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Abstract

Coronal mass ejection spray plasma associated with the M1.5-class flare of 16 February 2011 is found to exhibit a Doppler blue-shift of
850 km s−1 – the largest value yet reported from ultraviolet (UV) or extreme ultraviolet (EUV) spectroscopy of the solar disk and inner corona.
The observation is unusual in that the emission line (Fe xii 193.51 Å) is not observed directly, but the Doppler shift is so large that the blue-shifted
component appears in a wavelength window at 192.82 Å, intended to observe lines of O v, Fe xi and Ca xvii. The Fe xii 195.12 Å emission line is
used as a proxy for the rest component of 193.51 Å. The observation highlights the risks of using narrow wavelength windows for spectrometer
observations when observing highly-dynamic solar phenomena. The consequences of large Doppler shifts for ultraviolet solar spectrometers,
including the upcoming Multi-slit Solar Explorer (MUSE) mission, are discussed.
© 2022 COSPAR. Published by Elsevier Ltd All rights reserved.
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1. Introduction

Active region AR 11158 produced the first X-class flare of
Solar Cycle 24 on 15 February 2011 (Schrijver et al., 2011).
This was the most intense of many C and M-class flares be-
tween 13 and 18 February. The M1.6 eruptive flare that peaked
at 14:25 UT on February 16 was a rare example of an extreme
ultraviolet (EUV) wave captured with a sit-and-stare spectro-
scopic study of the EUV Imaging Spectrometer (EIS: Culhane
et al., 2007). The observation was run as part of Hinode Op-
eration Plan No. 180, organized by P. Gömöry and A. Veronig.
Four previous articles have presented the EIS results from the
event (detailed below), but none of them noted a plasma compo-
nent that had a very large Doppler velocity – perhaps the largest
ever recorded in the inner corona – associated with ejected coro-
nal plasma.

In this article I refer to the ejecta as CME spray (CME: coro-
nal mass ejection), preferring it to flare spray – a term that was
introduced by (Warwick, 1957) prior to the discovery of CMEs.
The latter authors distinguished spray plasmas from plasmas as-
sociated with erupting prominences seen at the limb, highlight-

ing their clumpiness and large speeds. Modern interpretations
of CMEs identify the erupting prominence as one part of a flux
rope that is ejected from the Sun (Gibson & Fan, 2006). The
flux rope may contain coronal plasma (Cheng et al., 2011), and
the CME spray could be part of this structure, or it could be
ambient active region plasma blasted out by the ejection of the
flux rope.

The EUV wave produced by the 16 February event was iden-
tified from EUV running-difference images obtained with the
Atmospheric Imaging Assembly (AIA: Lemen et al., 2012) on
board the Solar Dynamics Observatory. Harra et al. (2011) and
Veronig et al. (2011) found that the EUV wave front was co-
spatial with a region of red-shifts identified in coronal emis-
sion lines and moving along the EIS slit at speeds around
500 km s−1. Immediately following this was a region of weak
blue-shifts and the interpretation was of the EUV wave push-
ing down on the low-lying corona as it moved outward, gen-
erating red-shifts, followed by a weak rebound of the corona
yielding the blue-shifts. EIS data for the flare associated with
the EUV wave were studied in detail by Gömöry et al. (2016),
while Long et al. (2013) used the wave kinematics measured
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Fig. 1. Six AIA 193 Å image frames showing the spray plasma ejected from the flaring active region. Vertical dotted blue lines show the location of the EIS slit, and
blue arrows identify the plasma component that gives rise to the high Doppler velocities measured by EIS. A logarithmic intensity scaling is used for each frame.

from AIA and density measurements from EIS to estimate the
magnetic field strength of the disturbed quiet corona.

Harra et al. (2011) highlighted that strong blue-shifted sec-
ondary components to Fe xii 195.12 Å are seen early in the flare,
and noted that “the secondary component is so fast that it falls
out of the EIS spectral window in some cases,” implying speeds
greater than 400 km s−1. Gömöry et al. (2016) also noted a
blue-shifted component of more than 450 km s−1 for the Fe xiii
202.04 Å line, but cautioned that the feature may actually be
due to another emission line. In both cases these high-speed
blue-shifted components are close to the flare site.

