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Foreshock Transients   
•  Hot Flow Anomalies (HFAs) 
•  Spontaneous HFAs 
•  Foreshock Bubbles 
•  Foreshock Cavitons 
•  Foreshock Cavities 
•  Foreshock Compressional Boundaries 
•  Density Holes 
•  SLAMS 

Their Geoeffects 
•  Trigger magnetic reconnection? 
•  Drive magnetopause boundary waves 
•  Generate FACs, TCVs/MIEs 
•  Excite ULF waves 
•  Auroral response  
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Outline 
Magnetosheath Transients  
•  Magnetosheath High-Speed Jets 
•  Magnetosheath Filamentary 

Structure 

 

Outstanding Questions 



Foreshock Transients   

Treumann and Scholer, 2001 

•  The ion foreshock is quasi-
parallel region upstream of 
bow shock characterized by 
suprathermal, backstreaming 
ions and enhanced ULF 
wave activity. 

•  We have identified a zoo of 
events in the foreshock:  
o  HFAs 
o  Spontaneous HFAs 
o  Foreshock Bubbles 
o  Foreshock Cavitons 
o  Foreshock Cavities 
o  Foreshock Compressional 

Boundaries 
o  Density Holes 
o  SLAMS 

•  Kinetic effects 
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What is an Hot Flow Anomaly 

4 courtesy of H. Zhang 



Hybrid Simulation of an HFA 

HFA Movie  

5 courtesy of N. Omidi 



Hot flow anomalies (HFAs) 
are events observed near the 
bow shock that are marked 
by greatly heated solar wind 
plasmas and substantial flow 
deflection. 
 
Durations: a few minutes 
  
Scale sizes: a few RE  
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An Example of a Hot 
Flow Anomaly 

6 Zhang et al., 2010  



Hot Flow Anomalies are Universal Phenomena 

•  Earth (intrinsic magnetic field) 
•  Mercury (intrinsic magnetic field)  
    [Uritsky et al., 2014]  
•  Venus (no intrinsic magnetic field) 

[Collinson et al., 2012] 

•  Mars (weak to no intrinsic magnetic field) 
[Øieroset et al., 2001; Collinson et al., 2015] 

•  Saturn (intrinsic magnetic field) 
[Masters et al., 2009] 

•  Termination shock 
[Giacalone and Burgess,  

2010] 
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HFAs are Frequently Observed 

•  About 1000 HFAs have been identified from Cluster data 
from 2001 to 2013 (S. Wang and L. L. Zhao) 

 
•  142 HFAs have been identified from THEMIS C data 

from June 2007 to December 2009. (C. Chu) 

8 



THEMIS A Observation 
of an SHFA 

Compression on both edges 

Significant plasma heating  

Significant flow deflection  

Depressions in magnetic field 
magnitude and ion density 

Not associated with a discontinuity 
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Hybrid Simulation of an SHFA 

Depletion 
in density 
and 
magnetic 
strength 

Greatly 
heated 
plasmas  

Substantial 
flow 
deflection  

Hot tenuous plasma bounded by 
regions of enhanced |B| and n 

Simulation results from a 2.5-D 
electromagnetic hybrid code 
demonstrate the formation of 
SHFAs upstream of quasi-parallel 
bow shocks during steady solar 
wind conditions and in the absence 
of discontinuities. [Omidi et al., 
2013] 10 



Significance of SHFAs 

•  Observations of SHFAs are significant because they 
indicate the need for a significant modification to our 
current understanding of the solar wind-
magnetosphere interaction.  

•  More specifically, the response of planetary 
magnetospheres to solar wind input can be very 
dynamic even for steady solar wind plasma and IMF 
conditions. 
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Upstream
shock
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Hot core

Plasma deflections

Dispersed ions

Energetic electrons

Core wavesB-field discontinuity
at downstream edge

Turner et al., 2013 

•  Features similar 
to HFAs:              
flow deflection, hot 
core, decreases in 
the plasma density 
and field strength 
in the core region.  

•  Major difference:    
HFAs show 
compressions on 
both edges. 
Foreshock 
bubbles only 
exhibit 
compressions on 
the trailing edge. 

•  Size: up to 10 RE 

Foreshock Bubble Observations 
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Hybrid Simulation of a Foreshock Bubble 
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•  Foreshock bubbles form due to interaction of rotational discontinuities 
with the backstreaming ions in the foreshock [Omidi et al., 2010].  

