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Why do we use numerical models?

• Data-model comparison

• Phenomenology

• Prediction

• NOAA SWPC
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Figure 8. The comparison of the simulated north component of the magnetic field perturbations (red) with HOP (a),
HOV (b), and RAN (c) magnetometer measurements (blue) are shown in between 1430 and 1500 UT. The solid green
line shows the response to solar wind dynamic pressure drop. HOP = Hopen Island magnetometer; HOV = Faroe
Island magnetometer; RAN = Rankin Inlet magnetometer.

and the magnetometer observations to subtract the response to the background activity. The Hopen Island
(HOP) magnetometer, located in the dusk sector at the time, recorded an enhancement lasting 5 min, fol-
lowed by a 4-min drop in the north (N) component of the magnetic field. The magnitude variation was not
well captured by the simulated magnetometer. The drop in the simulated north component lasted longer
in the simulated response. The Faroe Island (HOV) magnetometer recorded a slight 3-min enhancement
followed by a larger 4-min drop in the magnetic field, which was captured by the model. This trend was
opposite to the midlatitude magnetometer behavior reported in Ozturk et al. (2017) for local noon during
SI+s. The Rankin Inlet (RAN) magnetometer located in the dawn sector recorded a 4-min drop followed by
a 4-min increase in the magnetic field. The responses of the HOV and RAN magnetometers to the magneto-
spheric expansion were well captured by the model; however, the simulation underestimated the magnitude
of the perturbations, indicating the perturbations in the I-T system can be stronger than modeled. There was
also a third response following the PI− and MI−, starting around 1448 UT at dawn and dusk sectors. This
response was referred to as a second MI response by Fujita et al. (2005), but this recovery response is beyond

Figure 9. The Global Ionosphere Thermosphere Model results for ion temperature and convection profiles at 210 km (top row) and electron density (middle
row) are shown for 1435 (a), 1438 (b), 1440 (c), 1445 (d), and 1450 UT (e). The bottom row shows the ion temperature for a meridional cut taken between 50◦
and 90◦ latitude at 11 LT, with horizontal ion convection velocities plotted on top for the same time steps. P1 and P2 show the location of ionospheric
perturbations at 14.5 and 7.5 LTs, respectively.

OZTURK ET AL. 2622

Ozturk+2019

Zhou+2018



Space Weather Prediction Center
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Recorded at 13:13 UT

https://www.swpc.
noaa.gov/products
/geospace-
magnetosphere-
movies

https://www.swpc.noaa.gov/products/geospace-magnetosphere-movies


Overview

1. Definitions
1. Particle-in-Cell (PIC)
2. Magnetohydrodynamic (MHD)
3. Hybrid

2. Examples
1. PIC
2. MHD
3. Hybrid

GOALS:
• To tell you what numerical models are

• Some examples
• Their limitations
• The bleeding edge

• To give you some vocabulary
• So you can ask questions

about them at GEM
• So you know how to learn more
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Particle-In-Cell
• Plasma as an ensemble of

charged particles
• Typically, macro-particles

• Particle locations and velocity,
EM fields evolve over time

• Newton’s equations
• Maxwell’s equations

• Discretization: how will you represent 
continuous things on a grid?

• In space
• In time

• Example: iPIC3D

14 CHAPTER 1. PARTICLE-BASED SIMULATION OF PLASMAS

grid. The interpolation formulas derived above provide the rule to exchange information
between grid and particles.

Figure 1.4: Illustration of the coupling between Maxwell’s and Newton’s equations. New-
ton’s equations need the electric and magnetic fields and Maxwell’s equations need the par-
ticle positions to compute the sources: current and density. The computational particles are
indicated as coloured dots, bigger yellow ions and smaller orange electrons. The dot size is
indicative of the mass of the particles, not their sizes. All computational particles have the
same size: their size is identical to the size of the cells but with their centre on the centre of
the particles.

The question is how to deal with the coupling of Maxwell’s equations for the fields and
Newton’s equations for the computational particles. In principle as the particles move, the
fields evolve as well, any change in one side of Fig. 1.4 reflects on the other. The first point
to keep in mind is the vastness of the information being exchanged. Modern PIC methods on
supercomputers (i.e. parallel computers made of hundreds of thousands of processors) use
millions of cells and billions of particles. In fact, the state of the art is starting to reach the
trillion particle level. The desire to use more and more particles to cover phase space more
accurately suggests to keep the operations per particle as simple as possible.

