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Abstract We investigate three consecutive large-scale coronal waves at the same
coronal hole, simultaneously observed by the Solar TErrestrial Relations Ob-
servatory (STEREO)-A spacecraft and the PRoject for On-Board Autonomy 2
(PROBAZ2) spacecraft on January 27, 2011. All extreme-ultraviolet (EUV) waves
originated from the same active region NOAA 11149 positioned at N30E15 in the
STEREO-A field-of-view and precisely on the limb in PROBA2. The EUV waves
were accompanied by coronal mass ejections (CMEs) and GOES class B/C flares.
The propagation of the primary waves was directed southward with an angular
extent of ~ 120° as seen from STEREO-A. We derive for the three primary
EUV waves start velocities in the range of ~ 310 km/s up to ~ 500 km/s. Each
large-scale wave was reflected at the boarder of the extended coronal hole at the
southern polar region. The signatures of the reflected waves could be followed
on-disk by STEREO-A as well as on the limb by PROBA2. The kinematical
study of the reflected waves revealed that they were slower than their associated
direct waves, having start velocities in the range of ~ 130 to 230 km/s, and that
they experienced a distinct deceleration. The EUV wave reflections implicate
that the EUV transients are indeed MHD waves.

Keywords: Shock waves, Coronal Mass Ejections

I Kanzelhohe Observatory/IGAM,Institute of Physics,
University of Graz, Universitatsplatz 5, A-8010 Graz,
Austria email: ines.kienreich@uni-graz.at email:
nicole.muhr@uni-graz.at email: asv@igam.uni-graz.at email:
manuela.temmerQuni-graz.at

2 Hvar Observatory, Faculty of Geodesy, Kaci¢eva 26, 1000
Zagreb, Croatia email: bvrsnak@gmail.com

2 Royal Observatory of Belgium, Solar Physics, Ringlaan 3,
B-1180 Brussels, Belgium email: david.berghmans@oma.be

SOLA: event20110127corril.tex; 11 July 2011; 14:13; p. 1



1. Introduction

Large-scale disturbances propagating through the solar corona have been first
imaged by the Extreme-Ultraviolet Imaging Telescope (EIT) onboard the Solar
and Heliospheric Observatory (SOHO) about 15 years ago (e.g. Moses et al.,
1997; Thompson et al., 1998). Since these days large-scale coronal waves, which
have to become known as ’EIT waves’ but are now more generally called extreme
ultraviolet (EUV) waves, were frequently observed in the EUV wavelength range,
which led to a large number of case studies (e.g. Thompson et al., 1998; Wills-
Davey and Thompson, 1999; Delannée and Aulanier, 1999; Warmuth et al., 2001;
Zhukov and Auchere, 2004; Podladchikova and Berghmans, 2005) and several
statistical studies (Klassen et al., 2000; Biesecker et al., 2002; Thompson and
Myers, 2009). Similar large-scale coronal transients were also detected in other
wavelengths such as soft X-rays (e.g. Khan and Aurass, 2002; Hudson et al.,
2003; Vrsnak et al., 2006), microwaves (White and Thompson, 2005), and the
metric domain (Vrsnak et al., 2006).

The investigations of large-scale coronal waves, however, were limited by the
low imaging cadence of EIT (~ 12 min), resulting in a drastic undersampling
particularly of fast events, where at most one single EUV wave front was recorded
during such fast propagation. The launch of the Solar Terrestrial Relations
Observatory (STEREO; Kaiser et al., 2008) twin-spacecraft with its Extreme
Ultraviolet Imager (EUVI) started a new era in high-cadence observations of
the solar corona. Since more than four years it supplies observations of EUV
waves with high time cadence from two different vantage points and over a
large field-of-view up to 1.7 solar radii, providing us with new insights into
the generation, evolution and 3D structure of large-scale EUV waves (e.g. Pat-
sourakos and Vourlidas, 2009; Veronig et al., 2010; Temmer et al., 2011). Yet,
albeit more than 15 years of continuous studies of EUV wave events, the nature
and generation mechanism of EUV waves is still very controversially discussed.
Most commonly they are interpreted as fast-mode magnetosonic waves, driven by
the CME expansion and/or the explosive flare energy release (e.g. Wills-Davey,
DeForest, and Stenflo, 2007; Patsourakos and Vourlidas, 2009; Veronig et al.,
2010). Some authors assume that these features are no waves at all and suggest
they are related to a magnetic field line reconfiguration during the associated
CME eruption, causing Joule heating or flare-like brightenings at the CME front
(e.g. Delannée and Aulanier, 1999; Chen et al., 2002; Attrill et al., 2007; Dai
et al., 2010). In the last years also hybrid models combining both interpretations
were developed (e.g. Cohen et al., 2009; Liu et al., 2010). For further discussion
on the observational characteristics and models of EUV waves we refer to the
recent reviews of Wills-Davey and Attrill (2010), Gallagher and Long (2010),
Warmuth (2010), and Zhukov (2011).

