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Why do we care?

about the foreshock, e
the bow shock, /
and the magnetosheath / "

Process the solar wind |
before it interacts with E
the magnetosphere \\ ANy

Generate structures -
Accelerate particles \

Host fundamental plasma
physics processes
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Some spatial scales in heliophysics

1dSW =100km | 1Rg=6,371km 1 AU = 1.5x108km

- =
<1d reconnection starts - v
10 -100d. 1R ~ 60dSW interesting ion kinetics;
' £ ! Earth radius
100 -1.000d. 10R magnetopause stand-off ; ‘
’ i E distance ey
~50Re Earth’s magnetosphere
~235R, 0.01 AU =i [l
~0.3 AU CME

Earth’s distance from the
Sun

1AU
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ANTASIATeR

Foreshock outline: from large to small

1. What is a shock? (15-50 Rg)
2. Shock obliquity:
quasi-perpendicular and quasi-parallel (~20 Rg)
Electron and ion foreshocks

3. Foreshock structures

1. Driven foreshock structures (2-10 Rg)

2. Intrinsic foreshock structures (1 Rg)
4. Fine structure (10-100 km)

Perpendicular shock ripples
Reconnection within the shock front
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Cluster 1 — 18 February 2002

1 What is a space plasma shock? = & WM i
a n 20-
ShOCk B : H H H H H H H :
upstream 2 downstream = ,
(b) S e e )
slower
B ] 3
L denser © fema ] A/W“W "
7| /Ay, hotter e,
. %0 Y
higher | B| @ Kmsl WW% -
100—: ‘ : vy (GSE)
Y (o) :
: vz (GSE)
flow speed FE itf
(f) %‘21000? 6.4
ShOCk: l MA, MS, Mf .5 100 zi

Sp eed Of |n fOF m atIO n T 1003:'47 DB145 05145 05150 0BT DBIS2 DBIS3 0BS54 08:55
time [UT] [Plaschke et al., 2018]
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1 Obstacles: magnetospheres

Bow shock position varies
mainly with solar wind dynamic pressure

t = 60.0 min

f
downstream 18
upstream %\ MHD mOdel Gorgon m L

y (Re)

Dynamic Pressure (nPa)

[Mejnertsen et al., 2018]

courtesy of R. Vaino~ ———————
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1 Obstacles: ionospheres, CME flux ropes...

Real solar wind is turbulent:
variations in upstream conditions over a range of scales

Solar wind -
coherence scale

(size of flux tubes)

70 - 100 Rg 100

& —conditions across g _

% Earth’s bow shock

ui often relatively

< uniform 100

9

©

>

g -200

n

o

% 200 100 Y o[RE] -100 -200
s [Borovsky 2018]
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1 Particle acceleration 101

Shock Drift Acceleration Diffusive Shock Acceleration

shock

Earth’s bow shock is

relatively small:
particles gain multiple Under typical solar wind
energy by interactions with conditions and without
drifting ~ waves upstream an interplanetary seed
along/against \ and downstream population, it does not
the convective lead to multiple accelerate ions above
electric field shock crossings 200-330 keV

[Meziane et al., 2002]

Wi = Uity

figures: R. Vainio

electrons

-
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2 Magnetic field orientation: shock obliquity

quasi-perpendicular quasi-parallel

B
upstream

upstream | shock

reflected particle
eB

n
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@ B. B, B, ' ' ' ' n -
S o 1 . 6, 7
o reflected particle e
sl . . . ! W p 5E§D ‘;::
_ O VoV V) ' ' : 495
= o B R A shock )
£ 200} Mww\nMW/\mJV\W
g1} N S S 1
= 10* {©) g
f 10° 5
g 10?] &
5| A " il P ol i AL B . i .
© 114430 14445 114500 04:50 05:00 05:10 05:20 05:30
2015-10-07 UTC o 2002-02-03 UTC
[Johlander, et al., 2016b] oblique [Johlander et al., 2016a]
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2 Curved bow shock
quasi-perpendicular and quasi-parallel regions coexist

