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The Middle Corona?
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current sheet, but, as we will show, this assumption is not valid
because of the asymmetry introduced by the decrease of the
solar magnetic field with height.

In Section 2, we present the analytical theory that we use to
describe the reconnection process in the post-eruption current
sheet. Then in Section 3, we apply this theory to the loss-of-
equilibrium model previously considered by Lin & Forbes
(2000) and Reeves & Forbes (2005). In Section 4, we discuss
the observational significance of our results, and in Section 5,
we present our conclusions.

2. Reconnection Rate and Location

To incorporate the physics of the reconnection process into
the eruptive flare model, we use a method that simplifies the
reconnection problem by averaging the resistive-MHD
equations over the reconnection current sheet (Forbes et al.
2013; Baty et al. 2014). The idea of averaging the equations in
this way was first considered by Vasyliunas (1975) over 40
years ago for an incompressible plasma and 10 years later by
Titov (1985a) for a compressible one (see also Somov 1992).
Both of these previous studies obtained steady-state solutions
for the field and flow within the current sheet, but it has only
recently become evident that most of these solutions are
structurally unstable and, therefore, unphysical (Forbes
et al. 2013). These unstable solutions contain an essential
singularity at the stagnation point between the two reconnec-
tion-outflow jets. However, in some circumstances, solutions
may exist that do not contain such a singularity. These
nonsingular solutions are structurally stable and physically
obtainable. Typically what is required for the existence of such
solutions is a spatial nonuniformity of some sort. The

nonuniformity may occur in the electrical resistivity of the
plasma or in the external magnetic field outside of the current
sheet. In the few cases where the analytical solutions have been
compared with resistive-MHD simulations, the discrepancies
between the two range from 5% to 14% (Baty et al. 2014).
Although the general method for calculating the reconnec-

tion rate and location allows for a time-dependent magnetic
field (Forbes et al. 2013), a time-dependent analysis is not
needed if we restrict our attention to the post-impulsive phase
of the eruption. As shown in the Appendix, time-dependent
effects near the neutral point are negligible a few Alfvén
timescales after the onset of the eruption. The primary reason
why the reconnection process becomes steady is that its rate
and location are controlled by the geometry of the magnetic
field just above the flare loops. These loops change very slowly
in time during the post-impulsive phase, so the reconnection
process is quasi-steady during this period.
For a quasi-steady configuration, the flow velocity, V,

averaged across the thickness of the reconnection current sheet
satisfies the differential equation (Titov 1985a, 1985b;
Somov 1992; Seaton & Forbes 2009; Baty et al. 2014):

I
V
y

V
B y

B y
V

I
B y

y
B y

B I4
1

4
, 3

B
a

a

a
B

a a a

B a a

2

asp
3

sppr
r
r

a
pr

h
h

r
r

¶
¶

+

= -
¶
¶

-
⎛
⎝⎜

⎞
⎠⎟

( )
( ) ( ) ( ) ( )

where y is the coordinate along the length of the current sheet,
ρ is the average density within the current sheet, ρa is the
ambient density outside the current sheet, η is the magnetic

Figure 1. Magnetic field configuration of the eruptive flare model of Reeves & Forbes (2005) with an embedded current sheet. The left diagram (a) shows a flux rope
of radius r centered at height h. The locations q and p correspond to the upper and lower tips of a current sheet located on the y-axis. The field at the solar surface is
represented by point sources located at ±λ. The right diagram (b) shows a close up of the bifurcated current sheet whose half-thickness is a(y). The plasma flows into
the sheet with the velocity ua(y) and out of the sheet with the velocity V(y). The locations ypp, ysp, and ynp correspond to the maximum tangential magnetic field (i.e.,
the pinch point where ∂Bya/∂y=0), the stagnation point (V = 0), and the neutral point (b= 0).
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Inflows seen by TRACE represent the bottom of  
the current layer where reconnection happens.

Savage et al. (2012)
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SDO/AIA) observed this prominence from different angles and
saw the filament rise, destabilize, and twist as it erupted into
space. The further propagation of this filament into interplan-
etary space was imaged by the coronagraphs on-board SOHO
and STEREO.

Ideally, a three-dimensional reconstruction would allow us
to track the rise and acceleration profile of the erupting flux
rope without projection effects, which, in turn, could yield
an accurate height-time diagram. Schrijver et al. (2008) argued
that by fitting such a height-time diagram with different
functions it should be possible to determine which of several
eruption mechanisms was likely responsible for the onset of
the eruption by comparing these fits to predictions from

simulations. For example, a height-time profile with a
parabolic shape matches the numerical results for the breakout
model (Lynch et al. 2004). The CME rising phase in case of
the catastrophe model follows a power law with exponent
2.5 (Priest & Forbes 2002). Finally, MHD instabilities are
compatible with an exponential rising phase (Török et al.
2004; Török & Kliem 2005; Kliem & Török 2006).

We first reconstructed the entire erupting filament using
PROBA2/SWAP and STEREO-A/EUVI images. The results
are shown in Figure 12. This reconstruction showed that the
filament erupts close to the equator at an average longitude
of 65!. Unfortunately, there were insufficient pairs of SWAP
and EUVI-A images where the feature was clearly visible

Fig. 12. Three-dimensional reconstruction using epipolar geometry of the erupting flux rope observed during the August 14, 2010 event. For
this reconstruction, we used PROBA2/SWAP 171 Å and STEREO-A/EUVI 193 Å images, matching in time as closely as possible.

E. D’Huys et al.: The August 14, 2010 CME

A7-p11

and the images well matched in time. Thus only a few points
could be measured, not enough to create a useful height-time
diagram.

We therefore expanded our dataset with the images from
SDO/AIA and obtained the 3D reconstruction of the center
of the bright front by combining SDO/AIA and STEREO-A/
EUVI data. The result is shown in the height-time plot in
Figure 13. Because AIA has a limited field-of-view, these fitted
points revealed the location of the eruption only in the very low
corona. To extend the trajectory, we measured the plane-of-sky
height of the feature in SWAP images, which have a large
field-of-view. We then deprojected these measurements for
the true propagation angle by assuming the erupting structure
was traveling largely radially in the same direction as the three-
dimensional reconstructions had indicated. Since the locations
we obtained from our earlier reconstructions revealed points
between 55! and 65! longitude, we assumed a propagation
angle of 60! for the center of the bright front (as seen from
the Earth), which produced good agreement with the recon-
structed trajectory using AIA and EUVI-A images. The result-
ing deprojected points are also shown in Figure 13.

To extend our plot to larger heights, we also analyzed the
propagation of the eruption using coronagraphic instruments.
First we tracked the eruption using images from SOHO/
LASCO. Since SOHO views the Sun from roughly the same
viewing angle as Earth, we applied the same deprojection
correction to the plane-of-sky heights we measured using
LASCO as we did for the measurements from SWAP. These
corrected measurements appeared to align smoothly with the
trajectory measured in SWAP images, but because the LASCO
occulting disk blocks our view of the corona to relatively

large heights above the surface, a gap remained between the
SWAP-derived heights and the LASCO-derived heights.

