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ABSTRACT

Power-law_distributions have been studied as a significant characteristic of non-linear dissipative
gystems. Since discovering the(power-law distribution of solar flares that was later extended to nano-
flares and stellar flares, it has been widely accepted that different scales of flares share the same physical
process. Here, we present the newly developed Semi-Automated Jet Identification Algorithm (SAJIA)
and its application for detecting more than 1200 off-limb solar jets during Solar Cycle 21. Powcr-
law distributions have been revealed between the intensity/energy and frequency of these events, with

indices found to be analogous to those for flares and coronal mass ejections (CMEs). These jCiSluucIs
found to be spatially and temporally modulated by the solar cycle forming a butterfly diagramn in their

latitudinal-temporal evolution, experiencing quasi-annual oscillations in their analysed properties, and
very likely gathering in certain active longitudinal belts. OufiicsultSIsicwatliatlcoronalljetsidisplay
the same nonlinear behaviour as that observed in flares and CMEs, in solar and stellar atmospheres.
strongly suggesting that they result from the same nonlinear statistics of scale-free processes'as their
counterparts in different scales of eruptive events. Although these jets, like flares and other large-scale

dynamic phenomena, are found to be significantly modulated by the solar cycle, their corresponding
power-law indices still remain similar.

1. INTRODUCTION

Solar flares were found to exhibit a power-law distribu-
tion of their frequency (e.g., Dennis 1985; Crosby et al.

that they are essential evidence that different scales
of flares are triggered by the same underlying physi-
cal process, i.e., large flares are avalanches of a number
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1993). This power-law distribution was later found
to also apply to nano-flares (Benz & Krucker 1999)
and stellar flares (Maehara et al. 2015; Shibayama et al.
2013). In addition to observations, continuous efforts
have also been made in modelling (e.g., Lu & Hamilton
1991; Hamon et al. 2002) to explain these power-law dis-
tributions. Though the physics behind power-law distri-
butions needs more exploration, it is widely accepted
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of (smaller-scale reconnection) events (Lu & Hamilton
1991), similar to avalanches of sand piles. A natural
question would then be: do other types of localised erup-
tive events share the same physical mechanism as flares
in the solar atmosphere?

Though less intense than flares, one of the com-
mon localised phenomena in the solar atmosphere is
coronal jets. Coronal jets are multi-thermal elon-
gated eruptive events detected in the corona in vari-
ous wavelengths including UV/EUV and x-rays (see re-
views in e.g., Shibata et al. 1992; Raouafi et al. 2016).
Most theories and observations suggest that coronal jets
are triggered by magnetic reconnection between closed
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and open magnetic field lines (e.g., Shibata et al. 1992;
Canfield et al. 1996; Moore et al. 2010; Pariat et al.
2015; Sterling et al. 2015). Besides the vastly differ-
ent plasma properties at the locations where the mag-
netic reconnection happens (Shibata et al. 2007), the
process usually occurs in regions where magnetic field
lines are closed for intensive flares (e.g., Lin & Forbes
2000), whereas totally different magnetic topologies are
exhibited for coronal jets. The study of coronal jets
is of great interest mainly due to the associated wide
variety of physical processes (e.g., magnetic reconnec-
tion, MHD instabilities and waves) involved during their
eruptions (Raouafi et al. 2016) and the important role
of their chromospheric analogs (i.e., spicules) in at-
mospheric heating and solar wind acceleration (e.g.,
De Pontieu et al. 2004; Shibata et al. 2007; Tian et al.
2014).

On the other hand, the Sun, like many other stars,
undergoes a number of cycles that have a significant
impact on the solar system including the habitability
of its planets (Brehm et al. 2021). The best-known
and studied cycle is the 1l-year activity cycle, evi-
denced by a number of global phenomena including
the long-term evolution of sunspot numbers, irradiance
variations, solar flares, and CMEs (Solanki & Krivova
2011; Song et al. 2016; Bhowmik & Nandy 2018). One
of the most prominent features is the so-called
“butterfly diagram” of sunspots and active regions
(Maunder 1904). Other variations include the quasi-
annual/biennial oscillation and longer (~hundred years)
cycles (Hathaway et al. 1999; McIntosh et al. 2015;
Gyenge et al. 2016). Though solar cycles have been
widely suggested as a marker of the solar dynamo
(Parker 1955; Charbonneau 2010) i.e. the alternating
conversion between the global large-scale poloidal and
toroidal fluxes, it is still unclear how and to what extent
the solar cycle could modulate the behaviour of localised
small-scale solar features, e.g., coronal jets.

