Chapter 2: Multi-wavelength observations
of solar flares
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Abstract. New solar soft X-ray (SXR) and extreme ultraviolet (EUV) irradiance observations
from NASA Solar Dynamics Observatory (SDO) EUV Variability Experiment (EVE) provide
full coverage from 0.1 to 106 nm and continuously at a cadence of 10 seconds for spectra at 0.1
nm resolution. These observations during flares can usually be decomposed into four distinct
characteristics: impulsive phase, gradual phase, coronal dimming, and EUV late phase. Over
6000 flares have been observed during the SDO mission; some flares show all four phases, and
some only show the gradual phase. The focus is on the newer results about the EUV late phase
and coronal dimming and its relationship to coronal mass ejections (CMEs). These EVE flare
measurements are based on observing the sun-as-a-star, so these results could exemplify stellar
flares. Of particular interest is that new coronal dimming measurements of stars could be used
to estimate mass and velocity of stellar CMEs.
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1. Introduction

The NASA Solar Dynamics Observatory (SDO) has three solar instruments on-board
to study the radiative output, magnetic field, and variability of the solar plasma with
high time cadence. The extreme ultraviolet (EUV) irradiance instrument, named the
EUV Variability Experiment (EVE), measures the solar irradiance (full-disk radiation).
The solar irradiance is the major energy driver of the Earth’s upper atmosphere and
is a key variable in understanding a variety of planetary and heliophysical phenomena.
Solar irradiance measurements also show the variability of the solar radiation over all time
scales ranging from minutes to decades and can provide calibration for some solar physics
spectrographs and imagers. The high cadence (10 sec) and modest spectral resolution
(0.1 nm) for SDO EVE is also valuable for examining the spectral variations during
flare events. While EVE observations provide full-disk spectra, the irradiance variations
during many of the flare events have corresponded to flaring in a single active region as
confirmed by examining the SDO Atmospheric Imaging Assembly (AIA; Lemen et al.
2012) solar EUV images. Therefore, an EVE spectrum minus the pre-flare spectrum
provides a flare spectrum over the full EUV range when only one dominant flare event
is in progress at a time. The EVE spectra over the full EUV range, EUV images from
ATA, and magnetic fields from SDO Helioseismic and Magnetic Imager (HMI) provide a
powerful combination to study flare processes.

Solar flares have long been an interest for sudden ionosphere disturbances and their ef-
fect on radio communication (e.g., Dellinger 1937), and flare observations have been made
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for decades in the visible, primarily in Hea (e.g., Ellison 1946), and also in the soft X-ray
(SXR) and EUV ranges from sounding rocket and satellite experiments (e.g., Friedman
1963). Hudson (2010, 2011), Doschek & Feldman (2010), Lang (2009), and Aschwanden
et al. (2009b) provide reviews of recent progress in understanding flares from observa-
tions that involve the Solar and Heliospheric Observatory (SOHO), Transition Region and
Coronal Explorer (TRACE), Reuven Ramaty High Energy Solar Spectroscopic Imager
(RHESSI), Hinode (Solar-B), and Solar TErrestrial RElations Observatory (STEREO)
missions. These satellites include imagers in X-ray and EUV broadbands and imaging
spectrographs with high spectral resolution but limited EUV range.

The new and exciting aspects of the SDO EVE observations for flare studies are the
spectral coverage over the full EUV range from 0.1 to 106 nm with 0.1 nm resolution and
the continuous monitoring of the solar activity with high cadence of 10 sec. The EVE
flare observations have revealed that many EUV emissions do not behave like the X-ray
variations that are often used for classifying the flare magnitude and as a proxy for EUV
emissions in models such as the Flare Irradiance Spectral Model (FISM; Chamberlin
et al. 2008). The EVE flare observations are being used to improve the understanding of
flare energetics and their impacts on Earth’s space environment.