To fill this gap, we turned to the COR 1 coronagraph on
STEREO-A. COR 1 reveals the corona to much lower heights,
low enough to produce data that nearly overlapped with SWAP
observations. However, since the separation angle between the
feature we were tracking and STEREO-A was only about 20!,
during the whole early part of the event the center of the
erupting prominence was traveling almost directly towards
the COR 1 coronagraph and was thus largely obscured behind
its occulting disk until it reached greater heights. Thus, after
tracking the eruption in the plane of the sky, we could no
longer use the same deprojection technique that we employed
on the SWAP and LASCO data. Instead, we assumed that as it
reached larger heights the flux rope expanded, so its eastern-
most edge was traveling radially away from the Sun along with
the rest of the CME, but at a much more eastward longitude,
yielding a larger separation angle with COR 1.

Because we lacked another set of co-temporal corona-
graphic images to use for three-dimensional reconstructions,
we instead estimated the appropriate projection angle for this
eastern CME edge by assuming that the deprojected COR 1
measurements should extend the trajectory we calculated for
lower heights using AIA and SWAP. The plane-of-sky COR
1 measurements revealed an essentially linear trajectory in
the height-time diagram, so we extrapolated backwards to
the time of the largest height measurement we obtained with
SWAP and determined the projection angle necessary to pro-
duce a point that matched the SWAP measurements at that
time. This method yielded a longitude of roughly 40!.
This is roughly 20! east of the center of the eruption, not an

Fig. 13. Height-time diagram for the CME on August 14, 2010, combining measurements made using observations by different EUV imagers
and coronagraphs. The measurement errors were obtained by remeasuring the position of the flux rope several times in sample images. We then
applied error propagation to the standard deviation of these measurements to obtain the error bars shown here. The COR1 datapoints
(in yellow) show the largest error bars because it was more difficult to define the exact position of the flux rope in those images.

J. Space Weather Space Clim., 7, A7 (2017)

A7-p12

Middle Corona Gap

D’Huys et al. (2017)

2010 August 10 Eruption



Devising new ways to clean 
images, boost signal-to-noise, 
and filter images to improve 
contrast allowed us to see 
structures nobody knew was 
there.
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GOES-R Solar 
Ultraviolet Imager 
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SUVI: 
Six EUV 
passbands 

53.3 arcmin 
FOV 

Temperatures 
from 50,000 
to 1010 K



Seaton & Darnel (2018)

SUVI: X8.2 Flare & CME 2017 Sep 10 

A larger field of view reveals 
eruption impacts in the 
middle corona.



Space Weather on the Surface of Mars: Impact
of the September 2017 Events
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Abstract Although solar activity is declining as the Sun approaches solar minimum, a series of large solar
storms occurred in September 2017 that impacted both Earth and Mars. This was the largest event seen on
the surface of Mars by the Radiation Assessment Detector on the Mars Science Laboratory Curiosity rover
since landing in 2012 and was also observed as Ground Level Enhancement 72 on Earth, making it the first
event observed to produce a Ground Level Enhancement on two planets at the same time. We present
Radiation Assessment Detector observations of the surface radiation environment since 2012 and discuss the
impact of the September 2017 events on this environment and its implications for human exploration and for
mitigating the risk of space radiation and space weather events for future manned missions to Mars.

1. Introduction

Although solar activity has been declining as the Sun approaches solar minimum, a series of large solar
storms occurred in September 2017 that impacted both Earth and Mars. Between 6 and 10, Action Region
AR2673 produced four X-class flares accompanied by several Earth-directed coronal mass ejections (CMEs).
On 10 September AR2673 produced an X8.2 flare and a solar particle event and CME which impacted both
Earth and Mars, separated more than 170° in longitude (Guo et al., 2018, Lee et al., 2018). These events pro-
duced aurorae at both Earth and Mars (Schneider et al., 2018), were observed in low-Earth orbit (LEO) by
instruments aboard the International Space Station (Berger et al., 2018), and produced the first Ground
Level Enhancement 72 (GLE 72) seen on Earth since 2012 (Share & Murphy, 2018). Since this event was also
observed by Radiation Assessment Detector (RAD) on the surface of Mars, it is the first GLE observed on two
planets at the same time, which is a relatively rare occurrence due to varying planetary alignment and the
way that solar energetic particle (SEP) propagate through the heliosphere.

The effects and impact of space weather at other planets is becoming more and more important as space
research and human exploration expands out of LEO into the solar system. In particular, unlike Earth, the surface
of Mars is much more exposed to space radiation and the effects of space weather. This is true for two reasons:
(1) Mars lacks a global magnetic field or magnetosphere to deflect high energy charged particles and (2) the
Martian atmosphere is very thin (roughly 2 orders of magnitude smaller column density compared to Earth),
providing significantly less effective shielding, as illustrated in Figure 1. As a result, exposure to the radiation
environment on the surface of Mars remains a major concern and health risk for future human explorers.

The radiation environment on the surface of Mars is dominated by galactic cosmic rays (GCR) and secondary
particles created by GCR interacting with the atmosphere and soil on the surface. GCR are very high energy
charged particles made up of roughly 87% protons, 12% helium, and ~1% heavier nuclei (Simpson, 1983),
most of which propagate through the Martian atmosphere. GCR that reach the surface can also interact with
the soil to produce albedo neutrons and other secondary particles.

The radiation environment can also be dominated, on short time scales (usually hours to days), by SEPs gen-
erated at the Sun and accelerated by solar flares or shocks associated with CME. However, due to the Martian
atmosphere, with an average column depth of ~16 g/cm2, only protons with energies above ~150 MeV at the
top of the atmosphere will reach the surface. For the case of Gale Crater, located well below themeanMartian
surface altitude, this value is ~170 MeV. Particles with lower energy will be stopped in the atmosphere. Thus,
only SEP with initial energies above this threshold can be detected directly on the surface. This time-varying
combination of GCR, SEP, and albedo neutrons creates a complex radiation environment of charged and
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September. Several hours after this flare activity, at approximately
19:50 UTC, RAD began to detect an increase in the surface radiation envir-
onment, indicating that SEPs were accelerated to high enough energies to
be able to propagate through the Martian atmosphere to the surface. The
September 2017 event is of particular interest because it was detected not
only by RAD on the surface of Mars but also by other instruments in Mars
orbit on Mars Atmosphere and Volatile EvolutioN and other spacecraft. It
was detected in LEO on the International Space Station (Berger et al.,
2018) and with neutron monitors on the surface of Earth (Share &
Murphy, 2018), making it the first GLE observed simultaneously on
two planets.