•  Liu et al. [2015] reported observations of tangential discontinuity-driven 
foreshock bubbles. 



ciated with flow speed decreases of about 50% for a higher
Mach number shock.
[23] We are not aware of any observational work which

addresses the characteristics of foreshock cavitons immersed
in ULF waves when the IMF is almost radial. Figure 6
shows an example of such a caviton which was observed by
Cluster 1 on 27 January 2003, when qVB ! 9!, cor-
responding to an almost radial IMF configuration. We use
magnetic field data with a resolution of 5 vectors/s [Balogh
et al., 2001] and spin resolution plasma moments from
the CIS instrument [Reme et al., 2001]. A foreshock caviton
structure is observed at 2000:15 surrounded by ULF waves
that show some compression. In agreement with simulated
caviton the drops in magnetic field and density for this
cavity reached values of !35% the ambient solar wind
parameters, and Vx shows a decrement of less than 10%.
The extension of the observed caviton is of the same order as
the simulated depression. Considering an average value of Vx

" 450 km/s, we estimate that the scale size of the caviton

observed by Cluster is "88.55 c/wp, while the caviton of the
simulation has an extension "96.61 c/wp. These sizes are
consistent with the extension of diamagnetic cavities in the
simulations of Lin [2003] and Lin and Wang [2005] which
had extensions of 20–80 c/wp. The sizes of cavitons are
smaller than the scales of the isolated cavities [Sibeck et al.,
2002; Schwartz et al., 2006] and larger than the density holes
of Parks et al. [2006].
[24] The origin of density and field depressions was

initially attributed to the enhanced pressure of energetic
backstreaming ions, which are able to push away the mag-
netic field creating a depressed plasma density and magnetic
field structure, flanked by enhanced density and field regions
[Thomas and Brecht, 1988]. Our simulations suggest that
the origin of density cavitons deep in the foreshock is
related to the nonlinear evolution of the two types of waves
present in the region, i.e., the parallel propagating sinusoidal
waves and the highly oblique, linearly polarized, fast
magnetosonic (FLO) waves. In accordance with these find-
ings, Omidi [2007] showed that as waves interact they lose
coherence, and fronts merge, leading to cavities. The two
types of waves propagate almost perpendicular relative to
each other, and this is an important factor in the formation of
cavitons. Otherwise, each wave by itself would lead to
density striations in one spatial direction without localiza-
tion in the perpendicular direction which is needed for a hole
to form. The fact that cavitons are related to the interaction
between the two type of waves is supported by the existence
of cavitons only deep in the foreshock (x > 600 c/wp) where
FLO waves also exist. The case with a larger Mach number
[Omidi, 2007] results in a foreshock where sinusoidal and
FLO waves coexist in an extended region. Accordingly, for
this case, there are more cavitons and they appear in a more
extended region of the foreshock.

4. Summary and Conclusions

[25] We have used global hybrid simulations to study
some of the main features that characterize solar wind
interaction with Earth’s magnetosphere for a radial IMF
geometry with qVB ! 0!, and Dp = 64. Our results show that
the foreshock is a very complex region and that its mor-
phology changes drastically with IMF geometry. For a
radial IMF most of the dayside upstream region is inside
the ion foreshock. When the IMF is 45!, the foreshock
covers a smaller portion of the dayside upstream region. In
the radial case, the foreshock is permeated by two types of
modes: weakly compressive sinusoidal waves and FLO
compressive fluctuations. In addition, the interaction of these
two modes generates foreshock density cavitons or depres-
sions. In contrast, when qVB ! 45!, the foreshock is
permeated by weakly compressive sinusoidal waves and
compressive shocklets, but no FLOwaves or density cavitons
appear [Omidi et al., 2005; Blanco-Cano et al., 2006]. The
fact that wave characteristics change with IMF geometry
must influence the characteristics of the quasi-parallel shock
and of the magnetosheath downstream of it. It remains as
part of future work to study how foreshock waves modify
the shock structure and magnetosheath for different IMF
geometries.

Figure 6. Density, B magnitude, and velocity components
illustrating the existence of a foreshock caviton observed by
Cluster 1 on 27 January 2003, when qVB ! 9!. In this plot,
we use magnetic field data at a resolution of 5 vectors/s
provided by the CCA Cluster facility.

A01216 BLANCO-CANO ET AL.: FORESHOCK WAVES AND CAVITONS

11 of 14

A01216

Foreshock Cavitons 
•  Show little evidence of heating or 

significant flow deflection. 

•  Not associated with interplanetary 
discontinuities.  

•  About an RE in size.  

•  Their cores exhibit drops in 
density and magnetic field, while 
their outer edges show plasma 
and magnetic field enhancements.  

•  Form as a result of the nonlinear 
evolution of ULF waves [e.g., Lin, 
2003; Lin and Wang, 2005; Omidi and 
Sibeck, 2007; Blanco-Cano et al., 2009, 
2011].  

