
Solar Ultraviolet Irradiance Observations of the Solar Flares
During the Intense September 2017 Storm Period
P. C. Chamberlin1 , T. N. Woods1 , L. Didkovsky2, F. G. Eparvier1 , A. R. Jones1, J. L. Machol4,5,
J. P. Mason3, M. Snow1, E. M. B. Thiemann1 , R. A. Viereck4, and D. L. Woodraska1

1Laboratory for Atmospheric and Space Physics, University of Colorado Boulder, Boulder, CO, USA, 2Space Science Center,
University of Southern California, Los Angeles, CA, USA, 3Solar Physics Laboratory, NASA Goddard Space Flight Center,
Greenbelt, MD, USA, 4Space Weather Prediction Center, NOAA, Boulder, CO, USA, 5Cooperative Institute for Research in
Environmental Sciences, University of Colorado Boulder, Boulder, CO, USA

Abstract A large outburst of flares occurred between 4–10 September 2017 when new magnetic flux
emerged into and strengthened an existing active region, National Oceanic and Atmospheric
Administration Region 12673. This intense solar storm period included X9.3 (6 September) and X8.2 (10
September) flares, the largest flares that have occurred during Solar Cycle 24, as well as 39 M-class flares and
three additional X-class flares. Another X-class flare from this active region was observed on the farside of the
Sun from Mars Atmosphere and Volatile EvolutioN prior to the September events, along with other large
M-class flares, showing the potential for how farside irradiance monitoring can improve flare prediction at
Earth for 1- to 13-day forecasts. This September 2017 flare period is similar to other famous storm periods
such as the 18 October to 5 November 2003 Halloween storm that produced 14 X-class flares and 137 M-class
flares and the 6–10 September 2005 period that had 11 X-class and 68 M-class flares. All of these storm
periods occurred in the declining phase of the solar cycle when solar activity had decreased significantly
from solar maximum levels. This paper focuses on a number of solar irradiance observations at ultraviolet
(0–190 nm) wavelengths during the September 2017 storm period and the advantages that an ensemble of
measurements and models have for studying solar flares.

1. Introduction

Observations of the solar irradiance are used to quantify the variable energy output of the Sun and subse-
quently used to estimate changes in Earth and other planetary atmospheres where this energy is deposited.
Historically, space-based irradiance instruments have been used to observe variations in intensity over the
11-year solar cycle and 27-day solar rotation period, only requiring observations of approximately daily
cadence over many years. More recently, instruments have optimized signal levels, cadence, and duty cycle
to study variations due to solar flares that can significantly change irradiance values on timescales of seconds
to hours. While most of the science goals of these irradiance instruments are still to accurately measure and
quantify the changing energy input into planetary systems, these observations have also proven valuable to
the solar physics community due to their large spectral coverage in ultraviolet (UV) wavelengths and nearly
continuous and rapid observation cadence. The long-standing monitor for solar flares for space weather
operations has been the X-Ray Sensor (XRS) aboard a series of Geostationary Operational Environmental
Satellites (GOES) since the 1970s. Since then, a much larger suite of solar irradiance instruments that have
been launched are providing much more details about solar flares themselves and the influence they have
on planetary bodies.

A number of solar irradiance observatories were available to provide valuable data sets for storm periods
prior to the September 2017 flares, although not all of these instruments were optimized to study these
events because of reduced temporal cadence and duty cycle. Regardless, valuable studies looking at the evo-
lution and energetics of solar flares as well as their space weather impact on planetary systems have been
performed using these data. Chamberlin et al. (2008) used 27 flares observed with Solar EUV Experiment
(SEE) to produce an empirical model, called the Flare Irradiance Spectral Model (FISM) to estimate the solar
irradiance from 0.1 to 190 nm at 1-min cadence to quantify the solar spectral enhancement across the entire
wavelength range due to solar flares. These SEE-based FISM results have been primarily used in numerous
studies to quantify the ionospheric and thermospheric (I/T) responses to the increased UV irradiance
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during solar flares (Peterson et al., 2008; Qian et al., 2010; Qian et al., 2011; Qian, Burns, Liu, et al., 2012; Qian,
Burns, Solomon, et al., 2012). Using FISM, Lolo et al. (2012) modeled the response of the ionosphere of Mars to
a solar flare and Sternovsky et al. (2008) quantified the variability of the lunar photoelectron sheath to solar
flares. These studies indicate an almost instant response in the ionosphere and heating of the thermosphere
proportional to the solar irradiance increase. Woods et al. (2006) and Moore et al. (2014) were able to use
measurements of a few large flares observed by the Solar Radiation and Climate Experiment (SORCE;
Rottman, 2005) Total Irradiance Monitor (TIM; Kopp et al., 2005), as well as Thermosphere, Ionosphere,
Mesosphere, Energetics, and Dynamics (TIMED) SEE, GOES XRS, and FISM results of during the
October/November 2003 and September 2005 storm periods to quantify the total radiative loss that occurred
in solar flares, to differentiate between the energy loss in the impulsive and gradual phases, and to model the
total radiative energy loss for other flares. With the new suite of instruments, many of them optimized for
high-cadence flare observations, that were available to concurrently observe the September 2017 flare
events, much greater accuracy and details of large solar flares, and their impact on planetary atmospheres
will be achieved.

The goals of this paper are to provide a brief overview of the many irradiance observations and model
results that are available during the September 2017 storm period. Section 1 presents a summary of the
flares that occurred during this storm period, followed by section 3 that gives an instrument summary
and subset of the substantial solar irradiance observational data and empirical modeling results available
from the September 2017 storms. Section 4 concludes with a summary of the presented results
and comparisons.