As can be seen in Figure 7 and described inmore detail by Ehresmann et al.
(2018) this SPE led to an increase in the surface proton flux (<100 MeV/
nucleon) by a factor of 30, respectively by a factor of 3–4 for protons with
even higher energies. The increase in the lower-energy proton regime,
thereby, started around an hour later compared to the higher-energy pro-
tons, owing to the longer travel time from the source to Mars of the slower
protons. That the increase of the lower-energy proton flux was a factor of

10 stronger (compared to the higher-energy regime) can be attributed to the spectral shape of the incoming
proton SEP spectrum which falls off with a power law with increasing energy above the 170 MeV needed for
protons to reach the surface. Furthermore, the 4He flux also showed a significant increase by a factor of 10
during the event, showing that during this event also higher-Z ions were accelerated to high enough ener-
gies to reach the Martian surface. The neutral radiation environment on Mars is created by charged particles
(predominantly protons) interacting with the atmosphere and soil. As a result of the increase in charged par-
ticle flux (by the arriving SEP), the neutral particle environment, subsequently, increased by a factor of 2 dur-
ing the event. The implications of this event for human exploration in terms of a detailed analysis of the
radiation exposure are discussed in Zeitlin et al. (2018).

The relatively rapid rise in intensity of this SPE has implications for planning future human exploration, in
which astronauts would perform expeditions in which they drive considerable distances from their habitat.
A fast-onset event can in principle lead to large exposures if explorers are too far from shelter and have no

contingency plan. As seen on Mars, the event was unambiguously under-
way by roughly 20:00 UTC on 10 September and dose rates doubled within
about 7 hr. If one were relying only on monitors on the surface of Mars or
in orbit, a fast-onset SPE could be problematic for long drives, particularly
in the case of a more intense solar event, such as the 20 January 2005 SPE
(Mewaldt et al., 2005). However, for the 10 September 2017 event, the
exposure incurred by being unsheltered for the duration of the event
would have been comparable to adding about 2 days of GCR exposure.
In the context of a long-stay mission scenario (Table 1), where the surface
mission would be planned to last for hundreds of days, the extra exposure
would be negligible. Moreover, the Forbush decrease following the SPE
mitigated this small increase even further, as discussed in the next section.

4. Radiation Quality Factors and Dose Equivalent

Because the biological damage caused by radiation does not depend only
on absorbed dose (energy per unit mass), the quantity dose equivalent is
often used to provide a rough estimate of the risk of induced cancer asso-
ciated with exposure. In a mixed field of charged particles of various types
and energies, dose equivalent is defined as the product of dose and the
average radiation quality factor, <Q>. We use the quality factor defined
by International Commission on Radiological Protection Report 60
(International Commission on Radiological Protection, 1990), which

Figure 5. Radiation Assessment Detector dose rate as a function of time
from 7 August 2012 to 15 February 2018. The dose rate has increased
>50% since summer 2015 due to decreased solar activity as the Sun
approaches solar minimum. Radiation Assessment Detector had observed
only relatively small events until this most recent event on 10 September
2017. However, it must be noted that a solar energetic particle event must be
relatively hard (>150 MeV) to make it to the surface; otherwise the only
observed effect may be a Forbush decrease.

Figure 6. During the 10 September 2017 SPE, RAD dose rates increased
above background GCR levels by a factor of 2 over the course of several
hours and leveled off at sustained peak rates for about 12 hr before declining
over the following 36 hr. As the SEP flux was gradually declining, a shock
front associated with a CME reached Mars, causing a Forbush decrease, with
a sudden drop of about 15% in dose rate. The shielding of the GCR by the
CME reduced their intensity below pre-event intensities. SPE = solar particle
event; RAD = Radiation Assessment Detector; GCR = galactic cosmic rays;
CME = coronal mass ejection.
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Processed high-
temperature 
observations reveal 
inflow-outflow pairs. 

Totzauer, Seaton, & Darnel (2018)
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A  B R I D G E  T O  T H E  F U T U R E :  G O E S - R  
S U V I  E X T E N D E D  C O R O N A L  I M A G I N G



SOHO/LASCO 
2017 Sep 10 

(Launched 1995)



PROBA2/SWAP 
off-points 
showed potential 
for EUV 
observations to 
large heights.
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Figure 9: Seven-panel background-subtracted composite for 17.1 nm (GOES-16 Preliminary, Non-Operational Data) 

 

 
Figure 10: Seven-panel background-subtracted composite for 19.5 nm (GOES-16 Preliminary, Non-Operational Data) 

 
From a systems perspective, the LOS off-pointing from the Sun is similar to the SUVI and EXIS 
calibrations that require gimbal movements. During these calibrations, the data indicated that 
SADA articulation provided the most disturbance to GLM.  Although within requirements, GLM’s 
sensitivity caused us to improve the SUVI coronal imaging scheme in order to mitigate this 
impact. In April 2018, we characterized the dynamic disturbances due to moving the SADA to 
simulate the execution of Option 3 on GOES-17 and in addition investigated the means to 
mitigate GLM sensitivity by varying instrument parameters. Using the data from these 
evaluations, we updated both the GLM imaging and the SADA slew control parameters for the 
follow-on phases of the testing for an optimal system performance.  

See Tadikonda et al. (2019) for an early look. 
DOI:10.1007/s11207-019-1411-0



SUVI off-points 
supported Parker Solar 
Probe Perihelion Pass 

Long-term campaign is 
ongoing (Sep-Nov 2019)



L O O K I N G  A H E A D :  W H AT  D O  W E  
H AV E ?  W H AT  D O  W E  N E E D ?



U S I N G  E U V  I N  T H E  M I D D L E  C O R O N A ,  W E  H AV E …

• Identified structure and outflows that could be the origins of the solar 
wind, and which help shape the global corona. 

• Identified key features to advance understanding of reconnecting current 
layers and validate reconnection models. 

• Demonstrated the value and viability of imaging this region to solve critical 
unresolved problems in coronal physics.



B U T  S T I L L ,  W E  M U S T…

• Deploy new image processing techniques to illuminate hard-to-observe 
structures and dynamics. 

• Bring together interdisciplinary teams that can unravel mysteries requiring 
the coupling of very different physical regimes. 

• Develop instruments that fully close the observational gap between 
coronal domains. 

• Build links to new missions (PUNCH, Solar Orbiter, Parker Solar Probe, 
Lagrange, L5/L*) to create truly global observation sets.



Adapted from Hughes (2019)



Noise2Self a self-supervised ML framework for blind denoising of high-
dimensional measurements. Preliminary tests are promising!

Adapted from Hughes (2019)

Observation Noisy Denoised



Careful & appropriate 
image processing can 
dramatically improve 
detectability of EUV 
middle corona 
structure & dynamics.