Observations of interactions of large-scale EUV waves with active regions and
coronal holes have been occasionally reported since the early days of SOHO. One
of the first reports was given by Thompson et al. (1998) mentioning the halt of
EUV waves at the border of coronal holes (CHs). Veronig et al. (2006) observed a
partial penetration of Moreton waves into the realm of the coronal hole moving
perpendicular to the CH border. A number of authors have found that EUV
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waves were stopped or deflected from active regions (ARs); (e.g. Thompson et al.,
1999; Delannée and Aulanier, 1999; Chen and Fang, 2005). Others reported EUV
waves moving along the outlines of active regions and coronal holes (Gopalswamy
et al., 2009; Kienreich et al., 2011). Simulations treating the EUV waves as fast-
mode magnetosonic waves supported these findings, as the model MHD waves
underwent strong reflections at the borders of high Alfvén velocity areas, such
as AR’s and CH’s (e.g. Wang, 2000; Ofman and Thompson, 2002).

The most intriguing and thus well studied EUV wave reflection was recorded
on May 19, 2007 by the STEREO/EUVI instruments. Several papers report
a strong reflection and refraction of an EUV wave disturbance at a coronal
hole (e.g. Long et al., 2008; Veronig, Temmer, and Vrsnak, 2008). Gopalswamy
et al. (2009) performed a detailed analysis of this event stating the occurrence
of reflections at three different coronal holes. A contradictory study by Attrill
(2010), however, questioned the wave reflections on May 19, 2007, arguing that
the detected features were just artifacts in the running difference images, which
were misinterpreted as reflected waves. Instead Attrill (2010) favored the inter-
pretation that a two-part filament eruption had caused the onset of two EUV
waves with the southward propagating wave experiencing a distinct rotation
consistent with helicity of the associated CME. Hence, it is still a controverse
matter, whether genuine EUV wave reflections have been observed so far, or,
as Attrill (2010) assumed, whether they are just optical illusions, since in many
cases EUV waves disappear or become ’stationary’ at CH borders.

In this paper we present the first study of three large-scale EUV waves
observed in quadrature, which were reflected of a coronal hole. We combine
simultaneous STEREO-A on-disk observations, recording both the primary and
reflected wave fronts, with the PRoject for On-Board Autonomy 2 (PROBAZ2;
Berghmans et al., 2006) spacecraft plane-of-sky observations of the wave propa-
gation along the limb. This gives us the opportunity to compare the threedimen-
sional structure of the primary and the reflected wave and to study the change
in propagation height caused by the reflection process. Our main focus, however,
lies on the kinematical analysis of the on-disk signatures of the reflected waves
in relation to the kinematics of their primary counterparts.

