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Abstract

Energetic particle fluxes that are part of the Earth’s ring current and radiation belts can intensify significantly during space weather
events like geomagnetic storms and could cause severe damage to satellite-based technologies. Understanding the physical processes that
control their dynamics and improving our capability for their prediction is thus extremely important. In the context of space weather
applications and user needs, this paper provides a brief description of our kinetic ring current-atmosphere interactions model with
self-consistent magnetic field (RAM-SCB) and its further extension to implement a self-consistent electric (E) field. Specific examples
that demonstrate RAM-SCB capabilities and limitations to reproduce the near-Earth space weather environment are given. The current

status of RAM-SCB is assessed and plans for its further improvement are discussed.

© 2022 COSPAR. Published by Elsevier B.V. All rights reserved.

1. Introduction

The highly dynamic conditions in the near-Earth space
environment, known as ‘“‘space weather”, affect a variety
of sophisticated technologies our society is increasingly
dependent on. Among the space-borne technologies are
broadcast TV/Radio, cell phones, GPS, internet,
commercial/military/scientific satellites, etc. Spacecraft
users and operators need a good representation of this
plasma environment since, for example, charged particles
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can cause a buildup of charge on spacecraft materials
and interfere with satellite functioning (Gubby and
Evans, 2002). Ground-based technologies such as high
voltage transmission lines and electric power grids are also
affected by space weather events and specifically by the geo-
magnetically induced currents (GICs) due to variable mag-
netic fields at Earth’s surface (Mate et al., 2021). Prediction
of severe space weather events is highly desirable to allow
for advanced preparation and protective actions (Morley,
2020). Therefore, the complex interactions that occur in
the inner region of the magnetosphere, driven by processes
on the Sun and modified by local conditions, are of much
concern to space scientists and researchers. Large efforts
to develop accurate models of this space plasma environ-
ment with both nowcasting and predictive capabilities are
ongoing. This paper provides a brief description of the phy-
sics and numerical implementation of one such model
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(RAM-SCB) that has grown from a research-grade code
with limited options to a rich, highly configurable research
and operations tool with a multitude of applications and
output products.

2. Model description

The Ring current — Atmosphere interactions Model
(RAM) with self-consistent (SC) magnetic (B) field is a
unique code that combines a kinetic model of ring current
plasma with a three-dimensional (3-D) force-balanced
model of the terrestrial magnetic field. The two codes work
in tandem, with RAM providing anisotropic pressure to
SCB and SCB returning the self-consistently calculated
magnetic field through which RAM plasma is advected; a
schematic representation is shown in Fig. 1. The code has
currently been expanded to include a self-consistent calcu-
lation of the electric (E) field too, and this version is abbre-
viated as RAM-SCB-E. The realistic inflow of plasma from
the magnetotail during storm-time is specified from
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observed particle flux data from geosynchronous (GEO)
satellites or from other models.

2.1. Ring current — Atmosphere interactions model (RAM)

The Ring current-Atmosphere interactions Model
(RAM) (Jordanova et al., 1996, 1997, 2008, 2010b) was
developed to study the transport, acceleration and loss of
ring current ions and relativistic electrons in near-Earth
space. It differs from other ring current models that use adi-
abatic invariants as independent variables, by tracking the
variables energy (E) and equatorial pitch angle («,), which
makes direct comparison of model results with observa-
tions easier. It solves numerically the bounce-averaged
kinetic equation for the phase space distribution function
Oi(R,, ¢, E 1, t) of species [ as a function of time:
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Fig. 1. Schematic representation of the Ring current — Atmosphere interactions Model with Self-Consistent magnetic (B) field (RAM-SCB). The model is
driven by spatially- and temporally-varying electric and magnetic fields, obtained from empirical models (e.g., Weimer, 2001; Tsyganenko, 1989) or
calculated self-consistently. The plasma boundary conditions are obtained from geosynchronous observations or from other models.
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Oa% + 1% ag(, (R (R Q)) + % (4ho) + # 2 (w5 0,)+
I