2. Instruments Observing and Model Results of the September 2017 Storm Period

The September 2017 storm period occurred while a large number of complimentary irradiance instruments
were contemporaneously operational. These instruments, described in detail in this section, span multiple
platforms in the Heliophysics Great Observatory including TIMED and Solar Dynamics Observatory (SDO),
as well as the Mars Atmosphere and Volatile Evolution Mission’s (MAVEN) Extreme Ultraviolet Monitor
(EUVM) instrument from the NASA planetary division and the National Oceanic and Atmospheric
Administration’s GOES mission.

2.1. GOES EXIS

The GOES XRS (Garcia, 1994), with measurements in two soft X-ray bands from 0.1 to 0.8 nm and 0.05 to
0.4 nm, is optimized for flare observations and can be used to identify the start, peak, and end times of a flare
and is the definitive instrument to classify the magnitude of solar flares. This solar flare classification uses the
GOES XRS-B (0.1–0.8 nm) magnitude, which then is translated by decade into a flare index classification
ranging from A- to X-class flares. A-class flares start at 1 × 10�8 W/m2, and the B-, C-, M-, and X-class flares
start at a factor of 10 more than the previous class. There is also the XRS-A (0.05–0.4 nm) band that is used
with XRS-B for space weather operations to predict when a flare peak will occur for science analysis to
estimate the coronal plasma temperature and emission measure (density).

The new, updated GOES-16 XRS (Chamberlin et al., 2009) is now part of a larger instrument suite known as the
EUV and X-ray Irradiance Sensors (EXIS) that includes a new instrument with many wavelengths extending
into the UV called the EUV Sensor (EUVS; Eparvier et al., 2009). To cover the large dynamic range (greater than
5 orders of magnitude) of the solar X-ray variability, the new GOES-16 and beyond (GOES-R series) versions of
the XRS have split the range into two channels for each wavelength band. The quiet sun channels, “A1” and
“B1,” have a large aperture while the solar flare “A2” and “B2” channels have a smaller aperture. The 1 and 2
channels for both wavelength ranges overlap in magnitude coverage.

The three EUVS channels are EUVS-A that measures 25.6 nm (He II during quiet Sun conditions, dominated by
Fe XXIV during flares), 28.4 nm (Fe XV), and 30.4 nm (He II), EUVS-B that measures 117.5 (C III), 121.6 nm (H I),
133.5 nm (C II), and 140.5 nm (Si IV/O IV blend), and EUVS-C that measures the solar spectra near 280 nm to
produce the Mg II index (Snow et al., 2009). The GOES-16 XRS and EUVS solar observations have cadence of 1
and 30 s, respectively. GOES-16 EUVS measurements do exist for this September 2017 flare period but have
not yet been made public so are not included here.
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2.2. SDO EVE

The EUV Variability Experiment (EVE; Woods et al., 2012) was launched aboard the SDO (Pesnell et al., 2012) in
2010 and is the follow-on to TIMED SEE. SDO EVE was designed to measure the solar spectrum from 6 to
106 nm at 0.1-nm resolution every 10 s using the Multiple EUV Grating Spectrograph (MEGS) A and B chan-
nels, which span the 6- to 37- and 33- to 106-nm ranges, respectively. SDO is in geosynchronous orbit, like
GOES; so EVE observations are nearly continuous with only occasional eclipse periods. MEGS-A was lost on
26 May 2014 due to a CCD power supply capacitor failure, so unfortunately, no MEGS-A data are available
for the September 2017 storm period. MEGS-B was discovered to have an accelerated degradation profile
shortly after launch, so it has been limited to approximately 3-hr observing windows each day. Recently,
the on-board operational software for MEGS-B was updated to trigger a flare campaign mode that puts
MEGS-B in science mode for 3 hr if a flare reaches an M1 level or higher. This flare mode will restart, and con-
tinually trigger, each time an M-class flare has been reached regardless of whether it is still in flare mode from
a previous flare, and there is no limit to the number of flare campaigns that can be triggered. This MEGS-B
mode of operation was especially advantageous during this September 2017 period, when there ended up
being nearly 75% coverage during the 8 days of this flare period instead of the standard 12% coverage during
no flare campaigns.

The fourth instrument of EVE, the EUV SpectroPhotometer (ESP; Didkovsky et al., 2012), is a set of broadband
photodiode channels in the soft X-ray wavelength range with 0.25-s cadence. The central order channel
covers the 0.1- to 7-nm range, while the first-order channels are centered on 18.2, 25.7, 30.4, and 36.6 nm,
all with approximately 6-nm-wide spectral band-passes. ESP still operates at nearly 100% duty cycle, although
SDO experiences short eclipses (<70 min/day) during September.

There have already been a large number of studies of flares prior to this September 2017 storm period with
the EVE instrument, with many significant findings including a new flare “late phase” (Woods et al., 2011),
more accurate quantification of the energetics and thermal evolution during flares (Chamberlin et al.,
2012; Milligan et al., 2014; Ryan et al., 2013), as well as studies of Doppler shifts of plasma dynamics (flow)
during solar flares (Chamberlin, 2016; Hudson et al., 2011). These studies, along with the I/T studies discussed
in section 2.2, should be performed for the September 2017 flares given these were the largest flares
observed by EVE and of Solar Cycle 24.

2.3. SDO AIA

SDO also has a multichannel UV imager, the Atmospheric Imaging Assembly (AIA; Lemen et al., 2012). The
high-cadence and full-disk, high spatial resolution images from AIA provide invaluable information as to
the plasma dynamics of the loops and footpoints during the flare events and context for the source of the
EUV irradiance variations observed by EVE. SDO AIA was fully functional in its normal observing mode during
these flares and has provided detailed images and movies of the events.