MGN Processed Gamma adjustment only

For more: Alzate & Morgan (2017)
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FSI: Full Sun Imager
FOV: 3.8°x3.8°, @ 0.28 AU:   4 Rsun × 4 Rsun

resolution: 9 arcsec on 2 pixels  
   @ 0.28 AU =1830 km on 2 pixels
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SUVI 171 Å Mosaic
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PROBA2 SWAP 174 Å 
EUV Polar View 

June 2018 – September 2018

Courtesy M. West



The Lagrange Mission

Courtesy M. West



T H E  L A G R A N G E  M I S S I O N  PAY L O A D

Remote Sensing Instruments 
Coronagraph 

Heliospheric imager (HI) 

Magnetograph 

EUV imager 
X-ray flux monitor 

In-situ Instruments 
Magnetometer 

Plasma analyser 

Radiation monitor 

Particle spectrometer

Courtesy M. West



PROBA2/SWAP

Lagrange/EUVI

Courtesy M. West
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2010-05-04T18:15:54.584 

Exposure time - constant 100s

LG 
2010-05-04T18:05:29.570 
Exposure time - constant 10s

Courtesy M. West
High Gain
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PROBA2/SWAP 
Pathfinder 
Observations 

O’Hara (2019)

Courtesy M. West



Coronal 
Spectrographic 
Imager in the EUV 
(COSIE) 

Wide FOV, high-sensitivity 
EUV imager and slitless 
spectrograph. 

500× AIA Effective area 

Channel switch via flipable 
feed optic 

Hosted on ISS

Courtesy L. Golub



CMEs and magnetic connectivity are tracked 
through the Sun’s corona: 

Disk/Coronal brightness varies by a small factor 
in the EUV (vs. 106 in white light). 

EUV coronagraphs allow for simultaneous 
visibility of the source region and the 
propagating disturbance.

The Sun emits in discrete EUV 
spectral lines: 

Dispersing the light with a grating 
results in distinct solar images. 

The images provide diagnostics for 
large solar events (location, strength, 

speed).

Courtesy L. Golub



Unfolding Overlaping Spectral Images

True versus reconstructed (via 
direct inversion) emission measure 

maps for T ~1.2 – 2 MK 
(Winebarger et al., 2018).

Full Sun intensity maps for Fe XII 
203 A and Fe XIII 202 A, and 

density maps calculated from the 
ratio of these lines
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S u n  C o r o n a l  E j e c t i o n  T r a c k e r
• 6U CubeSat

• 0-4 R̥ field of view


• 170-200 Å bandpass

• Measure the entire CME acceleration profile

• Proposing 2019, launch 2023

Courtesy J. Mason



T O  U N D E R S TA N D  T H E  G L O B A L  C O R O N A  W E  W I L L …

✓ Deploy new image processing techniques to illuminate hard-to-observe 
structures and dynamics. 

✓ Bring together interdisciplinary teams that can unravel mysteries requiring 
the coupling of very different physical regimes. 

✓ Develop instruments that fully close the observational gap between 
coronal domains. 

✓ Build links to new missions (PUNCH, Solar Orbiter, Parker Solar Probe, 
Lagrange) to create truly global observation sets.



Middle Corona EUV imagers at L5 will allow us to develop coherent 
observations of the corona/heliosphere that are required to answer 
important questions about coronal physics and the origins space 
weather phenomena. 

These are particularly valuable when coupled with observations from 
near-Earth and out-of-the-ecliptic vantages.
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The Middle Corona?

The middle corona is a poorly defined region, between roughly 1.3–5 
solar radii, defined by sparse observations and complex transitional 
physics. It’s the region where the corona changes from magnetically 
dominated to flow dominated, and it’s the region where energy is 
liberated from the Sun’s magnetic field to drive flares and eruptions.

P R O L O G U E :  W H Y  S T U D Y  T H E  
M I D D L E  C O R O N A  I N  E U V ?

SDO/AIA FOV (41 arcmin)

GOES-R/SUVI FOV (53.3 arcmin)

Skylab Extreme 
Ultraviolet 

Spectroheliograph 

~150–650 Å 

Nominal FOV 
57 arcmin 

Max observable 
height above limb 

with offpoint  
36 arcmin 

  
May 1973– 

Feb 1974

Early observations of the Sun in EUV made use of large fields of view 
and revealed the structure and dynamics of large-scale eruptions and 
other features of the corona.



TRACE

Focusing in on the corona on small scales with imagers like TRACE 
provided tantalizing glimpses of important features with relevance to 
the middle corona.

TRACE 195 Å 
21 April 2002

Trace observations of a huge eruption in 2002 shows all sorts of 
dynamics associated with the process of reconnection, but small fields 
of view limited the availability of direct observations of the 
reconnection region.

current sheet, but, as we will show, this assumption is not valid
because of the asymmetry introduced by the decrease of the
solar magnetic field with height.

In Section 2, we present the analytical theory that we use to
describe the reconnection process in the post-eruption current
sheet. Then in Section 3, we apply this theory to the loss-of-
equilibrium model previously considered by Lin & Forbes
(2000) and Reeves & Forbes (2005). In Section 4, we discuss
the observational significance of our results, and in Section 5,
we present our conclusions.

2. Reconnection Rate and Location

To incorporate the physics of the reconnection process into
the eruptive flare model, we use a method that simplifies the
reconnection problem by averaging the resistive-MHD
equations over the reconnection current sheet (Forbes et al.
2013; Baty et al. 2014). The idea of averaging the equations in
this way was first considered by Vasyliunas (1975) over 40
years ago for an incompressible plasma and 10 years later by
Titov (1985a) for a compressible one (see also Somov 1992).
Both of these previous studies obtained steady-state solutions
for the field and flow within the current sheet, but it has only
recently become evident that most of these solutions are
structurally unstable and, therefore, unphysical (Forbes
et al. 2013). These unstable solutions contain an essential
singularity at the stagnation point between the two reconnec-
tion-outflow jets. However, in some circumstances, solutions
may exist that do not contain such a singularity. These
nonsingular solutions are structurally stable and physically
obtainable. Typically what is required for the existence of such
solutions is a spatial nonuniformity of some sort. The

nonuniformity may occur in the electrical resistivity of the
plasma or in the external magnetic field outside of the current
sheet. In the few cases where the analytical solutions have been
compared with resistive-MHD simulations, the discrepancies
between the two range from 5% to 14% (Baty et al. 2014).
Although the general method for calculating the reconnec-

tion rate and location allows for a time-dependent magnetic
field (Forbes et al. 2013), a time-dependent analysis is not
needed if we restrict our attention to the post-impulsive phase
of the eruption. As shown in the Appendix, time-dependent
effects near the neutral point are negligible a few Alfvén
timescales after the onset of the eruption. The primary reason
why the reconnection process becomes steady is that its rate
and location are controlled by the geometry of the magnetic
field just above the flare loops. These loops change very slowly
in time during the post-impulsive phase, so the reconnection
process is quasi-steady during this period.
For a quasi-steady configuration, the flow velocity, V,

averaged across the thickness of the reconnection current sheet
satisfies the differential equation (Titov 1985a, 1985b;
Somov 1992; Seaton & Forbes 2009; Baty et al. 2014):
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where y is the coordinate along the length of the current sheet,
ρ is the average density within the current sheet, ρa is the
ambient density outside the current sheet, η is the magnetic