The new irradiance observations by EVE are significantly improved over the previous
solar EUV irradiance instruments flying on SOHO, Thermosphere Ionosphere Mesosphere
Energetics Dynamics (TIMED), and Geostationary Operational Environmental Satellite
(GOES) spacecraft. The EVE suite includes the Multiple EUV Grating Spectrograph
(MEGS) that provides EUV spectral observations with spectral resolution of 0.1 nm
from 6 to 105 nm, cadence of 10 sec, and accuracy to better than 20%. The EUV Spec-
troPhotometer (ESP) provides broadband observations between 0.1 and 39 nm with even
higher cadence of 0.25 sec and with improved accuracy of better than 10%. Woods et al.
(2012) provide an overview of EVE’s science plans, instrument design, and data products.
Didkovsky et al. (2012) provide an overview of the ESP instrument and its calibration,
and Hock et al. (2012) provide an overview of the MEGS instrument and its calibration.
SDO was launched on 2010 February 11, and EVE began normal operations on 2010
May 1.

The flare data from EVE shown here are primarily from the MEGS-A channel measur-
ing the spectrum from 7 to 37 nm and the ESP zeroth-order channel (0.1-7 nm band) as
the flare variations are most evident in these wavelengths. The EVE spectral resolution
of 0.1 nm is especially significant for the wavelength range from 7 to 27 nm because
previously there have only been broadband (~ 10 nm wide) EUV irradiance measure-
ments at these wavelengths. With EVE’s improved spectral resolution and continuous
observations with 10-sec cadence and in conjunction with AIA EUV images and HMI
magnetic fields, we now have a much more accurate knowledge of how the solar EUV
irradiance varies during flare events. While not discussed here, the EVE spectra have
better than anticipated wavelength stability and Doppler shifts are evident in the EVE
spectra, both for the £3 km/sec drift over its 24-hour orbit period and during some flare
events (Hudson et al. 2011).

2. Four major phases for solar flares

Flares are often decomposed into an impulsive phase with significant non-thermal sig-
natures and a gradual (slow) mostly thermal phase that follows the impulsive phase
(Donnelly 1976; Hudson 2010, 2011). The rapid release of energy from magnetic recon-
nection in the corona accelerates electrons and ions during the impulsive phase, which
is often dominated by intense Bremsstrahlung radiation in the hard X-ray (HXR) from
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Figure 1. Flare variations for the C8.8 flare on 2010 May 5 as adapted from Woods et al.
(2011). The relative irradiance (Rel. Irr.), being the solar irradiance spectrum minus the pre-flare
spectrum, represents well the flare variations over its different phases. The transition region
He II 30.4 nm emission highlights the impulsive phase. We assume that GOES X-ray defines
the gradual phase, and the hot corona Fe XX / Fe XXIII 13.3 nm emission behaves almost
identically as the X-ray. The cool corona Fe IX 17.1 nm emission is the EUV emission with the
largest amount of coronal dimming after the impulsive phase. The warm corona Fe XVI 33.5 nm
emission has its first peak a few minutes after the X-ray gradual phase peak and then has a
second peak many minutes later. The change in slope of the GOES X-ray during the gradual
phase is indicative of the late phase contribution (second Fe XVI peak). The four vertical dashed
lines, left to right, are for spectra in Figure 2 of the pre-flare, main phase, coronal dimming, and
EUYV late phase.

the energetic electrons as they interact with the dense, cool plasma in the solar chromo-
sphere and transition region. These energetic particles heat the chromosphere, and the
evaporated plasma rises into the corona during the gradual phase while emitting much of
its radiation in the soft X-rays (SXR) and EUV range. This is part of an overall process
of cooling the hot plasma in progressively higher post-flare loops that are an indication of
magnetic reconnection (e.g., Kopp & Pneuman 1976; Svestka 1989; Raftery et al. 2009).
The gradual component normally peaks a few minutes after the impulsive phase, and its
intensity rise can often be approximated as the time integral of the impulsive component,
referred to as the Neupert effect (Neupert 1968). The magnetic reconnection process can
be fast, so some flare models have many flaring loops, or strands within such coronal
loops, heated at slightly different times to form a continuous source (Warren & Doschek
2005).