2.4. TIMED SEE

The SEE instrument on the TIMED satellite became operational in early 2002 and is still currently operating.
SEE comprises two instruments, the EUV Grating Spectrograph (EGS; Woods et al., 2005) that measures from
27 to 190 nm with 0.4-nm resolution, and the X-ray Photometer System (XPS; Woods & Rottman, 2005) that
consists of a set of broadband diodes, where only the one channel from 0 to 7 nm still works following a filter
mechanism failure on 24 July 2002. A SEE Level 4 data product uses the CHIANTI solar model (Del Zanna et al.,
2015; Dere et al., 1997; Landi et al., 2013), driven by the XPSmeasurements, estimates the spectral distribution
in the 0- to 40-nm range, at better than 0.1-nm spectral resolution (Woods et al., 2008). The SEE Level 3
product combines the XPS model spectra from below 27 nm and the EGS spectra above 27 nm into
1-nm intervals.

SEE was designed to produce an accurate daily-average solar irradiance product. With its 1-axis solar pointing
platform, SEE takes a series of 10-s integrations in a single 3-min observing window for each orbit, whose
period is approximately 96 min. Chamberlin et al. (2008) applied instrument corrections to each individual
10-s integration in order to use these higher, 10-s cadence observations to study flares, but this is more
critical for the rapidly changing impulsive phase. Since the SEE observations for the flares presented here
were during the gradual phase of long-duration flares, not much variation is expected over the observations,
so the standard, publicly available Level 2 product is used that is the full 3-min integration.
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2.5. MAVEN EUVM

The MAVEN EUVM (Eparvier et al., 2015) measurements are similar in nature to the XPSmeasurements, in that
the EUVM band-pass filters and Si photodiode response define the extent of the broad wavelength coverage
for the different EUVM channels. EUVM has three channels: 17–22 nm (Channel A), 0.1–7 nm (Channel B), and
a hydrogen Lyman-alpha channel centered at 121.6 nm (Channel C). The measurements of the solar irradi-
ance at Mars from these three EUVM diodes are used as proxies to produce the FISM for Mars (FISM-M;
Thiemann et al., 2017). Estimates from FISM-M of the full UV solar spectral irradiance from 0 to 190 nm as
input into the Martian atmosphere as the official EUVM Level 3 product.

2.6. FISM

Version 2 of the FISM is nearly released, and initial estimations from FISM2 of the solar irradiance from 0.1 to
190 nm during this storm period are available at 1-min cadence and 0.1-nm bins, an improvement from the
1.0-nm bins of FISM version 1 (Chamberlin et al., 2007, 2008). FISM2 is based on SORCE SOLSTICE XPS Level 4,
Version 11 data (Woods et al., 2008), the Miniature X-ray Solar Spectrometer (MinXSS; Mason et al., 2016;
Woods et al., 2017), SDO EVE MEGS A/B Level 3, version 6 (Woods et al., 2012), and SORCE SOLSTICE version
18, high-resolution (McClintock et al., 2005) data products. These data provide the necessary 0.1-nm spectral
resolution at high temporal cadence and have included a significant amount of flare observations, which
leads to a significant improvement in accuracy over FISM1 whose flare component was based solely on
TIMED SEE at 1.0-nm resolution and only 27 flares. The FISM2 cadence will be increased to 10 s in the future.

3. Flare Observations and Models for September 2017 Flares

The September 2017 flare period began with the emergence of new active region flux from below the surface
into an existing active region. The previously existing active region had produced one X-class and two large
M-class solar flares on the farside of the Sun as observed from the MAVEN’s (Jakosky et al., 2015) Solar EUVM
(Eparvier et al., 2015) instrument in July, which could have provided a valuable data set for long-term space
weather predictions if a similar instrument was operated with the more complex real-time operational mode.
Although it had decayed to a less magnetically complex bipolar active region by early September, the emer-
gence of this new group of flux through the surface just prior to the storm period caused the entire active
region to become more magnetically complex and enhanced the opportunity for reconnection events and
solar eruptions to occur (Yang et al., 2017).

A summary table of the M-class and larger flares for the period from July through September 2017 is given in
Table 1. This shows information on the timing, magnitude, and instruments that observed each event. There
are also columns showing, which flare events had strong impulsive phases, coronal dimming, or associated
CMEs. A sample of the measurements and results from these instruments described in section 2 are
presented here, as well as the results from the FISM empirical model.

3.1. SDO AIA Measurements

Summary movies created using Helioviewer.org of all AIA wavelengths can be found in the supporting infor-
mation. AIA images shown in Figures 1 and 2 highlight various events in the two large flares, the X9.3 flare on
6 September and the X8.2 flare on 10 September, respectively. Each of the subpanels, (a)–(i), correspond with
various events seen in the SDO/EVE time series presented in Figure 4 to provide insight on the source and the
dynamics of the EUV irradiance variations.

The AIA images show a complex and extended evolution, with at least three distinct sections of reconnecting
arcades along the entire flare arcade. Both flares have an initial, quick reconnection in the center of the
arcade seen in Figures 1b and 2b for the two events. The reconnection then continues further down to the
south in the arcade seen in Figures 1c and 2c. A third distinct reconnecting and continuing of the arcade
expansion can be seen going out to the top of the images in Figures 1d/f and 2e. The extensions of the arcade
both up and down as seen in the images are much slower to advance but eventually make for a very large
and curved arcade of postflare loops seen in Figures 1g–1h and 2g–2h—a very similar evolution for both
the 6 and 10 September flares. For the 10 September flare, no visible evidence of low-atmosphere footpoints
or ribbons are noticeable until around 16:05 when a ribbon from the southern arcade reconnection expan-
sion becomes visible on the limb and extends onto the surface visible from Earth and AIA.
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3.2. SDO EVE Measurements

Figure 3 shows the complete time series during the September 2017 storms for the SDO/EVE/ESP 0–7 nm
channel (a), the SDO/EVE/MEGS-B 56.78 nm Fe XX line using the EVE Version 6, Level 2 Line data product
(b), and the MAVEN/EUVM-B 0–7 nm observations (c; MAVEN/EUVM measurements are described in section
3.4). ESP still has an almost 100% duty cycle, where the small gaps in these data are due to eclipses. The
MEGS-B data can be sparse but are more frequent than usual as the “flare-campaign” mode was triggered
multiple times during these events, showing the value of this operation mode. The ESP 0–7 nm channel
has been shown to compare well with the GOES XRS channels (Hock et al., 2013), with the ESP flare peaks
occurring slightly later and broader due to the ESP extended band-pass to longer, cooler wavelengths. The
gradual, thermal phases of the two large flares are of comparable magnitude for any hot, coronal emissions.
This is expected due to their similar GOES XRS classifications and because the gradual phase is driven mostly
by the hot plasma emitted in the upper coronal loops after the flare impulsive phase.

