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Abstract We present a set of tools for detecting small-scale solameiagcancel-
lations and the disk counterpart of type Il spicules (thealbed Rapid Blueshifted
Excursions (RBES)), using line-of-sight photospheric metggrams and chromo-
spheric spectroscopic observations, respectively. Boking magnetic cancellation,
we improve the Southwest Automatic Magnetic Identificatbaite (SWAMIS) so that
it is able to detect certain obscure cancellations that eagalsily missed. For detecting
RBESs, we use a normalized reference profile to reduce falsée detections caused
by the non-uniform background and seeing condition. Sinbddldhe magnetic feature
tracking in SWAMIS, we apply a dual-threshold method to erdeathe accuracy of
RBE detection. These tools are employed to analyze our owastl observations us-
ing the Interferometric Bldimensional Spectrometer atfhmn Solar Telescope of
the National Solar Observatory ahtinode. We present the statistical properties of
magnetic cancellations and RBEs, and explore their cdinelasing this data set.
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1 INTRODUCTION

Observations of small-scale dynamics in the solar chromasphave benefited from significant
improvements in instrumentation in the past decade. In #ukee on-disk Hyx observations, one
kind of small-scale feature was discovered to only show &-shifted (upflow) component with
no corresponding red-shifted (downflow) component. Theyeweamed kK — 1.0 A jets (Wang

et al. 1998) or chromospheric upflow events (Chae et al. 1988;et al. 2000). It was found that
these jets tend to occur at supergranular boundaries, anetisoes recur on the same sites. They
mostly appear to be round in shape rather than elongatea: Moently, when observed at the solar
limb, the highly dynamical type Il spicules were distinchasl by their outward-only ejection, high
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speed (15-40 km'3), and short lifetime €150 s) compared to the “classical” type | spicules (de
Pontieu et al. 2007). Later, these type Il spicules wereelinio their on-disk counterparts, the Rapid
Blueshifted Excursions (RBEs; Langangen et al. 2008; Rewpp der Voort et al. 2009), which are
essentially similar to the upflow events mentioned above.

Using observations with improved resolution, more dethileoperties of RBEs were revealed.
Statistically, their occurrence rate is compatible withattbf type Il spicules (Rouppe van der Voort
et al. 2009; Sekse et al. 2012). In addition, RBEs are mo#tlygated and their upflows are accel-
erated from the footpoint to the top end. Although they haserbobserved separately imvkand
Ca Il 8542A wavelengths for several years, new studies show that phositions and accelerations
exhibit consistency from the lower layer (Ca Il) to the higlager (Hx) of the chromosphere (e.g.,
Sekse et al. 2012). Sometimes, this connection can alsadeded to the corona to appear as bright
points according to observations made by the Atmospheraging Assembly (AlA) on board the
Solar Dynamics Observatory (SDO) (De Pontieu et al. 201é3ides the upflow motion in the line-
of-sight (LOS), RBEs also show transverse and torsionalanst(Sekse et al. 2013b), which are of
comparable magnitude to the type Il spicules (De Pontieli 042). Furthermore, features in the
red wing but having similar characteristics to RBEs werealgred and named Rapid Redshifted
Excursions (RREs; Sekse et al. 2013Db). It was found that Riplgsar less frequently than RBEs,
especially near the disk center. A significant fraction off8Rccur together with RBEs, which is
interpreted by Sekse et al. (2013b) as being due to the upflamsverse and torsional motions in
combination with certain viewing angles.

To study the properties of the numerous small-scale dyné&atares like RBES, an appropri-
ate detecting and tracking method would be important. SRBESs are tiny (a few arcseconds) and
ephemeral, and display diverse spectral profiles, detptitiem requires observations with high spa-
tial, temporal and spectral resolution. There is an autanadgorithm developed for the study of
RBEs (Rouppe van der Voort et al. 2009; Sekse et al. 2012;hnilki designed for observations
taken by the Crisp Imaging Spectropolarimeter at the SvkeSlidar Telescope on La Palma. It com-
bines different methods to detect RBEs, such as using Doppéges derived from the difference
between the blue and red wing images, and using the extrarbutawing image as a reference to
eliminate background. This algorithm requires multi-feanestoration of images as well as excel-
lent seeing; otherwise, the mismatch between featuredfereint wavelengths would induce many
false-positive detections during subtraction. In thislgtuve develop a new automatic RBE tracking
algorithm, which has a better tolerance of minor mismatahegced by image distortions or occa-
sional variations in seeing. Moreover, when the nearly #smeous photospheric magnetograms are
available, our tool as described below provides a handy eoisyn of the properties of RBEs with
their associated photospheric magnetic features.