•  Embedded in ULF waves.  
Cluster C1 observations of a foreshock 
caviton. [Blanco-Cano et al., 2009] 
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Formation of Foreshock Cavities 

�� 

Schwartz et al., 2006 

•  Antisunward-moving slabs of magnetic field lines connected to bow shock 
embedded within larger regions of magnetic field lines unconnected to the 
bow shock.  

•  The slabs fill with reflected and energized particles from the bow shock.  



Foreshock Compressional Boundaries 

Omidi et al., 2009 

•  Associated wi th enhanced 
densities and magnetic field 
strengths (these quantities are 
reduced on the turbulent side of 
the FCB as compared to the 
pristine solar wind). [Sibeck et 
al., 2008; Omidi et al., 2009]  

•  Backstreaming ions result in 
increased pressure within the 
foreshock region leading to its 
expansion against the pristine 
solar wind and the generation of 
FCB.  

•  FCBs may be a steady state 
feature, but observed transiently 
because of slight changes in the 
IMF orientation. 

17 



Density Holes 

Parks et al., 2006 
18 

•  Similar to HFAs, density holes 
display significant bulk flow 
deflections and are filled with heated 
plasma.  

•  Density holes are accompanied by 
similarly shaped magnetic holes. 
They have enhanced densities and 
compressed magnetic field at one or 
both edges.  

•  Durations of ~18 seconds (much 
shorter than that of HFAs)  

•  Scale sizes of an ion gyroradius  

•  Possibly formed by backstreaming 
particles interacting with the original 
solar wind. 



SLAMS 
(Short, Large-Amplitude, Magnetic Structures) 

19 
•  Durations of the order of 10s [Schwartz, 1991, 1992; Lucek et al., 2002].  

•  They grow rapidly (~seconds) out of ULF waves in the foreshock region.  

Schwartz et al., 1992  



Comparison of Foreshock Transients 

http://www-ssc.igpp.ucla.edu/gemwiki/index.php/
FG:_Transient_Phenomena_at_the_Magnetopause_and_Bow_Shock_and_Their_Ground_Signatures 

20 



Foreshock Transients   
•  Hot Flow Anomalies (HFAs) 
•  Spontaneous HFAs 
•  Foreshock Bubbles 
•  Foreshock Cavitons 
•  Foreshock Cavities 
•  Foreshock Compressional Boundaries 
•  Density Holes 
•  SLAMS 

Their Geoeffects 
•  Trigger magnetic reconnection? 
•  Drive magnetopause boundary waves 
•  Generate FACs, TCVs/MIEs 
•  Excite ULF waves 
•  Auroral response  
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Outline 
Magnetosheath Transients  
•  Magnetosheath High-Speed Jets 
•  Magnetosheath Filamentary 

Structure 

 

Outstanding Questions 
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•  localized dynamic 
pressure (ρVX

2) pulses 

•  originate from the quasi-
parallel shock 

•  typically 1RE in scale 

•  can locally perturb  
the magnetopause 

Impact the dayside 
magnetopause  

•  every 20 minutes 
under general SW 
conditions 

•  every 6.5 minutes 
under low IMF cone-
angle 

courtesy of H. Hietala 
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Scale sizes and morphology 
Similar challenges appear when studying scale sizes and morphology of jets/plasmoids. Typical estimates of the 

spatial sizes of the dynamic pressure or density enhancements are on the order of 1 Earth radius (e.g., Savin et 

al., 2008; Hietala et al., 2012; Archer et al., 2012; Karlsson et al., 2012; Plaschke et al., 2013), whereby the spread 

reported within studies and also from study to study is quite large (± an order of magnitude). Furthermore, multi-

spacecraft analyses of Karlsson et al. (2012) and Gunell et al. (2014) seem to indicate that jets/plasmoids are 

pancake or cigar shaped plasma entities that traverse the magnetosheath flat side first (see Figure 2c).  

This assertion is in stark contrast with simulation results by Karimabadi et al. (2014) that allow for a global view 

on the generation, and evolution of jets in the magnetosheath (see Figures 2a and b). In their simulations, jets 

do not penetrate straight through the sheath, but are bent and deflected. Consequently, they should look more 

like serpentine fast flows, elongated in propagation direction, embedded in the ambient plasma. Simulation 

results, in general, and this picture, in particular, need to be reconciled with the observations.  