Figure 1. Magnetic field configuration of the eruptive flare model of Reeves & Forbes (2005) with an embedded current sheet. The left diagram (a) shows a flux rope
of radius r centered at height h. The locations q and p correspond to the upper and lower tips of a current sheet located on the y-axis. The field at the solar surface is
represented by point sources located at ±λ. The right diagram (b) shows a close up of the bifurcated current sheet whose half-thickness is a(y). The plasma flows into
the sheet with the velocity ua(y) and out of the sheet with the velocity V(y). The locations ypp, ysp, and ynp correspond to the maximum tangential magnetic field (i.e.,
the pinch point where ∂Bya/∂y=0), the stagnation point (V = 0), and the neutral point (b= 0).
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Forbes, Seaton, & Reeves (2018)

Inflows seen by TRACE represent the bottom of  
the current layer where reconnection happens.

Savage et al. (2012) These TRACE inflows are now known to be Supra-Arcade Downflows 
(SADs), and are linked to processes of reconnection. We have good 
reconnection models that describe the structure and dynamics of 
current sheets, but do not have observations that can validate model 
predictions.

SDO AIA 131 Å

Seaton et al. (2017)

AIA has helped with the reconnection problem, but we still haven’t 
seen the upflow/downflow pairs that are predicted by reconnection 
models. (Note the view is in profile instead of along the plane of sky 
like the TRACE movies.)



Likely magnetic 
reconnection region Current sheet described 

in Seaton et al. (2017) 

SOHO/LASCO C2

SDO/AIA 131 Å

This lack of observations is probably because the outflow region is too 
high in the corona. So how can we close the gap?

T H E  P R E S E N T:  P R O B A 2 / S W A P  &  
G O E S - R / S U V I

SDO/AIA FOV

SOHO/EIT FOV

TRACE FOV

PROBA2/SWAP FOV

PROBA2/SWAP

PROBA2/SWAP was one of the first imagers to be used this way, 
providing 174 Å EUV observations with a field of view much larger than 
AIA or even EIT.

Mierla et al. (2013)

PROBA2/SWAP 2010 April 13 Early observations allowed us to track eruptions high in the corona…



SDO/AIA) observed this prominence from different angles and
saw the filament rise, destabilize, and twist as it erupted into
space. The further propagation of this filament into interplan-
etary space was imaged by the coronagraphs on-board SOHO
and STEREO.

Ideally, a three-dimensional reconstruction would allow us
to track the rise and acceleration profile of the erupting flux
rope without projection effects, which, in turn, could yield
an accurate height-time diagram. Schrijver et al. (2008) argued
that by fitting such a height-time diagram with different
functions it should be possible to determine which of several
eruption mechanisms was likely responsible for the onset of
the eruption by comparing these fits to predictions from

simulations. For example, a height-time profile with a
parabolic shape matches the numerical results for the breakout
model (Lynch et al. 2004). The CME rising phase in case of
the catastrophe model follows a power law with exponent
2.5 (Priest & Forbes 2002). Finally, MHD instabilities are
compatible with an exponential rising phase (Török et al.
2004; Török & Kliem 2005; Kliem & Török 2006).

We first reconstructed the entire erupting filament using
PROBA2/SWAP and STEREO-A/EUVI images. The results
are shown in Figure 12. This reconstruction showed that the
filament erupts close to the equator at an average longitude
of 65!. Unfortunately, there were insufficient pairs of SWAP
and EUVI-A images where the feature was clearly visible

Fig. 12. Three-dimensional reconstruction using epipolar geometry of the erupting flux rope observed during the August 14, 2010 event. For
this reconstruction, we used PROBA2/SWAP 171 Å and STEREO-A/EUVI 193 Å images, matching in time as closely as possible.

E. D’Huys et al.: The August 14, 2010 CME

A7-p11

and the images well matched in time. Thus only a few points
could be measured, not enough to create a useful height-time
diagram.

We therefore expanded our dataset with the images from
SDO/AIA and obtained the 3D reconstruction of the center
of the bright front by combining SDO/AIA and STEREO-A/
EUVI data. The result is shown in the height-time plot in
Figure 13. Because AIA has a limited field-of-view, these fitted
points revealed the location of the eruption only in the very low
corona. To extend the trajectory, we measured the plane-of-sky
height of the feature in SWAP images, which have a large
field-of-view. We then deprojected these measurements for
the true propagation angle by assuming the erupting structure
was traveling largely radially in the same direction as the three-
dimensional reconstructions had indicated. Since the locations
we obtained from our earlier reconstructions revealed points
between 55! and 65! longitude, we assumed a propagation
angle of 60! for the center of the bright front (as seen from
the Earth), which produced good agreement with the recon-
structed trajectory using AIA and EUVI-A images. The result-
ing deprojected points are also shown in Figure 13.

To extend our plot to larger heights, we also analyzed the
propagation of the eruption using coronagraphic instruments.
First we tracked the eruption using images from SOHO/
LASCO. Since SOHO views the Sun from roughly the same
viewing angle as Earth, we applied the same deprojection
correction to the plane-of-sky heights we measured using
LASCO as we did for the measurements from SWAP. These
corrected measurements appeared to align smoothly with the
trajectory measured in SWAP images, but because the LASCO
occulting disk blocks our view of the corona to relatively

large heights above the surface, a gap remained between the
SWAP-derived heights and the LASCO-derived heights.

To fill this gap, we turned to the COR 1 coronagraph on
STEREO-A. COR 1 reveals the corona to much lower heights,
low enough to produce data that nearly overlapped with SWAP
observations. However, since the separation angle between the
feature we were tracking and STEREO-A was only about 20!,
during the whole early part of the event the center of the
erupting prominence was traveling almost directly towards
the COR 1 coronagraph and was thus largely obscured behind
its occulting disk until it reached greater heights. Thus, after
tracking the eruption in the plane of the sky, we could no
longer use the same deprojection technique that we employed
on the SWAP and LASCO data. Instead, we assumed that as it
reached larger heights the flux rope expanded, so its eastern-
most edge was traveling radially away from the Sun along with
the rest of the CME, but at a much more eastward longitude,
yielding a larger separation angle with COR 1.