The solar flare that occurred on 6 September was near the center of the disk, so there should not be any
center-to-limb variations of the flare occurring that would suppress optically thick emissions due to the high
densities of the overlying plasma (Chamberlin et al., 2008; Thiemann et al., 2018). In contrast, the 10
September flare was an “over the limb” event, as seen in the AIA images. The over-the-limb flare means that
the Sun has rotated to the point that the active region itself, as well as the footpoints of the flare, have rotated

Figure 1. SDO AIA 17.1-nm image sequence during the X9.3 flare on 6 September 2017. Red circles show the location of
new postflare loops and are associated with new peaks in the SDO EVE time series. These new postflare loops indicate
new regions of reconnection or temporally disconnected regions along the flare arcade that are delayed from the initial,
centrally located eruption. Each panel shown is from the same time as a significant event or new peak in the SDO EVE
time series in Figures 4a and 4c to allow for direct comparisons between the source in the images and the enhanced
irradiance emissions as seen by EVE. AIA = Atmospheric Imaging Assembly; SDO = Solar Dynamics Observatory; EVE = EUV
Variability Experiment.
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around to the backside of the Sun as viewed from Earth and are no longer visible. But, the flare loops extend
up into the corona are still visible over the limb from Earth. Even though the instruments described in this
paper are “irradiance” instruments with no spatial resolution, over-the-limb flares provide unique
observations that isolate the emissions that come only from the flaring loops and do not include emissions
from the footpoints.

Time series for the 6 September flare and 10 September flare from SDO EVE are shown in Figure 4 for the
cooler chromospheric emissions (He I and He II) as well as coronal emissions (0–7 nm, Fe XX, and Fe XVI).
The top panels are from the ESP channel while the bottom panels are from the MEGS-B channel. The
MEGS-B time series, with good spectral resolution, clearly shows multiple eruptions for both the 6 and 10
September flares, which was not clear using the broadband ESP or the GOES XRS data that span a much
broad temperature range than the isolated emission lines observed by MEGS-B. The He I time series shows
at least two very distinct impulsive phase enhancements, while the coronal Fe XX and Fe XVI shows the ther-
mal (gradual) phase response of the hot plasma that also showsmultiple enhancements throughout the flare.
These can be correlated in time, as labeled at the top of Figure 4, with the AIA images and panels labeled (a)–
(i) in Figures 1 and 2 that shows at least three different parts of the flare arcade enhancing at different times.
There is approximately three times smaller emission for the chromospheric He II emission line (panel (b)) and
an order of magnitude smaller He I (panel (d)) emissions in the 10 September flare due to the occultation of

Figure 2. SDO AIA 17.1-nm image sequence during the X8.2 flare on 10 September 2017. As in Figure 1, red circles
show the location of the appearance of new postflare loops. Images for this date can be compared with the SDO EVE
time series that are given in Figures 4b and 4d. AIA = Atmospheric Imaging Assembly; SDO = Solar Dynamics Observatory;
EVE = EUV Variability Experiment.

10.1029/2018SW001866Space Weather

CHAMBERLIN ET AL. 1476



the footpoints that are over the limb as viewed from Earth, so the impulsive phase emission that dominates
these cool emissions is eliminated. The timing of the He II peak is delayed as it from the thermal plasma as it
cools to the contribution temperatures late in the gradual phase after the soft X-ray and hot coronal
emissions peak. Also, it can be seen in the AIA movies that a chromospheric flare ribbon does end up
extending over the limb to the side visible from Earth around 16:05 UT, and this is also a source of the He
II contributions seen rising after 16:00 UT in Figures 4b and 4d.

The similarities of the two flares are interesting in that not only did both the 6 and 10 September flares have
multiple, distinct energy releases, but also that the first energy release was faster and heated the plasma to
hotter temperatures, as can be seen by the Fe XX irradiance being relatively higher than the Fe XVI, while in
the second energy release, the plasma response is slower, longer, but also the cooler Fe XVI is relatively larger
than the hotter Fe XX, meaning the flare plasma temperature did not reach as high with the second energy
release in each event. Using the AIA images for context, it can be seen in both flares that the hotter, initial
energy release was in the center of the arcade, seen as the red circle in Figures 1b and 2a. The slower, cooler
energy releases later in the events are from the enhancements at the ends of the arcade and can first be seen
in Figures 1d and 1f and 2c and 2e. The 6 and 10 September flares were not only of similar GOES class, but
given the AIA movies and EVE spectral evolution time series, it can be hypothesized that the two flares also
have very similar physical arcade evolution, with one viewed from above and one viewed in profile. This
opens up the opportunity to study the flare large-scale dynamics (flows) from two viewpoints, while recog-
nizing that smaller scale effects are likely different for these two similar flares.