Comparison to bursty bulk flows (BBFs) 
The jets/plasmoids consistently appear to be plasma entities that flow through an ambient plasma of different 

characteristics. They share this fundamental property with magnetotail bursty bulk flows (BBFs, Baumjohann, 

1993; Angelopoulos et al., 1994), to which they have not been compared to date. Jets and BBFs, both appear to 

push ambient plasma away on their passage (e.g., Panov et al., 2010). However, while jets are mainly 

characterized by their dynamic pressure, that quantity is of minor importance for tail BBFs, which are shaped by 

an interplay of magnetic and thermal pressure forces. In fact, BBFs are defined by a magnetic flux bundle, which 

accelerates the plasma earthward. Correspondingly, currents flow on the interface between the BBF and the 

ambient tail plasma (e.g., Liu et al., 2013). It remains to be studied if jets also feature a distinct magnetic field 

configuration and currents on their boundaries, and how significant magnetic forces (field line draping and 

plasma beta effects) are in shaping jets. Consequently, comparative studies of jets and BBFs should be quite 

fruitful in order to unravel the fundamental physics governing plasma jet propagation, evolution, and impacts in 

different parameter ranges. 

Goals and proposed team effort 
So far, different groups studying magnetosheath jets/plasmoids, including jet sources and impacts, have been 

largely disconnected from each other, even more so from groups working on BBFs. Consequently, findings in this 

field currently resemble pieces of a puzzle rather than a full picture. Our aim is to bring the existing and new 

pieces together in order to construct that comprehensive picture. Together, we will seek answers to the following 

science questions: 

1) What types of jets/plasmoids exist in terms of characteristics and generation mechanisms? 

2) How do they evolve? How do they interact with the ambient (magnetosheath) plasma,  

and with the magnetopause? 

3) What are their similarities with and differences from bursty bulk flows?  

What can we learn from a comparative approach in terms of jet/plasmoid physics? 

We will seek answers to these question in three steps: First, we propose to work on a review of the current 

knowledge, by compiling, discussing, and finally putting together the puzzle pieces that individual researchers 

Figure 2, a and b: Jets appearing in global magnetospheric simulations, after Figure 15 in Karimabadi et al. (2014).  
Panel c: Sketch of a pancake shaped jet propagating toward the magnetopause. 

Hietala&Plaschke, 2013; Plaschke et al., 2013 

Karimabadi et al., 2014 

Observations 
identification based on enhanced dynamic pressure 
(compared to SW or ambient MSH) 
statistics by [Archer&Horbury 2013; Plaschke et al., 2013; 
Karlsson et al., 2012; 2015] 
Simulations 
seen behind quasi-parallel shock in kinetic simulations 
[Karimabadi et al., 2014; Hao et al., 2016; Omidi et al., 
2016] 
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1 First ideas
Hietala et al., PRL (2009), Hietala et al., Ann. Geophys. (2012)

high MA shock, r = compression ratio

ρ2 = rρ1 V2 = 1
r V1

Pdyn2 = ρ2V 2
2 = 1

r ρ1V 2
1 = 1

r Pdyn1

ρ2 ≈ rρ1 V2 ≈ V1
Pdyn2 ≈ rρ1V 2

1 = rPdyn1

V2

V1αn

Z

X

m’pause

solar wind

m’sheath

2nd shock

bow shock

1−3 Re

C1

17-Mar-2007

,[2pt],
2

ISSI HSJ team 1st meeting

Origin of Magnetosheath High-speed Jets:  
Shock Ripples 

Hietala et al., 2009;2012 

Hietala&Plaschke, 2013 

Approximate calculation More detailed derivation 

Minority formed by SW discontinuities 
Lin et al., 1996a,b; Archer et al., 2012 

HIETALA AND PLASCHKE: JETS, RIPPLES, AND M’SHEATH

time scale longer than the jet formation, determines the
duration of the jet and thus its spatial scale parallel to
the flow.

[11] The downstream flow properties can be calculated
from the Rankine-Hugoniot jump conditions. The crucial
parameter is the shock compression ratio r(! , MAn,ˇ, " ) and
its dependence on the shock tilt and the upstream vari-
ables: the normal Alfvén Mach number MAn = Vn

p
#0$/Bn

(= Vp#0$/B for B||V), the plasma beta, and the polytropic
index " (taken to be 5/3). The index n refers to the vector
component normal to the shock. The compression ratio is
determined by a cubic equation in r that follows from the
jump conditions [e.g., Priest, 1984]:

0 = (M 2
An – r)2{"ˇr + M 2

An cos2 ! [(" – 1)r – (" + 1)]}
+ rM 2

An sin2 !{[" + (2 – " )r]M 2
An + r[(" – 1)r – (" + 1)]}.

(1)

We calculate r from this equation by numerically finding a
solution from the fast shock branch using a method similar
to Vainio and Schlickeiser [1999].

[12] As the shock tilt ! is increased, the compression ratio
decreases. At a certain large tilt angle that depends on MAn
and ˇ, the compression ratio falls below 1 and the solution
is no longer physical. In other words, a fast shock can not
exist under those conditions. For shock tilts larger than this
angle, we set r = 1, corresponding to no discontinuity.