Here p is the relativistic momentum of the particle, vy is
the relativistic factor, R, is the radial distance in the mag-
netic equatorial plane (from 2 to 6.5 Rg by default), ¢ is the
geomagnetic east longitude (or magnetic local time, MLT),
E is the kinetic energy of the particle (from ~ 0.1
to ~ 500 keV), a, is the equatorial pitch angle (from 0°
to 90°) and u, = cos(a,). The index o refers to quantities
in the magnetic equatorial plane and the brackets < >
denote bounce averaging; this formalism is applicable in
regions where the first two adiabatic invariants are con-
served, which is typically true for the inner magnetosphere
(Wolf, 1983). The purely field-geometric integral

h=1/(2R,) [ds/\/(1 — B(s)/B,) is calculated along the
field lines and between the mirror points where the field
intensity is B,,. At present the code includes four ion spe-
cies (H", He", N" and O") and it is set up to easily accept
new ion species.

The left-hand side of Eq. (1) describes the transport and
acceleration of charged particles in time-dependent electric
(convection and corotation) and magnetic fields. RAM can
be easily updated to incorporate various electric and mag-
netic field models. At present, the choice of electric field
models includes Volland-Stern (V-S) (Volland, 1973;
Stern, 1975), Weimer (2001, 2005), and self-consistent
(SCE) (Yu et al., 2017). The choice of magnetic field mod-
els includes dipole, Tsyganenko (1989, 1996), Tsyganenko
and Sitnov (2005), and self-consistent (SCB) (Zaharia
et al., 2006). The terms on the right-hand side represent dif-
ferent loss mechanisms; at present they include charge
exchange, both energy and pitch angle scattering by Cou-
lomb collisions, wave induced and field line curvature scat-
tering, and loss to the atmosphere. Many of these losses
depend on the cold plasma densities and to this end
RAM is coupled with a time-dependent plasmasphere
model (Rasmussen et al., 1993). The geocoronal hydrogen
density model of Rairden et al. (1986) is used to calculate
losses due to charge exchange. The ion and electron scatter-
ing by electro-magnetic ion cyclotron (EMIC) waves is
included according to quasi-linear theory where the wave
amplitudes are provided from statistical models
(Shreedevi et al., 2021; Zhu et al. 2021; Tian et al. 2022,
Zhu et al., 2022), or the wave growth is calculated self-
consistently with the evolving ring current ion distributions
(Jordanova et al., 2001). The wave-induced scattering of
relativistic electrons by whistler mode hiss inside the plas-
masphere and whistler mode chorus outside the plasmas-
phere is calculated wusing either electron lifetimes
(Jordanova et al., 2010a), diffusion coefficients from statis-
tical wave models (Yu et al., 2016), or event-specific diffu-
sion coefficients (Jordanova et al., 2016; Yu et al., 2022).
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Finally, losses due to field-line curvature scattering induced
by nonadiabatic particle motion in weak magnetic fields
are incorporated in RAM using either lifetimes (Eshetu
et al., 2021) or diffusion coefficients (Yu et al. 2020).

2.2. Self-consistent magnetic field (SCB) model

In order to calculate the magnetic field (B) self-
consistently with the anisotropic plasma population,
RAM was coupled with a 3-D force balance model (e.g.,
Jordanova et al.,, 2006, 2010b; ; Zaharia et al., 2006,
2010; ) that solves the single-fluid plasma force balance
equation:

JxB=V-P=VP, —V.|[(P.—P))bb] (2)

where J is the current density, P is the pressure tensor,
and P, and Py are the pressure components perpendicular
and parallel to the magnetic field, respectively. This force
balance algorithm is valid for the inner magnetosphere,
where the flow is subsonic (slow-flow approximation) and
the inertia of the plasma can be neglected (Wolf, 1983),
and has the capability to compute equilibria where the
numerical solution may become MHD unstable. Express-
ing the magnetic field as B = Voz x Vf; in which case a
magnetic field line corresponds to the intersection of two
(o, p) Euler potential isosurfaces, the force balance equa-
tion can be decomposed into two coupled “quasi 2-D”
inhomogeneous partial differential equations:

v {(wE)ZVﬂE (Vo - V,BE)WE}

:_%. {VPL+(1—0)V<B;>] (3)
V- [(VBe) Vi — (Vo - VB) V|

Here 0 = 1 4+ (P, — Pj)/B*. These equations are solved
together with two Maxwell’s equations:

VxB=pJ (5)
V-B=0 (6)

The system of equations (3) — (6) is solved numerically
using a Picard iteration procedure. The anisotropic plasma
pressures in the equatorial plane are supplied from RAM
and are mapped along magnetic field lines assuming energy
and magnetic moment conservation and an ‘“‘empty loss
cone” formalism (Zaharia et al., 2000).

2.3. Self-consistent magnetic and electric field (SCB-E)
model

In addition to including magnetic field self-consistency,
the code was further developed to also include a self-
consistent electric field coupling with the plasma (Yu
et al., 2017). In the case of no parallel potential drop, like
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in the inner magnetosphere, the electric field could be
derived from the Poisson equation for the electric potential
® solved at ionospheric altitudes:

V- (Z . Vq)) = _JH sin/ (7)

where J| is the density of field-aligned currents (FACs)
flowing into and out of the ionosphere, X is the height-
integrated ionospheric conductance tensor, including both
Hall and Pedersen conductances, and 7 is the magnetic field
inclination angle. The FAC density is calculated with a for-
mula obtained considering charge neutrality (Zaharia
et al., 2010):

By () - 2T ()

where k = (b - Vb) is the field line curvature. To obtain
FAC density at ionospheric altitudes, Eq. (8) is integrated
along magnetic field lines from the equatorial plane to
the ionosphere.

Several physical processes contribute to the ionospheric
conductance: diffuse auroral precipitation, discrete auroral
precipitation, solar EUV radiation, and polar rain. An
empirical function (Moen and Brekke, 1993) based on the
solar zenith angle and the F10.7 index is used to obtain
the dayside conductance associated with solar EUV radia-
tion. A small background conductance is applied over the
polar cap above the open/closed field line boundary to
include the weak contribution from polar rain. The empir-
ical Robinson relation (Robinson et al., 1987) is employed
to calculate the diffusive aurora conductance using the pre-
cipitation energy flux obtained from RAM, as well as the
discrete aurora conductance using the FACs calculations
described above. The auroral conductance can also be
determined in a more physics-based manner by passing
RAM’s particle precipitating flux to a 3-D ionospheric elec-
tron transport code. Further details on the calculation of
the electron precipitation from RAM and its mapping to
ionospheric altitudes to calculate the auroral conductance
are provided in Yu et al. (2016, 2017). The coupling of
RAM-SCB-E with the ionospheric electron transport
model GLOW (GLobal airglOW) that performs the calcu-
lation of the auroral conductance from first principles (i.e.,
including the atmospheric ionization and emission created
by electron precipitation) is described in Yu et al. (2018). In
this case, the GLOW model takes RAM’s electron precip-
itating flux as input and computes vertical profiles of Hall
and Pedersen conductivities; these profiles are then inte-
grated over altitude to yield the conductance. The version
of the code with self-consistent electric field (RAM-SCB-
E) is still under active development.