Quasi- Foreshock Foreshock
a . b c B|IMF
(a) perpendicular B (P) Quasi- oz . © 3D 10-Aug-1998
MSH ! .
MP MP
X, Lo
A 1 gipm QID"‘[_ /] p—
Eartk._ Earth’_ Quasi- Earth.— .
Foreshock perpen- )
dicular
S Sun
o perpen- - RN \ 50
I Quasi- R :
Quasi-ﬁ\\ Jcular = parallel il 0 20 40 60 -50
perpendicular foreshock Y[RE]
. Ygipm ygipm Yﬂ'Pm x [ R E]
[Vuorinen et al., 2019] 1

key quantity: IMF cone-angle a = acos (%) € [0°,90°]

(also for the magnetospheric effects of shock dynamics)
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2 Foreshock
and velocity filter effect

* Foreshock = region upstream of
and magnetically connected to
the shock and filled with reflected
particles and associated
instabilities/waves

* (E x B)-drift velocity is the same

for all particles

- fastest reflected particles seen closest
to the tangent field line

* separation to electron and ion
foreshocks

« particles reflected at a higher 6z, will
advect to and modify the shock front

at a lower 0p,
[Wilson 2016; Tsurutani&Rodriguez, 1981]
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2 Electron foreshock

* Electron beams (>1 keV)
generate Langmuir waves at the
electron plasma frequency, which
convert to radio emission at twice
the electron plasma frequency

- ISEE-1, Wind, Cluster la] ®
measurements ®, = 50°-70°

* Examples of statistical maps built
from Geotail observations
[Kasaba et al., 2000]

« Same process as radio emissions
from CME-driven shocks in the
corona
- it’s all heliophysics!
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Cocuc 2 lon foreshock: distribution functions
= hybrid-Vlasov simulations and ISEE observations

PASCHMANN ET AL REFLECTI

bution could, for example, have oaly a single-beam which is
always aligned with the temporally varying magnetic field.
This would require the magnetic field to undergo substantial
@\ (~90°) changes in direction within a 3 5 period which does not

=m 1o be the case (C. T. Russell, private communication,
1980). of the L istributions such as
shown in Figure 15 demonstrate the need for short snapshot
times and good time resolution for studies of upstream ions.

4. OBSERVATIONAL SUMMARY
The results described in section 3 may be summarized s

follows:
1. The reflected ions have beam-like distribution func-

intermediate
ions

solar wind

435
PASCHMANN ET AL.. REFLECTE

» subject of a separate study [Paschmann et al., 1980). There
.« was shown that ions reflecting off the bow shock are acceler-
ated because they are displaced parallel to the interplanetary ¥
x B electric-field (see, e.g., Sonnerup [1969]). Varying ge-
ometries between the local shock normal A, ¥, and B account
for the observed variation in beam speed. In fact, the excellent
agreement between observed beam speeds and predictions of
the # x B acceleration model is the most convincing evidence
that such beams do indeed originate at the bow shock.

Great variations also occur in the beam density. In Figure
6, the largest beam density #,, is 0.8 cm™, the smallest ~0.02
cm™. These values correspond, repectively, to 13% and 0.3%

3
Contact Pl: minna.palmroth@helsinki.fi

of the incident solar wind densities. as measnred with the

~10 [Kempf et al., 2015; Paschmann et al., 1981] diffuse ions
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3.1 Driven foreshock structures
foreshock bubbles

non-uniform upstream B-field

* what: a hot core of low 2
. . . oL 7
density, low magnetic field, @ 20F .
with an upstream shock o Foreshock . % Nodownsiucam  Low fied sirength f - Upstream -
. ] ) &= JB8E  compression in core region shock i
* driven by rotational and thin & 3

tangential IMF discontinuities
[e.g., Liu et al., 2015]

[em™)

p. Density

- size >3 R; 53
simulations indicate up to -
the same size as the whole DPownstream Upsimam (g
foreshock [Omidi et al., EdVed=0 SRR MRS
2010; Liu et al., 2019] o XN\ &
* occurrence rate j1/day [Archer et al,, 2015] _
under favorable high solar =3
wind speed conditions © _
T tal.. 2013 56087 14 2787 %0 29% %
[ urner et al., ] [Turner et al., 2013]
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3.1 Driven foreshock structures: hot flow anomalies