This guiding principle has long suggested to use explicit methods, a decision whose
wisdom will be questioned below. In explicit methods, the two sets of equations, Maxwell’s
and Newton’s are solved in a marching order. Using the visualisation scheme in Fig. 1.4, we
can assume that each side can be advanced for a small time step, while the other is assumed
temporarily frozen. We can advance the particles for a small time step in given fields. We
use then the new particle positions and speeds to compute the current and density to advance
the fields for the same small time step. If the time step is small enough, this procedure has
a small error. The method just described is called explicit. The advantages of the explicit
approach is to be extremely simple but the disadvantage is that the time step has to be very
small.

Figures via 
Lapenta, ISSS-13

1.5. TEMPORAL DISCRETISATION OF THE PARTICLE METHODS 15

1.5.1 Explicit Temporal Discretisation of the Particle Equations
Let us start with discretising in time the Newton’s equations for the particles. The simplest
and most widely used explicit algorithm is the so-called leap-frog algorithm based on stag-
gering the time levels of the velocity and position by half time step: xp(t = nDt) ⌘ xn

p and
vp(t = (n+ 1/2)Dt) ⌘ vn+1/2

p . The update of position from time level n to time level n+ 1
uses the velocity at mid-point vn+1/2

p , and similarly the update of the velocity from time level
n� 1/2 to n+ 1/2 uses the mid point position xn

p. This stepping of velocity over position
and of position over velocity gives the method its name for its resemblance to the children’s
game bearing the same name (see Fig. 1.5).

Figure 1.5: Visual representation of the leap-frog algorithm. The time discretisation is stag-
gered, with the electric field, charge density and particle positions at integer times and the
magnetic field, current and particle velocity at half time steps.

The scheme is summarised by:
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where the use of En
p and Bn

p implies knowing the solution of Maxwell’s equations given
the particle information. The first equation is clearly explicit, the second can be formulated
explicitly as a roto-translation of the vector vn�1/2

p . The velocity equation can be rewritten
in the equivalent explicit form:
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Magnetohydrodynamics

• Plasma as a charged fluid
• The MHD equations:

• Transport equations for mass, momentum, energy of the plasma
• obtained by taking velocity moments
• of the seven-dimensional non-linear integro-differential Boltzmann 

equation
• assuming Maxwellian velocity distributions
• and including Ohm’s law and Maxwell’s equations
• closed after the second moment (energy) by assuming equilibrium
• in the absence of source/loss terms such as ionization and collisions
• with acceleration due only to the Lorentz force and gravity
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Magnetohydrodynamics
• Plasma as a charged fluid
• The MHD equations:

• Transport equations for mass, momentum, 
energy of the plasma

• Ideal MHD trades kinetic physics for 
computational efficiency

• or, small scales for large scales
• Some useful consequences

• Frozen-in-flux condition
• Quasi-neutrality
• MHD wave modes

• Examples: SWMF, GAMERA (LFM)
NUMERICAL MODELING | cdha@umich.edu 7
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Figure 3. The pressure contours in the XZ plane with open (black) and closed (white) magnetic field lines are shown on the left for 1435 UT (a) and 1438 UT
(b). The purple dot shows the location of THEMIS-D, whereas the pink dot shows the location of MMS-1. On the right, contours of VX are plotted with
magnetospheric flow vectors (c, d). The blue (red) contours on the top of the Northern Hemisphere show the magnetic field lines centered at the flow vortices
that carry downward (upward) field-aligned currents at 1438 UT. Numbers 1 and 2 show the magnetospheric flow perturbations at the negative preliminary
impulse phase. Purple dots indicate the locations of the flow perturbations associated with vortices 1 and 2. MMS = Magnetospheric Multiscale;
THEMIS = Time History of Events and Macroscale Interactions during Substorms.

was located in the dayside afternoon sector [3.4, 10.7, −2.1 RE], very close to the magnetopause before the
decompression, while MMS-1 was located in the tail dawn sector [−22.4, −9.9, 5 RE] during the event. The
Electrostatic Analyzer (ESA) from THEMIS-D was used to understand the magnetospheric flows at this
location, whereas the Fluxgate Magnetometer (FGM) from MMS-1 was used to understand the change in
magnetic field configuration.