Although EVE measures the full-disk irradiance in the extreme ultraviolet (EUV: 100-
1100A) and the soft X-ray (SXR: 1-100A), flare events can be studied in detail as long
as only one major flare is happening at a time, which happens to be most of the time.
Woods et al. (2011) provide examples of the four major phases seen during flares with
the EVE data. These phases include the impulsive phase best seen in transition region
emissions such as He II 304A, gradual phase seen in hot coronal emissions such as the
Fe XX /Fe XXIII 133A, coronal dimming seen in cool corona emissions such as Fe IX
171A and EUV late phase (ELP), which has a second, broad peak one to five hours
after the main flare phases and seen best in the Fe XVI 335A emission. The X-ray flare
classification by the Geostationary Operational Environmental Satellite X-Ray Sensor
(GOES/XRS) is identification of the gradual phase, and the derivative of its 1-8A SXR
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emission can be a proxy for the impulsive phase, as related to the Neupert effect (Neupert
1968). The coronal dimming and EUV late phase effects are only observable in the EUV
emissions.

Each flare can have its own unique behavior; some flares have all four of these phases,
and some flares only have the gradual phase (by definition from the X-ray flare iden-
tification by GOES/XRS). For more detailed information, Hudson (2011) reviews flare
processes and phases, and Hock et al. (2012) identifies different categories of flares based
on the new SDO/EVE and SDO/AIA observations of hundreds of flares. Notably the
eruptive flares tend to have impulsive phase, gradual phase, and coronal dimming, and
some eruptive flares also have the EUV late phase as explained in Section 3. From exam-
ining the dozens of EUV emission lines in the EVE spectra during flare events, there are
four primary aspects of the flares that dominate the EUV time series: (1) (HXR) impul-
sive phase, (2) (SXR/EUV) gradual phase, (3) EUV coronal dimming often associated
with CME, and (4) EUV late phase that will be explained later in Section 3. Because the
EVE flare selection process first starts with identifying flares in the GOES X-ray time
series, all of the EVE-identified flares have the gradual phase component. The other EUV
flare components are not always present, but these components are more common for
eruptive flares. The C8.8 flare on 2010 May 5 is a good example when all four components
clearly exist as shown in Figure 1. The various EUV emissions have one or more of these
aspects in their time series, and the four emissions that best highlight each component
are included in this figure. The EUV spectral variations during this C8.8 flare are shown
in Figure 2.

The He II 30.4 nm emission is from the transition region, and it contributes more
energy than any other single emission in the EUV range during a flare (see Figure 2B).
If the flare has a strong impulsive phase, then the He II emission has a peak a few
minutes before the X-ray peak and sometimes a second peak soon after the X-ray peak
corresponding to post-flare loop reconnections. This emission sometimes does not exhibit
an impulsive phase contribution and just has enhancements during the post-flare loop
reconnections. Based on the timing of the He II peak, 55% of the flares in our sample had
a strong impulsive phase. The impulsive phase is critical for a myriad of space weather
applications because of its indication of the start of the flare event and the possibility
of highly energetic radiation and particles that can be created during the impulsive
phase. The energetic radiation can include the non-thermal Bremsstrahlung radiation
(HXR) and sometimes gamma rays that reach Earth in 8 minutes. Furthermore, the
brighter flares are sometimes associated with solar energetic proton (SEP) events that
reach Earth in a few hours and coronal mass ejection (CME) events that reach Earth in
a couple days.

The Fe XX / Fe XXIIT 13.3 nm emission represents the hot corona at 10 to 16 MK,
and this emission behaves very similar to the GOES X-ray time series and represents well
the flare’s gradual phase. This emission is an excellent proxy for the SXR and vice-versa.
The gradual phase is characterized as the chromospheric evaporation resulting from the
initial heating caused during the impulsive phase. The intense increase in SXR and EUV
radiation in the 0.1 to 15 nm range during the gradual phase, as shown in Figure 2B, is
important for space weather applications as they are energetic enough to quickly enhance
the ionization in Earth’s upper atmosphere (80-300 km). Furthermore, the gradual phase
typically lasts for many minutes to even hours and thus impacts Earth’s atmosphere for
a longer period of time than the impulsive phase.