* what: suprathermal ions f ® lE' ook 5 4
7y
channeled upstream at the PegRgare 3= 4
. - . . . Tangential -
intersection of a discontinuity  oioniniy - i
with the bow shock, with N se 3
compressions at its edges o §:§ S Y T —— 3.
00E . . . . IR A .
Schwartz et al. [1985] [Eastwood et al., 2015] g 1§§§ -
* MMS: Schwartz et al. [2018] Density lon Temperature = g§§
. 900 e T P g 0 Tars 2 200E
* size a few R @ o 3. owof
increases as it travels o £
across the shock 3 i
~ E%‘
* occurrence rate ~2/h 7 7o} o %

under favorable high solar
wind speed conditions 600 f
[Turner et al., 2013]

4 2o

e eFlux
[eV]

Seconds 30 00 00
2008 Jul 14 2227 2228 2229

[OmIdI&SIbeCk 2007] [Turner et al., 2013]
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ninsw
10

B/Bsw

Foreshock bubble formation - t = 425 s

3.1 Driven foreshock structures

¥ [Re]
y [Re]

time

204 Zor <1, 10
-10 0 10 20 30 -10 0 10 30
X [Re] X [Re]

HFA formation - t = 500 s

Tp [MK]

An IMF discontinuity may form both a bubble and
an HFA, and in observations it's often difficult to
distinguish which structure it is.

H

¥ [Re)
¥ [Re)

Main point: a structure with a hot tenuous core
driven by a discontinuity.

10 20 30
X [Re] X [Re]

End of HFA growth -t =530 s

Ty [MK]

10 30 4o

#
20{ 0

¥ [Re]
¥ [Rel

10

-200.0 '

[Vlasiator simulation, courtesy of L. Turc]
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3.1 Driven foreshock structures: key effects

Particle Acceleration Magnetospheric Response
 Transients with Foreshock Bubble Hot Flow Anomaly
hot, low-density cores and 1000aImost global out-in motion a sweeping bulge

compressional boundaries

* leading shock reflects solar wind ions
(secondary foreshock) 800
[Liu et al., 2016]

e occasional ion acceleration
[Liu et al., 2017a; Turner et al., 2018] 600 Bt

 energized ions leak out of the core
[Liu et al., 2017Db]

» electrons almost always energized,
up to 100s of keVs
[e.g., Wilson et al., 2016, * magnetospheric waves
Liuetal., 2017a,c 600 800 1000 1200 * aurora

Raptis et al., 2024, Shi et al., 2025] ° ground.magnetometers
[Turner et al., 2013]

I 17.0
2 | B, ® E Bow shock
-5.6 l Magnetopause
Tangential
Discontinuity

Solar Wind

Earth

Number Density

[Eastwood et al., 2015]
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3.2 Intrinsic foreshock structures: overview

« shock-reflected ions stream against the solar wind
+ generate waves (~30s; ~1Rg)

* waves are advected back towards
the shock

+ waves undergo nonlinear
interactions with themselves, the
xsw)jons, and locally generated waves,
generating structures:

-
solar wind

ion foreshock

ULF wave * troughs/depressions
boundary .
> cavitons

» spontaneous hot flow anomalies
* peaks/enhancements
+ shocklets

foreshock * short large amplitude magnetic
structures (SLAMS)

caviton

X [Rg]
Contact Pl: minna.palmroth@helsinki.fi; movie by M. Battarbee

\:@ Queen Mary
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3.2 Where it starts: waves vosxw Byl

30s Waves 1.5
« focus: sunward propagating fast T o AN A S
magnetosonic waves B 4 20| e
o
- generated by right-hand ion-beam N RPN 0.5 .
instability between SW and reflected ions & _,, - ¢ ©
. (O]
- period depends on IMF strength and e 10 5:~ 0 o
. . - 0
orientation: 3 MW i 3
q B cos '93.:' COs 9,5’;;- ® -1 P —0.5 LCIJ)
Wep = — - 15 2
‘ m oS Ona: E 10 W‘\M/\MW“ —40 i %
i) y —1.0 =2
[Takahashi et al., 1984; Le&Russell, 1996] " 0515:00 05:16:00 05:17:00 05:18:00 05:19:00 : =)
. . HH:MM:SS, d113, 2001, C2 ; 3 . 7 4
30s period at Earth; ~1 R wavelength [Eastwood et al., 2005] B o ot
* large amplitude |6B|/B~1 b w7 ] X[Re
- k deflected from B ~20° due to refraction by O u Review:
spatially varying suprathermal ions “‘?_ A <2 | wison 2016]
* convected by the solar wind towards the shock, -2}  [Archer etal., 2005];
modify it, and transmit into the magnetosphere 6-5-4-3-2-1 0123 456

