [Borovsky, 2006], which
should broaden the shear layers. The concept of eddy vis-
cosity, which is well established experimentally for shear in
Navier–Stokes fluids, is thought to be valid for MHD fluids
with a mean magnetic field [cf. Chen and Montgomery,
1987; Yoshizawa and Yokoi, 1996; Ishizawa and Hattori,
1998] but with complications owing to the anisotropy of
the fluctuations, to the fluid memory provided by the field,
and to the Alfvenic propagation of shear along the mean
field. Attempts to calculate an eddy-viscosity coefficient for
the solar wind from observations of the velocity fluctuations
have resulted in values that differ by 8 orders of magnitude
[Korzhov et al., 1984, 1985; Verma, 1996; Borovsky, 2006].
For the collisonless solar wind, Borovsky and Gary [2009,
2011] explored methods to calculate shear viscosities from
Bohm diffusion and from Landau damping, which yield
values below those of eddy-viscosity estimates. Bohm-
diffusion calculations give shear-layer thicknesses at 1 AU of
few thousand kilometers, which is in the ballpark of thick-
nesses observed with the high-time-resolution plasma mea-
surements from the Wind spacecraft. It is also in the ballpark
of the thickness of number-density transitions on plasma
boundaries at 1 AU.

1.3. The Effect of Solar Wind Discontinuities
on the Magnetosphere

[13] For years it has been suspected that “northward
turnings” of the solar wind magnetic field can trigger mag-
netospheric substorms [e.g., Rostoker, 1983; Lyons et al.,
1996; Hsu and McPherron, 2006] (but see Morley and
Freeman [2007] and Freeman and Morley [2009] for evi-
dence against this). These northward turnings occur as solar
wind current sheets pass the Earth, and solar wind current
sheets typically have co-located velocity shear layers. Hence,
sudden wind shear effects may have been hidden in these
previous studies of solar wind triggering by sudden magnetic
field changes, but the effects of the wind shears were not
separately studied. Assessing the separate importance of
magnetic field changes and velocity-vector changes on the
stability of the magnetosphere should be done.
[14] A solar wind discontinuity with the proper orientation

can interact with the Earth’s bow shock to produce a “hot
flow anomaly” [Thomsen et al., 1986; Schwartz et al., 2000;
Facskó et al., 2008] wherein solar wind ions that reflect off
the bow shock travel upstream inside the discontinuity and
produce a rapid pressure expansion of the discontinuity’s
current sheet [Burgess, 1989; Thomas et al., 1991; Koval
et al., 2005]. Hot flow anomalies are known to produce
large transient outward displacements of the magnetopause
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[Safrankova et al., 2000; Sibeck et al., 2000], transient
brightenings of the morning and afternoon aurora [Sibeck
et al., 1999; Fillingim et al., 2011], traveling convection
vortices in the ionosphere [Sibeck et al., 1999; Fillingim
et al., 2011], and magnetospheric Pc3 oscillations [Eastwood
et al., 2011].
[15] An outstanding issue for high-speed-stream-driven

geomagnetic-storm physics and the radiation-belt energiza-
tion that occurs during these storms is the importance or not
of the Alfvenic solar wind fluctuations in high-speed streams
[cf. Denton et al., 2008]. Tsurutani and Gonzalez [1987]
argued that the time-varying magnetic field of the solar
wind associated with the Alfvenic fluctuations produces
enhanced driving of the magnetosphere. It was later sug-
gested (1) that the efficiency of reconnection is greater during
the strongly southward intervals of magnetic field than it
would be if the field were steady [Gonzalez et al., 2006],
(2) that the switching on and off of reconnection between
the solar wind and the magnetosphere by the fluctuating
magnetic fields launches Alfven-wave transients inside the
magnetosphere that result in impulsive uplifts of ionospheric
plasma [Tsurutani et al., 2006], and (3) that intermittent
southward solar wind magnetic fields produce intermittent
strong convection in the magnetosphere that in turn produces
magnetospheric plasma waves (dawnside whistler chorus)
that act to energize the electron radiation belt [Lyons et al.,
2009]. Other studies, on the contrary, argue that the value
of the time-averaged magnetic field during the storm is of
the primary importance over the fact that the field may wildly
fluctuate [McPherron et al., 2009; Liemohn et al., 2011].
In such studies of the effects of steady versus fluctuating
magnetic fields, assessing the roles of the strong velocity
shears that accompany the magnetic field changes should
be considered.

1.4. This Investigation

[16] This investigation aims to determine the properties of
shear layers in the solar wind and to investigate the effects
that those solar wind velocity shears may have on the Earth’s
magnetosphere.
[17] This report is organized as follows. In section 2 the

statistical properties of velocity shear layers in the solar
wind are investigated and in section 3 the basic properties
of wind shears are laid out. In section 4 global MHD simu-
lations of the solar wind-driven magnetosphere-ionosphere
system of the Earth are performed to discern the reaction of
that system to sudden wind shears. Section 4.1 looks at the
advection of the velocity shear layers though the magne-
tosheath to make contact with the magnetopause. Section 4.2
looks at the re-orientation of the bow shock and the magne-
topause in response to the velocity shear. Section 4.3 looks at
the movement and disconnection of the Earth’s magnetotail
caused by the velocity shear. Section 4.4 looks at the change
in ionospheric currents in response to the velocity shear.
Section 5 contains discussions about the potential impacts
that sudden wind shears may have on the Earth’s magneto-
sphere, on the comet analogy for the reaction of the magne-
totail, and on future simulations and data-analysis projects
that are needed.

2. Statistics of Sudden Wind Shears

[18] In Figure 1 the change Dv in the vector flow velocity
v of the solar wind every 64 s is binned for the 1998–2008
ACE data set at 1 AU, defined asDv ≡ |Dv| = |v(t)�v(t-64 s)|.
The proton velocity-vector measurements are from the
SWEPAM instrument [McComas et al., 1998]. Two popu-
lations can be seen in the distribution: a population of
small changes (fit by the green exponential exp(�Dv/5.6))
and a population of large changes (fit by the red exponential
exp(�Dv/16.7)). The sum of the two exponential functions
(blue curve) well describes the distribution of occurrences.
The distribution of large Dv occurrences represents a popu-
lation of strong velocity shears in the solar wind. The two
distributions are clearly separated at Dv = 40 km/s.
[19] In Table 1 the average number of strong shear events

per day at Earth is tabulated from the 1998–2008 ACE data
set. The wind is separated into slow wind (vsw ≤ 425 km/s)
and fast wind (vsw ≥ 600 km/) in the table; in this separation
by speed, the fast wind contains mostly plasma of coronal-
hole origin and ejecta and the slow wind contains plasma
of coronal-hole origin, non-coronal-hole origin, and ejecta
[cf. Borovsky, 2012a]. Note in Table 1 that strong shear

Figure 1. The occurrence distribution of the 64-s change
|Dv| = |v(t)�v(t-64 s)| in the solar wind velocity vector for
all plasma measurements in the ACE 1998–2008 data set.
The distribution is fit by two exponential functions.

Table 1. The Occurrence Rates of Sudden Velocity Shears in the
ACE 1998–2008 Data Set of 64-s Differences at 1 AUa

Slow Wind
vsw ≤ 425 km/s

Fast Wind
vsw ≥ 600 km/s All Wind

Dv > 40 km/s 3.9 per day 102 per day 24.7 per day
Dv > 50 km/s 1.6 per day 57 per day 12.4 per day
Dv > 60 km/s 0.69 per day 32 per day 6.6 per day
Dv > 70 km/s 0.32 per day 18.7 per day 3.6 per day
Dv > 80 km/s 0.15 per day 10.5 per day 2.0 per day
Dv > 90 km/s 0.065 per day 5.9 per day 1.1 per day
Dv > 100 km/s 0.037 per day 3.4 per day 0.60 per day

aHere, Dv ≡ |Dv| = |v(t)�v(t-64 s)|.
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events occur at a far higher rate in fast solar wind than in slow
solar wind. This is consistent with the finding [Borovsky,
2008; Borovsky and Denton, 2010a] that the density of dis-
continuities is higher in the fast wind than in the slow wind,
plus the fact that fast wind sweeps structure past the Earth
at a higher rate than does slow wind, plus the fact that the
magnetic discontinuities of the slow wind tend to have
weaker velocity shears than do comparable magnetic dis-
continuities of the fast wind. As can be seen in Table 1, for all
types of solar wind for Dv > 40 km/s there are on average
�25 shear events per day passing the Earth, forDv > 50 km/s
there�12 events per day, forDv > 60 km/s there�7 per day,
for Dv > 80 km/s there �2 per day, and for Dv > 100 km/s
there �0.6 per day.
[20] In Figure 2 the average occurrence frequency of strong

shear events at Earth is plotted year by year for 1998–2008
as determined from the ACE data set. The five colored
curves pertain to different levels of wind shear events from
Dv > 40 km/s to Dv > 100 km/s. Also plotted on Figure 2
(gray, right axis) is the sunspot number. As can be seen in
Figure 2 the occurrence frequency of sudden velocity shears
varies substantially from year to year, presumably in part
because the mix of slow and fast wind (and ejecta) varies
from year to year. The year with the highest occurrence rates
of wind shear events is 2003, early in the declining phase
of the solar cycle. The year 2003 was characterized by
strong, long-lasting high-speed streams [e.g., Tripathi et al.,
2007] and a large amount of ejecta [cf. Zhao et al., 2009,
Figure 1].
[21] To look at the properties of strong velocity shears in

the solar wind we will take Dv > 60 km/s in 64 s to be the
working definition of a “strong” shear. Taking the definition