A third EUV emission included in Figure 1 is the Fe IX 17.1 nm emission that represents
the cool corona at 0.7 MK. If there is coronal dimming, then the Fe IX through Fe XII
emissions usually show coronal dimming as discussed more in Section 4. For this example
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Figure 2. Flare spectral variations from the EVE MEGS A channel (6-37 nm) for the C8.8 flare
on 2010 May 5 as adapted from Woods et al. (2011). Panel (A) shows the pre-flare spectrum.
Panels (B-D) show the variability between the pre-flare irradiance and the main phase, coronal
dimming, and EUV late phase, respectively. These results used 5-minute averages taken at the
times indicated in Figure 1 as vertical dashed lines.
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flare in Figure 1, the Fe IX emission has a large decrease as shown in Figure 2C. The
decrease of the Fe IX coronal emission starts near the peak of the impulsive phase,
and this emission usually reaches its minimum after the peak of the Fe XX / Fe XXIII
emission and sometimes not until after the first peak of the Fe XVI 33.5 nm emission,
as is the case in Figure 1. The duration of the coronal dimming can be a few hours
to a day or so (Rust 1983; Sterling & Hudson 1997; Reinard & Biesecker 2008). The
Fe IX emission showed coronal dimming for 22% of the flares analyzed. The importance
of the coronal dimming to space weather is that it is highly correlated with coronal
mass ejection (CME) events (e.g., Rust 1983; McIntosh et al. 2007). This is indeed the
case for these Fe IX coronal dimmings as compared to CMEs detected by coronagraphs
aboard SOHO and STEREO (CME lists at http://sidc.oma.be/cactus/). Aschwanden
et al. (2009a) have shown that the amount of coronal dimming can be used to derive
CME characteristics such as its mass, so the near real-time EVE Fe IX 17.1 nm data
have potential application for providing alerts of CME events.

The warm corona emission in Figure 1 is the Fe XVI 33.5 nm emission that represents a
coronal temperature of about 3 MK. Being cooler than the Fe XX, the Fe XVI emission
peaks, on average, 6 minutes after the Fe XX and GOES X-ray peak, and this time
delay indicates the cooling rate of the post-flare coronal loops in the volume involved in
the impulsive and gradual phases. For long duration events (LDEs), the delay for the
Fe XVI gradual phase peak is even longer, ranging up to 2 hours for the C3.4 flare on
2010 November 3 (X-ray peak at 13:08 UT). For the 2010 August 1 LDE (C3.2 flare),
the delay for the Fe XVI gradual phase peak was 101 minutes. The Fe XV and Fe XVI
emissions are also interesting as it sometimes has a second peak, and its irradiance during
the second peak is often similar in magnitude as the first peak. This second peak of the
Fe XVI (and also Fe XV) emissions occurred about 20% of the time. When there is
a second peak, the second peak occurred between 16 and 295 minutes after the first
peak during the gradual phase, with an average delay of 75 minutes. In addition, the
ratio of the second peak to the first peak ranged from 0.2 to 4.1; the average ratio is
1.2. The importance of these second peaks to space weather is just now being studied
in ionosphere-thermosphere models, but it is clear that they contribute to ionization in
Earth’s atmosphere for even longer than its first peak during the gradual phase. The
following Section 3 discusses the importance of this second peak that we refer to as the
EUV late phase.

There are dozens of other emission lines in the EUV spectra with several being blends
for EVE’s 0.1 nm spectral resolution, but these four emission lines selected for Figure 1
represent reasonably well how the other EUV emission lines behave. In particular, the
cool coronal Fe IX, Fe X, and Fe XI emissions vary similarly, and the warm coronal
Fe XV and Fe XVI emissions have similar variations. The moderately warm coronal
Fe XII, Fe XIII, and Fe XIV emissions vary about the same as each other and have
the character of coronal dimming similar to the Fe IX emission. Both the much cooler
transition region emissions such as the He II 30.4 nm (~ 0.08 MK) and hot coronal
emissions Fe XX / Fe XXIII 13.3 nm (10-16 MK) emissions, shown in Figure 1, exhibit
their largest increases during the flare’s main phase, as do the X-ray measurements, but
no significant variations after the flare main phase.