2. Data and Methods

For the analysis of the EUV wave events under study, occurring on 2011 January
27, we use data from the STEREO/EUVT instrument, which is part of the Sun
Earth Connection Coronal and Heliospheric Investigation (SECCHI; Howard
et al., 2008) instrument suite. Simultaneously we analyzed the waves’ evolution
in full-disk images by the Sun Watcher using Active Pixel system detector and
image processing (SWAP; Halain et al., 2010) on board the PROBA2 spacecraft.
On January 27, 2011 STEREO/EUVI-A (henceforth ST-A) and SWAP were
nearly in quadrature, i.e. ~ 90° apart. Accordingly, while ST-A recorded the
EUV waves’ on-disk evolution, SWAP observed their propagation along the solar
limb. In our study we could only make use of the high-cadence STEREO/EUVI
imagery in 195A (cadence: 5min), since in 171 A and 284 A the cadence was
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Figure 1. (a) PROBA2, (b) ST-A direct images indicating the position of the wave center
within Active Region NOAA 11149 (red square) at the limb and on-disk,respectively. (a) Yellow
semi-circles mark the region, for which off-limb stack-plots (cf. Fig. 5(a)-(b) and Fig. 6) were
derived. (¢)-(f) Median-filtered 10 minutes ST-A 195 A running ratio (RR) images plus outlines
of the southern coronal hole (yellow dash-dotted line) observed on 2011 January 27. (c) Red
meridians give the delimiting 45° sector for the calculation of the primary waves’ kinematics.
The slices for the on-disk stack-plots of Fig. 5.(c)-(d) are represented by the blue rectangle.
(d)-(f) EUV wave events (1)-(3) presenting the primary (blue curves) and reflected (red curves)
wave fronts. (f) Yellow meridians define the 45° sector used for the analysis of the reflected
wave kinematics. (axes in arcsec)

only 2 hours. SWAP takes images at a wavelength of 174 A (cadence: ~ 855),
which is comparable to the EUVI 171 A passband. To compare the observa-
tions from ST-A and SWAP, all images were re-scaled to Earth distance. The
EUVI 195 A filtergrams were reduced using the SECCHI_prep routines available
within SolarSoft. The SWAP data were prepped using the tools provided by
the PROBAZ2 software team. For each wave event we differentially rotated the
images to the same reference time. To emphasize the signature of the transient
waves we created running ratio (RR) images, dividing each frame by a frame
taken 10minutes earlier, as well as base ratio (BR) images, where we divide
each frame by a base image taken 20 minutes after the end of the event before.
Additionally we applied a median filter over 5 pixels to each image to increase
the visibility of large-scale structures like EUV waves and smooth out small-scale

fluctuations.
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3. Results
3.1. General wave characteristics

The three large-scale EUVI waves under study were launched from active re-
gion (AR) NOAA 11149 on January 27, 2011 within a period of 12 hours and
were all reflected from the same coronal hole at the southern polar region.
Each wave launch coincided with a GOES class B/C flare, and the associ-
ated coronal mass ejections (CMEs) with plane-of-sky speeds of 455kms™*,
413kms™ ' and 416 kms ™!, respectively, were coming into the LASCO C2 field-
of-view (http://spaceweather.gmu.edu/seeds/lasco.php) at 11:00 UT, 12:48 UT,
and 20:36 UT, respectively. ST-A observed the EUV waves on the solar disk with
their ejection centers and the sites of the associated flares at the south-western
edge of the AR (N30E15 at onset of the first wave). Note that the positions
of the waves’ onset centers were almost identic, taking the solar rotation into
account. Due to the quadrature configuration of ST-A and SWAP the waves
were recorded exactly on the limb by SWAP (Figure 1 (a) and (b)).

Generally the waves are best observed in the 195 A channel of ST-A, peaking
at T ~ 1.4 MK (Wills-Davey and Thompson, 1999), nevertheless they are also
well visible in the SWAP 174 A passband with a peak temperature of T ~ 1
MK. Movies 1 and 2 show ST-A and SWAP sequences of direct and RR full disk
images, respectively, covering the full observation period. Unfortunately, since
the PROBA2 spacecraft has to undergo Earth eclipses during this period of the
year, there are data gaps during each event under study. Therefore we do not
have full data coverage in the limb observations, but in each case the onset of
the wave as well as the entire phase of the wave reflection was recorded.