2.4. Data assimilation framework

An ensemble-based data assimilation framework has
been developed to improve RAM-SCB nowcast and poten-
tial forecast when in situ measurements are available. The
method applied to RAM-SCB is an Ensemble Kalman Fil-
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ter (EnKF) with orthonormal projections and is described
in Godinez et al. (2016). This approach was applied to sim-
ulate the enhancement of the ring current during geomag-
netically active periods of time. The state of the ring
current was corrected using proton flux observations from
the Magnetic Electron and Ion Spectrometer (MagEIS)
instrument on both Van Allen Probes A and B to better
calibrate the model solution. Fig. 2a and 2b show the par-
ticle pressure in the equatorial plane for a model simulation
without data assimilation (left plot in each panel) and with
data assimilation (right plot in each panel) for (a) 12:00
UTC and (b) 14:00 UTC. In order to assess the forecast
error, we performed a validation experiment, where we
assimilated the proton flux only from Van Allen Probe A
and compared the assimilated result against Van Allen
Probe B. The normalized root mean square (RMS) error
in the spin-averaged flux for energies below 200 keV from
this validation experiment is shown along the Van Allen
Probe B orbit in Fig. 2c. It is evident that this approach
could provide orders of magnitude improvement in model
fluxes and is a promising tool to better characterize the sur-
face charging environment. It should be noted, however,
that RAM-SCB with data assimilation requires signifi-
cantly more computational resources than without, as the
assimilation process requires an ensemble of RAM-SCB
simulation to be run simultaneously to create the necessary
input for the EnKF algorithm.

3. Required inputs, installation and execution

In RAM-SCB the kinetic equation (1) is written in con-
servative form (Jordanova et al., 1996) which preserves the
total number of particles and is thus better for numerical
implementation. For input, RAM requires an initial distri-
bution function, an outer boundary flux, as well as pre-
scribed electric and magnetic fields. The SCB code
requires as inputs plasma pressure and an outer magnetic
field boundary. Recent updates to the numerical implemen-
tation of the equations and the coupling between the two
models with the goal of improving the robustness of
RAM-SCB are described in Engel et al. (2019).

3.1. Numerical grid, initial and boundary conditions

The RAM domain is a circle in the magnetic equatorial
plane, extending from 2 Rg out to 6.5 Rg by default, with a
grid resolution of 0.25 Ry and 0.5 MLT. Usually, the res-
olution is kept fixed for the entire simulation, although
RAM has been updated to include the infrastructure for
adaptive grid resolution. In addition, the code has the
capability to output initialization files at any desired time
during a simulation, making it easy to split and restart a
simulation. The initial conditions could be set up after
satellite observations or by using a restart file from a previ-
ous simulation. Typically, the model is run for ~ 6 h of
quiet time before the storm commencement to obtain a
realistic initialization.

Please cite this article as: V. K. Jordanova, S. K. Morley, M. A. Engel et al., The RAM-SCB model and its applications to advance space weather
forecasting, Advances in Space Research, https://doi.org/10.1016/j.asr.2022.08.077



https://doi.org/10.1016/j.asr.2022.08.077

V.K. Jordanova et al.

( a ) Model Assimilation

12

10 10!

P [nPa)

O] 1 %0 1
2013-07-18 12:00 10 2013-07-18 12:00 10

Advances in Space Research xxx (Xxxx) xxx

Assimilation
12

10! 10!

F; [nPa]

00 ’ 00 ‘
2013-07-18 14:00 10 2013-07-18 14:00 107!

RMS of flux along RBSP-B

7 - - .
6l
=5 —
Saf
=
02
-1

L

03:00 _ 06:00 _ 09:00

12:00

15:00 18:00 21:00

time (UTC) for July 18, 2013

— RMS for assim RAM

—— RMS for non-assim RAM

Fig. 2. (top) Ring current pressure at the geomagnetic equator at (a) 12:00 UT and (b) 14:00 UT from (left column) unassimilated model result and (right
column) assimilated model result with data from the Van Allen Probes A and B flying near the equator during 18 July 2013. (bottom) Root mean square
(RMYS) error of the flux along the Van Allen Probe B trajectory for a validation experiment (assimilating proton flux from Van Allen Probe A and

comparing the assimilated result against Probe B).