To proceed in answering the above questions, statisti-
cal studies of a large number of jets are needed. How-
ever, identifying localised jets among the wealth of solar
features is not a trivial task owing to their relatively
faint, short-lived, and small appearance. Thus many
relevant works have been done on manually identify-
ing jets. For example, Liu et al. (2016) investigated the
thermal, kinetic, and magnetic properties of 11 homo-
geneous coronal jets and found that stronger magnetic
reconnections tend to trigger larger coronal jets with
more thermal and kinetic energies. Manually checking
the X-ray observations provided by the Yohkoh Soft X-
Ray Telescope (Ogawara 1995), Shimojo et al. (1996)
identified 100 jets that mostly originated from active re-

gions during the period from November 1991 to April
1992. Statistical properties of these jets were explored,
and a power-law distribution was found between the
peak intensity of jets’ footpoints and their frequency
of appearance. However, the flatter power-law index
(-1.2) they found was in doubt due to the limited num-
ber of events, compared to the power-law indices found
from nanoflares and microflares (e.g., -1.74 and -1.79 by
Shimizu 1995; Aschwanden et al. 2000, respectively).
In this paper, we present a novel semi-automated iden-
tification algorithm of off-limb coronal jets - SAJTA, and
its application to observations by the Atmospheric Imag-
ing Assembly (ATA, Lemen et al. 2012) onboard the So-
lar Dynamics Observatory (SDO) during Solar Cycle 24
from 2010 to 2020. Power-law distributions are found
between the intensity /energy and frequency of the 1215
jets that were identified using SAJIA. A butterfly dia-
gram indicates the migration of jets’ formation loci from
higher latitudes to lower ones, and quasi-annual oscilla-
tions of their studied properties are revealed. The struc-
ture of this paper is organised as follows: the dataset
and the Semi-Automated Jet Identification Algorithm
(SAJIA) are presented in Sec. 2. Results are exhibited in
Sec. 3, followed by discussions and conclusions in Sec. 4.

2. DATA AND METHOD
2.1. Data

The Atmospheric Imaging Assembly (Lemen et al.
2012) (ATA) on-board the Solar Dynamics Observatory
(SDO) provides simultaneous full-disk images of the Sun
at eight narrow EUV passbands covering the tempera-
ture range from 6 x 10* K to 2 x 107 K with a pixel size
of ~0.6” and a cadence of 12 s. Full-disk images ob-
served at the 304 A passband from 2010 June 1 to 2020
May 31 at 00 UT, 06 UT, 12 UT, and 18 UT on each
day are used for this work. Each image has an original
size of 4096 x4096 pix2. The 304 A passband was chosen
because it has a much less bright off-limb background,
compared to other ATA passbands, making it easier for
automated identification algorithms to extract jets from
the background.

2.2. Semi-Automated Jet Identification Algorithm
(SAJIA)

For a given SDO/ATA 304 A full-disk observation, the
solar disk is masked from its centre to 0.02 solar radius
(i.e. ~14 Mm) above the limb to avoid the forest of
spicules (Pereira et al. 2012), because we focus on the
detection of off-limb coronal jets. A corresponding back-
ground image is then constructed using the mean of four
images at 02 UT, 08 UT, 14 UT, and 20 UT on the same
day, and the mean values are then subtracted from the



target image. The image size is then downgraded to
512x512 pix? to reduce the computational power re-
quired. This downgraded image is further normalised to
[0, 255] by setting the lower limit as the average value
(av) of all valid off-limb pixels. The image is then fur-
ther converted to a binary image by using a lower limit
(1) of 120. In addition to the consideration that coro-
nal jets are usually brighter than the background, av
and [l were chosen via trial and error by testing a num-
ber of random images encompassing the full extent of
the time series. This made it possible to validate that
SAJIA could consistently isolate the features of interest
irrespective of the variation of the overall brightness of
the Sun over the solar cycle.