E

f + "
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3.2 Troughs: cavitons and spontaneous hot flow anomalies

* cavitons: depressions of n

and B, but no T increase, with . 1R o _ :
“shoulders” at outer edges " slze =1 Re 2%
_ , same as 30s waves o 3
* where: deep in the ion _ T a 2
foreshock, surrounded by » effects: modify (weaken) R )
waves [Kajdic et al., 2017] the bow shock 2 € %
* form by interaction of parallel E & oF
and obliquely propagating g
waves R
[Blanco-Cano et al., 2009] 3 ;
- Spontaneous Hot Flow i
Anomalies: decrease in n P
and B, with increase in T S = 3 af
- form from cavitons Number Density L B2l B y
[Zhang et al., 2013] [Omidi et al., 2013] 2007 Aug 12 0430 gase

f + "
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. . oo ISEE @] &
3.2 Peaks: shocklets and SLAMS AN NNDNIN
-+ “30s waves”: fast magnetosonic waves |6B|/B,~ 1 “30s waves” I g
ﬂr = q)
- shocklets: steepened waves, associated with whistler B P N T T §
wave packets and diffuse backstreaming ion distributions, 25 e s = T
15 |6B|/B, <2 [e.g., Hoppe et al., 1981]
* where: close to the bow shock < CLUSTER 4
* size ~ 1 Rg (~30s) [e.g., Le and Russell, 1994] shocklets T R T Py
« Short Large Amplitude Magnetic Structures (SLAMS): < e~ s = = 8
fast mode pUIsat|0nS, m0n0||th|C, |63|/BO >2 (Up to 10) 11:206001 1:23:301 1:2 1:0011:21:3011:22:001 1:22:3011:23-00 ©
- where: close to the bow shock (they are the shock) ' ' ' ; ' g
* size > 1000 km [Lucek et al., 2004; 2008] e 8 §
« importance: ion energization by reflection and trapping SLAMS i
slow down the incoming flow . o
“building blocks” of the quasi-parallel shock : Mﬂ
-20

[e.g., Schwartz et al., 1991; 1992; Johlander et al., 201643] 20:57:30 20:58:00 J058:30 30:59:00 20:59:30 31:00:00

f + "
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From meso-scale to fine structures (UL& DC%/ ;uagjm..e.shock)
v Q QB ;
¢ 0‘9"’@
Electron
foreshock
Flow \%o \
—_— F
[Treumann&Jaroschek, 2008] N
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1 20(@) MMS3
4 Fine structures: I -
quasi-perp shock surface ripples |
(b) - -20
i 20 n{(})(m] -20 ABCDEOFGWL[?(IH] -20

Shock non-stationarity: >
Ay

ripples and reformation S

Affects electron acceleration
and ion reflection

Simulation predictions
[e.g., Lowe&Burgess 2003]

Quantitative observations

[Johlander et al., 2016Db]
* ripple wavelength ~4 d;, ~ 175 km

* ripple amplitude ~0.25 d;, ~ 10 km|

100 f(c) MMST  MMS2 ™ T T ]
= 80} MMS3 MMS4 ; ﬁ .
=, 60f { Y W\m
m 407 ) v ]

20 foeeadacaa

[Trotta et al., 2023] 9

10 15 20 25
ty [dia)

[Johlander et al., 2016b] = | e

+
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4 Fine structure:
reconnection within the shock front

- First observed at oblique and ™ e
quasi-parallel geometries 10 "
[Wang et al., 2019; =~

Gingell et al., 2019a] o

« Statistical observations
[Gingell et al., 2019Db]
+ present for all shock obliquities
» current sheet widths <10 d. ~ 8km
« typically feature electron-only x/d;
reconnection [Gingell et al., 2019a]
* primary consequence: relaxing
magnetic topology (not heating)

* Simulations
[e.g., Bohdan et al., 2017; Gingell et
al., 2017; Matsumoto et al., 2015]
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08:47:14

08:47:54 08:48:14 08:48:34 08:48:54

L M

N

Magnitude
7

= T T
—\

(1+2 L3 |

B ]
Ve |
vi ]

-: Wi 1 second |
a 0

log [DEF/(cm?