[13] We focus on high-speed jets that can cause magne-
tospheric effects, i.e., flows that have an enhanced dynamic
pressure in the antisunward direction:

Pdyn,X = $V 2
X , (2)

where $ is the plasma mass density and VX is the plasma
velocity in the Geocentric Solar Ecliptic (GSE) X direction.
The upstream solar wind is assumed to be purely radial,
i.e., to flow along the XGSE axis (Figure 1a). In this paper,
we concentrate on the behavior of the dynamic pressure
ratio Pdyn,2,X/Pdyn,1,X ! Pdyn,MSH,X/Pdyn,SW,X (magnetosheath
to solar wind). For the scenario presented in Figure 1a, we
can write the dynamic pressure ratio as

Pdyn,2,X

Pdyn,1,X
=

(cos2 ! + M 2
An–1

M 2
An–r r sin2 ! )2

r
. (3)

Note that the ratios of " 1/r and " r for ! " 0ı and
! " 90ı given in Hietala et al. [2012] are recovered from
equation (3) for MAn # 1. We can see that the ratio does
not depend explicitly on the actual values of the upstream
velocity, density, and magnetic field, and even the explicit
dependence on MAn is relevant only for MAn . 10. The
effect of the upstream parameters comes chiefly through the
dependence of r on MAn and ˇ.

[14] We are also interested in the deflection angle of
ripple-induced flow from the nominal background flow. In
the case shown in Figure 1a, the angle % between V2 and the
X axis is given by

tan% =
cos ! sin ! ( M 2

An–1
M 2

An–r r – 1)

cos2 ! + M 2
An–1

M 2
An–r r sin2 !

. (4)

Thus, the deflection from some nominal downstream flow
can be expressed as |% – %0|, where %0 corresponds to the

nominal shock tilt of !0. Similarly to the dynamic pressure
ratio, we see that the deflection is a function of shock geom-
etry, compression ratio, and Mach number. This is also true
in the general three-dimensional case, where the deflection
is ^(V2(! ), V2(!0)).

[15] In order to model the downstream flow statistics of a
3-D bow shock, we first sample 20 $ 20 = 400 points uni-
formly from XGSE = 10 RE, (Y, Z)GSE 2 [–10, 10] RE. From
there we find the corresponding points on model bow shock
[Merka et al., 2005] in the XGSE direction (Figure 1b). For
model inputs we use generic values of VSW = 400 km/s,
nSW = 6 cm–3, BSW = 5 nT. Note that only the global cur-
vature of the shock (nominal !0 2 [0ı, 35.8ı]) is relevant
for the calculations of this study, and not its position rela-
tive to the Earth. We go on to calculate the (background)
downstream flow at each point on the shock using the same
assumptions as above (B||V, stationarity).

[16] Next, we need to find the variation of the shock
normal vectors around their nominal direction due to rip-
pling. As the observations are an ensemble of multiple single
spacecraft passes through the magnetosheath under varying
upstream conditions, we are similarly interested in the flow
properties caused by the ripples in a statistical sense. For
each point on the model bow shock, we sample 100 points
uniformly from an arbitrary flat surface z = 0. We then make
sine wave shaped ripples on the surface: z = A sin(kx) sin(ky)
(Figure 1c). We collect the 100 normal vectors of this rip-
pled surface. This bunch of vectors represents the variability
of the shock normal vector at that particular point on the
bow shock due to rippling. This is illustrated in Figure 1d
by the black vectors around the red vector that indicates the
nominal shock normal direction.

[17] The aspect ratio of the waves—the ratio of ampli-
tude to wavelength A/&—is a free parameter. Figures 1c
and 1d illustrate the case where both A = 1 and k = 1,
i.e., aspect ratio of A/& = Ak/2' = 1/2' . Estimates of
the spatial size of the HSJs transverse to the flow obtained
using multispacecraft observations vary between 0.1–0.5 RE
[Archer et al., 2012] and 1–3 RE [Hietala et al., 2009, 2012].
Assuming that the steep section of the ripple of about half
a wavelength long produces the jet, we can thus estimate
the corresponding amplitude from the model once the aspect
ratio is fixed.

[18] We then proceed to calculate the downstream flow
properties for each 400$100 = 40, 000 local normal vectors
using same assumptions as before (field-aligned flow, sta-
tionarity). Each local normal vector provides a “sample” of
the flow. Collectively, they describe the flow behind a shock
that is rippled in a uniform manner at every point all of the
time. These samples are compared with background flow
from the smooth bow shock, as well as with the observations.