Because we lacked another set of co-temporal corona-
graphic images to use for three-dimensional reconstructions,
we instead estimated the appropriate projection angle for this
eastern CME edge by assuming that the deprojected COR 1
measurements should extend the trajectory we calculated for
lower heights using AIA and SWAP. The plane-of-sky COR
1 measurements revealed an essentially linear trajectory in
the height-time diagram, so we extrapolated backwards to
the time of the largest height measurement we obtained with
SWAP and determined the projection angle necessary to pro-
duce a point that matched the SWAP measurements at that
time. This method yielded a longitude of roughly 40!.
This is roughly 20! east of the center of the eruption, not an

Fig. 13. Height-time diagram for the CME on August 14, 2010, combining measurements made using observations by different EUV imagers
and coronagraphs. The measurement errors were obtained by remeasuring the position of the flux rope several times in sample images. We then
applied error propagation to the standard deviation of these measurements to obtain the error bars shown here. The COR1 datapoints
(in yellow) show the largest error bars because it was more difficult to define the exact position of the flux rope in those images.

J. Space Weather Space Clim., 7, A7 (2017)

A7-p12

Middle Corona Gap

D’Huys et al. (2017)

2010 August 10 Eruption …and, using joint STEREO/PROBA2 reconstructions, track eruptions 
through the traditional gap region in the middle corona.

Devising new ways to clean 
images, boost signal-to-noise, 
and filter images to improve 
contrast allowed us to see 
structures nobody knew was 
there.

More complex image processing techniques allowed us to probe the 
structure of the middle corona. It is highly dynamic, and not dominate 
by loops, but rather surfaces, sheets, and broad fans of brightness.

(Movie: http://proba2.oma.be/swap/movies/campaign_movies/
swap_cr_2152_2158/swap_eclipse_cr_2152_to_2158_comp.mp4)
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Looking at how irradiance varied at different heights, we saw strong 
periodic behavior high in the corona that did not really resemble what 
we saw on disk. What could be responsible for these?

Seaton et al. (2013)

Turns out that these were the signatures of highly extended, long-lived 
fans, bright open field regions which may be related to the slow solar 
wind. What drives material/energy into these regions and makes them 
visible, unlike their open counterparts coronal holes? Why do they 
appear to form at the boundaries of high-latitude pseudostreamers?



GOES-R Solar 
Ultraviolet Imager 
(SUVI)

The GOES-R Solar Ultraviolet Imager (SUVI) added to this picture 
beginning in November 2016.

SUVI: 
Six EUV 
passbands 

53.3 arcmin 
FOV 

Temperatures 
from 50,000 
to 1010 K

SUVI is much like SWAP, but has 6 passbands rather than 1.

Seaton & Darnel (2018)

SUVI: X8.2 Flare & CME 2017 Sep 10 

A larger field of view reveals 
eruption impacts in the 
middle corona.

Carefully processed SUVI observations revealed how CME-related 
shocks/waves are massively global phenomena. This can help explain 
how…

See movies and additional images in Seaton & Darnel (2018; DOI: 
10.3847/2041-8213/aaa28e)

Space Weather on the Surface of Mars: Impact
of the September 2017 Events
D. M. Hassler1 , C. Zeitlin2 , B. Ehresmann1 , R. F. Wimmer-Schweingruber3 , J. Guo3 ,
D. Matthiä4 , S. Rafkin1, T. Berger4 , and G. Reitz4

1Southwest Research Institute, Boulder, CO, USA, 2Leidos Innovations Corporation, Houston, TX, USA, 3Department of
Extraterrestrial Physics, Christian Albrechts University, Kiel, Germany, 4German Aerospace Center (DLR), Institute of
Aerospace Medicine, Cologne, Germany

Abstract Although solar activity is declining as the Sun approaches solar minimum, a series of large solar
storms occurred in September 2017 that impacted both Earth and Mars. This was the largest event seen on
the surface of Mars by the Radiation Assessment Detector on the Mars Science Laboratory Curiosity rover
since landing in 2012 and was also observed as Ground Level Enhancement 72 on Earth, making it the first
event observed to produce a Ground Level Enhancement on two planets at the same time. We present
Radiation Assessment Detector observations of the surface radiation environment since 2012 and discuss the
impact of the September 2017 events on this environment and its implications for human exploration and for
mitigating the risk of space radiation and space weather events for future manned missions to Mars.

1. Introduction

Although solar activity has been declining as the Sun approaches solar minimum, a series of large solar
storms occurred in September 2017 that impacted both Earth and Mars. Between 6 and 10, Action Region
AR2673 produced four X-class flares accompanied by several Earth-directed coronal mass ejections (CMEs).
On 10 September AR2673 produced an X8.2 flare and a solar particle event and CME which impacted both
Earth and Mars, separated more than 170° in longitude (Guo et al., 2018, Lee et al., 2018). These events pro-
duced aurorae at both Earth and Mars (Schneider et al., 2018), were observed in low-Earth orbit (LEO) by
instruments aboard the International Space Station (Berger et al., 2018), and produced the first Ground
Level Enhancement 72 (GLE 72) seen on Earth since 2012 (Share & Murphy, 2018). Since this event was also
observed by Radiation Assessment Detector (RAD) on the surface of Mars, it is the first GLE observed on two
planets at the same time, which is a relatively rare occurrence due to varying planetary alignment and the
way that solar energetic particle (SEP) propagate through the heliosphere.

The effects and impact of space weather at other planets is becoming more and more important as space
research and human exploration expands out of LEO into the solar system. In particular, unlike Earth, the surface
of Mars is much more exposed to space radiation and the effects of space weather. This is true for two reasons:
(1) Mars lacks a global magnetic field or magnetosphere to deflect high energy charged particles and (2) the
Martian atmosphere is very thin (roughly 2 orders of magnitude smaller column density compared to Earth),
providing significantly less effective shielding, as illustrated in Figure 1. As a result, exposure to the radiation
environment on the surface of Mars remains a major concern and health risk for future human explorers.

The radiation environment on the surface of Mars is dominated by galactic cosmic rays (GCR) and secondary
particles created by GCR interacting with the atmosphere and soil on the surface. GCR are very high energy
charged particles made up of roughly 87% protons, 12% helium, and ~1% heavier nuclei (Simpson, 1983),
most of which propagate through the Martian atmosphere. GCR that reach the surface can also interact with
the soil to produce albedo neutrons and other secondary particles.

The radiation environment can also be dominated, on short time scales (usually hours to days), by SEPs gen-
erated at the Sun and accelerated by solar flares or shocks associated with CME. However, due to the Martian
atmosphere, with an average column depth of ~16 g/cm2, only protons with energies above ~150 MeV at the
top of the atmosphere will reach the surface. For the case of Gale Crater, located well below themeanMartian
surface altitude, this value is ~170 MeV. Particles with lower energy will be stopped in the atmosphere. Thus,
only SEP with initial energies above this threshold can be detected directly on the surface. This time-varying
combination of GCR, SEP, and albedo neutrons creates a complex radiation environment of charged and
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September. Several hours after this flare activity, at approximately
19:50 UTC, RAD began to detect an increase in the surface radiation envir-
onment, indicating that SEPs were accelerated to high enough energies to
be able to propagate through the Martian atmosphere to the surface. The
September 2017 event is of particular interest because it was detected not
only by RAD on the surface of Mars but also by other instruments in Mars
orbit on Mars Atmosphere and Volatile EvolutioN and other spacecraft. It
was detected in LEO on the International Space Station (Berger et al.,
2018) and with neutron monitors on the surface of Earth (Share &
Murphy, 2018), making it the first GLE observed simultaneously on
two planets.

