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Research-based monitoring, prediction, and analysis
tools of the spacecraft charging environment for
spacecraft users
Yihua Zheng, Maria M. Kuznetsova, Antti Pulkkinen, Marlo Maddox, M. Leila Mays

Abstract—

The
Space
Weather
Research
Center
(http://swrc.gsfc.nasa.gov) at NASA Goddard and the
Community
Coordinated
Modeling
Center
(http://ccmc.gsfc.nasa.gov) are committed to providing researchbased forecasts and notifications to address NASA's space
weather needs, in addition to its critical role in space weather
education. We provide a host of services including spacecraft
anomaly resolution, historical impact analysis, real-time
monitoring and forecasting, tailored space weather alerts and
products, weekly summaries and reports. In this paper, we focus
on how near real-time data (both in space and on ground), in
combination with modeling capabilities and an innovative
dissemination system called the Integrated Space Weather
Analysis System (iSWA http://iswa.gsfc.nasa.gov), enable
monitoring, analyzing and predicting the spacecraft charging
environment for spacecraft users. Relevant tools and resources
are discussed.

II. SWRC ACTIVITIES AND ISWA
Resourecs at SWRC’s disposal include more than a decade’s
worth of modeling capabilities enabled by CCMC, in addition
to (near) real-time data streams. These assets enable SWRC to
provide a broad range of space weather services, products and
tools to address the dynamic needs of NASA users. Accurate
experimental research forecasting and real-time monitoring of
both large-scale and local space environments and their
probable impacts on missions are of particular importance. We
not only specialize in state-of-the-art forecasts but also
provide notifications, space weather analysis, and spacecraft
anomaly resolution support.
A. CCMC Real-Time Modeling Capabilities
CCMC has the largest collection of the most advanced space
science and space weather models, currently totaling around
60. These models cover the entire space weather domain. A
near-comprehensive subset of them is running in real-time to
support space weather activities, thus allowing a broad range
of space weather phenomena and impacts to be modeled. We
have models for forecasting both the ambient solar wind and
the solar wind with occurrence of a Coronal Mass Ejection(s)
(CME) via WSA+ENLIL+CONE and its variants [1], [2] or
using the Heliospheric Tomography Model (HELTOMO) [3],
to name just a few examples. Flare forecasting/monitoring
capability is enabled by models such as ASAP [4], MAG4 [5],
and ASSA (http://www.spaceweather.go.kr/models/assa). We
have models capable of forecasting/monitoring radiation
effects due to energetic ions and electrons, whether exogenous
(such as solar energetic particles or galactic cosmic rays) or
endogenous (but influenced by solar wind conditions, e.g.,
radiation belt electrons) to Earth. Other real-time modeling
capabilities include 3-dimensional simulation of the
magnetosphere and ionosphere, scintillation effects, highfrequency radio wave absorption effects, drag effects, aurora.
Experimental forecasting of geomagnetically induced currents
(GICs) is also available [6], [7].
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I. INTRODUCTION
The Community Coordinated Modeling Center (CCMC) is
a United States multi-agency partnership with the mission of
enabling, supporting and performing research and development
for next-generation space science and space weather models. It
was established in 2000 as an essential element of the National
Space Weather Program and has been designed to be a long
term and flexible solution to the research to operation (R2O)
problem. Since its inception, CCMC has revolutionized the
way how state-of-the-art models are utilized in research. Gaps
exist, however, in closing the loop from research to operation.
In addition, with NASA spacecraft operating throughout
interplanetary space, the ability to anticipate and mitigate solarsystem wide space weather hazards is more essential than ever
before. Space weather concerns prompted the establishment of
the Space Weather Research Center (SWRC) in 2010. SWRC
has been providing customized space weather services to
NASA robotic missions, while responding to other agency
needs. The SWRC team has also played an important role in
education and in carrying out space weather related research.
SWRC has been complementing and strengthening CCMC
capabiities.