Dv > 60 km/s results in 23,875 strong shears in the 1998–
2009 ACE data set. In Table 2 some of the properties of this
collection of strong shears are listed. These are indeed strong
shears: the mean value of Dv is 78 km/s, the mean value of
Dv/vA is 1.03, and the mean value of Dv/Cms is 0.77. This
latter ratio indicates that the magnetosonic Mach number of
the shear is of order unity.
[22] The strong velocity shears in the solar wind are

co-located with current sheets [cf. Borovsky, 2008, Figure 4]:
in Table 2 the mean 64-s angular change in the magnetic field
directionDqB is 60� for the 23,875 strong shears in the ACE
data set.
[23] It has been shown that the strong current sheets in

the solar wind are often co-located on plasma boundaries
[cf. Borovsky, 2008, Figure 5; 2012b, Figure 6]; since the

Figure 2. The yearly averaged daily occurrence rate for strong shear layers passing the Earth is plotted
(colors, left axis) for the years 1998–2008 as measured by the ACE spacecraft at 1 AU. The different colors
(labeled) are for different thresholds for identifying a velocity-shear layer. The black histogram (right axis)
is the six-month-averaged averaged sunspot number.

Table 2. Some Properties of the Collection of 23,875 Strong
Shears (|Dv| > 60 km/s) in the 1998–2008 ACE Data Seta

Symbol Quantity Value

Dv Vector jump of the solar wind
velocity across the shear

78 � 19 km/s

Dqv Angular change of solar wind
velocity vector across the shear

6.7� � 2.3�

DqB Angular change of magnetic field
vector across the shear

60� � 31�

DB Vector jump in the magnetic field
across the shear

6.9 � 3.8 nT

Dv/vA Velocity jump across the shear
relative to Alfven speed

1.03 � 0.53

Dv/Cms Velocity jump across the shear
relative to magnetosonic speed

0.77 � 0.24

aThe numbers listed are mean values � standard deviations.
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strong velocity shears are often co-located with strong
current sheets this implies that strong velocity shears can be
co-located with plasma boundaries. This co-location is
directly shown in Figure 3 where a collection of plasma
boundaries [from Borovsky, 2012b] in the Helios 1 and
Helios 2 slow-wind data sets are analyzed. The plasma
boundaries are located via strong temporal jumps in the
proton specific entropy Sp = Tp/np

2/3, the proton number
density np, or the proton beta bp = 8pnpkBTp/B

2 measured
with plasma [Rosenbauer et al., 1977] and magnetic field
[Denskat and Neubauer, 1982] instruments on Helios 1 and
Helios 2 from 0.31 to 0.98 AU. The top curve in Figure 3
plots the occurrence distributions of 80-s changes Dv/vA
for the entire Helios 1 and 2 slow-wind data sets and the
bottom curve plots the occurrence distributions of 80-s
changes Dv/vA at the plasma boundaries. As can be seen,
the upper curve shows the dual population of weak changes
and of strong changes in the solar wind whereas the lower
curve shows only the population of strong changes. Selecting
plasma boundaries selects shear layers. Hence, plasma
boundaries in the solar wind have strong velocity shears
co-located with them.
[24] These current-sheet velocity-shears in the solar wind

are commonly referred to as solar wind discontinuities
[Siscoe et al., 1968; Tsurutani and Ho, 1999; Vasquez et al.,
2007]. Traditionally, solar wind discontinuities have been
classified as rotational discontinuities and tangential dis-
continuities [Burlaga, 1969; Burlaga and Ness, 1969; Turner
and Siscoe, 1971]; recent studies, however, indicate that they
are predominantly tangential discontinuities [Horbury et al.,

2001; Knetter et al., 2003, 2004; Riazantseva et al., 2005a,
2005b; see also Burlaga, 1971], which are plasma boundaries.
It is well known that the solar wind discontinuities exhibit
velocity changes along with the magnetic field changes and it
has been pointed out that these changes at the discontinuities
are Alfvenic [Neugebauer et al., 1984, 1986; Neugebauer,
1985], i.e., that the properties of the velocity changes and
the properties of the magnetic field changes are correlated.
[25] Using the cross-product method [Burlaga and Ness,

1969; Knetter et al., 2004] on the magnetic field change
across discontinuities, the orientations of the normals n to the
shear layers are examined. The direction of the unit normal n
is obtained via n = B1�B2/|B1�B2| where B1 and B2 are the
magnetic field vectors on the two sides of the current sheet
(on the two sides of the velocity-shear layer). Only strong
shears (Dv > 60 km/s) that had magnetic field direction
changes DqB > 30� were used to calculate the normal direc-
tions. In Figure 4 the density of unit normals on the unit
sphere is viewed from above the ecliptic plane (Figure 4, top)
and from along the Parker-spiral direction (Figure 4, bottom).
As can be seen, the Parker-spiral direction organizes the
shear-layer orientations wherein the normals tend to be per-
pendicular to the Parker-spiral direction and quasi-isotropic
about the Parker spiral. (The shear-plane orientations are
consistent with the boundaries of magnetic or plasma tubes
aligned with the Parker spiral [Borovsky, 2008].)
[26] Even though the normal directions of the shear layers

are organized by the Parker-spiral direction, the velocity-
jump directions are not. The vector velocity jumps Dv =
v(t)�v(t-64 s) tend to be transverse to the radial direction,
rather than transverse to the Parker-spiral direction (see
also Klein et al. [1991, 1993] in contrast to Belcher and
Davis [1971]). For the collection of 23,875 velocity shears
with Dv > 60 km/s, the RMS values of the three RTN
velocity components are Dvr = 35.1 km/s, Dvt = 47.2 km/s,
and Dvn = 54.5 km/s. (The Rotational-Tangential-Normal
coordinate system [cf. Alevizos et al., 1999]) has R as the
vector direction from the Sun to the spacecraft, T being
the direction of the cross product of the Sun’s angular-
momentum vector with the R direction, and N being the
R cross T direction.) Rotating into the nominal Parker-spiral
reference frame the RMS values of the three components
become Dvk = 38.8 km/s, Dv? = 44.2 km/s, and Dvn =
54.5 km/s where k indicates parallel to the Parker-spiral
direction in the ecliptic plane and ? indicates perpendicular
to the Parker-spiral direction in the ecliptic plane. Rotating
into the Parker-spiral direction does not minimize the aver-
aged Dv component in the direction parallel to the Parker
spiral.
[27] The orientation of a shear plane is typically not

aligned with the orientation of nearby shear planes, i.e.,
nearby shear planes are not parallel to each other. (There are
exceptions where a sequence of current sheets can be parallel,
including the multiple current sheets near sector reversals
[Nakagawa et al., 1989; Nakagawa, 1993; Crooker et al.,
1993, 1996] and the multiple shear layers inside corotating
interaction regions where the plasma is compressed in one
direction flattening out magnetic structures [Borovsky, 2006,
2010].) Using the cross-product method to determine the
orientation of magnetic shear layers in the solar wind in the
ACE data set from 1998 to 2004, the vector change in normal

Figure 3. The top curve is the occurrence distribution of
the 80-s change Dv/vA in the solar wind velocity vector
for all slow-wind measurements in the Helios 1 and 2 data
subintervals and the bottom curve is the occurrence distribu-
tion of Dv/vA for measurements at plasma interfaces in the
slow wind. Note Dv ≡ |Dv| = |v(t)�v(t-64 s)|.
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direction from one layer to the next layer is measured and
binned in Figure 5. The solid points are the measurements
of the difference angle in three dimensions and the hollow
points are the difference in the azimuthal angles for the
projections of the normal directions perpendicular to the
Parker-spiral direction. The angles are measured in a fash-
ion from 0� to 90�. The mean value for the difference angle
from one layer to the next in three dimensions is 36.6� and

the mean difference angle in the azimuth angle perpendic-
ular to the Parker spiral from one layer to the next is 32.0�.
Hence, when multiple shear layers are passing the Earth,
the orientation from one shear layer to the next will differ
substantially.
[28] The shear planes of the solar wind are not infinite in

extent. At 1 AU the transverse-to-radial correlation length of
the solar wind is on the order of 50–100 RE [Richardson and
Paularena, 2001; see alsoWeimer and King, 2008]. Figure 5
along with the non-infiniteness of the planes yields a picture
of the plane structure of the solar wind like the one sketched
in Borovsky [2008, Figure 1] where the planes create a cel-
lular decomposition of the solar wind [cf. Schliecker, 2002].
That cellular picture applies to both the slow and the fast
wind, with some differences. In the slow wind the cells are
bigger than in the fast wind [Borovsky, 2008]. (See also the
parameter Nd in Borovsky [2012a, Table 4] where the sheets
are counted in fast wind, slow wind, coronal-hole-origin
wind, non-coronal-hole-origin wind, and ejecta.) In the slow
wind the plasma tends to differ in density and temperature
from cell to cell with abrupt changes across the cell bound-
aries (magnetic and shear planes) whereas in the fast wind
the plasma properties have little variation. The cell bound-
aries in the slow wind tend to have strong magnetic field
rotations but weak velocity shears whereas in the fast wind
the boundaries are nearly Alfvenic with strong magnetic
rotations and velocity jumps.
[29] The strong vector velocity jumpsDv in the solar wind

that are being analyzed are indeed shears. This is confirmed
by determining the normal direction n of the shear layer and
checking to see that vector Dv is normal to the n. Using the
magnetic field change across the layer with the cross product
method, the unit vector n normal to plane is obtained. In
Figure 6 for the ACE velocity jumps with good magnetic
field perturbations the distribution of angles betweenDv and
n is plotted. As can be seen in Figure 6 the average angle
tends toward 90�, meaning Dv is a velocity shear. (This was