As almost all solar activities are related to the magnetid fitne magnetic configuration and
dynamics associated with RBEs have been investigated ity stadies. It is known that even in
the quiet-Sun region, the magnetic field is not tranquil kag tynamic network and intra-network
structures. As mentioned previously, RBEs tend to occur tieaconcentration of the photospheric
magnetic field, and are sometimes associated with convgerngagnetic dipoles (Wang et al. 1998).
Considering their highly dynamic characteristics, RBEyina propelled by small-scale magnetic
reconnection. In this case, magnetic cancellations aed/lik indicate the source locations of RBEs.
On the other hand, using the three-dimensional (3D) MHD #trans, Martinez-Sykora et al.
(2011) showed that small-scale flux emergence would triggelnromospheric jet similar to type
Il spicules. The plasma in the chromosphere can be heatedcaeterated by a strong, mostly hor-
izontal Lorentz force and is then ejected along the verticagjnetic field. Correspondingly, there
is a case study showing that RBEs are related to the newlyaaipgemagnetic flux concentrations
(Yurchyshyn et al. 2013). However, the flux emergence andelition are likely to be associ-
ated with each other. When new flux concentrations emerge the bottom of the photosphere,
the cancellation may occur if the surrounding fields haveosfip polarity. Thus far, although the
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importance of magnetic field evolution associated with RBRS been generally recognized, the
driving mechanism of RBEs is still under active investigati

In order to study the magnetic configuration and evolutidateel to RBEs, we take advantage
of a well-developed and widely used solar magnetic fieldkiragmethod, the Southwest Automatic
Magnetic Identification Suite (SWAMIS; DeForest et al. 2@vhich can track weak-field features
close to the noise level. Applying SWAMIS to LOS magnetogsdaken by the Michelson Doppler
Imager on board th&olar and Heliospheric Observatory and the Solar Optical Telescope (SOT;
Tsuneta et al. 2008) dflinode, Lamb et al. (2008, 2010) demonstrated one kind of obsenvati
effect: sometimes the apparent unipolar magnetic flux eemergis actually the coalescence of tiny,
previously existing fluxes, which can be observed in higlesolution. Recently, they also found
a similar process when unipolar magnetic features disagpeab et al. 2013), meaning that the
dispersal of flux concentrations might play a more importatg than bipolar cancellations in the
quiet Sun. However, we found that SWAMIS is likely to miss maancellations under certain con-
ditions, especially when the sizes of canceling featuresmnificantly different. In order to better
detect and characterize the photospheric magnetic catioallwe thus developed an algorithm that
specializes in tracking cancellations using the intermatediesults of SWAMIS. The location and
timing of the detected flux cancellations can then be contpaith those of the detected RBEs.

In this paper, the observation is presented in Section 2.tfEteking algorithms for the pho-
tospheric magnetic fields and for the RBEs are described ¢tid®e3.1 and 3.2, respectively. We
show the data reduction in Section 4.1, tracking resulthefithotospheric magnetic cancellations
in Section 4.2, tracking results of RBEs in Section 4.3, atationship between RBEs and magnetic
cancellations in Section 4.4. The conclusion is drawn irtiSed.

2 OBSERVATIONS

We carried out a coordinated observing campaign to obtaasiegynchronous photospheric magne-
tograms and chromospheric spectral images during 2011b@ct6-23. The LOS magnetograms
were obtained by the Narrowband Filter Imager (NFIHdhode/SOT using the Na D 5894 line,
with a field-of-view (FOV) of 131 x123’, a cadence of 64 s, and a pixel sized6f6 pixel .

The spectral data of tdand Ca Il lines were acquired from the Interferometric Bleimsional
Spectrometer (IBIS; Cavallini 2006) at the Dunn Solar Tedge (DST) of National Solar
Observatory (NSO; Zirker 1998), Sacramento Peak. IBIS ispgzpd with a dual Fabry-dpot inter-
ferometer system. Forddobservations, each scan contains 28 points frei7 A to 1.0A relative
to 6562.8A, and for Ca II, it contains 34 points from 85408to 8543.5A. Besides the spec-
tral scans (narrowband channel), we also took synchronaitewght (broadband channel) images
for alignment and calibration purposes (Cavallini 2006aRRien & Cavallini 2008). Both cameras
have a 100x 100’ FOV (with an effective 48 radius circular area), and run at a speeée-6fframes
second ! with 30 ms exposure time. As a result, the cadence for a fall &4-5 s for kd and 5-6 s
for Ca Il. The image scale i#'1 pixel~!, while the spatial resolution varies with seeing condiion