B. NASA Data and Research
Data from NASA missions such as SOHO (conducted jointly
with the European Space Agency), STEREO, and SDO
provide our initial views of space weather events from several
vantage points. Monitoring the Sun is our first line of defense
in determining the potential space weather impacts of solar
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activity. The observations and findings from these missions
are cornerstones of our space weather services.

summer bootcamp in June 2013. As a part of REDI, SWRC
has trained now five undergraduate students to carry out
space weather forecasting in support SWRC activities. The
students perform routine SWRC forecasting duties
throughout the academic year. In January 2014, such space
weather training was extended to NASA mission operators
and engineers where more than 70 people participated in an
abridged 2-day course.
SWRC also engages in other types of educational efforts
including hosting many visits from NASA Headquarters, other
government agencies, international partners, teachers,
university professors/students and the general public.

C. ISWA (Integrated Space Weather Analysis System)
As the primary space weather analysis tool used by
SWRC, the integrated Space Weather Analysis (iSWA)
system (http://iswa.gsfc.nasa.gov) serves as a one-stop shop
for space weather information, where anybody can access a
wealth of observational data, simulation results and hybrid
information with the ease of browsing the web. As a powerful
decision-making tool, iSWA is user-configurable. The system
offers an unprecedented ability in analyzing the current and
expected future space weather impacts on NASA’s human and
robotic missions. Its archival capability supports historical
event analysis and anomaly resolution.
In addition, the NASA Space Weather App, powered by
the iSWA system, is available for IOS devices from the
iTunes App Store (https://itunes.apple.com/us/app/nasa-spaceweather/id422621403?mt=8) as well as Android devices from
the
Android
Market
(https://play.google.com/store/apps/details?id=gov.nasa.gsfc.is
wa.NASASpaceWeather).

Fig 2a. Different types of space weather storms and their drivers

III. SERVICES, PRODUCTS, AND TOOLS RELEVANT TO
SPACECRAFT CHARGING
Fig1. The inaugural SW REDI Boot Camp Participants in 2013

D. Educational Activities
CCMC launched a novel Space Weather Research,
Education and Development Initiative (REDI), starting in the
summer of 2013. The new initiative brings a new generation
of space weather instruction to educational institutes
nationwide as well as to international collaborators. Hands-on
training for the next generation incorporates modern space
weather observations and cutting-edge space weather
modeling and forecasting, from three-dimensional analysis of
observed coronal mass ejections to modeling of their
geomagnetic induction in the upper mantle of the Earth. The
training also provides in-depth understanding on how various
technologies are impacted by space weather, from single
event effects caused by solar energetic particles and galactic
cosmic rays to increased corrosion of oil pipelines caused by
geomagnetically induced currents. The picture in Figure 1
was taken during the first 2-week long space weather REDI

Fig 2b. Space weather impacts on satellites from different types of storms
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Figures 2a and 2b illustrate the range of space weather impacts
on satellites. For any technological asset operating in space,
there are four major types of hazards presented by the
radiation and plasma environment [8]: 1) Single event effects
(SEE) due to protons and heavy ons with energies of 10s of
MeV/amu (the sources of these particles are solar energetic
particles and/or galactic cosmic rays); 2) Internal charging
caused by energetic electrons with energies above about 100
keV (e.g., radiation belt electrons) that penetrate a vehicle; 3)
Surface charging caused by electrons with energies from one
hundred eV to 10s of keV that interact with spacecraft
surfaces; 4) Event total dose caused primarily by solar protons
and possibly also by transient trapped particles, typically
protons with energies near 10MeV.