As can be seen in Figure 7 and described inmore detail by Ehresmann et al.
(2018) this SPE led to an increase in the surface proton flux (<100 MeV/
nucleon) by a factor of 30, respectively by a factor of 3–4 for protons with
even higher energies. The increase in the lower-energy proton regime,
thereby, started around an hour later compared to the higher-energy pro-
tons, owing to the longer travel time from the source to Mars of the slower
protons. That the increase of the lower-energy proton flux was a factor of

10 stronger (compared to the higher-energy regime) can be attributed to the spectral shape of the incoming
proton SEP spectrum which falls off with a power law with increasing energy above the 170 MeV needed for
protons to reach the surface. Furthermore, the 4He flux also showed a significant increase by a factor of 10
during the event, showing that during this event also higher-Z ions were accelerated to high enough ener-
gies to reach the Martian surface. The neutral radiation environment on Mars is created by charged particles
(predominantly protons) interacting with the atmosphere and soil. As a result of the increase in charged par-
ticle flux (by the arriving SEP), the neutral particle environment, subsequently, increased by a factor of 2 dur-
ing the event. The implications of this event for human exploration in terms of a detailed analysis of the
radiation exposure are discussed in Zeitlin et al. (2018).

The relatively rapid rise in intensity of this SPE has implications for planning future human exploration, in
which astronauts would perform expeditions in which they drive considerable distances from their habitat.
A fast-onset event can in principle lead to large exposures if explorers are too far from shelter and have no

contingency plan. As seen on Mars, the event was unambiguously under-
way by roughly 20:00 UTC on 10 September and dose rates doubled within
about 7 hr. If one were relying only on monitors on the surface of Mars or
in orbit, a fast-onset SPE could be problematic for long drives, particularly
in the case of a more intense solar event, such as the 20 January 2005 SPE
(Mewaldt et al., 2005). However, for the 10 September 2017 event, the
exposure incurred by being unsheltered for the duration of the event
would have been comparable to adding about 2 days of GCR exposure.
In the context of a long-stay mission scenario (Table 1), where the surface
mission would be planned to last for hundreds of days, the extra exposure
would be negligible. Moreover, the Forbush decrease following the SPE
mitigated this small increase even further, as discussed in the next section.

4. Radiation Quality Factors and Dose Equivalent

Because the biological damage caused by radiation does not depend only
on absorbed dose (energy per unit mass), the quantity dose equivalent is
often used to provide a rough estimate of the risk of induced cancer asso-
ciated with exposure. In a mixed field of charged particles of various types
and energies, dose equivalent is defined as the product of dose and the
average radiation quality factor, <Q>. We use the quality factor defined
by International Commission on Radiological Protection Report 60
(International Commission on Radiological Protection, 1990), which

Figure 5. Radiation Assessment Detector dose rate as a function of time
from 7 August 2012 to 15 February 2018. The dose rate has increased
>50% since summer 2015 due to decreased solar activity as the Sun
approaches solar minimum. Radiation Assessment Detector had observed
only relatively small events until this most recent event on 10 September
2017. However, it must be noted that a solar energetic particle event must be
relatively hard (>150 MeV) to make it to the surface; otherwise the only
observed effect may be a Forbush decrease.

Figure 6. During the 10 September 2017 SPE, RAD dose rates increased
above background GCR levels by a factor of 2 over the course of several
hours and leveled off at sustained peak rates for about 12 hr before declining
over the following 36 hr. As the SEP flux was gradually declining, a shock
front associated with a CME reached Mars, causing a Forbush decrease, with
a sudden drop of about 15% in dose rate. The shielding of the GCR by the
CME reduced their intensity below pre-event intensities. SPE = solar particle
event; RAD = Radiation Assessment Detector; GCR = galactic cosmic rays;
CME = coronal mass ejection.

10.1029/2018SW001959Space Weather
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…major SEP events can be detected simultaneously at locations 
throughout the solar system, like this one which was detected both on 
Mars and as a Ground Level Enhancement on Earth.



Processed high-
temperature 
observations reveal 
inflow-outflow pairs. 

Totzauer, Seaton, & Darnel (2018)

SUVI observations of the same event revealed dynamics along 
current-sheet-like features…

OutflowsEruption Outflow-Downflow Pairs

15:17:54 23:29:55
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Totzauer, Seaton, & Darnel (2018) …including, when you look at how brightness propagates along this 
structure, inflow-outflow pairs that are exactly what reconnection 
models predict.

A  B R I D G E  T O  T H E  F U T U R E :  G O E S - R  
S U V I  E X T E N D E D  C O R O N A L  I M A G I N G

But still, how can we go further?

SOHO/LASCO 
2017 Sep 10 

(Launched 1995)

NOAA and the GOES Program started to explore potential ways to 
mitigate the sudden loss of LASCO data.



PROBA2/SWAP 
off-points 
showed potential 
for EUV 
observations to 
large heights.

We had observed structure far above the limb with SWAP, so decided 
to see if SUVI off-points could be useful for this.
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Figure 9: Seven-panel background-subtracted composite for 17.1 nm (GOES-16 Preliminary, Non-Operational Data) 

 

 
Figure 10: Seven-panel background-subtracted composite for 19.5 nm (GOES-16 Preliminary, Non-Operational Data) 

 
From a systems perspective, the LOS off-pointing from the Sun is similar to the SUVI and EXIS 
calibrations that require gimbal movements. During these calibrations, the data indicated that 
SADA articulation provided the most disturbance to GLM.  Although within requirements, GLM’s 
sensitivity caused us to improve the SUVI coronal imaging scheme in order to mitigate this 
impact. In April 2018, we characterized the dynamic disturbances due to moving the SADA to 
simulate the execution of Option 3 on GOES-17 and in addition investigated the means to 
mitigate GLM sensitivity by varying instrument parameters. Using the data from these 
evaluations, we updated both the GLM imaging and the SADA slew control parameters for the 
follow-on phases of the testing for an optimal system performance.  

See Tadikonda et al. (2019) for an early look. 
DOI:10.1007/s11207-019-1411-0

Results have been promising. Seaton et al. (2019, in prep) will address 
the dynamics discussed in this presentation; omitted in this 
presentation. 

SUVI off-points 
supported Parker Solar 
Probe Perihelion Pass 

Long-term campaign is 
ongoing (Sep-Nov 2019)

SUVI ran a month-long campaign in August/September 2018, another 
three-month campaign is ongoing now, run concurrently with PSP 
perihelion.