Ve LN (km/s)

[Gingell et al., 2019b]

vV, V,)  (kS)

L L
08:48:15 08:48:16 08:48:1
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Magnetosheath outline:
from large to small

1. Large scale flow and properties (15-50 Rg)

2. Shock obliquity:
quasi-perpendicular and quasi-parallel sheath (~20 Rg)
3. Magnetopause: (~20 Rg)
open or closed
4. Instabilities
mirror modes vs turbulence (10 - 100 km)
reconnection in turbulence (4 - 100 km)

5. Transient jets (600 km - 1 Rg)

\:@ Queen Mary
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1 Early magnetosheath modelling
Spreiter et al. (1966) Parker spiral IMF

» modelling of flow and shock wave:
» gas dynamic theory (hydrodynamic)

* magnetopause:

« tangential discontinuity ~ draping

* pressure balance
* axisymmetric

1
— arth .

 field inside:
twice the geomagnetic dipole field

——— Field line
— ~ == — Streamline

sonic line

* magnetic field: \ —_—

o 4 —’...._.
* frozen-in, added afterwards stream line N —




2 Compiled observations:
taking shock obliquity into account

magnetosheath interplanetary medium  Bowshock
reference frame: MIPM

- X Magnetosheath
+ against solar wind flow

- aberrated Earth-Sun-line Magnetopatss ———_|

Ymipm
N

o Y:
* IMF in X-Y-plane
» quasi-parallel on -Y side

bow shock and magnetopause models __/

* Verigin et al. (2001)

* Shue et al. (1998) _/

e F:
« radial fractional distance between boundaries Dimmock and Nykyri (201 3)

Q) Queen Mary
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2 Compiled observations:
velocity and magnetic field differences

T T T T T %gQ

THEMIS BN Il oy = TN ! B
FTON arger V. osf2 » 5 | larger B 11
40 | . ‘ g g. 40 B g 35 -%
\‘ 3 i .I E 0.6 :3 E 3.0 -3
L = = S 25
20 £ o4 20 5,
/a 0.2 /G? 1451
= & 1.0
: z O
= s
> >
-20 P / - —-20 i

—40 —40|

smaller B

quasi-para | smaller V “quasi-para
P TR R T P T | I RIS RS R S|

—-40 -20 0 20 40 —40 —-20 0 20 40
Xweu (Re€) Xweu (Re)

Dimmock and Nykyri (2013)
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3 Closed magnetopause leads to
plasma depletion layer

no m’pause reconnection effective m’pause reconnection
 conditions Low Magnetic Shear High Magnetic Shear
25 T T T T T T T
« strongly northward IMF 20 Magnetopause=-) ] | .
: - I 1 [
» effect enhanced during low M, 8 ‘:. e L 1@
N 1 - -
Z ;[ lower density . I .
. 0 L 1 | 1
» observations 2.0 : . . : :
3 1 !
« plasma-depleted flux tubes o 1.5¢ stronger B B N o iy B o
piled-up against magnetopause = 1 w
. & 0.5 1S - .
» strong acceleration on the flanks 0o ! J
due to magnetic pressure gradient 20  -15  -10 -5 0 2 -20 -15 -10 -5 0o 2

and magnetic tension forces Minutes after inward Magnetopause Crossing

[Phan et al, 1994]

-
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4 Instabilities: quasi-perp sheath mirror modes

0.6 1.1 1.6
.
1 LT LT
2o "L o * lon T anisotropy: N - 1 19" Mar 1998: nk;T,+B%/2y1,
l:-f'%@ Tperp>Tpara T‘ ﬁJ_ 10 |||1||||||||||||||||||l||||||||1||
L] . o
200 '_.’:oo  high beta: mirror modes
n ", . . .
15 -‘I < + spatially periodic pattern ool
% of “magnetic bottles” '
" 2« Band n anti-correlated,
i 5 L § slow-mode type disturbance, -4- L 06
e | g o pressure balance <
a = o v
o . . 2
>= °D i ~  + no motion in plasma rest frame g
i - :
o g + size: several ion gyroradii,
1 % hund redS Of km Observations Along Spacecraft Path
-10} . 0.2 4
10 é 18l ' )
-18), | 5 ¢ Laitinen et al. (2010):
! S . - 0.0 TT T T |4 ¢ |5 B E R T TT
\ [ *  modulation of MP reconnection < Bl e e Rl Rl
-20f = W 1 & . L. > 21® 21 % 0¥ 2% % 2%
3= o, by mirror modes (beta variations) ) ut
5 10 1t Treumann and Baumjohann (1996) Rae et al. (2007)
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4 Turbulent fluctuations: quasi-para sheath has more power