severe the storm is, the more severe the charging hazard is.
Internal charging, meanwhile, is determined by the flux level
(and accumulative) of energetic electrons along a spacecraft’s
orbit. For spacecraft operating at or in the vicinity of
geosynchronous orbit, the internal charging hazards are
usually brought by high speed solar wind streams. However,
for spacecraft located inside geosynchronous orbit,
geomagnetic storms resulting from CMEs can be more
effective for building up energetic electron flux levels.
A. Solar wind forecasting with/without CMEs (longer leadtime)
‘Stormy’ conditions
At SWRC, solar wind forecasting has been made routinely
available since March 2010 using WSA+ENLIL and its
variants. While WSA+ENLIL has been used to forecast
ambient solar wind, the model suite WSA+ENLIL+CONE has
been used to forecast solar wind with occurrence of a CME (or
CMEs). SWRC has been monitoring CMEs occurring in all
directions, not just those having an earthward component. For
majority of the CMEs (including earth-directed ones), the
simulation results from WSA+Enlil+ Cone are available on
iSWA. Besides various graphic outputs such as the 3-D
density map, velocity map, or pressure map in different cut
planes, products with the temporal profile (line plots) of the
simulated density, magnetic field magnitude, and velocity can
also be found. Figure 3 shows a snapshot (when it was about
to arrive at STEREO A) of the modeled solar wind density
distribution for the 23 July 2012 CME. The solar wind density
distribution from three different viewing perspectives is
displayed, with the left panel providing a view of the ecliptic
plane, the middle panel showing the meridian plane cutting
through the Sun-Earth line, and the right panel showing the
Mercator projection of the 1 AU (Astronomical Unit)
spherical surface (the horizontal axis showing the latitude and
the vertical axis showing the longitude). For Earth-directed
CME simulation, CME arrival time (usually it is the arrival
time of its shock) and the duration of impact are standard
outputs. In addition, we also provide Kp forecasts for three
different clock angles as the magnetic field direction within a
CME is unknown and cannot currently be reasonably
predicted. For a significant CME with a fast speed (above
1000 km/s), the lead-time is usually 1-2 days. The lead-time is
longer for slower ones. Starting January 2014, ensemble runs
(usually 48 ensemble members are used) of any earth-directed
CME have been executed to have a better handle of the
dynamic error bar associated with CME predictions. Since
March 2013, CCMC has initiated space weather scoreboard,
where a community ensemble of CME arrival prediction is
made possible using different methods/models. In the future,
we plan to extend the scoreboard to forecasting other space
weather phenomena such as flare, geomagnetic storms and so
on.

Fig3. Stormy condition forecasting (with CMEs) using WSA+ENLIL+Cone

In this paper, we focus on the products/tools that are
relevant to 2) internal charging and 3) surface charging.
The plasma population in the near-Earth environment
that is responsible for the surface charging resides in the
plasma sheet, the ring current and the aurora zone, whose
behavior is dynamically affected by the level of geomagnetic
storm and substorm activities. Similarly energetic electrons
that can cause internal charging of spacecraft component
reside mostly in the highly dynamic radiation belts – whose
behavior is driven by the external solar wind conditions and
internally modulated by the local plasma/field conditions.
Therefore a long-lead time forecasting of the plasma
environment that leads to surface charging and internal
charging boils down forecasting solar wind conditions that are
responsible for enhanced geomagnetic activities (geomagnetic
storms). There are two major types of geomagnetic storms:
one driven by coronal mass ejections and the other by coronal
hole high-speed streams (HSS) and the slow-fast wind
interaction region. It should be mentioned that a geomagnetic
storm sometimes can be caused by a mixture of the two types.
Kp, a geomagnetic activity index ranging 0 to 9, is widely
used in space weather operations despite its three-hour
cadence. The severest geomagnetic storms (Kp=9) tend to be
caused by CMEs or CME related while geomagnetic storms
caused by high-speed streams (HSS) are at most moderate
(Kp=6). For surface charging, generally speaking, the more

This iSWA layout shows the 7 January CME that was
associated
with
an
X1.2
class
flare
(http://bit.ly/Jan7_2014_CME_products).
The
top
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products/cygnets are mostly observations related to the CME
including coronagraph images from STEREO A, B and SOHO,
SDO/AIA images of the associated active region (also by
SDO HMI images) and the eruptions, followed by the flare
intensity profile measured in soft X-ray by GOES. The bottom
products start with a normal run of WSA+ENLIL+Cone
model for the CME. To its right, it also displays the ensemble
simulation result using the median CME input parameters
(median values of all 48 members). In addition, other products
associated with the ensemble run are also shown.

from the interaction region (onset of the high speed stream)
detected at ACE spacecraft location - Lagrangian 1 point).