All three waves propagate in the same direction and show an angular extent
of ~ 120°. As the wave fronts also have similar appearance these large-scale
EUYV waves can be considered as homologous (c. f. Kienreich et al., 2011). Their
similarity is evident in Figure 1(d)-(f), where for each wave event a ST-A RR
image together with all tracked wave fronts is plotted. Primary wave fronts
are displayed in blue, reflected waves are shown in red. The yellow dash-dotted
contours outline the border of the southern coronal hole (S-CH), where each wave
was reflected. We note that the main propagation directions of the primary and
reflected waves are at an angle of ~ 20° to each other, which obeys the laws of
reflection.

3.2. Primary Waves

Figure 2 shows the evolution of the second wave in simultaneous RR snapshots
from ST-A and SWAP, extracted from movies 1 and 2. In movie 1 we observed the
onset of a rising loop system at ~11:50 UT, before the first wave front appeared
at 12:00 UT. The primary EUV wave traveling southward could be followed in
the movies until 12:45 UT. Yet, the last wave front, we could manually track
with reasonable certainty, was recorded at 12:40UT. The first two panels in
each column of Figure 2 illustrate the early phase of the primary wave, starting
five minutes after the first wave front was observed. While the wave fronts
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Figure 2. Sequence of median-filtered running ratio images of EUV wave event 2 recorded
in the plane-of-sky in the SWAP 174A (left) and on-disk in the EUVI 195A channel (right).
The first two panels show the early evolution of the primary wave, marked by yellow arrows in
PROBA2. The last three panels display the evolution of the reflected wave. Yellow arrows in
the ST-A images point to the front of the reflected wave. In contemporaneous SWAP frames
the lateral width of the projected wave is indicated by two arrows. (See also movie 1 (ST-A)
and movie 2 (PROBA2).)
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are clearly discernible in the 195 A ST-A images, they are rather faint in the
SWAP recordings (Figure 2(left); yellow arrows). The SWAP images also show
the erupting CME structure, which is highly asymmetric, pointing strongly to
the South. The last three images per column display the evolution of the reflected
wave and will be discussed in section 3.3.

The determination of the wave front distances is based on the visual tracking
method, applied to the series of ST-A RR images. For the study of the wave
kinematics we analyzed each of the three wave events individually. Moreover, the
primary and the reflected wave of each event were investigated separately. As we
are particularly interested in the wave reflection, we concentrated on subsections
of the wave fronts propagating towards the S-CH (Figure 1(b)-(f); yellow dash-
dotted line). Hence, we took only those parts of the fronts into account, which lay
inside a chosen 45° sector pointing exactly to the South. This sector is indicated
by the red meridians in Figure 1(c). The intersection point of the two red lines
is the onset center of the wave, which was derived by employing circular fits to
the first two tracked wave fronts. This calculation as well as the determination
of the wave front distances from the wave center is carried out in 3D spherical
coordinates, for details we refer to Veronig et al. (2006).

Figure 3 shows the time distance diagrams of all three wave events with
superimposed error bars. The dash-dotted line at ~ 950 Mm outlines the mean
distance of the S-CH border. In the case of the third event a wave front was
already detected at 20:05 UT. Although, as in the RR-image the wave signa-
ture could not be fully disentangled from the signature of the emerging loop
structure, we excluded the corresponding distance value. Taking this uncertainty
into account, in all three cases the observation of the first wave front coincides
with the peak time of the associated GOES class B/C flares (see also movie
1). Figure 3 (b) also shows that a metric type II radio burst was recorded
during event 2 starting at 12:08 UT and ending at 12:27 UT. The two Radio
Solar Telescope Network (RSTN; ftp://ftp.ngdc.noaa.gov/STP/SOLAR\_DATA/
SOLAR\_RADIO/) stations San Vito (Brindisi, Italy, 18E 41N) and Palehua
(Oahu, HI, 158W 21N), which observed the type II burst, estimated shock speeds
of 900kms™! (San Vito) and 730kms™" (Palehua), respectively.