During our observation run, we carefully maintained thesistency of pointing both instru-
ments for a maximal common FOV. Different types of regiong.(ejuiet Sun, active regions, coro-
nal holes) were observed. The data set presented in this pasetargeted at a quiet-Sun region
near the disk center, which was observed during 14:30-18130sing Hx on 2011 October 21.
The Ca Il observation of the same day is also described inaatpstudy (Deng et al. 2014). The
atmospheric seeing at DST during this time period was maeléoavery good. With the help of an
adaptive optics system, the image quality is acceptablesab-arcsec resolution is achieved.
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3 METHODS
3.1 Tracking the Photospheric Magnetic Field

For the magnetograms in our coordinated observation, thie gaal is to find the properties of
magnetic cancellation, which appear as a reduction in théiuneof the adjacent features that have
opposite polarity. Since RBEs are tiny activities, detegthem requires a method that is capable of
accurately characterizing small-scale magnetic elenmeile weak field regions, such as quiet Sun
and coronal holes. As mentioned in Section 1, SWAMIS has datnated the ability to automati-
cally track magnetic features close to the noise level (Desiet al. 2007).

As a brief introduction, SWAMIS works in five steps on datatthave typically been prepro-
cessed to reduce the noise floor and remove perspectiveésefférdiscrimination: for each frame,
determine regions of potential features; (2) identifiaatifmr each frame, index potential features
in marked regions; (3) association: connect features adifferent frames; (4) filtering based on
size/longevity: remove occasional clusters of noise; @sification of origin and demise (DeForest
et al. 2007). As a result, SWAMIS provides properties of eaelgnetic feature in each frame (flux,
area, location), and summarizes information about eachrieébirth and death times and the ways
that birth and death occur).

After a careful investigation, we found that SWAMIS oftensses cancellations in a particular
situation, when the cancellation occurs between two featthvat have opposite polarity with sig-
nificantly different sizes. In this case, one magnetic featias considerably more unsigned flux
than the other. During such a cancellation event, the Idagture could even show an increase in
unsigned flux due to random noise accumulated within thenelet@ area, or due to its simultaneous
merger with other like-polarity features. This presenthallenge to SWAMIS, as it tests the flux
balance to confirm a cancellation event, under the assumittat the unsigned flux would decrease
for both features involved as in a standard flux cancella#ana consequence, this kind of cancel-
lation would be classified as an “Error” by SWAMIS rather theema “Cancellation” because of the
apparently unbalanced change in flux. In addition, SWAMI§& @hecks the status of both features
when either of them dies out. However, sometimes a canicgllatent does not entirely eliminate
either features; both of them just become weaker and smalerthen separate from each other.
Since both features still exist, SWAMIS would not check tlstatus and consequently would miss
these cancellations. Due to the difficulties mentioned abae made our cancellation tracking tool
mainly by amending the corresponding portion in the origBMAMIS algorithm in two aspects.
First, the size ratio of the canceling features is now carsid in order to define the confidence
of their fluxes (see below). Second, the cancellation is ngdo treated as the demise of magnetic
elements but is monitored during the whole lifetime of thetfees that are involved.

In practice, our procedure of tracking magnetic cancellats described as follows. We first
apply the original SWAMIS code to detect magnetic featuodle®ding the method in Lamb et al.
(2010). In preprocessing, the data are calibrated, cdyediligned, and spatially and temporally
smoothed using Gaussian kernels (see Sect. 4.1). Basect amie level, image resolution and
data cadence, we then set appropriate thresholds of faatarsity, size and lifetime. The result of
SWAMIS contains the properties of each detected magneidtarfe, such as location, flux and size.
We then extract these properties from SWAMIS results and feem as input to our cancellation
tracking tool, which includes the following main steps (Fig:

(i) for each frame, search adjacent features (i.e., segmtess than 3 pixels, 0/5and return their
ID in pairs;
(i) check the polarities of each pair, and remove pairs Withsame polarity;
(iif) check the change of net flux of each feature by compaitsgnsigned flux in the current frame
with that of the previous frame. Record the credibility ohcellation as “credible” (if the un-
signed fluxes of both features in a pair decrease), “posqiiblhe unsigned flux of only one
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feature in a pair decreases), or “impossible” (if no feaiara pair exhibits a decrease of the
unsigned flux). The pairs labeled with “impossible” are reeth
(iv) Associate cancellations across different frames érttagnetogram sequence.