0836%UT%

0840%UT%

0852%UT%

0908%UT%

Fig5. The formation and injection of a new electron population around 08:40
UT may be responsible for the failure of Galaxy 15 spacecraft.

B. Models/Products driven by ACE measurements (short
lead-time)
Since transients/structures in the solar wind measured at ACE
reach Earth in 30 minutes to 1 hour, the models rely on such
measurements only have a short lead time forecast. They more
or less serve as real-time monitors. The benefit of these 3-D
models, however, is that they help provide a global picture and
compensate for the limitations of sparsely available
observations.

Fig4. Observation of a coronal hole and its high speed solar wind forecasting

Ambient solar wind and coronal hole high-speed streams
WSA+ENLIL is running routinely to forecast ambient solar
wind. It is also capable of forecasting arrival of coronal hole
high speed streams at Earth. Coronal holes are identifiable
from EUV images of the sun, from which we can also forecast
the arrival of coronal hole high speed streams at Earth based
on its location at the sun in relation to Earth and the rough 27
day rotation rate. Its high-speed stream typically starts to reach
Earth when a coronal hole is located around 30-45 degrees
west in the solar disk. Due to its recurrence and the fact that
EUV images of the sun are also available at STEREO A and B
locations, a longer lead-time forecasting of a coronal hole high
speed stream is possible. The top panel of Figure 4 shows the
193 Å (angstrom) images of the sun from SDO/AIA with the
left one taken on June 1, 2012 and the right one taken on June
4, 2012. A bird-shaped coronal hole is noticeable from both
images. On June 4, 2012, the high speed stream from the
coronal hole started to impact Earth. The bottom panel shows
the corresponding simulated velocity map from WSA+ENLIL
where its results match the EUV images. The June 1, 2012
EUV image of the coronal hole can be used to forecast its
arrival at Earth. When coronal holes cannot be easily
identified from EUV images, WSA+ENLIL modeling result
serves as a nice addition. Coronal hole high speed streams
constitute as an important contributor to enhanced radiation
belt fluxes at geosynchronous obit (usually takes about 2-3
days for the greater than 0.8 MeV electrons to reach 10^5 pfu

Kp forecast
Using the coupling function in [9] and ACE measurements,
we have a Kp forecast on iSWA, serving as an overall
measure of geomagnetic activities. Here is an iSWA layout:
http://bit.ly/Kp_forecast.

Hazards for Test GEO Vehicle
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Fig6. A potential display for different hazard types. IC – internal charging,
DOSE—event total dose, SEE—single event effects, SC—surface charging
(courtesy: Paul O’Brien).
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Ring Current and Radiation Belt Models
As mentioned above, ring current and aurora plasmas pose
significant threat to spacecraft in terms of surface charging.
The Fok ring current model [10] driven by the magnetic field
from a global MHD model – Space Weather Modeling
Framework (SWMF) [11] – has been running in real-time for
many years. The model outputs particle fluxes (for both
electrons and protons) at different energies (ranging from 1
keV to 300 keV) and the results are available on iSWA. Here
is an iSWA layout showing products from the ring current
model: http://bit.ly/ring_current_products.

Hemispheric power due to auroral precipitation is also
available on iSWA, which is shown in this layout here
(http://bit.ly/Hemispheric_pwr). Different symbols represent
the extrapolated hemispheric power values based on different
satellite measurements. The dashed blue line is the modeled
value from Ovation Prime. In general, stronger hemispheric
power would lead to stronger surface charging effects.
C. Real-Time Data and Other Resources
Besides the aforementioned models, we of course utilize all
the real-time measurements that we can get hold of for
monitoring and assessing risks of surface charging and
internal charging, for example, various GOES data, data from
NASA missions and measurements from ground networks are
all available on iSWA.