The complete spectra at all times during each flare can also be shown, given that the MEGS-B channel was
functioning during the duration of these flares. The measured MEGS-B spectrum for the 6 September 2017
flare at the peak of the impulsive phase is shown as the black spectrum in Figure 5a, while the daily average
spectrum is in red. The impulsive phase spectrum is a 30-s integration centered at 11:57:27 UT, the time of the
peak of the He I 53.70 nm emission line as measured by MEGS-B and seen as red in Figure 4c. The absolute
magnitude changes in the impulsive phase peak spectrum above the daily average spectrum are shown in
Figure 5b. This figure shows the large changes in the chromosphere and transition region emissions that

Figure 3. Time series of the SDO/EVE/ESP 0- to 7-nm soft X-ray emission (a), the SDO/EVE/MEGS-B Fe XX 56.78-nm line (b),
and the MAVEN/EUVM/Channel-B 0–7 nm (c) during the 6–12 September 2017 storm period. Panel (b) shows the SDO
MEGS-B measurements that include many flare campaigns beyond the usual 3-hr/day of observation time. The MAVEN/
EUVM measurements show that the early flares were not observed from MAVEN at Mars until the active region rotated
around to its view on 8 September. MAVEN had a complete view of the 10 September flare that had its footpoints occulted
by Earth-observing observatories. SDO = Solar Dynamics Observatory; EVE = EUV Variability Experiment; EUV
SpectroPhotometer; MEGS = Multiple EUV Grating Spectrograph; MAVEN = Mars Atmosphere and Volatile EvolutioN;
EUVM = Extreme Ultraviolet Monitor.
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dominate this wavelength range, including strong bound-bound emission lines as well as the free-bound
continua (Milligan et al., 2012).

A similar set of plots as found in Figure 5 can be made for the gradual phase peak for the 6 September 2017
flare. The gradual phase peak spectrum defined by the 30-s integration around the peak of the Fe XX
56.78 nm emission line measured by MEGS-B that occurred at 12:16:16 UT. This is between the “c” and “d”

Figure 4. Time series of the flare on 6 September 2017 (a and c) and 10 September 2017 (b and d). Panels (a) and (b) com-
pare the EVE/ESP 0–7 nm (black) and ESP 30.4 nm (red) channels, while panels (c) and (d) compare two observations from
EVE/MEGS-B, the hot Fe XX 56.78 and Fe XVI 36.07 nm emissions formed around log (T) = 6.9 (blue) and 6.4 (black),
respectively, and the cool He I 53.70-nm emission line formed in the chromosphere at log (T) = 3.8. The 30.4-nm data are
scaled by a factor of 180 in panels (a) and (b). The labels A–I at the top of the figure indicate the times of the respective
panels (a)–(i) of AIA images in Figure 1 for the 6 September flare and Figure 2 for the 10 September flare. EVE = EUV
Variability Experiment; MEGS = Multiple EUV Grating Spectrograph; ESP = EUV SpectroPhotometer.

Figure 5. Flare increases for the 6 September 2017 flare during the impulsive phase peak that occurred at 11:57:27 UT.
(a) The measured impulsive phase spectrum (black) at the time of the peak and the daily average spectrum, with flares
removed, is also shown for reference (red). The absolute irradiance changes above the daily average, or the black spectrum
minus the red one in (a), is shown in (b).
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timestamp in Figures 1 and 4. As seen in Figure 6, the gradual phase peak spectrum shows a larger increase at
this time in the few hot coronal lines that are measured by MEGS-B, mostly the hot Fe lines in the 33–38 nm
range, while the rest of the cooler emissions have decreased from their peak in the impulsive phase.

As mentioned previously, the flare-increased emissions formed in the lower solar atmosphere was occulted
during the 10 September 2017 flare as viewed from Earth due to the footpoints being over-the-limb. Figure 7
shows the 30-s integration around the impulsive phase peak at 15:54:08 UT (black) and daily average (red)
spectra from MEGS-B for this 10 September flare while Figure 8 shows the 30-s integration centered at the
gradual phase peak at 16:07:48 UT (black) and daily average (red) spectra in the “a” panels, while the absolute
changes over the daily average spectrum for that day in the “b” panels for each flare phase peak. It is a point
of emphasis that the time an integration period of this impulsive phase spectrum is well before any chromo-
spheric ribbon from subsequent reconnection along the arcade becomes visible in the AIA images around
16:05 that was mentioned earlier; therefore, this impulsive phase spectrum truly has the entire footpoints
and ribbons occulted.

The spectra in Figures 7 and 8 have few significant increases in the flare spectra relative to the 10% uncer-
tainty in MGES-B measurements, especially for the impulsive phase spectrum in Figure 7. Larger increases

Figure 6. Spectra measured by MEGS-B during the gradual phase of the flare on 6 September 2017. A 30-s integration cen-
tered at 12:16:16 UT shows the flare spectrum (black), and the daily average spectrum (red) are shown in (a), while the
absolute change of the flare over the daily average spectrum is also shown in (b). MEGS = Multiple EUV Grating
Spectrograph.

Figure 7. Spectra at the peak of the impulsive phase of the X8.2 flare on 10 September 2017 that is a 30-s integration
centered at 15:54:08 UT. The flare spectrum (black) and daily average spectrum (red) are shown in (a), and the absolute
change of the flare over the daily average spectrum is shown in (b). There are few significant increases seen in these spectra
and most of the increases seen are simply noise.
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can be seen for known coronal emissions in Figure 8, such as the hot Fe lines that exist from 33 to 38 nm as
well as the continuum extending through and to the shorter wavelengths (Milligan et al., 2012). This is
expected as these hot coronal lines are formed in the coronal loops that extend above the limb of the Sun
and are clearly visible from Earth as seen in Figure 2.