For each event we applied linear as well as least-square quadratic fits to the
kinematical curves of the primary wave. Additionally the 95% confidence interval
(Figure 4; grey areas) and the prediction interval were calculated for the linear
fit. This gives us a means to decide whether the linear or the quadratic function
better represents the wave kinematics. For wave 2 the velocities, gained with the
two fitting methods, differ strongly. The linear fit gives a mean wave velocity of
314 + 16 kms ™!, while the quadratic fit yields a velocity of 502 + 56kms™! at
the first observed wave front and a constant deceleration of 106 £ 29ms~2.
The derived velocities of wave 1 are smaller with 216 + 13kms™' resulting
from the linear fit and 355 + 34kms™ ' (at the first observed front) from the
quadratic fit with a constant deceleration of 65 + 17ms~2. Wave 1 and 2,
both show a distinct deceleration, in accordance with previous studies of large-
scale EUV waves (e.g. Veronig, Temmer, and Vrsnak, 2008; Long et al., 2008;
Grechnev et al., 2011). However, wave 3 shows a different kinematic, as both
fits indicate propagation with constant velocity of ~ 270 + 11kms™' (linear)
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Figure 3. Kinematics of primary waves plus error bars reflecting the diffusiveness of the wave
fronts. The distances from the wave onset center were derived for a 45° sector (cf. Fig. 1(c);
pink star and red meridians). The distances of the reflected wave fronts with respect to the
same center and sector are also shown. A linear (green) and a quadratic (blue) least square
fit to the primary wave data are overlaid. The grey area indicates the 95% confidence interval
of the linear fit. The dash dotted line in each diagram denotes the average distance of the
coronal hole boundary. The velocities derived from the 274 order polynomial fit are specified
for the first observed wave front. (b) During event 2 also a type II burst (12:08-12:27 UT; grey
dashed lines) was recorded by the Radio Solar Telescope Network observatories San Vito and
Palehua.
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and 314+ 37kms ™! (quadratic), respectively. The quadratic fit suggests a small
deceleration of ~ 154 15ms~2. Observations of EUV waves moving at constant
speed were already reported by Ma et al. (2009), Kienreich, Temmer, and Veronig
(2009).

3.3. Reflected Waves and lateral view of the events

In Movie 3 we show a sequence of ST-A RR and direct images, giving a close
view of the area, in which the reflected wave 2 was observed best. Although
faint, the reflected wave can even be detected in the original ST-A images. In
Figure 2 the last three panels illustrate the propagation of the reflected wave 2.
It was seen first at 12:50 UT and could be followed until 13:10 UT. The on-disk
signatures of the reflected waves, marked by yellow arrows, have an inclination
of ~ 20° with respect to ST-A’s north-south axis. In the lateral view of SWAP
we recognize a bright feature at and above the limb with an initial angular
extent of ~ 25° (12:50 UT). The narrow configuration forming its northern edge
did not change its position with time. At closer inspection it revealed itself as
one root of a loop connecting to the CME ejection center. The broad southern
part, which we assume to be the plane-of-sky signature of the EUV wave, moved
northward approaching the inanimate loop. In the end, the angular extent of the
bright feature had decreased to < 10° (13:10 UT). This motion clearly mirrors
the northward directed propagation of the reflected EUV wave as seen by ST-A.

The derivation of the kinematics for the reflected waves followed the same
pattern as previously described for the primary waves. To accurately determine
their distances, particularly taking the altered propagation direction into ac-
count, we chose a new reference point at the border of the coronal hole and took
a different 45° sector pointing to the northeast with an inclination of 20° relative
to the solar north-south axis. The new sector of interest is depicted as yellow
meridians in Figure 1(f).

Figure 4 shows the wave kinematics of all three reflected waves. Again error
bars, the 95% confidence interval and the prediction interval are overlaid. We
applied linear and least-square quadratic fits to the data. In all three cases
we derived a deceleration; however, for wave 1 a constant propagation is also
conceivable taking into account the error bars. Contrary to the primary waves,
where we found wave 2 to be the fasted and wave 3 the slowest event, reflected
wave 3 has the highest start velocity with 233 + 90kms™" and a deceleration
of 63ms~2. Wave 2 and wave 1 have start velocities of 192 + 89 kms™" and
130+ 85 kms ™', respectively, and experience a constant deceleration of 45 ms ™2
(wave 2) and 25 ms~2 (wave 1). We speculate that the reason for the higher start
velocity of reflected wave 3 lies in the fact that its related primary wave is barely
decelerated and hence has not dissipated much of its initial energy. Wave 1 and
wave 2, on the other hand, experienced a strong deceleration going along with
a considerable loss of energy. Thus, at the time of the reflection at the boarder
of the S-CH, the velocity of primary wave 3 is higher than that of primary wave
1 or primary wave 2.