Applying the Douglas-Peucker algorithm
(Douglas & Peucker 1973), which is one of the most
widely used algorithms to decimate a curve to a sim-
ilar one with fewer nodes, to all contours found from
the binary image, a series of polygons with the least
edges representing their corresponding closed contours
are obtained. Considering that most off-limb jets are
simple elongated structures resembling rectangles in the
binary image, only polygons with four edges rooted at
the solar limb are kept. To avoid large-scale filaments
usually seen horizontally off the limb, polygons with
inclination angles (with respect to the local radial di-
rections) larger than 60° are further removed. We then
only keep polygons with aspect ratios greater than 1.5,
recalling that a coronal jet should have an aspect ratio
larger than three (Shimojo et al. 1996).

The remaining polygons after the above processes are
kept as candidates for off-limb coronal jets. Parameters
of these candidates are then calculated with their inten-
sities corrected after considering the instrument degra-
dation (Barnes et al. 2020). We note that apart from the
aspect ratio determined by previous observations, there
were two important independent arbitrary parameters
that may affect the detection performance: the lower
limit used for the normalisation and the upper limit of
the inclination angle. For this purpose, the lower limit
of the normalisation angle was applied to the entire im-
age instead of a particular part, meaning it should only
affect the number of events detected but not treat jets
at different locations differently. In regard to the upper
limit of the inclination angle, it should only affect the
number of events detected but not the distribution of jet
locations, considering that off-limb open magnetic field
lines are generally not far away from the local radial
direction.

After obtaining information on all candidates from
the above procedure, each of them was validated manu-
ally and non-jet events were removed. During the man-
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ual validation process, jets were identified as collimated
plasma ejections shooting upward into the corona with
enhanced emission. The advantage of the above labori-
ous semi-automated process is that it treats all images
and events equally with a single self-consistent selec-
tion procedure to minimise human bias. Figure la) is
an example of the off-limb jet candidates detected by
SAJIA in the 304 A passband of the SDO/AIA at 06:05
UT on 2010 June 27. Three candidates are enclosed
within blue curves outlining their edges with their cal-
culated properties given in the inset. The jet on the
left (Fig. lal) has been successfully detected while a
prominent one marked by the white arrow was missed.
The missed detection is due to its irregular shape. The
two candidates on the right are most likely a straight
prominence (which did not erupt, Fig. 1a3) and a mini-
filament eruption (which appeared as a curved arcade
instead of a collimated eruption, Fig. 1a2), respectively.
Thus, in spite of their appearance, they are not real jets
(see the animation of panels al - a3 for their temporal
evolution).

SAJIA was applied to the SDO/AIA 304 A full-disk
observations at four different times (00 UT, 06 UT, 12
UT and 18 UT) daily from 2010 June 01 to 2020 May
31. We then manually investigated every candidate and
removed false detections and confirmed 1215 coronal
jets. As illustrated above, parameters of jets includ-
ing their position angle (PA), length, width, area, and
intensity are given automatically by SAJIA, and avail-
able at http://space.ustc.edu.cn/dreams/sajia. To esti-
mate the missing rate of the above process, 2 months
were randomly chosen (August 2010 and April 2014),
and off-limb jets in the resulting 245 images were manu-
ally identified. It was found that at least 22 coronal jets
in low latitudes (between +£60°) were missed (August
2010: 9 jets; April 2014: 13 jets), with 52 detected by
SAJIA. The missed jets, identified manually, were not
added to the list to keep the consistency of the whole
dataset. This gives an approximate overall missing rate
of 30% in non-polar regions. It was difficult to estimate
the missing rate in polar regions due to the existence of a
large number of faint events. Owing to the faint nature
of coronal jets in polar regions (see Sec. 3) and consid-
ering the automated detection of jets is heavily affected
by their brightness, we suggest that a large number of
faint events could have been missed in polar regions.