2.2. Observations
[19] We use observations from the five Time History

of Events and Macroscale Interactions during Substorms
(THEMIS) spacecraft [Angelopoulos, 2008] from 2008
to 2011. Namely, we use magnetic field data from the
Flux Gate Magnetometer [Auster et al., 2008] and parti-
cle data from the Electrostatic Analyzer [McFadden et al.,
2008], both originally in spin-period resolution (approxi-
mately 3 s cadence). The data are resampled to a com-
mon, equidistant time grid of 1 s resolution by linear

3

24 

Behind a locally tilted shock the plasma is 
less decelerated (just like at the flanks of 
themagnetosheath), and the dynamic 
pressure can be up to 4 times the solar 
wind dynamic pressure.  



Magnetosheath Filamentary Structure (MFS) 

Omidi et al. JGR, 2014 
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Field aligned structures in density and ion temperature in the magnetosheath 
formed by the injection of energetic ions associated with SHFAs.  



MFS  Simulations 
Close to Bow Shock Away from Bow Shock 

26 

Omidi et al. JGR, 2014 
•  Density and temperature are anti-correlated.  
•  B and N show correlation near the bow shock and no correlations further away 

from the bow shock. 



MFS Observations 

Gutynska et al.  JGR, 2014 27 

THEMIS observations 
have confirmed the 
predictions by hybrid 
simulations.  

Anti-correlated variations in 
density and temperature 



Foreshock Transients   
•  Hot Flow Anomalies (HFAs) 
•  Spontaneous HFAs 
•  Foreshock Bubbles 
•  Foreshock Cavitons 
•  Foreshock Cavities 
•  Foreshock Compressional Boundaries 
•  Density Holes 
•  SLAMS 

Their Geoeffects 
•  Trigger magnetic reconnection? 
•  Drive magnetopause boundary waves 
•  Generate FACs, TCVs/MIEs 
•  Excite ULF waves 
•  Auroral response  

28 

Outline 
Magnetosheath Transients  
•  Magnetosheath High-Speed Jets 
•  Magnetosheath Filamentary 

Structure 

 

Outstanding Questions 



•  Low N & high Ti in HFA make 
ion gyro-radius & inertia length 
longer, favorable for fast 
reconnection. 

•  Moreover, sheath current 
sheets may be compressed 
against the magnetopause & 
become thin (Phan et al., 
GRL, 2011). 

Flux Rope Generation, i.e., Reconnection 
Initiation, within HFA 

•  Reconnection probably occurred on the side with quasi-|| shock 
configuration. 

Hasegawa et al., 2012 
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Reconstructed Flux Rope in HFA 

•  Magnetic flux rope with diameter ~3000 km. 

•  Leftover velocities directed away from the center, suggesting still ongoing 
expansion of the flux rope. 

VHT =(69, 27, 71) 
km/s 
 

zGSR =(0.39, 
0.77, -0.50) in 
GSE 

Flux rope 
oriented roughly 
in GSE-y. 

Hasegawa et al., 2012 
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Pressure Balance at the Magnetopause 
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Drive Magnetopause Boundary Waves 



Magnetopause Deformation due to an HFA 
•  Black solid line: The observed 

magnetopause deformation  
•  Black arrow: flow pattern 
•  Color scale: the contours of the 

thermal + magnetic pressure. 
•  Sunward magnetosheath flow 

Archer et al., GRL 2014  
 

Jacobsen et al.[ 2009] reported THEMIS observations of the extreme motion of the 
magnetopause, with flow speeds 800 km/s. Magnetopause was displaced outward by 
at least 4.8 RE in 59 s. A bulge was moving tailward at 355 km/s.  32 
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•  The magnetopause bulged 
out by at least 4 RE. 

•  The event lasted 17 
minutes => scale size in y 
direction > 10 RE 

•  The bulge is convecting 
tailward with the 
magnetosheath flow at 
~100 km/s. 
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Magnetopause Deformation due to Magnetosheath High-Speed Jets 

[12] Lin [1997], De Sterck et al. [1998], and Cable et al.
[2007] reported that a concave bow shock can occur during
radial IMF. The high-speed solar wind flows even closer to
the Earth in this concave region. When upstream and
downstream conditions are no longer suitable for the
formation of the concave bow shock, the bow shock will
relax into a convex shape. With such a change in geometry,
a high-speed solar wind flow will move into the normal
region of magnetosheath flow. In this event, we do not have
observations near the bow shock, and therefore, are unable
to verify this speculation. However, the temperature and
density in the peak of the fast anti-sunward magnetosheath
flow were at a level intermediate between the solar wind’s
and the magnetosheath’s, but closer to the magnetosheath’s
(not shown).
[13] A second possibility for the origin of the fast flow in