3. Results
3.1. Magnetospheric Response
Figures 3 and 4 show the evolution of the global magnetosphere system before and during the decompres-
sion. The temporal variation of the pressure profile in the XZ plane is shown in Figures 3a and 3b, including
the locations of the MMS-1 and THEMIS-D spacecraft. The white dots show the location of the magne-
topause lobe boundary, and the pink dots close to the Z = 0 plane mark the current sheet boundary. The
front of the dynamic pressure drop can be seen as the red to blue transition propagating near 13 RE at 1435
UT and 5 RE at 1438 UT. The equatorial flow profile can be seen on the right (Figures 3c and 3d) with the
solar wind and magnetosheath flow vectors.The contour colors represent the x component of the flow veloc-

OZTURK ET AL. 2617

Ozturk+2019



Hybrid

• Plasma as a superposition of fluids 
and discrete particles

• E.g., PIC ions + fluid electrons
• Examples:

• AIKEF
• Adaptive hybrid simulation for space plasma 

physics
• Vlasiator (kind of?)

• ion velocity distribution functions + MHD 
electrons
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Summary
Commonalities
• Solving a set of more-or-less-complicated equations
• Trade grid resolution for computational efficiency
• Speed-of-light condition
• Have sources of error, non-physical effects
Differences
• PIC can reproduce kinetic physics, but is very expensive for large 

domains
• MHD can efficiently model large-scales and some instabilities
• Hybrid simulations can model scales, physics in-between
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It’s more 
complicated 
than this!



Global MHD simulation of the
Earth’s magnetosphere: 
Ozturk+2019

NUMERICAL MODELING | cdha@umich.edu 10

Journal of Geophysical Research: Space Physics 10.1029/2018JA026315

Figure 1. The IMF BY , BZ , solar wind VX , NP, Pdyn, and sym-H values from OMNI solar wind database for the time interval between 1400 and 1500 UT (a) and
the same parameters (except sym-H) extracted from the simulations at the subsolar point [17 RE] for the time interval between 1420 and 1450 UT (b) are shown.
The solid green line shows the time of the pressure drop.

tions together with a magnetohydrodynamic (MHD) simulation and identified the magnetospheric source
region of observed ionospheric vortices. Their results showed a counterclockwise rotating vortex in the dawn
sector in the equatorial magnetosphere during the MI− phase as a result of the magnetospheric expansion.

In this paper, a sudden solar wind dynamic pressure decrease is investigated using global MHD and
ionosphere-thermosphere (I-T) models as well as in situ spacecraft and ground magnetometer observations.
The purpose of this study is to investigate the magnetospheric and ionospheric sources for the PI− and
MI− signatures, determine the polarity distribution of the ground magnetometer responses to SI−s, iden-
tify the ionospheric regions which are most prone to SI− events, and understand how the ionosphere and
thermosphere systems are affected in those regions.

2. Methodology
2.1. Simulation Setup
The 11 June 2017 1430–1500 UT interval was chosen to study the effects of the sudden solar wind dynamic
pressure decreases on the geospace system. The Global Magnetosphere (GM), Inner Magnetosphere (IM),
and Ionospheric Electrodynamics (IE) modules of the Space Weather Modeling Framework (Toth et al.,
2005) were coupled to represent the magnetosphere system. The GM module, that is, University of Michigan
Block Adaptive Tree Solarwind Roe Upwind Scheme (BATS-R-US), is used to solve for ideal MHD equations
in GM domain and is two-way coupled with the Rice Convection Model (RCM; Toffoletto et al., 2003) that
models the inner magnetosphere kinetic physics. Taking the time-dependent magnetic and electric field
input from the GM module, RCM calculates the E × B and gradient curvature drifts to solve the particle
transport equations. The GM module then transfers the field-aligned currents including the IM region to the
high-latitude electrodynamics model. The Ridley Ionosphere Model (RIM) was used (Ridley et al., 2004) as
the IE model. When coupled with global and inner magnetosphere models, it takes the Region 1 and Region 2
currents at the top of the ionosphere, generates a conductance pattern based on an empirical relation, and
calculates the electric field potentials, which are then passed back to the GM module.