In this article I demonstrate that the blue-shifted feature of
Fe xii actually reaches speeds of 850 km s−1 and moves along
the EIS slit, tracking behind the EUV wavefront. It corresponds
to coronal spray plasma released by the CME and seen in the
AIA 193 Å channel.

Software and data files used for generating the fig-
ures and table for this article are available in the GitHub
repository https://github.com/pryoung/papers/tree/

main/2022_eis_spray, which also contains two mp4-format
movies. In the following text the repository will be referred to
as 2022-eis-spray.

2. Observations

The study eis:eitwave obssns (designed by P. Gömöry) was
used for the EIS observation, and it used the 2′′ slit in the sit-
and-stare mode. The exposure time was 45 s, and the cadence
averaged 46.9 s. Eleven wavelength windows were down-
loaded, each of width 24 pixels. Of interest for the present

work are the windows centered at 192.82 and 195.12 Å. The
former contains a complex of lines including six lines of O v,
Fe xi 192.81 Å (usually the strongest line) and Ca xvii 192.85 Å,
which can become strong during flares. The 195.12 Å win-
dow is centered on an Fe xii line that is usually the strongest
line observed by EIS in terms of number of counts. The 24-
pixel widths of the windows mean that the maximum Doppler
shift that can be measured for a line centered in a window is
410 km s−1.

Fe xii gives rise to another strong line at 193.51 Å that is two-
thirds the strength of the line at 195.12 Å. It is rarely observed
as observers prefer to use the stronger line, and there is no di-
agnostic benefit to observing both lines. If 193.51 Å shows a
large enough blue-shift, however, then it can make an appear-
ance in the 192.82 Å window. This is what occurred for the 16
February flare.

3. Results

Six AIA 193 Å image frames are shown in Figure 1 that
show the CME spray ejected northwards from the flare site
(identified by the saturated emission at the bottom of the im-
ages). The frames were selected to correspond to the mid-time
of the six EIS exposures shown in Figure 2. Vertical blue dot-
ted lines indicate the location of the EIS slit, as determined
by Gömöry et al. (2016). Blue arrows on frames (b) through
(e) identify the plasma component that gives rise to the high-
velocity Doppler component seen by EIS. An mp4 movie avail-
able in the 2022-eis-spray repository shows the full-cadence
AIA 193 Å image sequence, with the approximate location of
the EIS slit over-plotted.

https://github.com/pryoung/papers/tree/main/2022_eis_spray
https://github.com/pryoung/papers/tree/main/2022_eis_spray
Song Yongliang
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Fig. 2. Six consecutive exposure pairs that show the evolution of the high-velocity spray plasma (indicated by green arrows). Each panel shows the 192.82 Å (left)
and 195.12 Å (right) wavelength windows. They are placed in velocity space (x-axis) such that the 195.12 Å window is positioned at 193.51 Å and scaled by a
factor 0.675. Blue diagonal lines highlight the connection between the high-velocity and lower-velocity spray plasmas seen in the two windows. Images are shown
with inverse-logarithmic scaling.

Table 1. Gaussian fit parameters for Fe xii Doppler components, and derived blue-shifts.

Exposure y-pixels Ia
spray Ia

rest λspray (Å) λrest (Å) v (km s−1)
14:26:42 158:165 145 145 192.981 193.518 −831
14:27:29 197:204 58 148 192.982 193.528 −847
a Units: erg cm−2 s−1 sr−1.

Figure 2 shows the development of the CME spray plasma as
seen with EIS. The panels (a) to (f) correspond to six consecu-
tive exposures from the EIS data file beginning at 14:09:55 UT.
The time shown for each panel is the mid-point time of the
45 s exposures. A single EIS exposure has wavelength in the
x-direction and solar-y position in the y-direction. Each panel
of Figure 2 combines the 192.82 Å (left) and 195.12 Å (right)
wavelength windows. Since the Fe xii 195.12 Å emission line
should behave exactly as Fe xii 193.51 Å, I have placed the two
windows in such a way that the 195.12 Å line is at the posi-
tion of the 193.51 Å line. The 195.12 Å window intensity has
been multipled by a factor 0.675 to account for the expected
ratio of the two Fe xii lines. The wavelength axis has been con-
verted to line-of-sight (LOS) velocity using 193.51 Å as the rest
wavelength. The 192.82 Å window then occupies the velocity
region −1480 to −690 km s−1. The Fe xi 192.81 Å line, which
can be seen extending the full height of the window, is located

at around −1050 km s−1. An mp4 movie showing the full set
of 40 exposure-pairs from the EIS data file is available in the
2022-eis-spray repository.