Figure 5. Every time a shear plane is crossed by ACE, the
normal vector to the plane is calculated. Here the change in
the normal direction from one plane to the next is binned.

Figure 4. Unit vector normals to planes of strong shear in
the solar wind at 1 AU. (top) The unit vectors from above
the ecliptic plane (where the Parker spiral goes from upper
left to lower right); (bottom) the unit vectors from along
the Parker spiral.
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to be expected since signatures of compression such as
changes in |B| or nkBT would be obvious if the strong Dv
were not shears.)

3. Alfvenic Wind Shears

[30] As noted in section 2, a velocity shear is almost always
accompanied by a current sheet: the properties of the two
are related in specific ways. I.e., the changes Dv across the
shear and the change DB across the current sheet are not
independent.
[31] Particularly in the fast (coronal-hole-origin) solar wind

[cf. Borovsky and Denton, 2010a, Figure 13], discontinuities
are Alfvenic with velocity and magnetic field changes that
are correlated in the sense of outward-propagating Alfvnenic
perturbations. Since (a) the normals of the discontinuities are
perpendicular to the ambient magnetic field and (b) the group
velocity of Alfvenic perturbations is ducted parallel to the
magnetic field [Fejer and Lee, 1967; Goertz and Boswell,
1979], it is not clear whether there is any actual propagation
associated with the Alfvenic shear layers in the solar wind.
[32] For the shear layers in the solar wind, there are con-

straints on Dv and DB related to the toward-away sector
structure of the wind and to the type of solar wind. For pure
outward-propagating Alfvenic perturbations, the changesDv
and DB are related by Dv = �Db = �DB/(4pnmi)

1/2 when
the IMF is outward (away sector) and Dv = +Db = +DB/
(4pnmi)

1/2 when the IMF is inward (toward sector). In the
highly Alfvenic fast wind these two relations can be taken
as approximately true for strong velocity shears. In the less-
Alfvenic slow wind the satisfaction of these two conditions
is weaker, with |Dv| < |Db| in general. Further constraining

Dv and DB in the shear layers, |Dv| must be perpendicular
to n, where n is the normal of the shear layer, which is also
the normal to the current sheet. There is a further tendency
for Dv to be perpendicular to radial rather than perpen-
dicular to the Parker-spiral direction while DB has the
tendency to be perpendicular to the Parker-spiral direction.

4. Reaction of the Earth’s Magnetosphere
to Sudden Wind Shear

[33] Numerical simulations of the reaction of the Earth’s
magnetosphere are performed with the LFM [Lyon et al.,
2004; Wiltberger et al., 2005] version LTR-2_1_1, the
BATSRUS [Powell et al., 1999; De Zeeuw et al., 2000;
Gombosi et al., 2000] version 8.01, the GUMICS [Janhunen
et al., 2012] version 4-HC-1.11, and the Open-GGCM
[Raeder, 1999; Raeder et al., 2001] version 3.1 MHD com-
puter codes at the Community Coordinated Modeling Center
(CCMC) [Bellaire, 2004, 2006]. A set of simulations with
the four codes are all run with the same solar wind con-
ditions: these solar wind parameters are listed in Table 3.
The solar wind parameters are steady throughout the simu-
lation, except for vz, which is vz = �40 km/s for the first
2 h of the simulation and then it is suddenly switched to
vz = +40 km/s wherein it is held steady for 2 more hours.
Following those 4 simulations, two others are run with the
LFM code; for those two simulations the solar wind speed vx
is reduced from �450 km/s to �300 km/s and the shear is
increased from �40 km/s to �50 km/s, with the shear in vz
in one run and the shear in vy in the other.

4.1. Advection of the Velocity-Shear Layer Through
the Earth’s Magnetosheath

[34] As the velocity shear layer in the solar wind passes
the Earth and its magnetosphere, a nonzero amount of time
is required for the shear layer to be advected through the
magnetosheath behind the bow shock before the shear layer
makes contact with the Earth’s magnetopause. This delay in
the contact time is demonstrated in Figures 7a–7d, taken
from an LFM simulation of the interaction of a velocity shear
layer with the Earth’s magnetosphere. Figures 7a–7d are
equatorial-plane (Z = 0) cuts of the simulation system at
four different times; the color plotted is the vz component
of the plasma flow velocity with vz negative (southward,

Figure 6. The angle between the normal to a shear layer n
(as determined from the magnetic perturbation using the cross-
product method) and the direction of the velocity change Dv
across the shear is binned for 20,039 of the 23,875 strong
shears.

Table 3. The Standard Solar Wind Conditions for the MHD
Simulations of This Investigationa

Symbol Value Quantity

n 6 cm�3 solar wind plasma number density
vx �450 km/s solar wind x velocity
vy 0 km/s solar wind y velocity
vz �40 km/s solar wind z velocity
Bx 0 nT solar wind x-component of magnetic field
By 5 nT solar wind y-component of magnetic field
Bz 0 nT solar wind z-component of magnetic field
T 7 eV solar wind plasma temperature
vA 44 km/s Alfven speed in the solar wind
Cs 24 km/s sound speed in the solar wind
Cms 50 km/s magnetosonic speed in the solar wind
Mms 9 magnetosonic Mach number of solar wind

aThe simulations are run first with vz = �40 km/s and then are switched
to vz = +40 km/s across the wind shear.
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or downward out of the plane) in blue and vz positive
(northward, or upward out of the plane) in red. In Figure 7a
the snapshot is taken just before the velocity shear reaches
the Earth’s bow shock at the nose. The shear layer is
located at X ≈ 15 RE; Earthward of the shear layer the solar
wind has vz = �40 km/s (blue) and sunward of the shear
layer the solar wind has vz = +40 km/s (red). The Earth’s
magnetosheath shows up in Figure 7a as the lighter-blue
plasma between the dark-blue solar wind and the differently
colored magnetosphere. In Figure 7b the shear layer in the
solar wind is located at X ≈ +6 RE. At this time the shear layer
has passed the nose of the bow shock and the shear layer can
be seen entering the magnetosheath at the nose, but it has not
reached the magnetopause. The advection velocity in the
magnetosheath is slower than it is in the solar wind; at the
nose the velocity vx drops by a factor of 4 across the high-
Mach-number bow shock and then continues to further
decrease monotonically between the bow shock and the
magnetopause [cf. Borovsky et al., 2008, Figure 5]. In
Figure 7c the velocity shear layer is located at X ≈ �2 RE in
the solar wind. At this time the delay of the advection of the
shear layer in the magnetosheath is clearly seen: at the nose
the magnetosheath is yellow (northward flow) and at the
terminator the magnetosheath is blue (southward flow) and
the transition from southward flow to northward flow forms a
curve inside of the magnetosheath. In Figure 7d the velocity
shear in the solar wind is located at X ≈�27 RE. The delayed
position of the shear layer in the magnetosheath along the
flank of the magnetotail is clearly seen is the diagonal blue-
to-red transition connecting up to the shear layer in the
unshocked solar wind. The velocity shear layer contacts the
magnetopause at X ≈�17 RE, which is a delay of 10 RE from
the position of the shear layer in the unshocked solar wind. At
a solar wind x velocity of 450 km/s, this 10-RE lag is a 140-s
delay, which is a 2.3-min delay.
[35] In Figure 8 the movement of the velocity shear layer

through the magnetosheath along the x axis (nose cut), y axis
(dusk terminator cut), and z axis (northward terminator cut) is
shown from top to bottom, respectively. The various colored
curves plotted are the plasma flow velocity vz as a function
of distance from the Earth, each curve at a different time.
For each curve the position of the shear layer is denoted
with a large circle on the curve. All measurements are taken
from an LFM simulation (the same run as used in Figure 7)
with the solar wind parameters of Table 3. Time t = 0 is
taken as the time at which the velocity shear in the solar
wind makes contact with the Earth’s bow shock at the nose
(on the x axis). Figure 8 (top) shows snapshots of vz plotted
along the x axis. The position of the bow shock (X ≈ 12 RE)
and the magnetopause (X ≈ 10 RE) are indicated with the
vertical dashed lines. The dark red curve at time t = �1 min
shows the velocity shear layer in the solar wind upstream of
the bow shock at X ≈ +15 RE. Note the thickness of the