OZTURK ET AL. 2615
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Figure 3. The pressure contours in the XZ plane with open (black) and closed (white) magnetic field lines are shown on the left for 1435 UT (a) and 1438 UT
(b). The purple dot shows the location of THEMIS-D, whereas the pink dot shows the location of MMS-1. On the right, contours of VX are plotted with
magnetospheric flow vectors (c, d). The blue (red) contours on the top of the Northern Hemisphere show the magnetic field lines centered at the flow vortices
that carry downward (upward) field-aligned currents at 1438 UT. Numbers 1 and 2 show the magnetospheric flow perturbations at the negative preliminary
impulse phase. Purple dots indicate the locations of the flow perturbations associated with vortices 1 and 2. MMS = Magnetospheric Multiscale;
THEMIS = Time History of Events and Macroscale Interactions during Substorms.

was located in the dayside afternoon sector [3.4, 10.7, −2.1 RE], very close to the magnetopause before the
decompression, while MMS-1 was located in the tail dawn sector [−22.4, −9.9, 5 RE] during the event. The
Electrostatic Analyzer (ESA) from THEMIS-D was used to understand the magnetospheric flows at this
location, whereas the Fluxgate Magnetometer (FGM) from MMS-1 was used to understand the change in
magnetic field configuration.

3. Results
3.1. Magnetospheric Response
Figures 3 and 4 show the evolution of the global magnetosphere system before and during the decompres-
sion. The temporal variation of the pressure profile in the XZ plane is shown in Figures 3a and 3b, including
the locations of the MMS-1 and THEMIS-D spacecraft. The white dots show the location of the magne-
topause lobe boundary, and the pink dots close to the Z = 0 plane mark the current sheet boundary. The
front of the dynamic pressure drop can be seen as the red to blue transition propagating near 13 RE at 1435
UT and 5 RE at 1438 UT. The equatorial flow profile can be seen on the right (Figures 3c and 3d) with the
solar wind and magnetosheath flow vectors.The contour colors represent the x component of the flow veloc-
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iPIC3D+LSK simulation of the 
Earth’s magnetotail: Zhou+2018
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Figure 3. . 3-D view of reconnection geometry at three different times (a) t = 22.4 s, (b) 39.7 s, (c) 70.4 s. The format is the same as Figure 1 except that the slices show
the electron average temperature. The yellow rectangles above and below the neutral sheet in panel (a) are the launch regions of the test electrons.

10.1029/2018JA025502Journal of Geophysical Research: Space Physics

ZHOU ET AL. 8092

doi: 10.1029/2018JA025502



The Vlasiator: kinetic-fluid simulations of 
the Earth’s ion foreshock
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equatorial plane,
30° IMF,
plasma densitydoi: 10.1029/2018JA025466

https://www.helsinki.fi/en/researchgroups/vlasiator/simulations

https://www.helsinki.fi/en/researchgroups/vlasiator/simulations


Some questions to think about when 
someone puts up a nice colorful plot
• What quantity is being shown?

• Mass density of O+

• UX,Y streamlines of O+

• What is the grid resolution?
• It changes!

• Is this a steady-state or time-
dependent simulation?

• Steady state- multifluid 
simulations take a longer time to 
converge!
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Some important stuff I did not cover

• Inner magnetosphere models
• e.g. Rice Convection Model, RAM-SCB

• Ionosphere
• e.g. GITM, RIM (Ask Agnit)

• Magnetic topology
• Tsyganenko Magnetic Field

• Solar corona
• AWSoM and AWSoM-R (yes really)

• https://ccmc.gsfc.nasa.gov/models/models_at_glance.php
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I cannot 

stress this 

enough there 

are so many 

models

https://ccmc.gsfc.nasa.gov/models/models_at_glance.php


Thanks for your attention!
• Check out the Modeling Methods and Validation FG

• But hopefully there are model talks in every focus group!
• Model development always needs a trade study

• Between computational efficiency and accuracy
• Between sophistication and sources of error
• Weaknesses are mitigated by using multiple models
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More References

• PIC
• iPIC3D

• Markidis+2010, 
doi:10.1016/j.matcom.2009.08.038

• Hybrid
• AIKEF

• Müller+2011, 
doi:10.1016/j.cpc.2010.12.033

• MHD
• SWMF and BATS-R-US

• Tóth+2012, 
doi:10.1016/j.jcp.2011.02.006

• http://csem.engin.umich.edu/
• GAMERA (LFM)

• Zhang+2019, arXiv:1810.10861v2
• http://civspace.jhuapl.edu/gamera

ISSS-14: International School/Symposium for Space Simulations to be held in Japan, Fall 2020
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