The GOES X-ray emission is also included in Figure 1 as it has sometimes been used as
a proxy for the short-term variations of the solar EUV irradiance (e.g., Chamberlin et al.
2008). We note that the GOES X-ray emission correlates well with the very hot coronal
emissions and that the time derivative of the GOES X-rays (Neupert effect) correlates
reasonably well with the transition region emissions. But the GOES X-ray emission in
either form does not correlate well with the variations seen in the other coronal emission
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lines (~ 0.7 —5 MK), so additional studies for how to best model these coronal emissions
during flares are needed for space weather applications.

3. EUV late phase flares

As defined by Woods et al. (2011), the identification of EUV late phase includes:

i) a second peak of the warm coronal emissions (Fe XV and Fe XVI) several minutes
to a few hours after the GOES X-ray peak,

ii) no significant enhancements of the GOES X-ray or hot coronal emissions (e.g., the
Fe XX / Fe XXIII 133A) during this second peak,

iii) eruptive event as seen in the AIA images and is also seen as coronal dimming in
the Fe IX 171A emission, and

iv) asecond set of longer loops being reconnected higher than the original flaring loops
and at a much later time than the first set of post-flare loops formed just minutes after
the flare, as observed in AIA images.

Woods et al. (2011) provide an overview of about 200 flares observed during the first
year of the SDO mission (May 2010 - April 2011). Of those flares, 88.5%, 11%, and 0.5%
of them were C-, M-, and X-class flares, respectively. All of them had a gradual phase (as
expected since flare identification starts with finding GOES X-ray peaks), 55% had an
impulsive phase, 22% had coronal dimming, and 14% had an EUV late phase. In general,
there is higher probability for having impulsive phase, coronal dimming (eruptive), and
EUV late phase for the larger flares. For the EUV late phase flares, the disturbance
of the coronal loops by the eruption is at about the same time, but the relaxation and
cooling down of the heated coronal loops during the post-flare reconnections have different
time scales with the longer, upper loops being significantly delayed from the lower loops
(Woods et al. 2011). The difference in these cooling time scales is related to the difference
between the two peak times of the warm coronal emission and is also apparent in the
decay profile of the X-ray emissions having two distinct decays, with the first decay slope
being steeper (faster) and the delayed decay slope being smaller (slower) during the time
of the warm coronal emission second peak. The frequency and relationship of the EUV
late phase decay times between the Fe XVI 335A two flare peaks and X-ray decay slopes
are examined by Woods (2014) for all of the EUV late phase flares during the first three
years of the SDO mission, and the X-ray dual decay character is exploited to estimate the
frequency of EUV late phase flares during the past four solar cycles. The Woods (2014)
results indicate that the frequency of EUV late phase flares peaks before and after each
solar cycle minimum as highlighted in Figure 3.

The total number of flares found in the GOES X-ray record per year is shown in panel
(A) of Figure 3. This result is from searching the GOES record for flare peaks and thus
is regardless if a dual-decay X-ray flare is found or not. This plot clearly shows that more
flares appear during solar cycle maximum than during minimum, as expected; however,
the long-term trend from maximum to maximum is interesting in showing a decrease
in the number of flares since 1990. That is, the number of flares during Solar Cycle 23
maximum in 2000-2003 is lower than the flares during Cycle 22 maximum in 1989-1992.
This decrease is seen for all levels (C, M, and X) and the decrease for X-class flares is
larger than the M-class flares, which in turn has a decrease larger than the C-class flares.
Furthermore, the number of flares during Cycle 24 maximum in 2011-2013 is even more
reduced as compared to Cycle 23 maximum. Of course, the Solar Cycle 24 maximum
period is not necessarily over yet, but many of the solar proxies, such as sunspot number
and 10.7-cm radio flux (F10.7), appear to have already had their peak for this cycle
in late 2011. This downward trend for flares during cycle maximum is also seen in the
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Figure 3. Annual Variations of Potential EUV Late Phase (ELP) Flares as adapted from
Woods (2014). The dual-decay algorithm results are compiled into annual averages for C-, M-,
and X-class flares separately. Panel (A) shows the number of all flares identified per year in
the GOES X-ray data. Panel (B) shows the number of potential ELP flares identified per year.
The solar cycle trend is clear in both panels (A) and (B), and there is an interesting trend
that there are fewer flares in sequential cycle maxima since the 1990s. Panel (C) shows the ratio
of the number of ELP flares to all flares, and this ratio represents the frequency that flares might
be ELP flares. The ELP frequency for all flares and C-class flares has peaks right before and
right after solar cycle minimum and is lower during solar cycle maximum. The ELP frequency
for M- and X-class flares can be more confusing because there are very few, or no, large flares
for years during and nearby solar cycle minimum.