the magnetosheath is interaction between the bow shock and
an interplanetary discontinuity [Lin et al., 1996]. Figures 1b
and 1c show a small IMF discontinuity detected at 1423 UT.
Assuming a small calculation error for the propagation time
from ACE, this discontinuity might be related to the fast
flow. However, we believe that this small discontinuity
is insufficient to create the fast flow. Moreover, we infer
an indented magnetopause, which is different from the
bumped magnetopause associated with an IMF tangential
discontinuity [Sibeck et al., 1999]. Thus, such a possibility
is very slim for this event.
[14] Following the anti-sunward flow, a sunward flow

was detected by all four THEMIS probes. Explaining the

larger extent of this rebounded flow in the Y-direction
requires consideration of interaction of the initially localized
anti-sunward flow with the magnetopause. A narrowly
confined anti-sunward flow would be expected to pancake
as it interacted with the magnetopause, producing an inden-
tation in larger extent than the initial anti-sunward flow. The
rebound should subsequently propagate away from the
initialization point as a surface wave, covering even a
broader lateral area.
[15] Our event differs from the event proposed by Sibeck

[1990] who considered a propagating indentation along the
magnetopause to the flank from a wide front of pressure
variations through the bow shock. The pressure enhance-
ment by the fast anti-sunward flow observed by THEMIS
appears to be more confined in both time and space,
resulting in a localized interaction with the magnetopause.
Since the probes are confined to a relatively small area of the
magnetopause, we do not expect to observe a propagating
indentation. Therefore, we do not have a clear picture as to
how or whether the excess energy in the fast flow dissipates
locally.
[16] An enhancement in solar wind dynamic pressure can

produce magnetic perturbations at low and mid-latitudes
[Russell et al., 1992]. We have found evidence of such
perturbations. The 3–5 nT perturbations of the north–south
component were observed at some low and mid-latitude
magnetometer stations near the prenoon sector (not shown),
indicating that the geomagnetic activity associated with the
enhancement was weak.
[17] We point out that simple indentation and rebound are

inconsistent with the data and require the more complex
geometry depicted in Figure 4. For a simple magnetopause
undulation, one would expect that THB would observe
the outbound magnetopause first, followed by THC, THD,
and THA. However, our data show first detection of the
outbound magnetopause by the outermost probe THA.
All these results indicate a significant distortion on the
magnetopause, as illustrated in Figures 4b and 4c.
Magnetopause movement should have a significant compo-
nent in the direction perpendicular to the Sun-Earth
direction. The normals of the magnetopause determined
by tangential discontinuity analysis confirm this picture.

4. Summary

[18] We used THEMIS multipoint observations to inves-
tigate the interaction between the solar wind and the
magnetosphere for the 12 August 2007 event. This event
has four unique features: (1) a radial IMF; (2) a small-scale,
fast anti-sunward magnetosheath flow; (3) a large, sunward
magnetosheath flow; and (4) a localized magnetopause
indentation. The origin of the small-scale, fast anti-sunward
magnetosheath flow remains unknown. However, we
believe that it is likely related to the radial IMF. The
small-scale, fast anti-sunward flow created a localized
indentation on the magnetopause, 1 RE deep and 2 RE wide.
The magnetopause subsequently rebounded, producing a
rotation in the flow direction to sunward along the surface
of the magnetopause. The present study provides insights
into the dynamics of magnetopause motion under condi-
tions of radial IMF.

Figure 4. Schematic diagrams for the anomalous
magnetosheath flows and distorted magnetopause. The
colored diamonds represent different THEMIS probes.
The large arrows represent the directions in which the
magnetopause is moving. (a) The small-scale, fast anti-
sunward magnetosheath flow was observed by THA. (b–c)
The magnetopause underwent a tremendous distortion. (d) The
distortion became much smoother. Figures 4a, 4b, and 4c are
based on Figures 3c, 3e, and 3i, respectively.

L18112 SHUE ET AL.: ANOMALOUS MAGNETOSHEATH FLOWS L18112

4 of 5

Shue et al., 2009 
34 THEMIS observations of a magnetopause distortion and recovery 



•  Deformation of the magnetopause generates field-aligned currents (FACs) 
into the auroral ionosphere – FAC signatures are measured on the ground as 
magnetic impulse events (MIEs) or traveling convection vortices (TCVs) 
[Glassmeier et al., 1989; Sitar et al., 1998] 

Glassmeier et al., 1989 35



Ionospheric TCV Triggered by an HFA 
(1) Ground Magnetometer Observations  

 

Sitar et al., JGR, 1998 

•  Ionospheric 
convection inferred 
from ground 
magnetometers 
located on the west 
coast of Greenland. 

•  Traveling Convection 
Vortices (TCVs) 
associated with field-
aligned currents.  

•  The velocity of the 
TCVs, 9.7 km/s 
westward 

•  Lifetime ~ 18min 

36 



Ionospheric TCV Triggered by an HFA 
(2) Radar and DMSP Observations 

•  F region line-of-sight 
velocities observed by the 
Sondrestrom incoherent 
scatter radar. 