Panel (a) shows complex structure between y = −250′′ and
y = −180′′. By comparing the two windows, common struc-
tures can be seen, implying similar velocity structures in the
Fe xi and Fe xii lines. At around y = −200′′ to y = −180′′ there
appears to be both red and blue-shifted plasma components, and
a rest component to the lines, giving a band of emission across
the exposures. It is possible that some of this emission in the
192.82 Å window corresponds to a high-velocity component of
Fe xii 193.51 Å around −800 to −700 km s−1 but comparisons
with the cool Si vii 275.36 Å and Mg vii 278.39 Å lines also
seen by EIS suggest this is more likely to be cool O v 192.90 Å
emission combined with Fe xi.

Panel (b) is the first to show clear evidence of a high-velocity
Fe xii component, which is indicated with a green arrow. None
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Fig. 3. Doppler shifts of the Fe xii 195.12 Å line as a function of time, given
relative to the time of peak X-ray flux (14:25 UT). The image is scaled between
−15 and +15 kms. The black diagonal line marks the weak red-shifts associated
with the EUV wave, and the yellow diagonal line marks the centroids of the
high-velocity spray component.

of the other wavelength windows show emission at this loca-
tion, i.e., on the long-wavelength side of the central emission
line. The position and time matches the spray plasma seen with
AIA (Figure 1b). This component is more clearly seen in pan-
els (c) and (d) – again marked with green arrows – as it moves
along the slit. The final appearance is in panel (e). The veloc-
ity has decreased resulting in only a small part of the emission
appearing in the 192.82 Å window.

For the exposures at 14:26:41 UT and 14:27:29 UT, where
the high-velocity Doppler component is most clearly seen,
Gaussian fits were performed in order to determine the velocity
of the spray plasma. A range of y-pixels were averaged for each
exposure using the IDL routine eis mask spectrum (Young,
2022) to yield a 1D spectrum. Gaussian fits were performed
with the routine spec gauss eis (Young, 2022) to the features
in the 192.82 and 195.12 Å windows, yielding intensities and
centroids for the spray component (measured in the 193.82 Å
window) and the “rest” component (measured in the 195.12 Å
window). The intensities of the rest components were multi-
plied by 0.675 to yield the estimated 193.51 Å intensities, and
the centroids of the rest components were reduced by 1.610 Å.
The latter two values were both obtained from the CHIANTI
database (Young et al., 2016; Del Zanna et al., 2021). The in-
tensity ratio was obtained assuming a temperature of 106.2 K
and electron number density of 109 cm−3, although the ratio
shows only a small variation with respect to these parameters.
The spray Doppler shifts (relative to the measured rest compo-
nents) for the two exposures are −831 and −847 km s−1.

Following behind the high-velocity component there is fur-
ther spray plasma emission that has a smaller Doppler shift,
and the location in relation to the high-velocity component is
indicated by the diagonal blue lines in panels (c) to (e). If the
spectral region in the gap between the two wavelength windows
had been available we would likely have seen a continuum of

emission between the two velocity components. Note that the
lower-velocity plasma seen in the 195.12 Å emission continues
to move northwards along the slit in panel (f).

Is there an alternative explanation for the emission seen
in the 192.82 Å window? The feature could be due to
O v 192.90 Å, which would require a red-shift of around
100 km s−1. Other cool lines observed by EIS are He ii 256.32 Å
and Si vii 275.36 Å, but neither of these show evidence of a sim-
ilar red-shift. The feature could be a blue-shifted component of
a line at a shorter wavelength than 193.51 Å. However, the spec-
tral atlas of Brown et al. (2008) shows that there are no strong
lines between 193.51 Å and the 192.82 Å complex that could
account for the relatively strong signal of the spray plasma.