The RAM flux boundary conditions determine the par-
ticles that enter the simulation from the outer edge and are
typically derived from LANL GEO satellite measurements
or Kp-driven analytical models. RAM is capable of run-
ning with an analytic magnetic field model, but the inclu-
sion of the self-consistent magnetic field component
(SCB) provides a much better result. SCB requires the spec-
ification of an outer boundary in order to solve the force-
balanced equations, which can be provided through the
various Tsyganenko magnetic field models as well as event
fitted models (e.g., Brito and Morley, 2017). Like the mag-
netic field, the electric field can be provided using a number
of different models as mentioned above; by default, the
Volland-Stern electric potential is calculated using the Kp
index. Additionally, if solar wind data is provided to
RAM, the Weimer electric potential models can be used
to calculate the electric field. The Weimer model also acts
as the boundary condition for the self-consistent electric
field.

In addition, RAM-SCB may be used as a component of
the Space Weather Modelling Framework (SWMF) (e.g.,
Welling et al., 2018). Under this mode, RAM-SCB receives

initial and boundary conditions from the Framework’s
other components and returns plasma properties to create
a two-way coupled system.

3.2. Installation and performing simulations

RAM-SCB is developed and tested on the linux operat-
ing system, and while installation and simulation may be
possible on other systems, this is not currently supported.
To install RAM-SCB the system must satisfy the prerequi-
sites. That is, the GNU Scientific Library (GSL) must be
present, and NetCDF-Fortran must be installed. As the
build system leverages the SWMF build system, Perl is also
required. Once the prerequisites have been installed, the
user can configure the build and compile the code. Under
the SWMF build system compilers are required that sup-
port Fortran, C and C++. RAM-SCB is developed and
tested with gfortran, gcc and g++. Build configuration sets
up the make system and tells RAM-SCB where to find its
dependencies. RAM-SCB supports auto-detecting the loca-
tions of NetCDF and GSL, assuming that the command
line utilities are properly installed.
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The standard usage of RAM-SCB mirrors that of
SWMF, such that the code builds in place, and is not
strictly installed. For simulations, a run directory must first
be generated, and this can be performed using the build
system. The default run directory provides a configuration
file along with initial and boundary conditions for some
test simulations. The user is directed to RAM-SCB’s docu-
mentation for setting up simulations.

4. Example applications

The RAM model has been used extensively over the
past > 25 years to study various aspects of inner magneto-
sphere dynamics. At first, it was employed to simulate the
effects of transport, energization, and loss in a dipolar
model of the Earth’s magnetic field on the major ring cur-
rent ion species, i.e., H', O, and He" (e.g., Jordanova
et al., 1996, 2001; Kozyra et al., 2002; Liemohn et al.,
2000) as well as on the relativistic electrons (Jordanova
et al., 2008; 2010a). Later, RAM was extended to non-
dipolar magnetic field geometry and coupled with SCB to
study these effects in a self-consistently calculated magnetic
field (e.g., Jordanova et al., 2006; 2010b; Zaharia et al.,
2006; 2010). Several representative examples from recent
RAM-SCB studies that demonstrate its space weather
applicability are provided in this section.

4.1. Stand-alone RAM-SCB

The RAM-SCB code has been improved significantly
during the SHIELDS project (Jordanova et al., 2018) in
order to simulate accurately the surface charging electron
environment during periods of intense geomagnetic activ-
ity. Not only the models have been modernized and made
more user friendly, but also a number of changes to their
functionality like decoupling of the RAM and SCB grids,
improvements to the force balancing methods, and proper
tracking of the magnetopause have been implemented
(Engel et al., 2019). These new capabilities were demon-
strated with a simulation of the 17 March 2013 geomag-
netic storm, where the integrated > 10 keV electron flux
was used as one of the metrics (Fig. 3a); elevated fluxes
at these energies can imply a satellite surface charging haz-
ard. Results from the new model (blue line) showed much
better agreement with Van Allen Probe observations (black
line) than results from the old model (red line). As shown
by Engel et al. (2019), the new model configuration repro-
duced better the observed sym-H index too (Fig. 3b) and
reduced its RMS error by more than a factor of 2, demon-
strating a significant quantitative improvement in the
simulation.