L O O K I N G  A H E A D :  W H AT  D O  W E  
H AV E ?  W H AT  D O  W E  N E E D ?

What does the future hold?



U S I N G  E U V  I N  T H E  M I D D L E  C O R O N A ,  W E  H AV E …

• Identified structure and outflows that could be the origins of the solar 
wind, and which help shape the global corona. 

• Identified key features to advance understanding of reconnecting current 
layers and validate reconnection models. 

• Demonstrated the value and viability of imaging this region to solve critical 
unresolved problems in coronal physics.

B U T  S T I L L ,  W E  M U S T…

• Deploy new image processing techniques to illuminate hard-to-observe 
structures and dynamics. 

• Bring together interdisciplinary teams that can unravel mysteries requiring 
the coupling of very different physical regimes. 

• Develop instruments that fully close the observational gap between 
coronal domains. 

• Build links to new missions (PUNCH, Solar Orbiter, Parker Solar Probe, 
Lagrange, L5/L*) to create truly global observation sets.

Adapted from Hughes (2019)

We are developing a variety kinds of new techniques to reduce noise 
and improve images. These will be invaluable for working on low-
signal middle corona observations.

Noise2Self a self-supervised ML framework for blind denoising of high-
dimensional measurements. Preliminary tests are promising!

Adapted from Hughes (2019)

Observation Noisy Denoised

ML-based noise reduction techniques are also very promising.



Careful & appropriate 
image processing can 
dramatically improve 
detectability of EUV 
middle corona 
structure & dynamics.

MGN Processed Gamma adjustment only

For more: Alzate & Morgan (2017)

Image processing techniques like Multiscale Gaussian Normalization 
can reveal faint features that we would otherwise miss. We will need 
these to study this region!

7D�������&2+

A number of collaborations, interdisciplinary sessions, and other new 
community efforts are providing the collaborative framework we need 
to study this region.
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The Full Sun Imager in the EUV Suite on Solar Orbiter will provide 
useful large-field images of the corona in the EUV.

FSI: Full Sun Imager
FOV: 3.8°x3.8°, @ 0.28 AU:   4 Rsun × 4 Rsun

resolution: 9 arcsec on 2 pixels  
   @ 0.28 AU =1830 km on 2 pixels

17nm 30.4nm

SUVI 171 Å Mosaic

Even at closes approach, Solar Orbiter see a lot of extended EUV 
corona…



FSI: Full Sun Imager
FOV: 3.8°x3.8°, @ 0.28 AU:   4 Rsun × 4 Rsun

resolution: 9 arcsec on 2 pixels  
   @ 0.28 AU =1830 km on 2 pixels

17nm 30.4nm

SUVI 171 Å Mosaic

…and it can off-point to get an even wider view.
So

la
r O

rb
ite

r O
rb

its
 

4/
20

20
 –

 1
2/

20
30

Image Courtesy ESA, 'CREMA report'

(only 2030)

Of course, it will leave the ecliptic and give us a view closer to the 
poles as well.

PROBA2 SWAP 174 Å 
EUV Polar View 

June 2018 – September 2018

Courtesy M. West

Some experiments with PROBA2/SWAP images give a clue as to what 
Solar Orbiter will reveal.

The Lagrange Mission

Courtesy M. West

Lots of people spoke about Lagrange at this meeting.



T H E  L A G R A N G E  M I S S I O N  PAY L O A D

Remote Sensing Instruments 
Coronagraph 

Heliospheric imager (HI) 

Magnetograph 

EUV imager 
X-ray flux monitor 

In-situ Instruments 
Magnetometer 

Plasma analyser 

Radiation monitor 

Particle spectrometer

Courtesy M. West

It also has a wide-field EUV imager.

PROBA2/SWAP

Lagrange/EUVI

Courtesy M. West

The FOV is offset to allow EUVI to observe well beyond 2 solar radii.

Lo
w

 G
ai

n

H
ig

h 
G

ai
n

HG 
2010-05-04T18:15:54.584 

Exposure time - constant 100s

LG 
2010-05-04T18:05:29.570 
Exposure time - constant 10s

Courtesy M. West
High Gain

Low Gain

And it will use novel dual-gain imaging to do generate high-dynamic-
range images.

PROBA2/SWAP 
Pathfinder 
Observations 

O’Hara (2019)

Courtesy M. West



Coronal 
Spectrographic 
Imager in the EUV 
(COSIE) 

Wide FOV, high-sensitivity 
EUV imager and slitless 
spectrograph. 

500× AIA Effective area 

Channel switch via flipable 
feed optic 

Hosted on ISS

Courtesy L. Golub

COSIE is another proposed wide field of view imager with some 
unique capabilities.

CMEs and magnetic connectivity are tracked 
through the Sun’s corona: 

Disk/Coronal brightness varies by a small factor 
in the EUV (vs. 106 in white light). 

EUV coronagraphs allow for simultaneous 
visibility of the source region and the 

propagating disturbance.

The Sun emits in discrete EUV 
spectral lines: 

Dispersing the light with a grating 
results in distinct solar images. 

The images provide diagnostics for 
large solar events (location, strength, 

speed).

Courtesy L. Golub

Unfolding Overlaping Spectral Images

True versus reconstructed (via 
direct inversion) emission measure 

maps for T ~1.2 – 2 MK 
(Winebarger et al., 2018).

Full Sun intensity maps for Fe XII 
203 A and Fe XIII 202 A, and 

density maps calculated from the 
ratio of these lines
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Courtesy L. Golub

S u n  C o r o n a l  E j e c t i o n  T r a c k e r
• 6U CubeSat

• 0-4 R̥ field of view


• 170-200 Å bandpass

• Measure the entire CME acceleration profile

• Proposing 2019, launch 2023

Courtesy J. Mason SunCET is a large FOV EUV imager proposal led by LASP, which could 
demonstrate this sort of observation can be miniaturized in a way that 
would be appropriate for L5/L* observations.



T O  U N D E R S TA N D  T H E  G L O B A L  C O R O N A  W E  W I L L …

✓ Deploy new image processing techniques to illuminate hard-to-observe 
structures and dynamics. 

✓ Bring together interdisciplinary teams that can unravel mysteries requiring 
the coupling of very different physical regimes. 

✓ Develop instruments that fully close the observational gap between 
coronal domains. 

✓ Build links to new missions (PUNCH, Solar Orbiter, Parker Solar Probe, 
Lagrange) to create truly global observation sets.

In fact, these things we need to do are things that we are doing.

Middle Corona EUV imagers at L5 will allow us to develop coherent 
observations of the corona/heliosphere that are required to answer 
important questions about coronal physics and the origins space 
weather phenomena. 

These are particularly valuable when coupled with observations from 
near-Earth and out-of-the-ecliptic vantages.