quasi-
parallel

fluctuations: 0.1 - 2 Hz

compressmnal: transverse:
Bpara Bperp
.’)O_ 30
% RS
20 g - 20 b \ -
= P i 2\ 3
10 . 5 10 5 g
o 0 T
x o
N oo N s T froeeeeneee
H H
> >
-10 'b“b -10
K4
-20 0%6\ -20
=30 N =30 b
0 5 10 15 20 25 0 5 10 15 20 25
Xuew (Re) Xuew (Re)
30 T 30 T
20 ™ ;z 20 F, ': ;!w,n
10 i 10 g
& e
L (g oo e s~ S
= =
> >
-10 &0 -10
.\,Q
-20 \)09 -20
-30 C -30 d
0 5 10 15 20 25 0 5 10 15 20 25
Xuew (Re) Xuiew (Re)

Dimmock et al. (2014)
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S/u 00 > MSA

S/WX 007 < MSA

E. (eV)

05:00

quasi-
perpendicular

05:20 05:30
2016-01-03 UTC
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4 Turbulent fluctuations: reconnection in thin current sheets

Standard magnetic reconnection

e Cluster observations

Several d,
» Retino et al. (2007) — e iG] —
 current sheet scale: ion inertial length 9
d; = 1s = 100km N Exit Alfvénic ion jet
- in situ evidence of reconnection and <_<LL . Sma"':::: :'em" -
crossing of the ion diffusion region i
) ——=— sevenlq,
° MMS Observations Super-Alfvénic electron jets
* Voros et al. (2017) ¢ \=
* Phan et al. (2018): electron-only reconnection \ %f 5
gl ) Z2\ / )
« current sheet scale: few electron inertial lengths ' S /M@ S
4 d. = 45ms = 4km M”ﬁ‘@ Tens of d %
- intense electron outflow and current /\ T
¢ \ / \ f/,-/: ;ﬁJ ":-’
- JE‘>0 | 2
* no ion-scale current layer, no ion jets =z

%Qd Queen Mary
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5 Transients:
magnetosheath jets

localised downstream dynamic
pressure enhancements: pV,?

size: ~0.5 R ~tens of d,
occurrence: ~3 jets/h

from: shock kinetic processes

drive: particle acceleration,
large amplitude waves,
reconnecting current sheets

reviews:

[Plaschke et al., 2018; Kraemer et al., 2025]

) L S
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incoming
SW structure

P

SW
modification

Solar wind

\ Q
. \
A \
IP shock 7 Bow |
\ 4,'(\ \:

\ Magnetosheath

aligned
—..currents

Modification of
surrounding flow

Dragging of
field lines

Bow waves

e- ﬁt‘k
nnectio

7l
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Transient structures near shocks

( ¢

credit:NASA S u m ma ry

coronal |interplanetary Mercury|Venus | Earth |Mars | Jupiter [Saturn|Titan | comets termination

shocks shocks shock
ULFs ? yes yes yes | yes | yes yes yes ? yes ?
shocklets ? rare yes? yes | yes | yes yes yes | yes yes ?
SLAMS ? no? yes yes | yes | yes yes yes ? yes ?
SHFAs ? ? ? yes | yes | yes ? ? yes? ? ?
HFAs ? ? maybe?| yes | yes | yes yes yes ? ? ?
FBs ? ? ? ? yes ? ? ? ? ? ?
jets ? yes maybe? ? yes |yes?| yes? ? ? ? ?

System specific but
universal physical processes

[Hietala et al. ISSI 2019]
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What’s next for Earth:
constellation mission

Cluster, 250 km separation
1Bl

SLAMS

ion scale
>

0 1'5 S
adapted from [Lucek et al., 2008]

W) Queen Mary

University of London

@ o
— 1D motion: 2 spacecraft
e.g., ISEE 1-2

2 o
Pl .
\\\ 6) 2D motion: 3 spacecraft
3D motion: 4 spacecraft
e.g., CLUSTER, MMS

distinguish growth vs motion?
"o ° P quantify non-planarity?
Pa measure non-linear gradients?