•  The radar scans show 
modulation in the flow 
patterns with the passage of 
successive TCV field aligned 
current pairs through the 
northern field of view.  

Sitar et al., JGR, 1998 
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•  The horizontal cross-track convection drifts 
measured by the DMSP F13 satellite.  

•  The field of view of the Sondrestrom radar is 
represented by the circle on the plot.  

•  The strong, organized flows observed by F13 
are consistent with the observations of the 
Sondrestrom radar. 1000 m/s 

DMSP F13 Satellite Jul 24, 1996 
           11:49 

00 

06 18 
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SuperDARN observations of 
ionospheric flows result from a 
Foreshock Bubble on 14 July 2008.  

Courtesy of D. Turner 

Enhanced Ionospheric Flows  
Result from a Foreshock Bubble 

38 

Ionospheri flows during quiet time 
when there was no transient event 
upstream.  



Archer et al.,PSS, 2014 
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MIE Caused by a Foreshock Bubble 
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ULF Waves from the Ion Foreshock 

Treumann and Scholer, 2001 40 



Foreshock Transients Generate ULF Waves�

•  Several studies have demonstrated that transient phenomena near 
the bow shock (such as HFAs and Foreshock Bubbles) can 
generate ULF waves in the Earth’s magnetosphere. (This is 
different from the low-latitude Pc3 waves that are driven by 
upstream waves in the ion foreshock.)  

•  The ULF waves generated by transient phenomena near the bow 
shock in both Pc3 [Eastwood et al., 2011] and Pc5 [Fairfield et al., 
1990; Hartinger et al., 2013] ranges have been reported.  

•  There may be considerable variation between ULF waves resulting 
from different transient features (e.g., Hartinger et al. [2013] 
showed mostly compressional waves whereas Eastwood et al. 
[2011] showed standing Alfvén waves).  �

� 41 



42 
Foreshock transients can excite Pc5 ULF waves 
in the magnetosphere. 

After Hartinger et al., 2013  



Eastwood et al., 2011  43 

Pc3 ULF Waves Excited by an HFA�



Auroral Brightening  
Triggered by an HFA 

Figure 3

Fillingim et al., 2011 
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Foreshock Transients   
•  Hot Flow Anomalies (HFAs) 
•  Spontaneous HFAs 
•  Foreshock Bubbles 
•  Foreshock Cavitons 
•  Foreshock Cavities 
•  Foreshock Compressional Boundaries 
•  Density Holes 
•  SLAMS 

Their Geoeffects 
•  Trigger magnetic reconnection? 
•  Drive magnetopause boundary waves 
•  Generate FACs, TCVs/MIEs 
•  Excite ULF waves 
•  Auroral response  
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Outline 
Magnetosheath Transients  
•  Magnetosheath High-Speed Jets 
•  Magnetosheath Filamentary 

Structure 

 

Outstanding Questions 



Outstanding Questions 
•  What are the physical differences and relationships between 

different foreshock transient phenomena?  

•  How do they evolve with time and transition through the 
magnetosheath?  

•  Do foreshock and magnetosheath transients trigger transient 
features (magnetic reconnection/FTEs, surface waves etc.) at the 
magnetopause?  

•  When, where, and how significantly do foreshock and 
magnetosheath transient processes modify the solar wind just 
prior to its interaction with the Earth’s magnetosphere? 

•  What is the role of foreshock and magnetosheath transient 
processes in solar wind-magnetosphere-ionosphere coupling? 
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Ultimate Goal 

47 

How to reach this goal? 

•  Observations and hybrid/particle simulations can help to 
understand the physical processes and formation conditions 
of these transient phenomena. 

•  In addition to coordinated multi-points observations, inclusion 
of a localized pressure pulse in global MHD simulations can 
help us to understand the impact of these transients on the 
magnetosphere and ionosphere. 

To obtain a quantitative understanding of these processes so 
that they could be parameterized for inclusion into space 
weather prediction models, thereby improving forecast 
capability.  



Summary and Conclusions 
•  There are many foreshock and magnetosheath transient 

phenomena. The kinetic processes associated with these 
phenomena modify the solar wind just prior to its interaction 
with the Earth's magnetosphere. 

•  Foreshock and magnetosheath transients have significant 
geoeffects (drive magnetopause boundary waves, generate 
FACs, TCVs/MIEs, excite ULF waves, trigger aurora 
brightening etc.) 

•  There are still many outstanding questions about foreshock 
and magnetosheath transients and their roles in the solar 
wind-magnetosphere-ionosphere coupling. A synergy of both 
modeling and experimental efforts is crucial to answer these 
questions. 
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