Figure 3 shows a Dopplergram formed through a single-
Gaussian fit to the Fe xii 195.12 Å emission line. The fit was
performed with the IDL routine eis auto fit (Young, 2022) and
was constrained to avoid fitting the extended wing on the short-
wavelength side as this shows significant structure, particularly
in the continuous blue region beginning at the flare peak. The
image is comparable to the Dopplergrams shown in Figures 2
and 3 of Veronig et al. (2011) and Harra et al. (2011), respec-
tively, although these authors used the slightly hotter Fe xiii
202.04 Å line. The narrow, red feature running bottom-left to
to-right is the weak red-shifted component that Veronig et al.
(2011) and Harra et al. (2011) identified with the EUV wave-
front. The gradient can be seen to decrease with time, mark-
ing a deceleration of the EUV wave. A straight line is marked
on the early part of the red-shifted component and this corre-
sponds to a speed of 480 km s−1. Centroids in the y-direction
of the spray plasma were estimated from the images shown in
panels (b) to (e) of Figure 2, and these are indicated by the yel-
low line on Figure 3. The gradient is 515 km s−1, but given the
uncertainties due to the irregular shape of the spray emission
I consider this to be consistent with the propagation speed of
the red-shifted component. Assuming the latter for the plane-
of-sky speed of the spray plasma (since the value is more accu-
rate), the maximum Doppler shift speed of Table 1 then implies
an actual speed of the spray plasma of 975 km s−1.

Figure 4 shows my interpretation of the AIA and EIS data
from the 16 February event. The star shows the location of the
flare, and the loops denote quiet Sun coronal loops northward
of the flare site. The EUV wave presses down on the quiet Sun
as it moves outwards, leading to a propagating front of red-
shifts (Veronig et al., 2011; Harra et al., 2011) that moves at
around 480 km s−1. The fastest spray plasma is ejected from the
flare and tracks behind the EUV wave front by around 50 Mm,
at a similar plane-of-sky speed. The maximum line-of-sight
speed is 850 km s−1. Combining these two velocities implies
the speed of the spray plasma is 975 km s−1.

4. Previous Measurements of Large Doppler Shifts

Spectroscopic measurements of sprays have been made pre-
viously with CDS and EIS. As with the example presented here,
the spray is revealed through a distinct blue-shifted component
to the line profile that is seen in addition to a component close



Peter Young etal / Advances in Space Research xx (2022) xxx-xxx 5

Fig. 4. A cartoon illustrating the dynamics associated with the EUV wave and
spray ejecta.

to the rest wavelength of the line (which likely is due to back-
ground plasma emission). Tian et al. (2012) referred to this as
line-splitting.

Foley et al. (2001) and Pike & Mason (2002) both studied
spray ejecta from an X-class flare observed by CDS on 10 April
2001. They reported blue-shifts of around 400 km s−1 from the
O v 629.7 Å line formed at 0.2 MK. Harra & Sterling (2003)
found blue-shifts in the same O v line of up to 350 km s−1 for
spray ejecta observed on 13 June 1998. There was evidence that
the spray was also seen in the coronal Mg x 624.9 Å line, too.

The first EIS measurement of large Doppler shifts associ-
ated with flare ejecta was from Asai et al. (2008) who reported
blue-shifted components at around 250 km s−1 for a wide range
of EIS lines. This was associated with the X-class flare of 13
December 2007. A flare on 14 February 2011 (two days prior
to the event discussed here) was studied by Tian et al. (2012)
who found blue-shifted components up to 200 km s−1, again in
a range of EIS lines.

A joint observation of the X1-class flare on 29 March 2014
with EIS and the Interface Region Imaging Spectrograph (IRIS:
De Pontieu et al., 2014) was reported by Kleint et al. (2015).
The filament eruption was captured with both EIS and IRIS, and
the largest blue-shift found from IRIS was around 550 km s−1

and seen in lines of Mg ii, C ii and Si iv. EIS observed the erup-
tion at a slightly earlier phase when the blue-shift was smaller
at around 220 km s−1 and the emission was seen in the cool He ii
ion as well as Fe xii.

Coronal mass ejections observed well above the limb with
the Ultraviolet Coronagraph Spectrometer (UVCS: Kohl et al.,
1995) could yield very large Doppler shifts, as reported by Cia-
ravella et al. (2006). As the CME core (often associated with
an erupted prominence) passed through the spectrometer slit,
compact knots or threads would be seen. These features are
typically Doppler-shifted, indicating that the plasma is mov-
ing towards or away from the observer as the CME moves out-
wards. Five examples of Doppler shifts greater than 800 km s−1

were found, with the largest a blue-shift of 1200 km s−1. The
measurements were made at heliocentric radii between 1.7 and

3.8 R�.
Explosive chromospheric evaporation in the early stages

of flares is another solar phenomenon that can produce large
Doppler shifts. A high energy input (usually in the form of
electron beams) from the corona heats the chromosphere and
the heated plasma rises into the corona. When observed by UV
or X-ray spectrometers, a blue-shifted component to emission
lines is seen, typically for temperatures of 1 MK and higher.
The magnitude of the blue-shifts increases with temperature,
and speeds up to around 400 km s−1 have been reported from
EIS observations of Fe xxiii and Fe xxiv lines formed at 15–
20 MK (Watanabe et al., 2010; Young et al., 2013).