It is worth noting that the above dataset was built
from the detection of coronal jets at a single wavelength
(SDO/AIA 304 A). This raises the question of whether
the events are typical of general coronal jets. However,
it is widely argued in the literature that, coronal jets are
multi-thermal (Liu et al. 2016; Joshi et al. 2020). One
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should bear in mind that coronal jets could simultane-
ously appear at other wavelengths when observed at one
particular passband. To verify the representativeness of
events in our dataset, we have randomly chosen 20 coro-
nal jets (see Table 1) with their total intensities from the
minimum (~6x10% DN) to the maximum (~4x10° DN).
It is shown that events with total intensities less than
10* DN (163 events in the whole dataset) are hardly vis-
ible in the ATA 171 A (0.6 MK) and 193 A (1.6 MK)
passbands (Lemen et al. 2012). Events with total inten-
sities between 10* and 10° DN are mostly seen as bright
features in the AIA 171 A passband and dark features
in the ATA 193 A passband. Events with total intensi-
ties between 10° and 6x10° DN are mostly observed as
bright features in both the ATA 171 A and AIA 193 A
passbands, while events with total intensities above that
could be observed in most of the ATA EUV passbands.
The above results show that the 304 A passband is the
wavelength for which coronal jets with a wide range of
temperatures are best identified.

3. RESULTS
3.1. Power-law Distribution

A collective view of the locations and plane-of-the-
sky lengths of all the 1215 off-limb solar coronal jets
is shown in Figure 1b). Given the nature of the op-
tically thick emission of the SDO/ATA 304 A observa-
tions, and assuming that the observed jets have axial
symmetry, the 304 A total intensity of an off-limb coro-
nal jet would to some extent reflect its mass and thus
the thermal energy (Liu et al. 2016). A power-law rela-
tionship between the total intensity and number density
(i.e., frequency) of the detected jets should exist if differ-
ent scales of jets result from the same nonlinear statistics
of scale-free processes which has no characteristic spatial
scale and is triggered by a critical instability threshold,
e.g., the kink instability (Pariat et al. 2015). Figure 2a)
shows the variation of the power-law index estimated
with the least-square fit (dashed line) and maximum-
likelihood estimation (MLE, solid line in panel a, see
Cam 1990, for details of the MLE method) applied to all
1215 jets, by varying the number of bins from 10 to 100.
The power-law indices obtained from the least-square fit
drop quickly from —2.3 and seem to converge between
—1.6 and —1.7. The power-law indices obtained from
the MLE do not experience much change and are quite
stable between —1.4 and —1.6. The difference in sen-
sitivity to the bin size between the least-square fit and
the MLE approach may be due to the input intensity
distribution not strictly following Gaussian statistics,
which the MLE approach is able to robustly account for
(D’Huys et al. 2016; Jess et al. 2019). These power-law

distributions are a strong indication of the self-organised
criticality of the triggering magnetic field and coincide
well with their counterparts found for solar flares both
in modelling (Lu & Hamilton 1991) and measurements
(Crosby et al. 1993), as well as for observations of super
flares on solar-type stars (Machara et al. 2015).

To directly compare the above power-law distribution
of jets with those of flares and CMEs (e.g., Aschwanden
2016), the energy of jets needs to be estimated. Given
the optically thick nature of the SDO/AIA 304 A pass-
band, we assume that the thermal energy (E) of a jet is
proportional to its total intensity (I), i.e., E o< I. The
average thermal energy of solar coronal jets is about
108 erg (Shimojo & Shibata 2000). The thermal en-
ergy of each detected coronal jet can then be estimated
as B = 10%1/I, 5 erg. I, 5 is defined by

Iy = t/(e=Dp, . (1)

where I, is the median value of the total intensity of
all detected jets, « is the absolute value of the power-
law index (5/3), and 2'/(®=1) is the median factor for a
power-law distribution from Newman (2005). The fol-
lowing equation is used to make an order-of-magnitude
estimate of the frequency of jets:

dN 27 t 1

V=0 1 T 1-a ®
where df is the frequency of occurrence of all coronal jets
in units of erg~! star~! year—!, dN is the number of off-
limb jets detected each year in each energy bin dFE, t is
the image cadence used for the jet detection algorithm
(6 hours), T is the average lifetime of coronal jets (~10
minutes, Shimojo & Shibata 2000), a is the estimated
overall missing rate (0.3) of the detection, and 6 is the
maximum angle in longitude away from the solar limb
from where a jet could reach above the mask applied
(1.02 solar radii), given by:

 1.02R,

0sf) = ——,
L+ Ry

(3)

where L is the average length (~38 Mm) of all detected
off-limb jets, and R is the solar radius.