cycle-minimum trend, although the minimum trend is less clear with the number of M
and X flares sometimes being close to zero near cycle minimum. The wider than usual
cycle minimum in 2007-2010 may also contribute to the trend for the flares during cycle
minimum.

One concern with any long-term solar trend is if the performance and calibration of
the instruments could be changing enough to influence the observed trend. The series of
GOES/XRS instruments have been cross-calibrated with concurrent measurements from
multiple GOES satellites, and their calibrations are thought to have an accuracy of at
least 30% (private communication, R. Viereck & W. Neupert 2013). Furthermore, we
have flown calibration rockets for Thermosphere Ionosphere Mesosphere Energetics and
Dynamics/Solar EUV Experiment (TIMED/SEE) and SDO/EVE for the past ten years,
and these comparisons to GOES/XRS irradiances have consistently shown differences of
less than 30%. The downward trend in number of flares is almost a factor of two for M
and X flares from one maximum to the next, so instrumental effects at the 30% level
cannot be a major concern for these trend results. Then the logical conclusion is that the
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downward trend is due to a long-term decrease in solar activity. Russell et al. (2010) and
Frohlich (2011) have reported that solar activity has been decreasing since the 1990s,
and these results also support this conclusion.

The results for the dual-decay X-ray (proxy for EUV late phase) flares are shown
in panels (B) and (C) of Figure 3. Panel (B) shows the number per year, and bottom
panel shows the relative number (percent) relative to the total number of flares per year.
These results are considered to be a proxy for ELP flares, but with the understanding
that there is about 50% uncertainty in these values and also larger uncertainty during
cycle maximum. Panel (B) of number of potential ELP flares follows a similar pattern
as the total number of flares in having more events during cycle maximum than during
minimum. Panel (C) may be more enlightening because it represents the frequency that
flares might be ELP flares. The ELP frequency for all flares and C-class flares have peaks
before and after solar cycle minimum of about 20% to 30% and is lower during solar
cycle maximum at about 10%. The cycle minima were in 1985, 1995, and 2008. Even
with the 50% uncertainty for these results, this result of solar cycle dependence for ELP
flare frequency is at least a three-o result. Furthermore, this behavior is consistently seen
for all four solar cycles.

The ELP flare frequency for M and X flares can be more confusing because there
are very few, or no, large flares for years during cycle minimum. Ignoring the periods
near cycle minima when there are often no X-class flares, the frequency for ELP flares
for larger flares is about 50% and is significantly higher than the results for the C-class
flares. Many X-class flares are two-ribbon flares or long-duration events (LDEs) and are
associated with larger and more complex active regions. The confirmed ELP flares during
the SDO mission are associated with the more complex active regions that have multiple
sets of coronal loops, so perhaps it is reasonable that M- and X-class flares could have
more ELP flares than the C-class flares that often have a single set of coronal loops.