7 spacecraft

[Plasma Observatory team]

HELIOS
SWARM
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Backups



Shock scales exercise: interplanetary shocks

Each of you will get your own shock event observed by
Wind spacecraft at L1 and

explore it at different scales, and

compare with neighbor

How to access and plot data on CDAWeb:

https://cdaweb.gsfc.nasa.qgov/

1) Select Wind spacecraft (last in the alphabetic i =
and
magnetic fields (space)

zzzzzzzzz

and press “submit”

W) Queen Mary
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e Microsofi
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Shock scales exercise: interplanetary shocks

a OMNI_HRO_1MIN: OMNI Combined, Definitive, 1-minute IMF and Plasma Data Time-Shifted to the Nose of the Earth's Bow Shoc
[Available Time Range: 1981/01/01 00:00:00 - 2025/04/20 23:59:00] Info/DOI Metadata

a OMNI_HRO_5MIN: OMNI Combined, Definitive, 5-minute IMF and Plasma, and Energetic Proton Fluxes, Time-Shifted to the Nos¢
[Available Time Range: 1981/01/01 00:00:00 - 2025/04/20 23:55:00] Info/DOI Metadata

a OMNI_HRO2_1MIN: OMNI Combined, Definitive 1-minute IMF and Definitive Plasma Data Time-Shifted to the Nose of the Earth's
[Available Time Range: 1995/01/01 00:00:00 - 2025/04/20 23:59:00] Info/DOI Metadata

a OMNI_HRO2_5MIN: OMNI Combined, Definitive 5-minute IMF and Definitive Plasma, and Energetic Proton Fluxes, Time-Shifted 1
[Available Time Range: 1995/01/01 00:00:00 - 2025/04/20 23:55:00] Info/DOI Metadata

2) Se I eCt W I_H O_M F I (3 SeC, 1 m i n a n d 1 h OU r) a OMNI2_HO0_MRG1HR: OMNI Combined, Definitive, Hourly IMF and Plasma Data, and Energetic Proton Fluxes, Time-Shifted to th

[Available Time Range: 1963/01/01 00:00:00 - 2025/05/02 11:00:00] Info/DOI Metadata

a n d a OMNI_COHO1HR_MERGED_MAG_PLASMA: OMNI Combined merged hourly magnetic field, plasma and ephermis data - J.H. }
[Available Time Range: 1963/01/01 00:00:00 - 2025/04/29 01:00:00] Info/DOI Metadata
WI H 2 M F I (h |g h reS 1 1 HZ) WI_HO_MFI: Wind Magnetic Fields Investigation: 3 sec, 1 min, and hourly Definitive Data. - A. Koval (UMBC, NASA/GSFC)
—_ —_ ’ [Available Time Range: 1994/11/13 00:00:30 - 2025/05/07 23:59:30] Info/DOI Metadata
<

» WI_H2_MFI: Wind Magnetic Fields Investigation, High-resolution Definitive Data - A. Koval (UMBC, NASA/GSFC)
[Available Time Range: 1994/11/13 15:50:26 - 2025/05/07 23:59:59] Info/DOI Metadata

an d ress i su b m it” () WI_H3-RTN_MFI: Wind Magnetic Fields Investigation: 3 sec, 1 min, and hourly Definitive Data (RTN). - A. Koval (UMBC, NASA/G
p [Available Time Range: 1994/11/13 00:00:30 - 2025/05/07 23:59:30] Info/DOI Metadata

O WI_H4-RTN_MFI: Wind Magnetic Fields Investigation, High-resolution Definitive Data (RTN) - A. Koval (UMBC, NASA/GSFC)
[Available Time Range: 1994/11/13 15:50:26 - 2025/05/07 23:59:59] Info/DO| Metadata

O WI_K1-RTN_MFI: Wind Magnetic Fields Investigation, Key Parameters in RTN [PRELIM] - Andriy Koval (UMBC&GSFC)
[Available Time Range: 2017/01/01 00:00:19 - 2025/05/08 23:58:36] Info/DOI Metadata

WI_KO0_MFI: Wind Magnetic Fields Investigation, Key Parameters [PRELIM] - R. Lepping (NASA/GSF!
O SA/GSFC
[Available Time Range: 2017/07/01 00:00:00 - 2025/05/11 23:59:32] Info/DOI Metadata

a WI_H1_SWE: Wind Solar Wind Experiment, 92-sec Solar Wind Alpha and Proton Anisotropy Analysis - K. Ogilvie (NASA GSFC)
[Available Time Range: 1994/11/17 19:50:45 - 2025/03/19 23:53:26] Info/DOI Metadata