In Figure 2b), blue plus signs (with a number of events
above 5 per bin) show the log-scale distribution of the
estimated thermal energy of jets versus the frequency
of occurrence (with 100 bins). The grey shadow shows
the estimated uncertainties of the frequency propagated
from the uncertainties of the thermal energy. This
is needed to validate the accuracy of the thermal en-
ergy power-law distribution and is described in the next
two paragraphs. A least-square fit (blue line) reveals



a power-law index of —1.63 + 0.10, with MLE yielding
a less steep power-law index of —1.42 + 0.14. In the
above, a linear relationship between the 304 A inten-
sities and the thermal energies of the observed coronal
jets was assumed. However, the formation of the 304
A passband is complex and, as an optically thick one,
it experiences additional physical processes (especially
photoionisation) than the optically thin passbands.

The highest total intensity of coronal jets used to
study the power-law distribution shown as the blue
line in Fig. 2b) is around 6.0x10° DN. Most of these
events would only be visible in cooler passbands includ-
ing AIA 171 A and 193 A instead of hotter passbands.
This means that it is not feasible to use the Differen-
tial Emission Measure (DEM, Hannah & Kontar 2012;
Cheung et al. 2015), which needs to utilise most if not
all the optically thin ATA passbands, to estimate the
plasma density and temperature, and thus the thermal
energy of these jets. However, since the DEM is de-
rived from the intensities of the optically thin passbands,
with the intensity at one given temperature range pro-
portional to the DEM at the same temperature range
(Cheung et al. 2015), the above difficulties of the lack
of signatures in hot EUV passbands can be bypassed
by studying whether there are linear relationships be-
tween the ATA 304 A intensities and the ATA 171/193
A intensities of the coronal jets.

Figure 3 shows the relationship between the ATA 304
A intensities and the ATA 171 A intensities (black dots),
as well as the ATA 193 A intensities (purple crosses) of
eight coronal jets from the 20 randomly chosen events
mentioned in the previous section and listed in Table 1.
These events (rows 1-8 in Table 1) have 304 A total
intensities less than 6.5x10% DN. Clear linear relation-
ships could be found, with correlation coefficients (CCs)
of 0.87 and 0.90 for the AIA 171 A and 193 A pass-
bands, respectively. The fitted intensities (dashed lines
in Fig. 3) in the ATA 171 (193) A passband are on aver-
age 1.054+0.42 (1.58+1.19) times of the observed values.
This indicates that the estimated thermal energies of
these jets should be accurate in terms of the order of
magnitude, with an average uncertainty of up to 60%
(grey shadow in Fig. 2).

Nevertheless, the above power-law indices (-1.6 to -
1.4) of jets’ energy-frequency distribution are similar
to that predicted by the volume model of solar flares
(Aschwanden 2004). Black curves in Figure 2b) are
taken from Fig. 9 in Shibayama et al. (2013), and
show the power-law indices between —1.8 and —1.5 of
nanoflares in the Sun to superflares in Sun-like stars with
an energy range from 10%* erg to 10%® erg. The power-
law distribution of the thermal energy of jets mostly falls

5

within the range of that of microflares. The analogous
power-law distributions of jets and flares are further ev-
idenced by the alignment of the blue and black lines.
Analogous power-law indices (—2.1 to —1.5) have also
been previously found for the mass-/energy-frequency
distribution of solar CMEs (purple dashed line in Fig-
ure 2b, Aschwanden 2016; Lamy et al. 2019) and stellar
CME:s (e.g., Aarnio et al. 2012; Odert et al. 2017).