[Search adjacent featureg (

Adjacent feature
Y IDs in pairs

( Check polarities ) %
L Opposite @
[ Compare the net flux ] /

; . None decrease
with previous frame

A

Both decreas: One decrease
(credible) (possible) -
Magnetic
[ Association ] é Cancellations

Fig. 1 Workflow of tracking magnetic cancellation using a modifiede based on SWAMIS.

The result of our cancellation tracking tool contains anlysia of the credibility in addition
to the general characteristics like flux variation, locatibirthtime and deathtime. Quantitatively,
in step (iii), the “credible” cases have a credibility of 1dafimpossible” cases correspond to O.
Those “possible” cases have their credibility ranging fr@m5 to 0.75, based on the ratio of sizes
(i.e., area) of features. Specifically, as mentioned abtbegtotal flux of a larger feature has a larger
absolute uncertainty. For example, if the feature with@éased unsigned flux (UF) is significantly
larger (e.g., twice or larger) in size than the other featite decreased UF, the credibility is set to
be 0.75. Similarly, if the UF of the larger feature decreasbie that of the smaller one increases,
the credibility is set to be 0.25. If both features have alsinsize, the credibility is set to be 0.5.
For each cancellation, the credibility is evaluated in elagme, and the mean value averaged over
all frames in which cancellation is sustained is used as tta¢ ¢redibility.

Our specialized cancellation tracking tool shows an impment in detection and also provides
more accurate space-time information. Specifically, firshows a better capability of finding can-
cellations that involve features with different sizes.idgsbur tool, the flux uncertainty associated
with a large feature would lead to a lower credibility rattiean an error, which is more quantitative.
Rather than merely checking the last few frames of cancétiatures, our algorithm thus exploits
more information from the data to provide a trustworthy teSecond, our algorithm directly shows
the location and initiation time of cancellations, whicmnat be obtained by SWAMIS as it focuses
on magnetic features themselves. For example, centradlictes of the involved magnetic features
may not appropriately indicate the cancellation site, wienfeatures have relatively large sizes or
irregular shapes. Similarly, the birth time of the involvedgnetic features is generally earlier than
the onset of cancellations. By handling cancellations as@ated events, our results can provide
accurate location and time span of cancellations. Finakyfind that sometimes both features with
opposite polarity do not totally cancel out. In general,idgra cancellation event, the size of fea-
tures as well as their unsigned fluxes would decrease. Boe# Happen that when features become
smaller, their remaining parts move apart instead of toweaich other. In fact, these features could
merge with other features with like-polarity or dispersaita, which are not identified as cancella-
tions by SWAMIS but are recorded by our algorithm. In summaty modified tool provides more
comprehensive and accurate properties of magnetic catioak.
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Fig. 2 lllustration of a normalized reference profile and the dhabshold method. The solid line
is the line profile of an arbitrary pixel (local profile). Theesage profile dotted line) is multiplied

by a scaling factorf(\) to construct the normalized reference profifleshed line) which has the
same intensity as the local profile at the far blue wing (kg minimum (2) and far red wing (3).
The scaling factorf (\) between points (1)—(2)—(3) is interpolated in order to kémpshape of the
reference profile. Contrast profiles are plotted at the batithe dotted line is derived by the average
profile and the dashed line is derived by the normalized eefex profile. The horizontal gray lines
indicate the high threshold (HT) and low threshold (LT). Asexample, this pixel passes the high
threshold.

3.2 Tracking Chromospheric RBEs

For RBEs, we developed a corresponding automatic tracketbaoa for our four-dimensionat( v,

t and)\) data cube observed by IBIS. The task becomes more congdidaie to the presence of the
spectral dimension. To facilitate data analysis and aeroev goal, it seems desirable to “compress”
the wavelength information thus removing the spectral disien by, for example, making a Doppler
map. However, as mentioned above, Doppler maps cannot be diggttly using the difference
between the blue and red wing images because of the disteiitidBIS images at different times.
In addition, there is a scenario that RBEs and RREs may amighe same time and location,
which would make it not appropriate to use Doppler maps (flne-shifted component and red-
shifted component would cancel each other). We notice ttswdrams of line-wing images are
“unbalanced” due to the different abundance of RBEs and RREsther words, there may exist
more regions that show absorptions. Based on the unbaldmstedram as well as the noise level,
we try to calculate a threshold for detecting Doppler-gliftegions in the images of each different
spectral position. However, this threshold cannot distisig the photospheric background features
at the far wings, such as granule boundaries. These are tihégsaes that need to be resolved.