Given that these flares on 6 and 10 September 2017 were so similar in XRS magnitude, AIA loop and arcade
evolution, and EVE time series and magnitudes, the two flares can be treated as being very similar, with the
largest variable being the viewing geometry and the occulted lower atmosphere of the 10 September flare.
The absolute flare spectra on 10 September given in Figure 8b, which has been shown to be from the coronal
loops only, can be subtracted from the 6 September flare shown in Figure 6b, which is the entire flare includ-
ing both loops and footpoints, to give an estimate of the foot point-only isolated flare emission spectra at the
time of the gradual phase. This estimated foot point spectrum is shown in Figure 9, and for themost part does
not look much different than the gradual flare spectrum given in Figure 6b as most of the emission in this
wavelength range are cool emission from the solar atmosphere. But, there are wavelengths that extend
below towards zero, meaning they are of a similar magnitude for both flares, or larger for the 10
September flare, and formed in the part of the flare that could be observed by both, the hot coronal loops.
There are the aforementioned Fe emissions from 33 to 38 nm, Fe XX 56.79 nm, Fe XXI 58.58 nm and Fe XIX
59.22 nm, Fe XX 72.16 nm, and Fe XXII 84.55 nm, among others. Above 90 nm, many of the emissions going
below the x-axis are due to very low signal measurements in between emission lines.

3.3. TIMED SEE Measurements

Even with TIMED SEE’s 3% duty cycle, it fortuitously obtained observations very near the peak of both the 6
and 10 September flares, as well as near the peaks of the X17 flare on 28 October 2003 and the X28 flare on 4

Figure 8. Thirty-second integrated gradual phase flare spectrum near the peak at 16:07:48 UT on 10 September 2017. The
flare (black) and daily average (red) spectra are shown in (a), and the absolute change of the flare over the daily average
spectrum is shown in (b). Many more coronal emission line increases can be seen during the gradual phase than in the
impulsive phase, as expected, notably in the 33- to 38-nm emission range where some strong, hot Fe emissions exist, as
well as the continuum extending to shorter wavelengths.

Figure 9. Difference spectrum of the 6 September flare spectrumminus the 10 September flare spectrum (e.g., spectrum in
Figure 6b minus the spectrum in Figure 8b), gives an estimated spectrum of the foot point emission only, which
dominates this spectral range. Dropouts are due to coronal lines, formed in the loops, that are of similar magnitude in both
spectra and difference of low signal measurements above 90 nm.
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November 2003. A time series of SEE observations for each day are shown as connected points in Figure 10,
where the GOES XRS-B (black) and its time derivative (blue) are shown along with the SEE EGS relative irra-
diance values of the 1-nm bins centered at 30.5 nm (red), containing the He II 30.38 nm emission, and the
33.5-nm bin (green) that is dominated by the Fe XVI emission line at 33.54 nm. As seen in Figure 10,
the SEE observation near the peak on 6 September was a 70-s integration starting at 12:08:12 UTC, when
the GOES XRS index was below its peak (XRS is seen in black), but while it was still at Magnitude X4.9 class,
and was after the impulsive phase shown as the time derivative of the GOES XRS-B, seen in blue.
Significant increases in the 30.5 nm (red) bin, which is dominated by the He II emission, and 33.5 nm (green)
bin, which is dominated by the Fe XVI line, can be seen at the time of this SEE flare observation. On 10 Sept,
the SEE observation was another 70-s integration that started at 16:11:33 UTC when the flare index was X7.3
again just past the GOES XRS-B peak (black) but after any impulsive phase given by the blue. Even though the
timing of the SEE observation is still at the time of a large increase in the GOES XRS-B, there is not a significant
increase in the TIMED SEE He II 30.5-nm bin due to the occulted foot point.

The advantage of SEE is that it is a spectrograph; therefore, it measures the entire spectral range from 0 to
189 nm simultaneously. Figure 11a shows the daily average, where the average is calculated with any flare
spectra removed, Version 12 SEE spectra (black) for 10 September 2017 and the flare maximum spectra for
each flare, blue for the 6 September 2017 flare and red for the 10 September flare, and Figure 11b shows
the ratios to the daily minimum spectrum in similar colors. Figure 11c is the irradiance difference between
the 10 September flare subtracted from the 6 September flare, giving an estimate of what a spatially-
resolved, flaring foot point spectrumwould look like. This is similar to what was done for the EVE MEGS-B data
in Figure 9, with the extended wavelength rage of SEE, but with less coordinated timings due to the limited
duty cycle of SEE.

It is evident in the SEE spectra and differences shown in Figure 11 that the 1-nm bins that are dominated by
coronal emissions, for example, from 8 to 14 nm, for the 10 September flare have larger absolute changes
than the 6 September flare. Many of the emissions show that the 10 September flare energies are significantly
reduced in the cooler emissions formed in the lower solar atmosphere, such as the He II 30.4 nm emission line
and the H and He free-bound continua, due to footpoints of the flare being occulted as confirmed by the sig-
nificantly reduced cool emission and the images, seen later, from SDO AIA. And, as expected, these cooler
emission lines from the chromosphere and transition region, along with the core of the strong HI Lyman
Alpha emission line at 121.6 nm, show up and dominate the foot point spectra (panel (c)).

3.4. MAVEN EUVM Measurements

During the September 2017 storm period, the location of Mars, and therefore the MAVEN spacecraft, was
approximately 15° past solar conjunction; therefore, MAVEN EUVM provided a unique vantage point and
observations to study the flares. MAVEN/EUVM measured four additional flares on the backside that were
not visible from Earth-based satellites such as GOES or SDO. Since both EUVM-B and GOES/XRS measure soft
X-ray emissions, a scaling relationship between them can be used to estimate the GOES class of a flare from

Figure 10. Time series of the 6 September (a) and 10 September (b) flares for GOES XRS (black) and dXRS/dt (blue), an indi-
cator of the impulsive phase timing, as well as two emissions from TIMED SEE showing when the spectrograph fortuitously
made its observations near the flare peak. The two emissions shown are a cool chromospheric He II emission that domi-
nates the 30.5-nm bin (red) as well as the bin dominated by the coronal Fe XVI 33.5-nm emission line (orange). XRS = X-Ray
Sensor; GOES = Geostationary Operational Environmental Satellite; TIMED = Thermosphere, Ionosphere, Mesosphere,
Energetics, and Dynamics; SEE = Solar EUV Experiment.
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EUVM. Measurements from the 0–7 nm (black) and Lyman-alpha (red) channels of EUVM for the additional
flares are plotted in Figure 12, and their peak day/times, and equivalent GOES XRS class at 1 AU are given in
Table 1.