4. Coronal dimming in EVE data

It was a surprise to the EVE team that EVE flare data indicated coronal dimming
(decrease in irradiance during flares) for the cooler coronal emission lines. Coronal dim-
ming has been known from solar EUV images since the 1970s (e.g., Rust & Hildner 1976;
Rust 1983), but they have not been seen in solar EUV irradiance records until the EVE
observations. Studies using the Solar and Heliospheric Observatory (SOHO) Extreme-
ultraviolet Imaging Telescope (EIT; Delaboudiniere et al. 1995) made clear associations
to the source of coronal mass ejections and have established that extreme ultraviolet
(EUV) dimmings are a good indicator of the apparent base of the white light CME
(Thompson et al. 2000; Harrison et al. 2003; Zhukov & Auchére 2004). Thus, dimmings
are usually interpreted as mass depletions due to the loss or rapid expansion of the over-
lying corona (Hudson et al. 1998; Harrison & Lyons 2000; Zhukov & Auchére 2004). This
interpretation is supported by observations of simultaneous and co-spatial dimmings in
solar EUV images taken at multiple wavelengths (e.g., Zarro et al. 1999; Sterling et al.
2000; Harra & Sterling 2001).

Coronal dimming is of particular interest for the space weather community. CMEs,
when directed toward Earth, can cause geomagnetic storms. The negative consequences
of these storms on our space-based and even ground-based technology are well estab-
lished (National Research Council 2008); therefore, understanding CMEs and improving
predictions for CME properties are important for space weather. We aim to establish
parameterizations of coronal dimming and correlate them with CME velocity and mass,
two key components of CME geoeffectiveness. These coronal dimming analyses hold little
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promise, however, of predicting the southward component of the CME’s magnetic field -
the third important indicator of CME geoeffectiveness.

Extended studies of coronal dimmings have begun to develop a statistical understand-
ing of these events. Reinard & Biesecker (2008) found that coronal dimmings are more
likely to occur near active regions, and typically have a rapid decrease in emission followed
by a more gradual recovery, lasting from 3 to 12 hours and rarely persisting longer than
one day (whereas true coronal holes tend to persist for many days). Although CMEs
are also observed to occur without dimmings, Reinard & Biesecker (2009) found that
non-dimming CMEs all have speeds of less than 800 km/s, suggesting a more intimate
connection between the CME and dimming properties. Krista & Reinard (2013) found
further correlations between dimming magnitudes, flares, and CME mass by studying
variations between recurring eruptions and dimmings. Similar observations are now rou-
tine with the Solar Dynamics Observatory (SDO; Pesnell et al. 2012) Atmospheric Imag-
ing Assembly’s (AIA; Lemen et al. 2012) seven EUV channels. Additionally, dimming
has been observed numerous times in SDO/EVE irradiance measurements.

Various physical processes can lead to similar observational signals, particularly if one
is focused on only a single emission line. This is particularly true in the case of EVE data
being used independently where no spatial information can be used to differentiate the
source of an observed dimming. This shortcoming can be solved by examining multiple
emission lines in the EVE spectra and examining SDO ATA images. Mason et al. (2014)
have identified six processes that can cause dimming as being mass-loss dimming (CME
event), thermal evolution, obscuration, wave dimming, Doppler dimming, and bandpass
shift. Mason et al. (2014) explains each of these processes in more detail and provides
a case study for the 7 August 2010 coronal dimming event. For this specific event and
several other events, the mass-loss dimming is the dominant processes that cause dimming
in the EVE data.

The expectation for mass-loss dimming is that the amount of dimming is proportional
to the mass loss and that all corona Fe emissions originating in the CME initiation region
(i-e., not the confined, flaring loops) would have the same level of dimming. While this
expectation is seen with EUV images at multiple wavelengths, the EVE time series for
this 2010 event (and many other events) indicate that the dimming amount decreases
with the hotter Fe emissions. While thermal dimming could play a role in such behavior,
it is known from the AIA analysis that thermal dimming is not a major contribution for
this 7 August 2010 event. Mason et al. (2014) identified the difference between EVE and
ATA dimming results as related to main (impulsive/gradual) phase effects modifying the
full-disk irradiance measurement by EVE, and they developed an analysis technique for
the EVE coronal dimming data that effectively corrects for the main phase peak effects
in the time series to isolate better the mass-loss dimming contribution.