In order to properly process the spectral information, oethrad tries to extract the contrast pro-
file for each pixel with several corrections. Using this cast profile we can calculate the Doppler
velocity and detect RBEs. We describe our method as follows.

First, we normalize reference profiles over the entire FOYetnove the background features.
Specifically, rather than using the average profile of thel&/R®V as the reference, for each pixel,
we scale the average profile to match the local profile but kee[ine core unshifted, as illustrated in
Figure 2. A normalization procedure keeps reference prdfil@ similar shape, and allows intensity
to vary in different locations to reflect the background tees (especially at far wings). In other
words, normalized reference profiles simulate a profile Witias no shifted spectral component
at the same local background. In this way, contrast profilés most of the background features
removed can be constructed (using the normalized refeqmoéiée minus the local profile).
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Fig. 3 lllustration of the dual-threshold method used for tragkimagnetic featureseft) and RBEs

(right). For both panels, the red contours show the high threshmldree green contours correspond
to the low threshold. Features labeled (1) have pixels theged the high threshold in the current
frame; features labeled (2) are small and likely to be fitleoet if they are not bigger in some
previous or subsequent frame; features labeled (3) are kmgugh to avoid size-based filtering,
and do not have any pixels that exceed the high thresholdeircuirent frame, but do have some
pixels that exceed the high threshold in some previous osempent frame. For the 4D spectral
data, we applied the dual-threshold method to the intemsigontrast profiles (see Fig. 2), which
are not shown in the Doppler map (in contrast, thresholdsbeadirectly presented as contours in
magnetograms). In the right panel, the insert is an-H0.8 A image corresponding to this Doppler
map (at the same time and location). This gives an intuitiveiticomplete view reflecting those
thresholds, as only one line position instead of the whale kling of Hx is presented in the figure.

Second, to account for image distortion, we do a spatial shirog of images as the multi-
frame restoration is not available for our observations $patial smoothing process could reduce
the noise but it decreases the image resolution as well. tiodata set, although the noise level is
very low, the distortion is similar to sporadic noise that te reduced by spatial smoothing. Since
the pixel size of IBIS images is much smaller than the regmiytspatial smoothing would in fact
not decrease the real resolution of our data set. In addigisrobservation with IBIS has a high
spectral resolution, our data set mostly shows a continapestral profile. This indicates that any
discontinuity, especially the step-like structure in tipecral profile, could be due to a mismatch
of pixels in different wavelengths. Therefore we also applymoothing procedure to the contrast
profile in the spectral dimension. Both the spatial and spestoothings can effectively reduce the
false-positive detections.

Finally, our method utilizes a dual-threshold method to riawe accuracy (Fig. 3). For solar
magnetic field tracking, the dual-threshold method as uge8WAMIS has the advantage in the
discrimination of features (DeForest et al. 2007). In itpiementation, the high threshold is used
to mark the desired pixels, while the low threshold is onlylagd to pixels that are adjacent to
the marked ones. By properly determining both thresholdedan the noise level, this method
performs better than detections using a single threshaddigder, for the RBE tracking, we cannot
directly apply this dual-threshold approach to our 4D daflaec For magnetograms, as each pixel
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has a value that is a superposition of signals (if valid) aaa the dual-threshold method can
effectively extract the LOS magnetic field signal after filig out the pure noise. However for the
Ha data, each pixel has a line profile instead of a single value faMnd that the noise mainly
affects the intensity of contrast profiles, but the signat tlie are interested in is the Doppler shift
shown in the contrast profile. Therefore, our tool is desigtoeapply the dual-threshold method to
the intensity of contrast profiles, and extract Doppler gitles rather than the intensity in regions of
interest. As a result, our tool constructs a series of maBke®oppler maps. These maps are ready
for the subsequent feature tracking, which is similar to SMB3.

In summary, our method of tracking RBES/RREs is carried sdbbows:

(i) preprocess the data, including calibration, alignmbatl frame correction and spatial smooth-
ing;
(i) construct a normalized reference profile for each pigald obtain contrast profiles;
(i) apply the dual-threshold feature discrimination @lighm on contrast profiles, and create
Doppler velocity maps that are marked with confidence levfelrmation;
(iv) employ the general feature tracking procedure, inicigdeature identification and association.