Figure 7. As a north-south velocity shear passes the Earth,
the vz plasma flow velocity is plotted in color for four snap-
shots of the equatorial plane. Red is upward flow (vz > 0)
and blue is downward flow (vz < 0). Taking t = 0 to be the
time when the shear layer contacts the bow shock at the
nose, the time in the four snapshots are �0.5 min, 1.5 min,
3.5 min, and 9.5 min.
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shear layer in the solar wind is about 1 RE. The red curve at
t = +1 min shows the shear layer inside the magnetosheath
at X ≈ 11 RE and the yellow curve at t = +3 min shows the
shear layer inside the magnetosheath near X = 10 RE. The
green curve at t = +5 min is past the time wherein the shear
layer is advecting along the x axis. The velocity shear took

more than 3 min to advect across the 2-RE-thick magne-
tosheath from the bow shock to the magnetosphere. The
mean speed for this was less than 50 km/s, which is less
than 1/6 of the solar wind speed.
[36] Figure 8 (middle) shows snapshots of vz plotted along

the y axis (dusk terminator). The position of the bow shock
(Y ≈ 19 RE) and the magnetopause (X ≈ 14 RE) at the
terminator are indicated with the vertical dashed lines. The
earliest curve shown in Figure 8 (middle) is the red curve
at t = �1 min; at this time the velocity shear in the solar
wind has not yet reached the dusk terminator. The yellow
curve at time t = +3 min shows the velocity shear in the outer
magnetosheath at Y ≈ 18 RE just inside of the bow shock.
The green curve at t = +5 min shows the velocity shear
at Y ≈ 15 RE, near the magnetopause. The blue curve at
t = +7 min shows the vz flow after the shear layer has
completely passed the Y terminator: the spatial drop in vz
against the magnetopause is a permanent feature after time
t = +7 min. On the order of 3 min is required for the flow
shear to advect through the magnetosheath before reaching
the magnetopause as seen from the dusk terminator. Note
in Figure 8 (middle) that the plasma z-component flow
stays negative at the magnetopause at the dusk terminator:
this is because of the strong By in the solar wind leading to a
dayside reconnection flow that has a downward (negative-z)
component on the duskside and an upward component on
the dawnside.
[37] Figure 8 (bottom) plots vz along the Z axis (northern

terminator). The plots are more complicated owing to (1) the
strong vz flow in the magnetosheath of shocked solar wind
flowing up over the magnetosphere and (2) the fact that the
position of the bow shock and magnetopause shift in reaction
to the shifting windsock angle of the solar wind. In the
magnetosheath (say at Z = 17 RE) the magnetosheath flow
will make a transition from vz ≈ +100 km/s (red curve) to
vz ≈ +190 km/s (green, blue, and purple curves). The
position of that transition in the magnetosheath is marked
at three instants of time by the large circles on the yellow
(t = +3 min), green (t = +5 min), and blue (t = +7 min) curves.
Thus, the wind shear layer spends about 4 min in the mag-
netosheath before reaching the magnetopause as seen along
the northern terminator.

4.2. Movement of the Bow Shock
and the Magnetopause

[38] In Figure 8 (bottom) the z component of the plasma
flow vz is plotted along the Z axis (northern terminator) at
several instances of time. Time t = 0 is the time at which the
flow shear in the solar wind makes contact with the bow
shock along the Sun-Earth axis. Out in the unshocked solar
wind beyond Z ≈ 22 RE the transition in the vz flow in the
solar wind from vz = �40 km/s (red curve) to vz = +40 km/s
(green, blue, and purple curves) is seen in Figure 8 (bottom).
In the simulation, the position of the Earth’s bow shock can
be easily discerned by a jump in the specific entropy of the
plasma; the position of the bow shock for times t ≤ 2 min
at X ≈ 19.8 RE and the position of the bow shock for times
t ≥ 6 min at X ≈ 21.5 RE are marked by two vertical dashed
lines. In the simulation, the position of the Earth’s magne-
topause can be easily discerned by a jump in the specific
entropy of the plasma or by a rapid change in the x compo-
nent of the magnetic field; the position of the magnetopause

Figure 8. The plasma flow velocity vz is plotted as func-
tions of distance from the Earth at several snapshots of time.
(top) Here vz is plotted along the +x axis (Earth-Sun line),
(middle) vz is plotted along the +y axis (dusk terminator),
and (bottom) vz is plotted along the +Z axis (northward ter-
minator). Circles on the curves mark the position of the
north-south velocity shear.
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for times t ≤ 2 min at X ≈ 12.5 RE and the position of the
magnetopause for times t ≥ 6 min at X ≈ 13.5 RE are marked
by two vertical dashed lines.
[39] Owing to the change in the wind direction approach-

ing the Earth, the position of the orientation of the quasi-
parabolic bow shock shifts. The windsock angle changes
by 10.2� as the solar wind with vx = �450 km/s shifts from
vz = �40 km/s to vz = +40 km/s. Along the Z axis, this
shows up as a shift in the position of the bow shock from
X ≈ 19.8 RE to X ≈ 21.5 RE, which is a shift of about 1.7 RE.
[40] Along with the change in the wind direction

approaching the Earth, the location of the magnetopause also
shifts. This is owed to a change in the force vector of the
solar wind ram pressure on the magnetosphere. As can be
seen in Figure 8, along the Z axis, this shows up as a move-
ment in the magnetopause position from X ≈ 12.5 RE to
X ≈ 13.5 RE, which is a movement of about 1.0 RE. At the
northern terminator his movement occurs in less than 4 min,
which is a motion of greater than 1500 km/min, which is
greater than 26 km/s.
[41] Note in Figure 8 (top, dark red curve) that the thick-

ness of the velocity shear layer in the solar wind is slightly
greater than 1 RE in the simulation. At a solar wind flow
velocity vx of �450 km/sec, the shear is advected past a
point in about 15 s. The movement of the magnetopause
occurred over a timescale much larger than this 15-s passage
time for the shear layer itself past a point. Hence, the time-
scale for the magnetopause motion was probably set by
some flow-reorientation timescale for solar wind flow past
the Earth, or by some global squeezing effect on the dipolar
magnetosphere as the wind shear passes across it.
[42] In Figure 9 the Z motion of the northern and southern

magnetopauses is tracked at various locations from 6 RE

sunward of the terminator to 50 RE downtail in the LFM
simulation with the solar wind parameters of Table 3. The
magnetopause is located by a local maximum in the current
density in the plasma. Every two minutes the Z position of the
northern magnetopause and of the southern magnetopause is

recorded. At various positions in X (colors) the absolute
value of the Z position is plotted in Figure 9 around the
times that the magnetopause moves. The Z position of
the northern magnetopause is plotted with solid points and
the �Z position of the southern magnetopause is plotted
with hollow points. Note the symmetry in the motion of the
northern and southern magnetopauses: there is no apparent

Figure 9. At various locations is X (various colors) the |Z| position of the northern (solid points) and
southern (hollow points) magnetopause is plotted as a function of the time after a north-south velocity
shear encounters the bow shock at the nose. The positions are only plotted near the times when the mag-
netopause position moves.

Figure 10. For the north-south-shear simulation of
Figure 9, the time of major motion of the northern and
southern magnetopause is plotted in blue as a function of
X (downtail position) and the time of onset of the magne-
topause motion is plotted in red. The X position of the shear
layer as a function of time is plotted in green.
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time lag for windward (southern) or leeward (northern)
magnetopause motion when the wind direction shifts. Note
that the time of magnetopause motion is later for positions
further downtail (as expected). Note also that the ampli-
tude of the position change is greater further downtail (as
expected).
[43] In Figure 10 the timing of the magnetopause motion

determined from Figure 9 is tracked. At each X location in
Figure 10, two times are plotted. The first time is the central

time for the magnetopause motion, taken as the time at which
the northern and southern curves cross for each downtail
position in Figure 9. The second time is the time at which the
magnetopause begins its motion in the curves of Figure 9,
denoted the onset time; this is the second point plotted for
each pair of differently colored curves in Figure 9. In
Figure 10 the central time of the motion is plotted in blue and
the onset time is plotted in red. Plotted in green in Figure 10 is
the X(t) trajectory of the shear layer in the unshocked solar

Figure 11. From at BATSRUS MHD simulation of a north-south velocity shear in the solar wind, the
specific entropy of the plasma is plotted in color at three instants of time: (a) before the wind shear arrives,
(b) as the wind shear passes through the simulation domain, and (c) after the wind shear has passed.
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wind, with t = 0 as the time the shock reaches the nose of the
bow shock at X = +12 RE. Note in Figure 10 that the onset
time for magnetopause motion (red) is approximately the
time of passage of the shear layer in the solar wind (green).
There is no time lag, despite the fact that the shear layer
itself has a lag of 3 or 4 min for propagation through the
magnetosheath to make contact with the magnetopause
(see section 4.1). As can be seen in Figure 10, the central time
of magnetopause movement lags the passage of the shear
layer and that the amount of time lag increases with downtail
distance.