In order to discern the reflected wave more clearly we created stack plots from
slices cut out from ST-A RR and BR images. Each slice has a width of 14 pixels
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Figure 5. (a) Polar display of two PROBA2 RR~images taken in the plane-of-sky at R = 800"
to 1300”; 6 = 0° to 180° (c.f. Fig.1(a) yellow semi-circles). Slices along 6 at a height of ~ 100"
were cut out. The resulting stack-plot for event 2 is given in (b). (d) On-disk stack-plot of
ST-A 195A RR-images. The wave propagation is outlined by the yellow curve (primary) and
by the red curve (reflected). The green dashed line represents the border of the coronal hole.
The reflected wave is also evident in the stack-plot of ST-A 195A BR-images shown in panel
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and its vertical axis spans from —1000” to 1000”. The position and direction (20°
to NS) of such rectangular slice is exhibited as blue rectangle in Figure 1(c). In
the resulting stack plot for event 2 (Figure 5(d)) slices of RR images taken at
subsequent time-indices are stacked together and reveal the evolution of wave 2
along the slit. The primary wave appears as a bright front moving downwards,
and the reflected wave is a bright front running upwards. Both show a distinct
deceleration which is mirrored by the yellow parabolic curve tracing the primary
wave front and by the red 2°¢ degree curve outlining the foremost part of the
reflected wave. To confirm that the observed features, which we assume to be
reflected waves, are not just artifacts in the RR images, where a previously dark
feature shows itself as bright feature in the next frame and vice versa, we also
generated stack plots from BR images, with the base image taken 20 minutes
after the last observed reflected wave front. As it is obvious from Figure 5(c),
the reflected wave is recognizable in the BR stack plot without any doubt, hence
the feature is a real physical observable.

In the following we compare the ST-A on-disk stack plots with stack plots gen-
erated from the PROBA2 plane-of-sky images. For this purpose a semi-circular
ring [R = 800" to 1300” and § = 0 to 180° (starting at N and going clockwise)]
was cut out from each PROBA2 RR image. In Figure 1(a) this area is marked
by yellow semi-circles. As next step we transform this cut-out region, originally
given in Cartesian (x,y)-coordinates, into polar (R, #)-coordinates; two repre-
sentative plots are displayed in Figure 5(a) with R (arcsec) along the horizontal
and 0 (degree) along the vertical axis. Finally slices at different coronal heights
are cut out and stacked together. The resulting plot for a height of H ~0.1 R,
is shown in Figure 5(b). At the onset of the event the primary wave appears as
a bright feature moving to larger 6—values (Figure 5(b) yellow arrows). Between
12:15UT and 12:40 UT we do not have records from the wave commencement,
as PROBA2 experienced an eclipse during this time, but SWAP observed the
entire propagation of the reflected wave (Figure 5(b) red arrows). It is obvious
from Figure 5(b) and (d) that the bright feature moving upwards in the ST-A
on-disk slice coincides with the bright structure proceeding to smaller 6—values
in the SWAP plane-of-sky slice. We can conclude that the same coronal EUV
wave is simultaneously observed in quadrature by both instruments.