Our ring current modeling results for 5 April 2010 suggest that
the anomaly experienced by Galaxy 15 satellite (133 degree
west in longitude at GEO orbit) may be attributed to the
electron injections (in the keV to tens KeV range) from the tail
to the geosynchronous orbit due to magnetospheric
reconfiguration. Surface charging might have played a role in
causing the anomaly. Such evidence is nicely demonstrated by
the
following
iSWA
layout:
http://bit.ly/galaxy15_charging_event.

Other available resources include DONKI: Space Weather
Database of Notifications, Knowledge and Information
(http://kauai.ccmc.gsfc.nasa.gov/DONKI/). DONKI chronicles
the daily interpretations of space weather observations,
analysis, modeling results done by analysts at SWRC. It has
intelligent linkages, relationships, cause and effects between
space weather phenomena/observations. With its search
functionality, it serves as a comprehensive knowledge base for
supporting anomaly resolution and space weather research. A
future addition is to add spacecraft anomaly (or call them
special instances if that is more acceptable) information
gathered from NASA mission operators (with permission) to
make it an even powerful tool.

For reader convenience, Figure 5 is used to show the
formation and injection of a new population into the
geosynchronous orbit starting around 08:40 UT and may
eventually have led to the anomaly through surface charging
at 09:48 UT even though the cause of the anomaly is still
under debate.
Similarly real-time Fok radiation belt model [12] results (in
different displays) are also available on iSWA, which can be
used for assessing internal charging risks. Besides the 2-D flux
map at different energies, the fluxes over magnetic shell L
(equivalent to distance from the center of Earth) and time are
plotted. In addition, the modeled integral flux for electrons
greater than 0.6 MeV at two GOES locations (W75 and
W135) is computed. Example of the products can be found
from this iSWA layout: http://bit.ly/RB_model_products.
For both ring current and radiation belt models, fluxes along a
specific spacecraft orbit can be computed as well and will be
provided in the future.
Auroral Products
Ovation Prime [13], which depends on the solar wind
measurements at ACE, has been shown to be fairly effective at
depicting auroral precipitation. Its various products are
available on iSWA. To aid assessment of surface charging
(due to aurora) for the International Space Station (ISS), the
ISS trajectory is overplotted on Ovation Prime output. Such a
product (the ISS trajectory is marked by the red line) is shown
in the layout: http://bit.ly/ovation_prime_ISS.

Fig.7. Another possible display indicating the intensity of a potential hazard
along the projected spacecraft trajectory (courtesy: Paul O’Brien).

IV. PRODUCTS AND TOOLS TO BE IMPLEMENTED

Aurora precipitation and open-closed field lines can also be
obtained from the coupled global MHD model SWMF and the
Fok ring current model. The product can be found here.
http://bit.ly/aurora_coupledSWMF_FOK.
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In the future, more user-friendly, highly tailored (e.g., user and
spacecraft specific) and graphical products (such as stoplight
charts) will be developed and implemented.
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Space Environment Hazards for Spacecraft
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•

Single Event Effects tend to occur in the inner
(proton) belt and at higher L shells when a solar
particle event is in progress.

•

Internal electrostatic discharges (ESD) occur over a
broad range of L values corresponding to the outer
belt, where penetrating electron fluxes are high (300
keV – few MeV electrons)

•

Surface ESD tends to occur when the spacecraft or
surface potential is elevated: at 2000-0800 local time
in the plasma sheet and in regions of intense fieldaligned currents (auroral zone) (few eV – 50 keV) plasma sheet, ring current, aurora zone,
magnetosheath

•

Event Total Dose occurs primarily in orbits that
rarely see trapped protons in the 1-20 MeV range
(e.g., GEO, GPS) because these are the orbits for
which solar particle events and transient belts make
up a majority of the proton dose (including
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Innovative Dissemination: iSWA
ISWA has >300 products including modeling results and comprehensive sets of observational data.