4.3. Re-orientation and Disconnection of the Earth’s
Magnetotail

[44] As a velocity shear passes the Earth, the direction
vector of the solar wind flow velocity changes. This results
in a change of the “windsock” angle of the solar wind, which
must result in a change in the orientation of the magnetotail
with respect to the Earth-Sun line [cf. Hones et al., 1986;
Fairfield, 1993; Owen et al., 1995]. In Table 2 it is noted

that a typical change in the windsock angle is 6.7� for the
collection of Dv > 60 km/s wind shears.
[45] In Figure 11 three views of the Earth’s magnetotail

are shown from a BATSRUS simulation with a north-south
wind shear of Dvz = 80 km/s. The solar wind conditions for
the simulation are listed in Table 3. The quantity plotted in
color in Figures 11a–11c is the logarithm of the plasma spe-
cific entropy S = T/n2/3, which highlights the high-specific-
entropy plasma sheet in the magnetotail. In Figure 11a
the orientation of the tail is shown when vz = �40 km/s in
the solar wind prior to the arrival of the wind shear. In
Figure 11c the orientation of the tail is shown when vz =
+40 km/s in the solar wind long after the shear has passed.
In Figure 11b the magnetotail is shown when the shear
layer is located at X = �97 RE downtail from the Earth.
In Figure 11 the magnetotail shows a bend making the nec-
essary transition from a downward-tilted tail ahead of the
velocity shear to an upward-tilted tail behind the shear.
[46] Further downtail the transition in tail orientation is

not so smooth. In Figure 12 two snapshots of the Earth’s

Figure 12. From an LFM MHD simulation of the reaction of the magnetosphere to a north-south wind
shear, the logarithm of the specific entropy is shown at two instants of time: (a) 43.5 min and (b) 61.5 min
after velocity shear first contacts the bow shock.
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magnetotail are shown from an LFM simulation with the
standard solar wind parameters of Table 3. At the time of
the top snapshot the solar wind velocity shear is located at
X = �173 RE and at the time of the bottom snapshot it is
at X = �249 RE. Earthward of this shear the solar wind
has vz = +40 km/s and downtail from this shear the solar
wind has vz = �40 km/s. The color coding in Figure 12 is
the logarithm of the plasma specific entropy S, showing the
high-specific-entropy plasma sheet plasma. As can be seen,
in the distant tail the transition from downward-orientation
to upward orientation is more abrupt.
[47] This abrupt transition further downtail is seen in all

four of the simulation codes used. In Figure 13 snapshots of
the magnetosphere from the four codes at the same time are
shown. The logarithm of the plasma specific entropy in
the Y = 0 plane is plotted. Note the different sizes of the
X-Z simulation domains for the four codes. As can be seen,
all show an abrupt transition downtail. Note, however, that
the domain of the LFM code is the largest in the z direction
(it is a cylinder with radius 125 RE) so it has the most room
for the magnetotail to swing without hitting a boundary and
it has the largest reservoir of solar wind around the
magnetotail.
[48] In Figure 14 some north-south motions of magnetotail

features are tracked as functions of time as the wind shear
passes the Earth. In Figure 14 (top) the Z position of the
magnetotail neutral sheet at X = �20 RE is plotted (hollow
points) and the Z position of the magnetotail neutral sheet at
X = �60 RE is plotted (solid points). The four colors rep-
resent measurements extracted from four different simula-
tions: red pertains to Open-GGCM, green pertains to
BATSRUS, orange pertains to GUMICS, and blue pertains
to LFM. All four simulations were run with the standard
solar wind parameters of Table 3. At the bottom of the plot
the times at which the velocity shear in the solar wind passed
the Earth, passed X = �20 RE, and passed X = �60 RE are
noted. Looking at the hollow-point curves for X =�20 RE in

Figure 14 (top) it is seen that the down-to-up transition of the
neutral sheet is from about Z = �0.8 RE to about Z = +1 RE

in about 20 min. This corresponds to a speed of about
10 km/s upward (vz positive). Looking at the solid-point
curves for X = �60 RE in Figure 14 (top) it is seen that
the down-to-up transition of the neutral sheet is from about
Z = �4.5 RE to about Z = +5 RE in 20 min. This corre-
sponds to a speed of about 50 km/s upward (vz positive).
These motions are greater further downtail. In Figure 14
(bottom) at X = �200 RE the solid-square points plot the
z position of the Bx maximum location in the magnetotail.
(In the distant magnetotail with a solar wind By, the twist of
the magnetotail [cf. Sibeck et al., 1985; Maezawa et al.,
1997] makes locating the Z position of the neutral sheet
difficult owing to the near-vertical orientation of the neutral
sheet: instead the Z position of the Bx = maximum point is
taken.) The z transition of this maximum is from Z =�15 RE

to Z = +25 RE in 28 min. This corresponds to an upward
velocity of 150 km/s. Note that this 150 km/s is much faster
than the �50 km/s Alfven speed in the magnetotail at
X = �200 RE. Examining plasma flows in the simulation,
no z-direction flows anywhere near the speed of 150 km/s
are found: at X = �200 RE the maximum vz values for the
plasma are less than 60 km/s.
[49] Two sketches pertaining to the re-orientation of the

magnetotail appear in Figure 15. In the top sketch two
positions of the magnetotail are drawn: the old downward
position long before the shear reaches the Earth and the new
upward position long after the shear passes. As the velocity
shear layer passes the Earth and magnetotail, the magnetotail
will make a transition from the downward position to the
upward position. For the near-Earth portion of the magne-
totail this transition occurs at low speeds (see Figure 14, top)
and the bend in the tail will be mild (see Figure 11). How-
ever, further down the tail the vertical transition distance
from the downward position to the upward position is larger
and the transition speeds will be larger (see Figure 14,

Figure 13. With the same solar wind conditions, the logarithm of the specific entropy of the magneto-
sphere at Y = 0 is plotted at time t = 2:52 simulated with four different codes with four different simula-
tion-domain sizes. The codes are (a) GUMICS, (b) BATSRUS, (c) LFM, and (d) OpenGGCM.
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bottom). Eventually the transition speeds will become
superAlfvenic for the Alfven speed of the plasma in the
magnetotail. Then the situation will occur that is sketched in
Figure 15 (bottom). Here the velocity shear in the solar wind
is depicted as the boundary between the downward-moving
blue block of plasma and the upward-moving pink block of
plasma. Ahead of the wind shear (to the left) the old down-
ward-oriented magnetotail is drawn; since the wind shear
layer is moving with the solar wind speed, which is greater
than the Alfven speed in the magnetotail, this portion of the
old magnetotail has no warning about the approaching
wind shear. In the wind shear interface, magnetotail material
is trapped and is sheared into a vertical remnant magnetotail
with remnant magnetic field structure from the magnetotail
and with high-specific-entropy magnetospheric plasma.
Within the distant magnetotail, magnetotail plasma flows
antisunward faster and faster the further from Earth [Slavin

et al., 1985; Paterson and Frank, 1994]. Behind the shear
layer (to the right in Figure 15) a new magnetotail is being
drawn outward in the upward-oriented position by the
solar wind.
[50] To examine the tail-disconnection further and to

analyze the remnant magnetotail in the shear, two additional
simulations are run with the LFM computer code. The sim-
ulation parameters differ from those in Table 3 in that the
solar wind speed is vx = �300 km/s (instead of �450 km/s)
and the wind shear is �50 km/s (instead of �40 km/).
One run has the wind shear in vz (north-south shear) and
the other run has the wind shear in vy (east-west shear).
In Figure 16 the remnant magnetotail is analyzed for the
LFM run with the vz = �50 km/s shear. In the figure the
position of the remnant magnetotail is drawn at instants of
time 10 min apart: each position at a different time is drawn
in a different color. The times labeled are the times from
the encounter of the wind shear with the nose of the bow
shock at X = +14 RE. The positions of the old (prior to the
shear) and the new (after the shear) magnetotails are indi-
cated with gray dashed curves in Figure 16. The positions
of the wind shear layer in the solar wind every 10 min are

Figure 14. (top) For four MHD simulations (colors), the
Z position of the magnetotail neutral sheet is plotted as a
function of time at X = �20 RE (hollow points) and at X =
�60 RE (solid points). (bottom) For a single simulation with
the LFM code, the Z position of the neutral sheet is plotted
at X = �20 RE (green) and at X = �60 RE (blue) and the
Z position of the maximum-Bx location in the magnetotail is
plotted at X = �200 RE. In both panels the horizontal axis
is the time since the velocity shear was located at X = 0.