A time series of this September 2017 span from the EUVM-B channel is shown in Figure 3c, but as Mars was
just past solar conjunction, the flares early in this storm period were occulted from the MAVEN observation
vantage point. The observed irradiance increase in EUVM between 6 and 9 September is due to the active
region rotating around into view, and many of the large flares early in this storm period were completely
occulted. Interestingly, the MAVEN data may be able to provide insights into energetics and timing of emis-
sions in its three bands from observations of loop-tops of some of the early flares that had their lower profiles,
including lower loops legs, occulted and only the loop-tops visible. The last flare on 10 September, where the
footpoints and lower atmosphere were mostly occulted by Earth-based observatories, was fully observed by
MAVEN EUVM, and is shown in Figure 13.

Chamberlin et al. (2012) has shown that flares, such as the M1.0 flare that occurred on 5 November 2010, can
occur without an impulsive phase or significant increased foot point emissions. Confirmation that these cool
emissions still occur in the 10 September flare comes from the EUVM instrument, where Mars was in the posi-
tion to have a view of the entire flare. Figure 13 shows time series of the EUVM-B and –C channels, and

Figure 12. Time series of the MAVEN EUVM soft X-ray (0–7 nm, black) and HI Lyman-alpha (121.5 nm, red) emissions during
four flares on the farside of the Sun as viewed from Earth. All flares show a strong impulsive phase in the Lyman-alpha line,
an indication that these were eruptive flares. MAVEN = Mars Atmosphere and Volatile EvolutioN; EUVM = Extreme
Ultraviolet Monitor.

Figure 11. TIMED SEE spectra of the 6 and 10 September 2017 flares. The spectra that were taken just after the XRS
peaks are shown in panel (a) for the 6 September (blue) and 10 September (red) flares, as well as the daily average
spectra on 10 September 2017 (black). The spectra are measured in SEE from 27 to 190 nm at 1-nm resolution, while
the results shown from 0.5 to 27 nm are the Level 4 modeled spectra at 1-nm resolution. Panel (b) shows the percent
change of each flare spectra over its respective daily average spectrum. The subtraction of the 10 September spectrum
from the 6 September spectrum is shown in panel (c) to give an estimation of what a spatially resolvedmeasurement of the
footpoints because the two flare spectra were of similar GOES flare class, but the 10 September flare had its footpoints
occulted. The strongest emission lines, along with their formation temperature, are labeled. XRS = X-Ray Sensor;
GOES = Geostationary Operational Environmental Satellite; TIMED = Thermosphere, Ionosphere, Mesosphere, Energetics,
and Dynamics; SEE = Solar EUV Experiment.
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evident is the strong increase in the Lyman-alpha channel during the
impulsive phase of the flare that exhibits a “Neupert-Effect”
impulsive/gradual (Lyman-alpha/soft X-ray) phase profiles (Neupert,
1968, 1989). Also shown is the FISM2 time series in blue in Figure 13, as
described in the next section, whose time profile is given by the time deri-
vative of the GOES XRS-B data. These data also show the improvement on
impulsive phase timings that actual observations of Lyman-alpha, or simi-
lar chromospheric or transition region emissions, have over relying on the
GOES XRS time derivative. These observations are now currently and in the
foreseeable future available with GOES EUVS at Earth and with the shown
EUVM-B for FISM-M. The additional EUVM measurements will help fully
quantify the energetics of this flare due to the actual observations of the
emission that occurred low in the solar atmosphere that are not available
from any Earth-based observatory.

3.5. FISM Version 2 Model Results

The FISM2 results for the 6 September flare are presented in Figure 14. The
top panel shows the daily average spectrum in black, the impulsive phase
peak spectrum in red that occurred at 11:58 UT, and the gradual phase

peak spectrum in blue that occurred at 12:02 UT. The middle panel shows the percent change of the impul-
sive (red) and gradual (blue) phase peak spectra relative to the daily average spectrum. The bottom panel
shows FISM2 time series of two emissions, one the strong, cool He II emission line within the 30.35-nm bin
(30.30–30.39 nm) and, because of its chromospheric source, shows a strong impulsive phase that is double
peaked. The 0.1-nm bin centered at 2.05 nm is also shown. This emission is near the peak of the
Bremsstrahlung continuum that is strongly enhanced during a flare thermal (gradual) phase, so it is represen-
tative of the GOES XRS and other hot coronal emissions temporal profile.

The FISM2 estimated spectrum for the 6 September 2017 flare and the TIMED SEE results (from Figure 11) are
compared in Figure 15. Figure 15a shows the SEE daily average spectra (black), the SEE spectra that was mea-
sured just after the flare peak at 16:11 UT (blue), and the FISM2 estimated spectrum at the same 16:11 UT time
of the SEE observation. Figure 15b shows the percent change of the SEE flare spectrum over its daily average
value (black) and the FISM2 flare spectrum percent change over the FISM2 daily average spectrum for the

Figure 13. TheMAVEN EUVM time series of the soft X-ray 0–7 nm (black) and
Lyman-alpha 121.6 nm (red) emission during the 10 September flare show a
very strong impulsive phase that was occulted by Earth-based measure-
ments. The FISM2 Lyman-alpha time series (blue) is also shown for compar-
ison. MAVEN = Mars Atmosphere and Volatile EvolutioN; EUVM = Extreme
Ultraviolet Monitor.