O WI_H1_SWE_RTN: Solar wind proton and alpha parameters, including anisotropic temperatures, derived by non-linear fitting of th
[Available Time Range: 1994/11/17 19:50:45 - 2025/03/19 23:53:26] Info/DOI Metadata

a WI_KO0_GIFWALK: Links to Wind KP pre-generated survey and other plots - Polar-Wind-Geotail Ground System (NASA GSFC)
[Available Time Range: Select dataset for details] Info/DOI Metadata

Submit || Reset

%Qf Queen Mary
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Shock scales exercise: interplanetary shocks

CDAWeb Data Explorer
9 Select start and stop times from which to GET or PLOT data:

Start time (YYYY/MM/DD HH:MM:SS.mmm): | 2025/05/07 00:00:00.000
Stop time (YYYY/MM/DD HH:MM:SS.mmm): | 2025/05/08 00:00:00.000

[2) compute uniformly spaced binned data for data (not

with noise filtering)

[ use spike removal to filter data without binning (not available with noise filtering)(Warning: Experimental !1).
3) Here you will insert your event time (in @ moment) s

O Data Availability Chart : Generate a chart showing when data is available for the selected data set(s) and time range (Select > 1day).

Plot Data : select one or more variables from list below and press submit.

a nd he re yo u Wl " Sel eCt you r m ag netl C fle I d data at [} Also create PS and PDF best quality outputs (all plot types except images and plasmagrams).

Many panels per dataset are allowed but <=4 panels optimal for standard Y-axis height and single page display.

. L] Use coarse noise filtering to remove values outside 3 deviations from mean of all values in the plotted time interval.
different cadences |

Change the X-axis width for time-series and spectrogram PNG plots (NEW default=3). haa

[J change the Y-axis height for ti ies and plots (NEW ).

) Autoscale time axis (useful for finding discrete bursts/events). e

(
[} combine all ti ries and plots, for all datasets, into one plot file.

a nd preSS “S ubm it” ) Plot overlay options.

O List Data (ASCIIICSV): select one or more variables from list below and press submit. (Works best for < 31 days)

© Download original files : press submit button to retrieve list of files. (Max. 200 days - use HTTPS site for larger requests)
O Create V3.9 CDFs for download: select one or more variables from the list below and press submit. aaa

© create audio files based on data from selected variables. More information about audification.

Note: CDF patch required for reading Version 3.9 CDFs in IDL or MATLAB.
Get CDFX - IDL GUI plotting/listing toolkit software. To be used with either the daily or "created” CDF files available above.

Pressing the "Submit” button will spawn a new window/tab in order to support the new "Previous™ and "Next" functions.

Submit | Reset

@ variable parameters (required for Listing, Creating and Plotting data only)

WI_HO0_MFI: Wind Magnetic Fields Investigation: 3 sec, 1 min, and hourly Definitive Data. - A. Koval (UMBC, NASA/GSFC)
Available dates: 1994/11/13 00:00:30 - 2025/05/07 23:59:30 Info/DOI Metadata Archive

(Continuous coverage not guaranteed - check the inventory graph for coverage)

Magnetic field magnitude (1 min)

(] Magnetic field magnitude (1 min - log scaled)

[J RMS magnitude (1 min)

(] Magnetic field vector in GSM cartesian coordinates (1 min)

[LJ RMS vector in GSM coordinates (1 min)

[ Magnetic field vector in GSE cartesian coordinates (1 min)

() Magnetic field vector in GSE angular coordinates (1 min)
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Shock scales exercise: interplanetary shocks

Task
*Assume ion inertial length d; = 100km, and solar wind velocity V, ~ 500km/s
*What temporal scales you need to look at if you're interested in

a) Reconnection in turbulence

b) Shock ion kinetic structures

c) Fluid scales (100-1000 d))

d) Space weather simulation output

(zoom out until you see the shock driver (CME))

11Hz, 3s, 1min, or 1 hour cadence?
How long a window size?

+ Make plots for each and discuss with neighbours

%Qd Queen Mary

University of London Hietala: Foreshock and Magnetosheath Transients