Web-based. User configurable. Available world-wide.
One-stop shop for state-of-the-art information!
http://iswa.gsfc.nasa.gov
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Forecasting space environment
for spacecraft charging
The different plasma population that is
responsible for spacecraft charging is
externally driven by solar wind (and internally
modulated by different physical processes)

Forecasting geomagnetic conditions
due to CMEs or Coronal Hole High
Speed Streams is critical
CME geomagnetic storm: Kpmax =9
CIR geomagnetic storm: Kpmax =6 - long lasting
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1-2 day lead time forecasting of CME arrival
and resulting geomagnetic condition
V=1400 km/s, associated with an X1.4 class solar flare

Resulting in a Kp = 7- on a scale from 0 – 9, Kp: a measure of geomagnetic disturbances
10
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Scoreboard of predicting CME Arrival
(Community ensemble forecasting)

7 January 2014 event
11
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A few day lead-time forecasting
coronal hole high speed stream
impacting Earth
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Short lead time/monitoring
capability of surface and
internal charging

Magnetopause
compression

Auroral
precipitation
moves south

22keV electrons 4/5, 8:16-9:32Z
Ring current
model data
show9:48Z
same
Galaxy 15 failed approx
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~ 900 keV electron
flux enhancement
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Other Products for Monitoring
Spacecraft Charging
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SEAES- Spacecraft Environmental
Anomalies Expert System
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SEAES Prototype Displays

• The above display shows 4 hazards at one
vehicle
• Constellation displays show individual rules and
combinations of rules
• At right, “ALL_MAX” is the worst case over all
the rules.
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DONKI (Database of Notifications,
Knowledge, Information)
 Catalog of space weather phenomena.
 Chronicles the daily interpretations of space weather observations,
simulation results, forecasting analysis, and notifications.
 Intelligent linkages, relationships, cause-and-effects between space
weather activities (will add spacecraft anomaly/interesting
spacecraft event info)
 Comprehensive search functionality to support anomaly
resolution and space science research:
 Space weather activity archive (flares, CME parameters and
simulation results, SEPs, geomagnetic storms, radiation belt
enhancements) with links between activities
 SWRC’s space weather notification and weekly report archive
…
http://kauai.ccmc.gsfc.nasa.gov/DONKI/
17
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Summary

 CCMC/SWRC: an innovative, cost-effective way
of addressing NASA’s unique space weather
needs and needs of other potential users
 Tools/products available relevant for spacecraft
charging
 Strong potential for additional development
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Backup
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Space Weather (all in one)
Coronal Hole High
Speed solar wind
Streams (HSS)

Drivers and
Storms

Radiation storms

Dynamic Radiation Belts Environment

Sun
Space
weather
drivers

Types of Storms

Solar flares

Geomagnetic storms
Ionospheric storms

SPEs
(Solar energetic Particle Events)

CMEs

Radio blackout storms

Outside the solar
system
GCRs (Galactic
Cosmic Rays)
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Storms and Effects
Energetic ions

Radiation hazards to humans
SEEs on spacecraft components
and electronics
PCA on radio waves
Event total dose

Radiation
Storms

Energetic e-

Geomagnetic
Storms
Ionospheric
Storms

Large/rapid
variations/disturbances
in space and time (in
fields and
plasma/neutral
distribution)
Enhancement in currents

Radio Blackouts
due to flares

Radio emissions/noise
associated with flares
(direct impacts)
X-ray/EUV emission
altering ionospheric
structure/composition
(indirect)
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Internal charging of electronics

Affect communication
Navigation
Surface charging
Radio wave propagation

Radio wave
blackouts
(dayside
ionosphere)

