
Simulations of time-dependent 
termination shock

Elena Provornikova1

M. Opher, V.V. Izmodenov, J. Sokol, P. Mostafavi, P. C. Brandt, 

P. Kollmann, J.D. Richardson

1- The Johns Hopkins Applied Physics Laboratory, Laurel, MD



August 19, 2024Elena Provornikova 2

• Motion of the heliospheric termination shock due to variations of the solar 

wind dynamic pressure

• Interaction of the termination shock with large-scale solar wind structures:
o CIR-like disturbances

o A pair of forward and reverse associated with GMIR

Outline



Global heliosphere simulations with the realistic solar 
wind boundary conditions at 1 AU
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Provornikova et al. 2014

• 3D global multi-fluid model 

developed in Boston U 

group (Opher et al. 2009, 

Provornikova et al. 2014)

• Covers 2 solar cycles 22-23

• Solar wind varies in time 

and latitude

• Boundary conditions 

inferred from Lyman-alpha 

data (Quemerais et al. 2006; 

Lallement et al. 2010) and IPS 

data
Solar cycle 22 Solar cycle 23 Solar cycle 24



Motion of the termination shock in solar cycle 23 
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Termination shock distances are close to 

actual Voyager crossings

Solar wind dynamic pressure at 1 AU Termination Shock motion

Declining phase: 

inward motion of 

the TS

Provornikova et al. 2014
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TS responses to the solar wind dynamic pressure

• TS responses to the SW 

dynamic pressure 

variations in about 1-1.5 

years

Credit to Justyna Sokol

Sokol et al. 2021

Izmodenov&Alexashov 2020

In 2021-2024 TS 

has moved 

outward. This is 

the effect of 

raising phase of 

solar cycle 25

Provornikova et al. 2014

Raise of the 

solar cycle 25
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What behavior of the TS we expect in coming years?

• Starting from ~2025 the solar cycle will 

enter the declining phase according the 

prediction from NOAA SWPC

• We expect the solar wind dynamic 

pressure to start decreasing

• We expect that TS will begin moving 

inward starting from ~2026-2027

• New Horizons will likely encounter the TS 

moving toward the Sun

• Need to update global models with most 

recent variations of solar wind dynamic 

pressure
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But there are local effects 
such as interaction of the 
termination shock with 
GMIRs and CIRs as well as 
solar wind structures at 
smaller scales

Sun

Earth



Multi-scale structure of the solar wind
• Large-scale disturbances in the solar wind (>107 km) 

o Coronal Mass Ejections (CMEs) 

o Corotating Interaction Regions (CIRs)

• Mesoscale structures (~104-106 km) in the solar wind: 

o Magnetic flux tube meandering, small-scale magnetic flux ropes, density fluctuations, CME and 

CIR substructures 

• Small ion-kinetic scale (<103 km): MHD and kinetic waves

8
Interstellar Probe Exploration Workshop | Explorer’s Club | NYC | 10-12 October, 2018.

Resolving mesoscales in global solar 

wind simulation for the first time

GAMERA-Helio model (Mostafavi et al. 2022)

Stream interaction regions



Solar Coronal Mass Ejections and MIRs
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Magnetized clouds of plasma released from the Sun, merge in the 

heliosphere and produce large-scale disturbances in the solar wind and in 

the VLISM

Merged Interaction Region in Outer Heliosphere • CMEs expand, merge forming MIRs

• Drive shocks in outer heliosphere

• Significant change in solar wind parameters

• Modulate transport of cosmic rays

Richardson et al 2006

Voyager 2 at 79 AU



MIRs in transit through heliospheric boundaries
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Two-dimensional MHD interaction of two shocks

Baranov, Barmin, Pushkar` 1996

• Five dimensionless parameters define the 

flow after shocks’ interaction

• Shocks, other type discontinuities and 

waves arise in interaction

Provornikova et al. 2013

3D simulation of MIR-driven shocks 

interaction with the Termination Shock

• Result of the TS and IP shock 

interaction: TS strength decreased by 

10% 

• Displaced outward by 3 au

• Result of TS and reverse shock 
interaction: TS strength increase by 

10% and displaced outward by 2 au
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Corotating Interaction Regions

Gosling and Pizzo 1999

• Region with high plasma density, 

pressure, magnetic field

• Forward-reverse shocks form at 

distances 2-8 AU from the Sun

• Measured in-situ by L1 observatories, 

Ulysses, Voyagers, Pioneer
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CIRs are complex long-lived 3D structures

Gosling and 

Pizzo 1999

Schematic view

• Forward shocks propagate toward the equator

• Reverse shocks propagate toward the poles

• Ulysses:

• More forward shocks at low heliolatitudes (<10º)

• More reverse shocks at higher heliolatitudes (>30º)

• Both forward and reverse shocks at mid latitudes Guo and Frorinski 2014
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New Horizons observed successors of CIRs at 30-35 AU 

Kollmann+ 2019

• Interpreted at forward shocks 

associated with CIR remnants

• Similar plasma structures were 

detected by Voyager 2 at 45 AU 

(Lazarus et al. 1999)

• What processes led to a lack of 

reverse shocks at these 

heliocentric distances? 

• 3D evolution: reverse 

shocks are dominant at 

higher latitudes

• Reverse shocks become 

weak in CIR merging 

process?

Forward shocks
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Weakening of CIR shocks in the heliosphere

• Reverse shocks weaken and 

disappear due to interaction 

with rarefaction waves 

behind the CIRs in the solar 

wind.

• Forward shocks are left but 

weaken

• Fast magnetosonic waves 

propagate in the heliosheath

• Qualitatively agrees with 

solar wind speed profiles 

observed by SWAP/New 

HorizonsSimulation of CIR-like plasma structures

(Provornikova et al. 2012)

BU Global Model

Forward shocks 
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• Termination shock is expected to be moving inward after 2026-2027 due to the declining 

phase of the solar cycle 25. New Horizons may encounter the shock during its inward 

motion.

• GMIRs and CIRs will cause motions of the TS and modify the shock strength

• PUIs will modify these interactions

What is next for modeling?

• Need to extend the solar cycle model to current times to model TS motion for the New 

Horizons

• Need a more realistic model of GMIRs and CIRs in the outer heliosphere

Summary
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