Recently, we used RAM-SCB to investigate ring current
variations during the 7-8 November 2017 geomagnetic
storm and showed that the ion and electron fluxes mea-
sured by the Arase satellite were fairly well reproduced
(Kumar et al., 2021). To study the spatial/longitudinal
variation in the ring current we used observations from
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30 low to midlatitude (09°-45° MLat) ground magnetic sta-
tions, which showed clear dawn-dusk asymmetry during
this storm period. We compared the contribution of the
different charged particle species (H", He™ and O™ ions
and electrons) to the horizontal magnetic field deformation
(AH) observed at these ground magnetic stations. In gen-
eral, RAM-SCB results showed that the electrons con-
tributed ~12 % to the total ring current pressure while
the ions contributed ~88 % and were the major contribu-
tor. However, during the main phase of the storm the elec-
tron contribution was non-negligible (~18 %) in the dawn-
side, and thus ring current electrons have contributed sig-
nificantly to the negative AH variations observed at ground
in the dawn sector.

4.2. RAM-SCB coupled with SWMF

Besides the capability to run RAM-SCB as a stand-
alone model, it can also be used as a flexible tool that is
fully coupled to the Space Weather Modeling Framework
(SWMF) (e.g., Welling et al., 2018; Yu et al., 2014, 2016;
Zaharia et al., 2010). This option allows the user to explore
how the ring current interacts with the magnetosphere-iono
sphere-thermosphere system. The SWMF handles the cou-
pling between RAM-SCB as an inner magnetosphere com-
ponent with BATSRUS (the global magnetosphere
component) and RIM (the ionospheric electrodynamics
component). In this case, RAM-SCB uses input from
BATSRUS to specify the plasma and magnetic field
boundary conditions at GEO, and the RIM ionospheric
electric potential mapped along SCB magnetic field lines
to the equatorial plane to calculate particle drifts. In
return, RAM-SCB passes the total plasma pressure to
BATSRUS to correct the MHD solution, and electron pre-
cipitation to RIM to update the ionospheric conductance.
The coupling between the models allows for the develop-
ment of feedback loops and various consequences, such
as increased pressure in the inner magnetosphere and
stretching of the MHD magnetotail. As a result, more real-
istic values of the Dst index are obtained (Welling et al.,
2018).

Several versions of these models were used in the
community-wide challenge organized by the Geospace
Environment Modeling (GEM) program to assess the capa-
bility of inner magnetosphere models in determining the
surface charging environment for the Van Allen Probes
during a geomagnetic storm event (Yu et al., 2019). For
this challenge, the storm of 17 March 2013 was selected
as one of the major storms that has been extensively stud-
ied by the community. Fig. 4 demonstrates the results from
this GEM challenge, where the observed electron flux
(black line) integrated between 10 and 50 keV was used
as the metrics and was compared with four different simu-
lations (color lines). In addition, to quantitatively measure
the model performance against observations, several skill
scores (e.g., prediction efficiency, cross correlation, root-
mean-square error, prediction yield, and symmetric signed
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percentage bias) were applied. Although no model excelled
in all skill scores, it was found that RAM-SCB driven by
observational boundary conditions at GEO generally
reproduced the most realistic flux. The electric field also

played a crucial role in effectively transporting the plasma
toward the Earth, highlighting the importance of its realis-
tic representation.
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4.3. Near real-time version

During the SHIELDS project (Jordanova et al., 2018)
we started developing a near real-time version of RAM-
SCB with the key aim of predicting energy spectra of par-
ticle fluxes along specified satellite trajectories. For long-
term simulations with operational implications, we require
that the simulation configuration be robust, and that the
simulation will run faster than real time with limited
resources. To this end, our initial near real-time version
uses a centered dipole magnetic field model. For specifica-
tion of the flux outer boundary, we need to ensure that data
are available, and to ensure that both nowcasts and fore-
casts can be made we use models of fluxes at GEO
(Denton et al., 2015, 2016). When driven by a prediction
of the Kp index this allows several hours of lead time,
and when using upstream solar wind data as a driver the
lead time is reduced to less than an hour. An example out-
put using forecasted Kp to drive the model and providing a
3-hour prediction of the electron flux (1-400 keV) along
Van Allen Probe A trajectory is shown in Fig. 5.