Figure 15. (top) A sketch depicting the “old” and “new”
orientations of the magnetotail before and after a velocity
shear passes. (bottom) A sketch of a snapshot of the old
and new tails as the shear is passing, emphasizing the rem-
nant of the magnetotail that is caught up in the solar wind
shear layer.

BOROVSKY: WIND SHEAR ON EARTH’S MAGNETOSPHERE A06224A06224

14 of 26



marked with the vertical dashed lines across the top and
bottom of the sketch, labeled according to the time, with
colors matching the time of the remainder-tail measure-
ments. The remnant magnetotail forms a bar that connects
the sunward end of the old tail with the anti-sunward end of
the new tail (e.g., Figure 12). (Compare Figure 16 with
Hones et al. [1986, Figure 2].) As can be seen, the bar
moves downtail at about the solar wind x velocity of
300 km/s (18.4 RE per 10 min). Note that each bar is cen-
tered in X position at about the X value of the shear layer in
the solar wind. In Figure 17 the length of the bar is plotted as
a function of time for the 7 snapshots of the bar in Figure 16.
A linear-regression fit in Figure 17 to the length L of the bar
versus time t yields an expansion speed dL/dt of 1.16 RE/min,
which is 123 km/s. At time t = 88 min the magnetic field
strength and plasma number density are examined for an
X = �240 RE slice through the remnant magnetotail to esti-
mate the Alfven speed in the remnant. The fastest Alfven
speed found was vA � 65 km/s, corresponding to B � 5 nT
and n� 3 cm�3. Hence, the bar is lengthening at about twice
the Alfven speed. Causality for dynamical (electromotive)
interactions in a large-scale (MHD) magnetized plasma is
governed by the Alfven speed vA along the magnetic field
[Drell et al., 1965; Goertz and Boswell, 1979], meaning that
the two ends of the bar are not causally connected. The
examination of the X = �240 RE slice finds the temperature
to be �50 eV in the magnetotail remnant, yielding a mag-
netosonic speed of about 90 km/s; hence the bar is length-
ening at supersonic speed. Hence the old tail is disconnected
from the new tail and the remnant magnetotail is plasma from
the tail that is captured in the solar wind shear. The presence
of the old tail has no influence on the new tail.
[51] This is further demonstrated in Figure 18 from the

LFM simulation analyzed in Figures 16 and 17. Figures 18a
and 18b are Y = 0 RE slices of the magnetotail again at
time t = 88 min (measured from the time that the wind
shear contacts the bow shock). In Figure 18a the logarithm
of the specific entropy S is plotted in color. The red and
yellow regions are the high-entropy plasma sheet plasma.
The new, upward-oriented magnetotail is visible to the

right of X � �210 RE and the old, downward-oriented
magnetotail is visible to the left of X � �290 RE; the
remnant magnetotail is seen forming a bar that connects
the two tails. In Figure 18b the vz velocity of the plasma
is shown at the same time in the same slice. Blue colors
are vz < 0 plasma moving downward and yellow and red
colors are vz > 0 plasma moving upward. As can be seen by
comparing Figures 18a and 18b, the shear from the solar
wind is running right through the magnetotail with little
impediment to the flow pattern. With time it pulls the old
and new magnetotails further and further apart at a speed
exceeding the Alfven speed of the magnetotail plasma.

Figure 16. From an LFMMHD simulation with a north-south velocity shear, the position and orientation
of the remnant magnetotail is drawn (solid color lines) every 10 min as the magnetotail goes through a
disconnection. The dashed color lines are the position of the shear layer in the solar wind every 10 min.
The labeled times are the times after the shear layer encounters the nose of the bow shock.

Figure 17. For the 7 measurements of the remnant magne-
totail in Figure 16, the length of the remnant magnetotail is
plotted as a function of time (black points) and a linear-
regression fit is shown in red.
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[52] Another view of magnetotail disconnection produced
by sudden wind shear appears in Figures 19 and 20. In this
LFM simulation an east-west wind shear in the solar wind
encounters the Earth. The solar wind parameters are the
same as those for the simulation of Figures 16–18, except the
shear is vy = �50 km/sec and vz = 0 (with vx = �300 km/s).
In Figures 19a–19d the plasma number density is shown
in color in the Z = 0 plane (equatorial plane). In Figure 19a
the shear layer is located at X = 4.3 RE, just upstream of the
Earth’s position. The yellow-red parabola is the high-density
portion of the magnetosheath behind the bow shock and the
dark blue area is the magnetotail. The tail is seen oriented
in the �Y direction with vy = �50 km/s in the wind. In
Figure 19b the shear layer is located at X = �36 RE in the
solar wind. The distortion of the magnetosheath at 20–40 RE

behind the Earth is clearly seen. In Figure 19c the shear
layer is located at X = �81 RE in the solar wind: at this
time a disconnection of the magnetosheath is seen on the
dusk flank at X � 80 RE. The sideways distortion of the

Figure 19. For an east-west velocity shear the plasma
number density is plotted in the equatorial plane at four
instants of time. (a–d) The velocity shear is located at
X = +4 RE, �36 RE, �81 RE, and �166 RE. The discon-
nection of the magnetosheath (yellow region) is seen.

Figure 18. During a magnetotail disconnection, the loga-
rithm of the (a) specific entropy and (b) plasma vz flow
velocity are plotted for a Y = 0 cut spanning the remnant
magnetotail. The shearing of the entire tail is seen.
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magnetotail (dark blue) is also seen. In Figure 19d the shear
layer is located at X = �166 RE. Here a clear disconnection
of the magnetosheath on both sides of the magnetotail is
seen in the 150–180 RE downtail region. The strong side-
ways distortion of the magnetotail (dark blue) is also seen,
reminiscent of the distortion seen in the north-south-shear
simulation of Figure 12.
[53] In Figure 20 the disconnection of the magnetosheath

is examined in further detail. Here various quantities are
plotted in the Z = 0 plane at a time when the shear layer
is located at X = �81 RE (same time as Figure 19c). In
Figure 20a the logarithm of the plasma number density is
plotted. The high-density portion of the magnetosheath
appears in reddish-orange. Note these magnetosheath regions
are clearly disconnected by the wind shear. In Figure 20b the
logarithm of the number density is replotted in color and a

contour plot of �j•E is overplotted in black. The black-
highlighted areas on the edge of the reddish-orange regions is
the bow shock along the magnetosheath at the magneto-
spheric flanks [cf. Greenstadt et al., 1990;Merka and Szabo,
2004]: note in Figure 20b that the bow shock is clearly dis-
connected along with the magnetosheath. In Figure 20c the
logarithm of the number density is replotted in color and a
contour plot of Bz is overplotted in black. The region where
the contours of Bz are plentiful is the magnetotail where
plasma with northward Bz has been reconnected near the
Earth and has been flowing downtail. Since B = (0, By, 0) in
the solar wind, in the equatorial plane the solar wind and
magnetosheath have Bz ≈ 0. In Figure 20c, the gap between
the region of Bz ≠ 0 (region of black contours) and the high-
density magnetosheath (reddish-orange bar-shaped regions)
is a region of low-density magnetosheath. On the flanks of

Figure 20. The magnetotail disconnection for an LFM simulation with an east-west shear is examined in
detail with simultaneous cuts in the equatorial plane. (a) The logarithm of the plasma number density is
plotted in color, (b) a black contour plot of the Ohmic dissipation is overlaid on the number density,
(c) a black contour plot of the z component of the magnetic field is overlaid, and (d) the logarithm of the
plasma specific entropy is plotted in color.
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the magnetosphere and down the tail, the magnetosheath has
a wide low-density region near the magnetopause and a
higher-density region just inside the bow shock [cf. Steinberg
and Lacombe, 1992, Figures 3 and 4], with the density in the
low-density region being less than the density of the unper-
turbed solar wind and the density of the high-density region
being greater than the density of the solar wind [cf. Spreiter
et al., 1966, Figures 6 and 10]. In Figure 20d the logarithm
of the specific entropy is plotted in color. The yellow high-
entropy region is plasma sheet plasma in the center of the

plasma sheet. Examining Figure 20, the dislocation of the
magnetotail is clearly seen, the dislocation of the magne-
tosheath is clearly seen, and the dislocation of the bow shock
is clearly seen.