It is worth mentioning that different from magnetic featsithat have either positive or negative
polarity, the RBEs and RREs may be overlapped at the sameatitidocation. Thus our method
tracks the blue wing for RBEs and the red wing for RREs sephradur tracking tool records the
properties of each detected RBE/RRE, such as centraltogatiape, horizontal length and Doppler
velocity in each frame during their lifetime.

4 RESULTS AND DISCUSSION
4.1 Observations and Data Processing

We check the performance of our tracking tools using thedioated observations of photospheric
LOS magnetograms and chromospherie spectral images, as introduced in Section 2. Here we
study a quiet-Sun region near the disk center in a 1 h periddB0+15:30 UT on 2011 October
21), when the seeing is relatively better and more stable tha other time periods during our
observing run. In order to fully cover the evolution of matinéeatures, we analyze thtinode/NFI
magnetograms in a wider 2 h time window (14:00-16:00 UT onl2D&tober 21).

We execute a series of preprocessings for both data seteéind droper thresholds. For mag-
netograms, we follow the steps as outlined in Section 3AceSNFI data were recorded by two
CCD cameras, occasionally there is an offset between thénchvis not removed by the standard
calibration routine f(g_pr ep. pr o in the solar software). To correct the offset, we use a linear
compensation method (Lamb et al. 2010). However, theretidiresne bad frames that show a rel-
atively larger shift in FOV than other frames. To cope witls thituation, we first remove each bad
frame manually and split the other images into blocks. Fehddock, we then average all frames
of that block and use it as a reference for alignment. Fipnalg/align all blocks to the middle block
so that the whole image sequence is aligned. In additiorgé®are Gaussian-smoothed both tem-
porally (using 5 frames) and spatially (using<33 pixels). After these smoothings, the noise level
is abouts = 5.5 G, and we selecs = 11 G and3c = 16.5 G as the low and high thresholds of
SWAMIS, respectively. We also configure SWAMIS to only trdbkse features that are larger than
4 pixels (~0”12) and appear in more than 2 frames minutes) in order to minimize false-positive
detections.

For the IBIS spectral data set, the preprocessing followisnédas procedure as for the mag-
netogram data. First, we calibrate the data using the stdradibration routines for IBIS. After
corrections for the dark and flat fields, each spectral scaligeed and destretched with the aid of
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Fig. 4 Detected sites of 2969 magnetic cancellations. The baokgrés the average magnetogram
in our 2 h data set (scaled a50 G). Our tool tracks the adjacent segments from the borfler o
each feature with opposite polarity and records the ceriteach pair of adjacent segments as the
location of magnetic cancellatiosown as green crosses, color versionisonline). Rather than using
the middle point between the centers of canceling featun@smethod provides a more accurate
location of cancellation involving a relatively large faeg (the center of a relatively large feature
could be far away from the location of cancellation).

white-light images. The blue-shift (especially at the edfjne FOV) induced by the collimated op-
tical setup of IBIS is also compensated. Using a simulatefitier curve, we normalize the whole
spectrum based on the 1h data set. As mentioned in Sectipe&R scan is spatially smoothed
using a 3x 3 Gaussian kerneb( = 1) and the temporal smoothing is only used to replace bad
frames. By checking the fluctuation in contrast profiles, wete low (high) threshold to the 9%
(14%) absorption level. Finally, we convert the IBIS dataisg continuous Doppler maps, and
track RBEs and RREs separately using blue wing and red wirgspmaspectively. Similar to the
magnetic cancellation tracking, features smaller thani%élp (~0/16%) or which have lifetimes
shorter than 2 frames410 s) are not included for study.

4.2 Statistical Tracking Result of Magnetic Cancellations

Using our cancellation tracking tool, a total of 2969 magnedncellation events are detected during
the 2 h NFI data. This result is further refined based on thdiloility that considers the impact of
the size and flux balance of features (i.e., credibility tgethan 0.75, see Sect. 3.1). We realize that
when tracking magnetic features close to the noise lewvef]ulx of a feature could be quite uncertain
as errors can accumulate from multiple pixels. Taking thiis consideration, only 331 (11.1%) can-
cellations appear to reduce the unsigned flux of both pesitind negative features during their entire



Detect and Classify Magnetic Flux Cancellation and RBEs 1102

0.3(

Frequency
o
[N

|

o
=
I

0.0 i ‘ 1
0 500 1000 1500 2000
Lifetime (s)