The analogous power-law distributions between jets
and flares are surprising given the vastly different
plasma properties where jets and flares are triggered
and the different magnetic topologies hosting their cor-
responding magnetic reconnections (Shibata et al. 2007;
Lin & Forbes 2000). Moreover, about 56% of the anal-
ysed jets are shorter than 30 Mm. Short jets are
usually classified as macrospicules (Kiss et al. 2017;
Loboda & Bogachev 2019). They are not necessarily
triggered by magnetic reconnections but could have been
by alternative mechanisms including e.g. granular buf-
feting (Roberts 1979), ion-neutral collision (Haerendel
1992) and p-mode driven shock waves (De Pontieu et al.
2004). Thirdly, many jets in our dataset have been
found to experience some rotational motions. The ther-
mal energies of rotating jets have been found related to
not only magnetic reconnections (non-ideal) but also the
gradual magnetic relaxation processes (ideal) afterwards
(Shibata et al. 2007; Raouafi et al. 2016).

On the other hand, although the occurrence, intensity,
and location of flares undergo significant change during
a solar cycle, it was found that there is not much differ-
ence between the power-law indices of flares during the
solar maximum and minimum (Bai 2003). The question
is then: how are coronal jets modulated by the solar
cycle and does their power-law index keep invariable at
different stages of the solar cycle? To explore the answer
to the above questions, the modulation of coronal jets
by the solar cycle in terms of their spatial and temporal
evolution was studied and is detailed in the following
two subsections.

3.2. Butterfly Diagram

First, let us revisit the spatial distribution of jets in
Figure 1b). Some key patterns of the distribution of jets
could be identified: 1) coronal jets that originate from
lower latitudes seem to be slightly longer than those
from the polar regions (with average lengths of 38 Mm
and 34 Mm respectively); 2) there are more jets between
+20° than at other non-polar regions; and 3) more jets
are detected in the southern than the northern polar
region.

The possible reasons for the above patterns are then
explored via a more detailed study of the magnetic field
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distribution covering a length of a decade from June
2010 to June 2020. Figure 4a) depicts the longitudinal
monthly average line-of-sight magnetic field strength ob-
served by the Helioseismic and Magnetic Imager (HMI)
onboard SDO, with red and blue colours denoting the
positive and negative polarities, respectively. Figure 4b)
shows the location and the number of all jets detected.
Active regions (represented by strong magnetic field in
Figure 4a) exist with average latitudes mainly between
4+20° and are related in both time and space to more
intense jets as revealed by red dots in Figure 4b). This
may explain why jets from lower latitudes are on average
longer than those from polar regions. It may also ex-
plain why there have been more jets between +20° than
other non-polar regions, considering that many jets are
magnetic reconnection driven.

It is noticed from Figure 1b) that there have been ap-
parently more jets in the southern than the northern
pole, which could also be seen from the difference be-
tween the number of jets in the polar regions from 2010
to 2013 shown in Figure 4b). This north-south asym-
metry revealing more eruptive activities in the south-
ern hemisphere is consistent with previous findings from
sunspot areas and X-ray flares (e.g., Janardhan et al.
2018; Prasad et al. 2020; Javaraiah 2021) in Solar Cy-
cle 24. The solid orange curve in Figure 5 shows the
normalised difference of jet monthly counts detected in
the northern (with latitudes above 60°) and the south-
ern (with latitudes less than -60°) polar regions. The
difference is always negative, again showing that there
have been more jets in the southern than the northern
polar region.

The solid blue curve in Figure 5 depicts the north-
south asymmetry of the polar magnetic field, with B,,
and B, as the monthly average absolute line-of-sight
magnetic field strengths between latitudinal regions of
60° to 80° and -80° to -60°, respectively. The upper lim-
its of the absolute latitudes are set to 80° because of the
missing data between 80° (-80°) and the north (south)
pole, which is a direct result of the annual variation of
the BO angle. The B0 angle represents the latitude of
the disk centre in the Heliographic coordinate observed
from the Earth and varies sinusoidally between +7.2°
through the year as shown by the dotted curve in Fig-
ure 5. (B,, — Bs)/(Bn + Bs) oscillates annually along
with the BO angle with a CC of 0.82 between them.
However, it is below zero in most cases even when the
south pole was not visible from the Earth. This firmly
shows that there have been stronger magnetic fields in
the southern than in the northern polar region between
2010 and 2013.