Figure 14. FISM2 estimated spectra (a), percent increase (b), and time series (c) for two emissions during the 6 September
2017 X8.9 solar flare. The spectra shown in (a) are the daily average (black), the impulsive phase peak (red, at 11:58 UT),
and the gradual phase peak (blue, at 12:02 UT) spectra, while (b) shows the percent change of the gradual phase peak
spectra over the daily average. Time series for two emission lines are shown in (c), the He II 30.38 nm emission of cool,
chromospheric origin that is strongest during the impulsive phase, and the hot coronal emission at 2.0 nm that is near the
peak of the Bremsstrahlung continuum that peaks during the gradual phase.
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day. All daily averages spectra are based on data sets where the daily average was computed as averages of
all spectra measured for the day, but excluding ones during times of solar flares from the average so as not to
bias a daily average high on those days of flares. There is good agreement at some wavelengths in the spec-
trum, while others need improvement. The FUV discrepancies are mostly due to the SORCE SOLSTICE being
used as the base data set for FISM2 instead of TIMED SEE, and the ~10% difference may be largely attributed
to the absolute calibration difference of the two instruments and are within the uncertainties. The other glar-
ing difference is in the FISM2 flare results in the XUV wavelengths, where FISM2 seems to overestimate the 0-
to 1-nm bin and underestimates the 4- to 6-nm bins. This is a known feature due to the SORCE XPS modeling
that is planned to be improved using data from the MinXSS CubeSat (Mason et al., 2016; Woods et al., 2017),
and then implemented in FISM2, in the near future to increase the accuracy of these estimations.

The FISM2 results for the 10 September flare can be produced to include the impulsive phase, as would be
viewed at Mars, or to eliminate the impulsive phase component as viewed from Earth where the footpoints
were occulted. The same panels as described for the 6 September flare in Figure 14 are again presented for

Figure 15. Panel (a) shows the comparison of the TIMED SEE daily (black) and flare (blue) measurements for the 6
September 2017 flare to the FISM2 flare estimated spectrum (red) at the same time, 16:11 UT, as the SEE flare measure-
ment in panel (a). Panel (b) is the percent change of the SEE (blue) and FISM2 (red) flare spectra at 16:11 UT over their
respective daily average spectra. TIMED = Thermosphere, Ionosphere, Mesosphere, Energetics, and Dynamics; SEE = Solar
EUV Experiment.

Figure 16. FISM2 estimated spectra (a), percent increase (b), and time series (c) for two emissions during the 10 September
2017 X9.3 solar flare. The spectra shown in (a) are the daily average (black) and the gradual phase peak (blue, at 16:06 UT)
spectra, while (b) shows the percent change of the gradual phase peak spectra over the daily minimum. The impulsive
phase (red in Figure 14a) spectrum is not shown because the footpoints were over-the-limb and occulted as viewed from
Earth. Time series for two emission lines are shown in (c), the He II 30.38-nm emission of cool, chromospheric origin and the
hot coronal emission at 2.0 nm that is near the peak of the Bremsstrahlung continuum.
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the 10 September flare in Figure 16, but for the Earth-observation case with the impulsive phase eliminated.
There is a significant reduction in the increases in the cooler emissions throughout the spectrum that are
formed in the chromosphere and transition region, as these enhancements are formed in the occulted
footpoints. Even though the GOES XRS class from the peak was larger and the flare duration was longer, there
is overall less energy input into the Earth’s ionosphere and thermosphere from this 10 September event due
to the significant reduction of the cooler foot point emissions that dominate the UV wavelengths.

FISM2 data for the September 2017 events are currently available upon request from the first author, with
data for other time periods available upon request until the routine FISM2 processing can be implemented
and provided from the LISIRD web site where FISM1 spectra are currently available (http://lasp.colorado.
edu/lisird/).

4. Conclusions

Studies of solar flares are limited by the amount of data available for any given event, being limited in tem-
poral cadence, spatial resolution, and/or spectral resolution and range. Solar irradiance measurements
uniquely provide important contributions due to their large spectral range and moderate spectral resolution
and temporal cadence. The main advantage is that some instruments, such as SDO EVE when it was fully
functional and GOES EXIS, are also able to monitor 24/7 and the entire disk, so they rarely miss a flare. The
long history of these instruments allows for comparisons and statistical studies and modeling of flare events
over multiple solar cycles and storm periods.

The largest solar storm of SC 24 was in September 2017, and it occurred very late in the cycle, but produced
the largest flares of the entire cycle. The two largest flares on 6 and 10 September were remarkably similar in
spectral irradiance profiles and physical topology. The 10 September flare was “over-the-limb” as observed
from Earth and so provides unique “spatial” results of loop and foot point radiative outputs from flares, espe-
cially with the additional measurements from Mars and its unique vantage point. A key result from this study
is using the one on disk and one over the limb flare to quantify and distinguish the lower flare foot point irra-
diance changes and upper coronal loop irradiance, with the foot point spectrum being primarily chromo-
sphere and transition region emissions and the coronal loops being hot coronal emissions. This was
qualitatively expected, but the presented solar irradiance observations in this paper can now accurately
quantify the emissions from each region, foot point versus loops, throughout the UV spectral range.

Although the September 2017 flare events were well observed, there is still a need for empirical models, such
as FISM2, to fill in spectral and temporal gaps in the irradiance data products. This is especially true going for-
ward as there are no full spectral coverage replacements for MEGS-A (6–37 nm) now that it has failed, the
other 21 hours a day of MEGS-B (35–105 nm), or for most of SORCE SOLSTICE (115–320 nm) that could be
terminated as early as 2019. These gaps are partially covered with GOES-16 EXIS measurements of a few
select emission lines in the EUV, FUV, and MUV ranges, but will more importantly be proxies for various emis-
sions of similar temperature throughout the rest of the UV spectrum. The launch of MinXSS-2 (Woods et al.,
2017) in 2018 will help cover the 0.1–2.5 nm range with high spectral resolution, but also desired is actual
high-cadence, high-spectral resolution measurements to fill the spectral gap from 2.5 to 6.0 nm that is cur-
rently only modeled. This spectral range is highly variable during a solar flare and is crucial to understanding
the ionospheric response to flares.
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