Observations of flares above the limb have revealed another
type of high-velocity feature that has only been seen in ions
formed around 10 MK or hotter. In contrast to sprays and
evaporation flows, the line profiles generally show a very broad
wing emission that can be on the short or long-wavelength side
of the profile, or both sides simultaneously. The first such
measurement was presented by Innes et al. (2001) using the
Fe xx 721.7 Å line, which showed a blue-wing extending to
650 km s−1. A similar profile was reported by Innes et al.
(2003) for an X-flare observed on 21 April 2002, but for Fe xxi
1354.1 Å. The wing in this case extended for almost 5 Å, corre-
sponding to 1000 km s−1. Wang et al. (2007) studied the Fe xix
1118.1 Å line for an M3-class flare observed on 16 April 2002,
which showed the blue wing extending to 600 km s−1.

Imada et al. (2013) presented similar line profiles from EIS
for the Fe xxiv 192.1 Å emission line, observed from an X2-
class flare on 27 January 2012. The wavelength window re-
stricted velocities to ± 400 km s−1 and, from the plots presented
in the article, it is clear the blue-wing extends beyond this limit.

In summary, to the best of my knowledge, the Doppler-
shifted component of 847 km s−1 found here is the largest re-
ported in the literature from UV and EUV instruments for a
distinct plasma component in the inner corona within 1.5 R�.

5. Summary and discussion

The M2-class flare that peaked at 14:25 UT on 16 Febru-
ary 2011 was associated with a CME and an EUV wave. In
the present article the fastest-moving ejecta observed with the
Hinode/EIS instrument was found to have a Doppler shift of
850 km s−1 that I believe is the largest ever recorded by an ul-
traviolet spectrometer within 1.5 R�. The plane-of-sky speed
was 480 km s−1, consistent with the speed of the EUV wave
front. Combining the Doppler and plane-of-sky speeds gives a
speed of 975 km s−1.

The means of detecting the large Doppler shift is unusual
in that the high-speed Doppler component was detected in an
emission line that was not intended to be observed. The Fe xii
193.51 Å line was blue-shifted to such an extent that it appeared
in a wavelength window centered at 192.82 Å.

This observation highlights a limitation imposed on a UV
spectrometer by the telemetry rate assigned to the mission. In
order to achieve a good cadence and spatial coverage, only por-
tions of the detector are downloaded that are typically centered
on a selection of diagnostically-useful lines. In the case of EIS,
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wavelength windows would need to be around 60 pixels wide
(compared to 24 pixels for the 16 February observation) to en-
able Doppler velocities of ±1000 km s−1 to be measured. Com-
pared to the 24 pixel windows used for the 16 February dataset,
this would be a 150% increase in data volume.

The presence of very large Doppler shifts may be a concern
for the Multi-slit Solar Explorer (MUSE: De Pontieu et al.,
2020), which is a novel spectrometer design recently selected
by NASA for flight in 2026. Rather than a single slit, MUSE
will have 37 parallel slits, which means that spectra from each
slit will overlap on the detector. MUSE will have three chan-
nels for the Fe xix 108.36 Å, Fe ix 171.07 Å, and Fe xv 284.16 Å
lines. The inter-slit spacing corresponds to 0.39 Å for the two
shorter wavelengths and 0.78 Å for the longer. These translate
to Doppler shifts of 1080, 680 and 820 km s−1, respectively,
for the three channels. Thus a large Doppler shift such as the
one found in the present article may be confused with emission
from a neighboring slit position. A benefit of MUSE, however,
is that there is no equivalent of the windows used for EIS, and
thus the complete Doppler range of ±1000 km s−1 (for exam-
ple) will always be observed and so there is no risk of MUSE
becoming “blind” above a certain velocity limit.
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