A dominant feature of the distribution in Figure 4b)
is the migration of jet locations from higher to lower
latitudes before 2015, especially the more intense jets,
forming a butterfly diagram similar to that of the syn-
optic magnetic map in Figure 4a). The jet butterfly dia-
gram is more apparent in the monthly average latitudes
and their 17-month average curves in Figure 4c). A di-
rect comparison of Figure 4a) and c) shows how well
the migrations of the magnetic field and coronal jets
are co-aligned in time. The simultaneous migrations,
starting from around 2010 and ending around 2015, are
consistent with the rising phase of Solar Cycle 24, as
is indicated by e.g. the monthly mean sunspot num-
ber (blue curve in Figure 4d) and its 17-month rolling
average (brown curve in Figure 4d). Black and green
curves in Figure 4d) are the monthly average number of
jets detected within £20° latitude and its correspond-
ing 17-month rolling average, both well correlated with
their sunspot counterparts with correlation coefficients
of 0.67 and 0.94, respectively.

3.3. Quasi-annual oscillations

After removing the 17-month rolling average, the vari-
ation of the jet monthly average total intensity shows
some periodic patterns (Figure 6a). 17 months were cho-
sen because it is above the upper limit of the found pe-
riodicity (~ 11 months, Fig. 6). In addition, 17 months
are not far away from the found periodicity which could
avoid weakening the real periodicity and minimising
the influence of the introduced artificial periods corre-
lated to the window size. The periodicity can be then
further confirmed by the wavelet (Torrence & Compo
1998) power spectrum with the “Morlet” mother func-
tion shown in Figure 6b), with purple colours denot-
ing higher wavelet powers and black curves the local
99% confidence levels. A dominant period between 8
to 16 months is seen outside the cone of influence (grey
crosses) around the solar maximum, consistent with pre-
vious observations (Bazilevskaya et al. 2000) of a num-
ber of solar indices in Solar Cycles 21 and 22. The global
wavelet power (purple curve in Figure 6¢) peaks at 11+2
months which is above both the 95% and 99% confidence
levels (dash-dotted and dashed lines). A number of dif-
ferent window sizes of the rolling average from 9 to 21
months were tested and this peak period between 8 to
16 months exists in all cases.

This quasi-annual periodicity is also present in all the
other studied parameters of the detected jets, including
their monthly average length, monthly average width
(Fig. 7), monthly average area, monthly average abso-
lute latitude and monthly total count in low-latitude
regions (between £20°, Fig. 8). All peak global wavelet



powers are above their corresponding 99% confidence
levels, except for the monthly average length that is
above the 95% but slightly below the 99% confidence
level. This quasi-annual oscillation also exists in the
monthly mean sunspot number variation (Fig. 9). The
high cross-wavelet powers shown in panel d) of Figures 7-
9 further confirm the simultaneous quasi-annual oscilla-
tion of all the studied signals.