4.4. Changes in the Ionospheric Potential

[54] In the MHD simulations of the solar wind-driven
magnetosphere, sudden changes in the cross-polar-cap elec-
tric potential and in the total amount of ionospheric joule
dissipation are seen at about the time the strong wind shear
passes the Earth. In Figure 21 (top) the cross-polar-cap
potential DF for the northern polar cap is plotted as a func-
tion of time from three simulations. The red hollow points
and the blue hollow points are from an Open-GGCM and an
LFM simulation using the solar wind parameters of Table 3
with shears in Dvz (=�40 km/s). Time t = 0 is when the
velocity shear layer in the solar wind passes the Earth (X = 0).
As can be seen in Figure 21 (top), both simulations show a
drop in the northern polar-cap potential just after time t = 0.
(Both simulations show simultaneous increase in the south-
ern polar-cap potential, not shown.) The purple curve in
Figure 21 (top) is the northern polar-cap potential for an
Open-GGCM simulation with identical initial solar wind
conditions but without the wind shear; a comparison of the
two Open-GGCM curves indicates that the drop in the
polar-cap potential after t = 0 is attributable to the velocity
shear passing the Earth.
[55] In Figure 21 (bottom) the cross-polar-cap electrical

potential DF is plotted as a function of time from two other
LFM magnetospheric simulations. These two simulations
used the solar wind parameters of Table 3 except the solar
wind speed vx was reduced from �450 km/s to �300 km/s
and the size of the shear was increased from �40 km/s to
�50 km/s. The red curve has an east-west shear where vy of
the solar wind goes from vy = �50 km/s to vy = +50 km/s
with vz = 0 and the blue curve has a north-south shear where
vz goes from vz =�50 km/s to vz = +50 km/s with vy = 0. The
red curve plots the potential of the northern ionosphere
(the hemisphere who’s potential increases in the east-west
simulation) and the blue curve plots the potential of the
southern ionosphere (the hemisphere who’s potential increases
in the north-south simulation). Note the difference in the
temporal profiles of the ionospheric potentials. For the north-
south shear (blue curve) the potential begins its change a
few minutes before time t = 0 just after the shear contacts
the bow shock at the nose whereas for the east-west shear
(red curve) the potential begins its change after t = 0 which
is after the shear has passed the position of the Earth. This
implies that dayside currents play a more-important role in
the change of the polar-cap potential for the north-south
shear than for the east-west shear. For the north-south
shear (blue curve) the increase in the polar-cap potential
reverses before t = 10 min whereas for the east-west shear
(red curve) the increase in the potential reverses at about
t = 15 min. This seems to indicate a more-dominant role of
magnetotail currents for the change in the polar-cap potential
for east-west shears than for north-south shears.
[56] For the LFM simulation with the vy = �50 km/s

east-west shear, the reorientation of some ionospheric pat-
terns are examined in Figure 22. In Figures 22a–22c the
electrical potential pattern in the northern polar cap is plotted
at three instants of time: 0.5 min prior to the shear reaching

Figure 21. (top) The cross-polar-cap potentials for the
northern polar cap are plotted for three simulations with
north-south shears (see text for details). (bottom) The
northern (red) and southern (blue) cross-polar-cap potentials
for an east-west velocity shear (red) and a north-south
velocity shear (blue).
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Figure 22
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the bow shock, 7.5 min after the shear layer reaches the
shock, and 19.5 min after the shear reaches the shock. In
Figures 22d–22f the Joule dissipation in the ionosphere is
plotted for the same three times. In Figures 22a and 22d the
polar-cap-potential configuration is shown prior to the
arrival of the shear with vy = �50 km/s in the solar wind. In
Figures 22b and 22e the shear layer is at X =�7 RE; a shift of
the potential pattern into the pre-noon sector of the iono-
sphere is clearly seen from the left-hand panel to the middle
panel as the Joule dissipation in the noon sector increases.
Between the middle panels and the right-hand panels clock-
wise rotations of the polar-cap potential pattern and the dis-
sipation pattern are seen; during this time interval the shear
layer moves from 7 RE downtail to 41 RE downtail. After the
time of Figures 22c and 22e the potential patterns cease to
rotate.

5. Discussion

[57] This section contains discussions about (a) the dif-
ferences between the simplified shear layers that were used
in the simulations and actual shear layers in the solar
wind, (b) the possible effects that velocity shears could have
on the Earth’s magnetosphere-ionosphere system, (c) the
analogy between the Earth’s magnetotail’s behavior and
comet-plasma-tail behavior, (d) future simulations that are
called for, and (e) future data analysis that is needed.

5.1. Sudden Wind Shears in the Solar Wind

[58] For the magnetotail simulations of section 4, the
velocity shear layers in the solar wind are idealized. Actual
shear layers will have some important differences.
[59] The orientation of the shear planes in the simulations

of section 4 were all taken to be perpendicular to the radial
direction, i.e., the normal vector to the plane is aligned with
the Earth-Sun line. As seen in Figure 4 the normal to the
velocity-shear layers in the solar wind can be in any direc-
tion, with a strong tendency for the normals to be perpen-
dicular to the direction of the Parker spiral. In general the
planes will be strongly inclined to the solar wind flow
direction and will tend to slice through the magnetosphere at
an oblique angle as they pass downstream.
[60] As discussed in sections 2 and 3, the velocity-shear

layers of the solar wind also have magnetic field direction
changes across them; the magnetic field vectors on both sides
of the layer are both perpendicular to the normal of the layer.
[61] The velocity-shear layers of the solar wind are in

general narrower than the shear layers in the simulations of
section 4. The thicknesses of the shear layers in the simula-
tions were limited by the grid resolution in the upstream solar
wind and in the solar wind along the flanks of the magneto-
sphere. The shear layers in the simulation had thicknesses of
1 RE or more; actual solar wind shear layers have thicknesses
more like 0.5 RE or less.
[62] Shear layers in the solar wind can be isolated in time,

or shear layers can pass the Earth incessantly. As noted in

Table 1, about 60 shear layers with Dv > 50 km/s pass the
Earth per day in fast solar wind. That’s an average of one
shear layer every 24 min, and intervals of fast solar wind can
last for several days.

5.2. Some Potential Effects on Earth of Sudden
Velocity Shears

[63] One potential effect of the passage of a velocity-shear
layer is the triggering of geomagnetic activity. In the last
few decades there has been a focus on the question of
whether or not sudden turnings of the solar wind magnetic
field trigger the occurrence of magnetospheric substorms
(see section 1.3). The possible role of the sudden velocity
shear that accompanies the sudden magnetic turnings has
not been considered in the investigations. North-south versus
east-west shears may effect destabilization of the magnetotail
differently [cf. Kivelson and Hughes, 1990] where it is
argued that a magnetotail that is bent in the north-south
direction is more unstable than a straight magnetotail).
A preliminary study of the temporal association between
strong vorticity events in the solar wind and the occurrence
of substorm onsets using the Morley-Freeman technique
[Morley and Freeman, 2007; Freeman and Morley, 2009]
found no association (S. Morley, private communication,
2011).
[64] The passage of velocity-shear layers may excite ULF

oscillations inside the magnetosphere. ULF oscillations are
of particular interest for their potential role in energizing the
outer electron radiation belt through drift-resonance inter-
actions and through radial diffusion [Elkington et al., 1999;
Shprits et al., 2008]. During long intervals of fast wind the
electron radiation belt is energized in particular [Paulikas
and Blake, 1979; Reeves et al., 2011] and the levels of
ULF magnetic field oscillations inside the magnetosphere is
seen to be high during those intervals [Anderson et al., 1990;
Sanny et al., 2007; Borovsky and Denton, 2010b]. This is
also a time when the velocity shears in the solar wind are
plentiful (cf. Table 1). The production of ULF oscillations in
the magnetosphere from solar wind variations have been
considered, but most analysis focuses on variations of the
solar wind ram pressure (i.e., typically variations in the solar
wind number density) [e.g., Menk et al., 2003; Takahashi
and Ukhorskiy, 2008; Viall et al., 2009]. Variations in
vector v of the solar wind have not been considered other
than the wind speed variations that result in variations of
the scalar ram pressure [e.g., Liu et al., 2010; Potapov and
Polyushkina, 2010]. The interaction of the velocity shear
with the magnetosphere could lead to ULF oscillations in
the magnetosphere. One manner is through the motion of
the magnetopause (cf. Figures 8 and 9). Magnetopause
motions associated with Kelvin-Helmholtz instabilities are
often invoked to produce ULF fluctuations inside the
magnetosphere [e.g., Lee and Olson, 1980;Mathie and Mann,
2000; Pilipenko et al., 2010]. A second manner through
which ULF might be produced is through the changing
internal currents of the magnetosphere as a result of

Figure 22. The intensification and rotation of (a–c) polar-cap potential pattern and (d–f) the joule-dissipation pattern for an
LFM simulation with an east-west velocity shear. Snapshots in Figures 22a and 22d are taken 0.5 min before the shear layer
encounters the bow shock when the shear layer is at X = 15.5 RE, snapshots in Figures 22b and 22e are taken 7.5 min after
the encounter when the shear layer is at X = �7 RE, and snapshots in Figures 22c and 22f are taken 19.5 min after encounter
when the shear layer is at X = �41 RE.
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magnetotail re-orientation with respect to the ionosphere (cf.
Figure 22).
[65] The catastrophic disconnections of the tailward-

flowing distant magnetotail seen in the simulations of
section 4 probably do not have any effects on the oper-
ation of the near-Earth portions of the magnetosphere. In a
sense they are events happening to material that is already
being exhausted from the magnetospheric system. Note
however that simulations of the tail behavior for magnetically
closed magnetotails under northward IMF have not yet been
performed. Disconnecting a closed-field portion of the mag-
netotail might have a feed-back effect on the rest of the
nightside magnetosphere.