Fig. 5 Histogram of the lifetime of our detected magnetic cantieifess. The cadence of observation
is about 64 s.
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Fig. 6 Histogram of the net flux (sum of the signed flux of both camzpfeatures) of our detected
2969 magnetic cancellationdashed line) spanning the time from the birth frame to the death frame
of each event. The solid line shows the distribution of theshaoedible 331 cancellations (11.1%).
We note that the net flux variation depends on the featureasidds thus uncertain when tracking
magnetic features close to the noise level.

lifetime. Nevertheless, our tool has the ability to identif large number of possible cancellations
and evaluate their credibility based on the surroundingmatig configuration of features.

The ability to accurately locate features is another acaganbf our cancellation tracking tool.
Figure 4 shows the detected sites of cancellations (greeses) superimposed on an average mag-
netogram. It is clear that the cancellations appear torwithie supergranular network as expected.
This also implies that the credibility-level evaluationsks as planned, in that highly credible cancel-
lations appear at reasonable regions. Therefore, our éamairack more cancellations and accurately
pinpoint their locations, and at the same time still miniesithe number of false-positive detections.

Based on the particular conditions associated with ourrebten and the thresholds that we
used, we statistically study the distribution of magnetinaellations. The extrapolated occurrence
rate of magnetic cancellation over the whole Sun i$-88 s™! (10; 64 s cadence). As shown in
Figure 5, the lifetime shows a monotonic decrease with a noédhminutes. There are several
studies that analyze the flux cancellation rate in the plpbieie (Chae et al. 2002; Park et al. 2009),
however this approach may not be appropriate for our studytathe following reason. In Figure 6,
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Fig. 7 Contingency table of the performance of SWAMIS and our medifbol. Our modified tool
detected many more (i.e., eight times) magnetic cancatfiativith a slightly lower (i.e., around
80%) credibility compared to SWAMIS (using the data set dmwégholds mentioned in Sect. 4.1).
In other words, our modified tool can significantly reduceéahegative non-detections and keep the
false-positive detections at a similar level. Thereforgr@vides a more comprehensive and reliable
method of detection.
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Fig. 8 Histogram of Doppler velocity of our detected RBEs. For eR&f, we use the peak velocity
during its lifetime.

we show the distribution of the total net flux variation of batanceling features. SWAMIS relies
more on this property; however we find that there are someetlations with high credibility that
exhibit an increase of the total net flux. Although a magnediccellation is generally defined as a
decrease in the total net flux, it can be easily misidentifigzltd errors in observation and detection.
As mentioned in Section 3.1, we found that the differenceizessof canceling features plays an
important role and thus cannot be ignored when checking ¢hdlux balance. Figure 7 illustrates
the different performances of SWAMIS and our modified tool.

4.3 Statistical Tracking Result of RBEs

Using our 1 h IBIS data set, we found 3022 RBEs that are noegaiith RREs. Considering that
an RBE is defined as a feature that shows no red-shifted coempomne removed features detected
from the blue wing, which are temporally and spatially agsed or close to any feature detected
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Fig. 9 Histogram of the lifetime of our detected RBEs. The data nedés~4.85 s. The cut-off at
~14.5s (3 frames) is an artifact caused by our tracking method
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Fig. 10 Histogram of the horizontal length of RBEs. We use the maxrintength for each RBE.

from the red wing, as they could be the disk counterpartsmé tyspicules (with both upflow and
downflow). Although Sekse et al. (2013b) interpreted thisadion using a combination of transverse
and torsional motions of RBEs under specific viewing angtes still under debate (Lipartito et al.
2014). In our data set, we hardly found any paired RBEs/RR&isare parallel to each other which
indicate a torsional tube of plasma.