As an example, the results from this correction are shown in Figure 4 for the 7 August
2010 dimming event (Mason et al. 2014). The corrected dimming amount from the EVE
data is about 3% for the Fe IX 17.1 nm and Fe XII 19.5 nm and is consistent with the
ATA results that are also included in this figure for the core dimming region found in
the ATA solar EUV images. As expected (intended), the EVE corrected results are much
more self-consistent with each other than the uncorrected results. Our expectation is
that the slope could represent the CME speed, and the depth could represent the CME
mass. Our analysis of about 30 dimming events confirms these expectations. Mason et al.
(2015) finds that the CME speed estimate is about 600 km/sec times the dimming slope
in units of %/hour and that the CME mass estimate is about 10'? kg times the dimming
depth in units of % using the coronal dimming results from the Fe IX 17.1 nm emission
line.
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Figure 4. Comparisons of EVE and AIA light curves for coronal dimming as adapted from
Mason et al. (2014). The EVE raw data show the main phase contributions and less dimming
than the ATA dimming results (ATA Region 1 and ATA Region Total). The AIA Total is the AIA
signal integrated over the full disk and is in agreement with the EVE raw data. The Corrected
EVE data, as corrected for the main phase contribution using the Fe XV 28.4 nm emission time
series, indicate very similar level of dimming as the ATA mass-loss dimming component (labeled
as AIA Region 1). The estimated CME mass and speed from multi-viewpoint coronagraph
measurements is 6.4 x 10" £5.0 x 10" kg and 850 # 27 km/sec, respectively.

5. Conclusions

Prior to the SDO mission, the flare irradiance models have been using the GOES X-
ray signal as a proxy for the gradual phase and the derivative of the X-ray signal as a
proxy for the impulsive phase emissions. It is clear now with the SDO EVE and AIA
measurements that at least two additional flare components — (a) coronal dimming for
cool coronal emissions and (b) an EUV late phase for warm coronal emissions — are
required for modeling the EUV irradiance. While coronal dimming and long duration
events like post-flare giant arches have been known for some time, their impact on EUV
irradiance is now being clarified with the new SDO observations. The new EVE results
are also very important for many space weather applications as deposition of the solar
EUV irradiance into Earth’s atmosphere depends on the spectral variability, that is which
wavelengths are varying, and on the timing that determines the local (regional) effects
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on Earth. For example, the ionospheric F layer is expected to have an additional increase
one to five hours after the GOES X-ray peaks for EUV late phase flares. These late
phase flares are also significant because they can enhance the total EUV irradiance flare
variation by a factor of 40% or more when the EUV late phase contribution is included.

The study of the EUV late phase flares indicates that the frequency of EUV late phase
flares peaks before and after each solar cycle minimum and has a minimum frequency
of occurrence during cycle maximum. This behavior is consistently seen over four cycles.
Many ELP flares were seen in the early part of the SDO mission during the initial rise
of Cycle 24, and not as many ELP flares were observed during Cycle 24 maximum.
This study suggests that this behavior of ELP flares during the SDO mission is normal
behavior over the solar cycle. Another important result from this study is that the number
of flares has been decreasing since the 1990s. The downward trend is notably greater for
the larger M- and X-class flares, being almost a factor of two decrease per cycle.

These EVE flare measurements are based on observing the sun-as-a-star, so these
results can also apply for stellar X-ray and EUV observations. It could be an interesting
study to compare stellar flare observations, specifically of sun-like stars, to the EVE flare
results to understand if the Sun is displaying typical G2V main-sequence star behavior.
Of particular interest from the new coronal dimming results from EVE is that new coronal
dimming measurements of stars could be used to more directly estimate the mass and
speed of stellar coronal mass ejections, a topic that has previously been studied using
hypothetical assumptions based primarily on solar flare magnitude or energy.

Obviously, the new EUV irradiance observations from SDO EVE have huge potentials
for expanding our understanding of how different EUV emissions vary during flares and
how these variations can cause changes in Earth’s ionosphere and thermosphere over
many different time scales. While we have made some progress in understanding the
EUV late phase solar process and coronal dimming relationship to CME mass loss, the
wealth of new data from SDO and other solar observatories over the next several years
is expected to lead to even more insightful knowledge of the solar processes throughout
the flare time series.
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