5.3. Comet Analogy

[66] For the Earth’s magnetotail, reconnection driven par-
tial disconnections associated with geomagnetic substorms
have been considered in the past [e.g., Hones et al., 1984;
Fairfield, 1986; Cowley, 1991]; the disconnections consid-
ered here are complete, akin to the disconnection events
seen in comet plasma tails (Type-I tails). The magnetotail
disconnections studied here have some analogies with comet-
tail disconnections and some differences. Studies of comet-
tail disconnections present an important lesson for the study
of disconnections of the Earth’s magnetotail.
[67] For quite some time it has been realized that comet

ionic tails are controlled by a plasma flow from the Sun
[Hoffmeister, 1943; Biermann, 1951; Alfvén, 1957; Lust,
1959, 1962; Stumpff, 1961], even before the presence of a
solar wind had been confirmed by spacecraft measurements
[Gringauz et al., 1960; Coleman et al., 1960]. Comet plasma
tails have been utilized to study the basic properties of the
solar wind [Lust, 1959; Harwit and Hoyle, 1962; Clover
et al., 2010], including solar-activity related variations in
the solar wind [Lust, 1961; Jockers and Lust, 1973; Jockers,
1981;Miller, 1976] and heliospheric-latitudinal variations of
the solar wind properties [Stumpff, 1961; Brandt and Snow,
2000; Snow et al., 2004]. Temporal changes in the comet
tails have been associated with spatial structures in the con-
vected solar wind [Lust, 1962, Niedner et al., 1978; Miller,
1979; Yi et al., 1994; Vourlidas et al., 2007; Kuchar et al.,
2008]. Of particular interest for the present study, variations
of the orientations of comet tails have been used to study the
variability of the flow direction of the solar wind [Brandt,
1968a; Brandt and Hardorp, 1970; Brandt and Heise,
1970; Brandt et al., 1972; Tarashuchuk, 1976] and kinks,
wiggles, and knots in the comet tails have been used to
study temporal variations in the solar wind flow vector
[Schlosser and Hardorp, 1968; Brandt et al., 1980; Fulle
and Pansecchi, 1984; Jockers, 1985; Buffington et al., 2008]
with the comet tail passively reacting to the solar wind.
Other pictures attribute the kinks, knots, and disconnections
of comet plasma tails to flow instabilities (e.g., Kelvin-
Helmholtz) between the comet plasma and the solar wind
[Ershkovich et al., 1973; Ershkovich, 1980; Gestrin and
Kontorovich, 1984; Wang, 1991]. Reviews of the study of
the interaction of the solar wind with comet plasma tails
can be found in Biermann and Lust [1963], Brandt
[1968b], Miller [1976], and Mendis [2007].
[68] Simulations of the interaction of the solar wind

with comets to produce plasma tails appear in Ogino et al.
[1988] and Gombosi et al. [1996, 1997]; the simulations

point out an important difference between the comet plasma
tail and the Earth’s magnetotail, namely that the tail mag-
netic field of the comet does not connect to the comet body,
only into the plasma produced by gas outflow from the
comet body. (Hence, tail disconnections in a comet could be
caused by reconnection on the dayside.) MHD simulations
of the dynamical reaction of comet plasma tails to changes
in the solar wind have been performed numerous times
[Ogino et al., 1986; Schmidt-Voigt, 1989; Yi et al., 1996;
Jia et al., 2009], including the reaction to changes that have
included sudden changes in the solar wind flow vector
(wind shears) [Rauer et al., 1995; Wegmann, 2000]. The
various simulation figures of Wegmann [2000] show both
slow and sharp bends of the comet tails in response to solar
wind velocity shears.

5.4. Future Simulations

[69] The global MHD simulations of this report could
be considered as preliminary simulations exploring global
effects, with simplified velocity shears and with low-
Reynolds-number simulations. Subsequent simulations are
needed to fully explore and assess the importance of sudden
velocity shears on magnetospheric physics. Some suggested
improvements are discussed in the following paragraphs.
[70] Increasing the size of the simulation domain would

provide a larger reservoir of solar wind around the magne-
totail and would provide more room for the magnetotail to
swing without encountering the simulation boundary.
[71] Actual solar wind velocity-shear layers have a DB

perturbation along with the Dv perturbation, as elaborated
upon in section 3. The DB and Dv perturbations are not
independent. Exploring the reaction of the magnetosphere
to Dv-only layers, to DB-only layers, and to combined Dv
and DB layers must be done to gain a full understanding of
how the shear layers affect the magnetosphere. (Note that
such Dv versus DB simulations were performed for comets
by Rauer et al. [1995] and by Wegmann [2000].)
[72] Solar wind velocity-shear layers have various orien-

tations. Examining the effects of the north-south tilt angle
and of the east-west yaw angle of the layer orientation on the
shear-Earth interaction should be done. (Note that Wegmann
[2000] has performed some tilted-shear-plane simulations
of the solar wind interaction with comets.)
[73] The behavior of the magnetosphere as a spatial

sequence of shear layers passes should be examined with
simulations. In the fast solar wind, shear layers with Dv >
40 km/s are less than 100 RE apart on average. Also, there
is a population of events in the solar wind denoted “pulsed
Alfven waves” [Gosling et al., 2011] which are paired
parallel shear layers with separations of a few RE; these
pairs of shears have the opposite sign of Dv so that the
plasma between the pair of layers looks like a “flow burst.”
The reaction of the magnetosphere to such an event could
be very interesting.
[74] It is important to look at the effects of sudden wind

shears on the Earth’s magnetotail under northward IMF
when the magnetotail is in a closed state [Birn et al., 1992;
Fedder and Lyon, 1995; Fairfield et al., 1996], perhaps
loaded with cool dense plasma sheet [Fujimoto et al., 2000;
Oieroset et al., 2005]. In the simulations of section 4,
near-Earth nightside reconnection was ongoing in all four
simulation codes. With reconnection ongoing there is plenty

BOROVSKY: WIND SHEAR ON EARTH’S MAGNETOSPHERE A06224A06224

21 of 26



of antisunward flow in the magnetotail and the new tail
lengthened at about the solar wind speed when it was sheared
off (cf. Figures 12 and 19). Under northward IMF the new tail
may not be able to lengthen: hence a disconnection may be
more dramatic as a portion of the magnetotail is caught in the
shear layer and carried away from the Earth-connected
magnetotail.
[75] Higher-resolution MHD simulations are desirable to

look for some internal-magnetospheric effects of sudden
wind shears. One such effect is substorm activation triggered
by the passage of the shear. Higher-resolution grids covering
the magnetotail are desirable to look for effects such as
current-sheet thinning caused by the rapid tail displacement.
The effects of north-south bending versus east-west bending
are of interest.
[76] Higher-resolution simulations are also desirable to

look for ULF ringing in the dipolar and near-tail regions
associated with the reaction to wind shear. Higher-resolution
simulations would provide a higher-Q for the magneto-
spheric cavity to prevent damping of the excitations and
would provide better radial isolation of ULF modes to pre-
vent phase mixing of the excitations.
[77] Higher-resolution simulations are also desirable to look

at the temporal shift in ionospheric currents and to look for
Alfven-wave ringing in those currents in the magnetosphere.
[78] Higher-resolution simulations are also desirable to

examine the fate of the remnant magnetotail material caught
up in the velocity-shear layer. Knowing whether or not this
material becomes rolled up and mixed and whether or not
the magnetotail magnetic fields are induced to reconnect
will help to predict what such an event would look like in
measurements from a deep-tail spacecraft.

5.5. Needed Data-Analysis Studies

[79] A number of magnetotail and ionospheric phenomena
need to be examined in connection with the passage of
velocity-shear layers in the solar wind.
[80] Whether or not there are intensifications of ULF-

oscillation levels in the dipolar regions of the magnetosphere
temporally associated with the passage of wind shears
should be established. This would help our understanding
of the stormtime energization of the electron radiation belts
and would have implications as to the importance of Alfvenic
fluctuations during high-speed-stream-driven storms [cf.
Tsurutani and Gonzalez, 1987; Denton et al., 2008].
[81] An examination should be made of the shift in high-

latitude ionospheric currents associated with the passage of
velocity-shear layers and the changes of the windsock angle
of the magnetotail. The changing of the currents could be
monitored on slow timescales with high-resolution magne-
tometer arrays [Waters et al., 2001] and at higher time res-
olution with polar radar networks [Sofko et al., 1995]. A
shift in the ionospheric convection pattern should also occur
as the shear layer passes the Earth.
[82] A temporal association between wind shears and

substorm-onset occurrence should be thoroughly studied. It
was noted in section 5.B that a preliminary study of this
found no temporal association.
[83] The change in the magnetotail windsock angle with

sudden changes in the solar wind flow vector was estab-
lished by Hones et al. [1986] using IMP-8 measurements of
the solar wind and ISEE-3 measurements of the magnetotail

at �235 RE downtail. Correlating the occurrence times of
spacecraft magnetopause crossings and neutral-sheet crossings
with the passages of velocity shears should be performed.
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