In Figure 6 we show four stack plots extracted from slices centered at 0" (limb),
50" (~ 0.05 Ry), 100" (~ 0.1 Rg) and 150”(~ 0.15 Rg) above the limb. These
plots reveal that the strongest signatures of the primary wave and reflected
wave move at different heights. While the primary wave is brightest at the limb
up to R ~ 1.05 Ry, it is merely recognizable at 1.1 Ry and imperceptible at
1.15 Rg. The signature of the reflected wave however is strongest in a radial
distance range of R = 1.1 to 1.15 R, the strength of the wave signal decreases
to larger as well as to smaller heights. At 1.05 R, the wave signature is very faint
and at the limb there is no evidence of the wave at all. These findings suggest
that the waves were not simply reflected in a two-dimensional plane at a fixed
height, but that they were also reflected to larger coronal heights.
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Figure 6. PROBA2 RR-stack plots for different heights above the solar limb (cf. Fig. 5(a)).
The signature of the primary wave (yellow arrows) is evident at R ~ 1 Ry (a) and R ~ 1.05R¢
(b). It is barely visible at larger heights, as shown in (c) and (d). The data gap in all four
plots between 12:15 UT and 12:40 UT is due to a PROBA2 eclipse. The reflected waves (red
arrows) show the strongest signature in a height range of H ~ 0.1 to 0.15 Rp,(c) and (d),
while they are invisible at the solar limb. Red arrows in panel (a) indicate the wave position
at H ~ 0.1Rc.
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4. Discussion and Conclusion

We have presented observations of three homologous coronal EUV wave events
in quadrature, recorded simultaneously in high cadence by ST-A and PROBA2
within a period of 12 hours. The on-disk view of ST-A revealed that all three
primary large-scale EUV waves were ejected from the same onset center and
showed a similar appearance and angular extent as well as the same propagation
direction, and most important that they were all reflected from the same S-CH.
PROBA2 delivered a lateral view of the events, showing the southward directed
movement of the primary waves along the limb in a height range between 0
(limb) and ~ 0.05 Rg above the limb. Additional findings are: (1) EUV wave
1 and 2 with initial velocities of ~ 350kms~! and ~ 500kms™!, respectively,
showed a distinct deceleration, while wave 3 propagated at a constant speed of
~ 270kms~!. Their behavior and appearance strongly resembles the homologous
events reported by Kienreich et al. (2011). (2) The fastest and strongest primary
large-scale wave event 2 was accompanied by a metric type II burst indicative of
a coronal shock wave. (3) Examination of the associated CMEs in the PROBA2
plane-of-sky view revealed a highly asymmetric shape, which was strongly bent
to the south. This distorted expansion of the CME appears to be the reason
for the nonuniform propagation of the large-scale EUV waves, which are most
prominent in the south direction.

The primary focus of this paper, however, lies on the analysis of the three
coronal wave events experiencing reflections at the boundary of a coronal hole.
The CH-boundary did not change noticeably within the 12 hours period. Hence,
as the primary waves are homologous, we expected the reflected waves also
to be homologous. In the ST-A images it was indeed obvious that all three
reflected waves had the same shape and propagated into the same direction ~ 20°
inclined to the direction of the primary waves. This gives clear evidence that each
primary and subsequently observed reflected wave belonged to the same event.
The additional lateral view from PROBA2 revealed a northward directed motion
at a height of ~ 0.1t00.15 Ry fitting to the on-disk results. Our analysis of the
reflected waves showed that the velocities in the range of 130 kms~! t0 230 kms~—!
were smaller than those of their primary pendants. This can be attributed to the
individual deceleration of the primary waves and explains why reflected wave 3
is now the fastest one with ~ 230 kms~!. The results of our kinematical analysis
were confirmed by our studies of the ST-A and PROBAZ2 stack-plots showing
the same wave evolution along a chosen direction and height, respectively.

Yet, the most important result in our study is that this reflection process
is also clearly evident in the base ratio images. These findings are in contrast
to the interpretation of Attrill (2010), who assumed the reflected waves to be
just artifacts of running ratio images. Our results are in good agreement with
the conclusions from Gopalswamy et al. (2009) for the event on May 19, 2007.
Like in our case, the reflected waves were slower than the primary wave, and the
stack-plot for the eastward reflected wave showed a comparable evolution of the
primary and reflected wave.

Our results — the homologous appearance of primary as well as reflected waves,
their kinematics, and the type II burst during event 2 — strongly support our
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assumption that the three observed EUV transients are fast-mode magnetosonic
waves following the interpretations by Uchida.
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