Figure 8 shows the histogram of the Doppler velocity of theZBRBEs. The Doppler velocity
mainly ranges from 20 to 40 knt$ (o = 3.0 km s~1), with a mean value of 28.5 knt$. This result
is comparable to previous studies (Wang et al. 1998; Rouppaler Voort et al. 2009; Sekse et al.
2013a) but our mean velocity is slightly higher, which cobklrelated to the different thresholds
used. We note that a clear cut-off Doppler velocity of RBEssiaot exist, as also mentioned in Sekse
et al. (2013a), since decreasing the detection threshalitead to more RBEs. Taking advantage
of the dual-threshold method that utilizes the whole spégtrofile, our tool can reveal RBEs that
have a low Doppler velocity but still exhibit a credible bigkifted component. Furthermore, we
find the lifetime of RBEs (Fig. 9) is 35:227.5s (o; data cadence is’55s), as well as derive the
occurrence rate of RBEs extrapolated to the whole Sun, wiicis out to be 332292 s7!. These
results agree with previous studies (Rouppe van der Voatt 2009; Sekse et al. 2013a). In addition,
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Fig. 11 Spatial distributions of our detected 936 magnetic caatiehs {ellow crosses) and 2715
RBESs (yan crosses), superimposed on an average magnetogram from 14:00 t0 16fQ(scaled
at +50 G). The NFI magnetogram has been aligned with IBIS. The BONBIS is denoted by the
solid circle, while the dashed circle shows the centralaeghat has a radius of 0.9 times the IBIS
FOV. At the top edge of the IBIS FOV, RBEs are not identified thua calibration problem.

the horizontal length of the detected RBEs is found to be#®%06 Mm (Fig. 10), and the shape

of RBEs can be elongated (49%), round (22%) or irregular (29%e RBES in our observation are

shorter in length and less elongated compared to previadgestmentioned above. This is probably
due to the lack of the projection effect as our target regsaniuich closer to the disk center.

4.4 Relation Between RBEs and Magnetic Cancellations

By combining the tracking results of magnetic cancellagiand RBEs, we are attempting to look
at the possible correlation between them using our cootglihabservations. After a careful im-
age alignment using the intensity images of NFI and whgetlimages of IBIS, in Figure 11 we
present the spatial distribution of both identified feasuiecan be seen that the detected locations of
magnetic cancellations and RBEs show some patterns ragaeatuniform random distribution. As
mentioned earlier, magnetic cancellations tend to comatnbn the magnetic network boundary,
and indeed, most of them are surrounded by RBESs in our reswkpected. Inside the network,
magnetic cancellations are much less frequent. Accorgitiggre are much less RBEs as well. In
addition, there are several unipolar regions where manysRBE present but are lacking magnetic
cancellations.
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As for the temporal association, it is extremely difficulte@stablish a possible correlation in
timing between RBEs and magnetic flux cancellation. Neetets, this does not imply that these
two phenomena are totally independent of each other. Inaefound that it could be technically
difficult to examine the temporal correlation between th&mce RBEs occur frequently with a
lifetime shorter than a minute and some magnetic canaatiatould last 30 times longer than RBES,
it will always be possible to associate a nearby magneticalation for a given RBE. Therefore, it
is very hard to objectively study the correlation betweearsthtwo kinds of evolving features.

Finally, the statistical relation between magnetic caatiehs and RBEs seems to be vague, as
(1) both activities show a wide variety of properties; (2)tbdetection methods of cancellations and
RBEs are not completely accurate, considering that eiéidsefpositive detection or false-negative
non-detection may further increase the variance assooieta their properties; (3) the confidence
interval of correlation is more than a linear superpositibrihe variance of event properties. As
a result, the confidence interval of the correlation coukilgdecome broad, which makes it less
reliable. In this case, for example, even if every magnediacellation is related to an RBE, their
correlation (either spatial or temporal) would not be clts@00% based on the detected features.
To solve these problems, clearer definitions of magneticelations and RBEs would be helpful,
as they could reduce the variance of feature propertiesitinig the samples themselves as well as
increasing the accuracy of detection.

5 CONCLUSIONS

In summary, we have developed two automatic feature trgabiols for magnetic flux cancellations
and RBEs. For the cancellation tracking, we develop a désticagorithm, which uses the interme-
diate results of SWAMIS as the input and can provide moremateuesults compared to the standard
SWAMIS code on the same magnetograms. For RBE trackingpoliig able to detect RBES indd
spectral images even if slight image distortion and normrnifbackground are present.

Our tools are functioning well when applied to the coordatkdbservations dflinode/NFI and
NSO/IBIS. Magnetic cancellations detected by our tool amecentrated on the magnetic network
boundaries. Statistically, our results show similar prips of RBEs compared to previous studies
(Wang et al. 1998; Rouppe van der Voort et al. 2009; Sekse20aBa). Furthermore, we investigate
the potential relation between magnetic cancellationsRBis. We find that magnetic cancellations
and RBEs are spatially correlated to a certain extent; hewdveir temporal correlation is hard to
establish, due to the very frequent occurrence of RBEs amgllsting magnetic flux cancellation.
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