Depending on available resources, more complex config-
urations may be appropriate for nowcasting and forecast-
ing use, including substituting the centered dipole
magnetic field with the self-consistent model using a more
realistic outer magnetic field boundary (e.g., Tsyganenko,
1989) that can also be used in a predictive mode. Following
the recent updates to the numerical implementation of
RAM-SCB described in section 3.1 (cf. Engel et al., 2019)
we anticipate that configurations appropriate to near-real
time or predictive use will be robust enough to consider
for operations. These candidate configurations will be
tested for robustness as part of our forthcoming transition
towards providing RAM-SCB as an on-demand service
(see section 5).

5. Future directions

Accurate modeling of the near-Earth space environment
has important scientific and societal implications. This
paper highlights current RAM-SCB capabilities and recent
improvements to simulate inner magnetosphere dynamics.
We envision several possibilities for future RAM-SCB
model development and its space weather applications,
which are the following:

1. Building on the recent improvements in robustness, and
the real time demonstration described in section 4.3, we
are now working, in partnership with NASA’s Commu-
nity Coordinated Modeling Center (CCMC), towards
providing RAM-SCB as an on-request service. This
work will include ensuring that RAM-SCB can use
CCMC data sources to specify the necessary inputs
and boundary conditions. By starting with simpler con-
figurations, such as the real time configuration, we can
ensure that the workflow from user request to quicklook
visualization is robust before enabling greater flexibility
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for users of CCMC’s runs on request. Making RAM-
SCB more accessible via CCMC also requires expansion
of the documentation to include guidelines for use, and
development of streamlined tools to calculate and visu-
alize derived products.

. An International Space Weather Action Team (ISWAT)

on the near-Earth radiation and plasma environment
(G3) was recently formed to enhance collaborations
among scientists worldwide with the goal to advance
understanding of this environment and its potential
harmful effects on spacecraft electronics or life in space.
Modeling capabilities were recognized as important
tools for near real-time monitoring and forecasting of
this space plasma environment. As a first step, several
benchmarking challenges were organized to assess the
performance of models that use GEO measurements
for the outer boundary condition. We are taking active
participation in the surface charging benchmarking
challenge organized by ISWAT G3-02 and are perform-
ing simulations with RAM-SCB for the selected chal-
lenge events; these results will be delivered to CCMC
for further analysis.

. The data assimilation method in RAM-SCB has been

able to provide an improved forecast compared to a sim-
ulation without data assimilation. The current imple-
mentation uses a simplified dipole magnetic field. The
near-future plan is to test the data assimilation with a
more realistic magnetic field. Additionally, there is data
available on other particle species, which will be used to
further improve the RAM-SCB forecast by assimilating
multiple particle species into the model. Finally, the
implementation of machine learning techniques into
RAM-SCB is being considered, specifically for the esti-
mation of a self-consistent magnetic field computation.
Using machine learning to provide an estimate of the
magnetic field will improve computational costs and
simulation time, which can be used to speed-up the data
assimilation.

. Finally, as a component of the SWMF, the RAM-SCB

code will help improve the physics-based modeling of
geomagnetic disturbances and GICs. These disturbances
depend strongly on the field-aligned current closure
through the ionosphere and thus on the ionospheric
conductance. We are implementing the addition of elec-
tron and ion precipitation from RAM-SCB into the cal-
culation of the ionospheric conductance. This approach
will provide much better, dynamic specification of the
ionospheric conductance compared to statistical models.
This improvement is especially needed during highly dis-
turbed periods when GIC effects become significant and
will be the subject of future studies.
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