It is worth noting that quasi-annual periods have
been reported in the literature, through investigations
of the corona and flares (Deng et al. 2015; Gyenge et al.
2016; Singh et al. 2018), chromospheric plages (Xiang
2019), sunspots (McIntosh et al. 2015; Mei et al. 2018),
coronal mass ejections (Lou et al. 2003), 10.7cm ra-
dio flux (Lean & Brueckner 1989), solar wind parame-
ters (Chowdhury & Dwivedi 2012; El-Borie et al. 2020),
geomagnetic activities (Mursula et al. 2003) and even
in a solar-like stellar system (Massi et al. 2005). The
exact physical origin of these short-period variations
remains unknown, while their period is consistent
with that of the tachocline oscillations (Howe et al.
2000). From this and employing MHD modelling,
it was recently suggested that these observed quasi-
annual oscillations might result from the interaction
between solar magnetic fields, Rossby waves, and the
tachocline (Dikpati et al. 2017). This, together with
the less significant period of around 5 to 6 months
in Fig. 6b), reminds us of the well-known Rieger pe-
riod (Rieger et al. 1984; Bai & Sturrock 1987, 1991) of
~155 days which were originally observed from solar
flares and later found in some other solar and interplan-
etary features (Lean & Brueckner 1989; Droege et al.
1990; Kudela et al. 2010; Chowdhury & Dwivedi 2012;
El-Borie et al. 2020). The quasi-annual oscillations
found in this work are most significant during the so-
lar maximum, very similar to the behaviour of Rieger-
type periods (Rieger et al. 1984; Droege et al. 1990;
Oliver et al. 1998; Lou 2000). Theories have also sug-
gested Rieger-type periods as a result of the mag-
netic Rossby waves (Lou 2000; Zaqarashvili et al. 2010)
with the Rieger periods (quasi-annual oscillation) corre-
sponding to the number of nodes in the azimuthal direc-
tion of 12 to 13 (25 to 28). The above results together
indicate that the quasi-annual oscillation of coronal jets
could possibly be related to the 155-day Rieger period,
which has been suggested as a result of the global solar
dynamo (Bai & Sturrock 1991).

The global wavelet power of the monthly mean
sunspot number (Fig. 9) shows a relatively weak sec-
ond peak (close to the 95% confidence level) at around
2 years. This might indicate the existence of the quasi-
biennial periodicity, which could possibly be related
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to the quasi-annual period. However, why this quasi-
biennial periodicity is not present in the jet parameters
studied (see e.g., Fig. 6, Fig. 7 and Fig. 8) remains an
open question.

It is also worth noting that the difference between jet
counts of the northern and southern polar regions shows
no simultaneous oscillation with the B0 angle (orange
the black curves in Fig. 5), with a CC of 0.004 between
them. This suggests that the quasi-annual oscillations
found above should not be resulting from the revolu-
tion of the Earth around the Sun. Moreover, if they
were, the wavelet powers of the quasi-annual oscilla-
tions should have peaked between 2010 to 2013 when
there were most samples, instead of between 2013 to
2015 around the solar maximum as one can see from
Figure 6 and Figures. 7-8.

Moreover, for further validation, SAJIA was applied
to the same dataset again but with a lower limit used
for the normalisation as the 95th percentile value of the
ascendantly sorted array of each masked image. Of the
1215 confirmed jets found above, 892 were found to be
included in the new collection of candidates. Repeating
the performed analysis of these 892 jets has revealed very
similar results supporting all the major findings detailed
above, apart from that the peak global wavelet power of
some signals (width and area) were found to be lower
than their corresponding 95% confidence levels.

From our analysis, one can find that the properties
of jets are modulated by the solar cycle in a way sim-
ilar to that of flares (in terms of the butterfly diagram
and the quasi-annual oscillations). However, there is no
significant difference in the power-law indices of coro-
nal jets observed during the solar minimum (2010-2012
and 2015-2020) and the solar maximum (2012-2015).
The MLE and least-square fit power-law indices are -
1.46+0.12 and -1.72+0.14 during the solar minimum,
and -1.53+0.17 and -1.7140.21 during the solar maxi-
mum, respectively. This, again, agrees with the invari-
able property across solar cycles of the power-law in-
dex for solar flares. The above results together suggest
that coronal jets, like flares, could also be avalanches
of smaller events. Such a scenario is supported by
high-resolution observations showing the existence of
continuous sub-jets within a major eruption (Liu et al.
2014) and subarcsecond blobs possibly as a result of
plasmoid instability during the magnetic reconnection
(Zhang & Ni 2019).

4. DISCUSSONS AND CONCLUSIONS

4.1. Coronal jets and photospheric magnetic activity

In this paper, the newly developed Semi-Automated
Jet Identification Algorithm (SAJIA) for detecting off-
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limb jets from full-disk solar observations was intro-
duced. SAJIA has been applied to SDO/AIA 304
A observations obtained between June 2010 to June
2020, covering almost the whole range of Solar Cycle
24. 1215 off-limb coronal jets have been identified and
confirmed, with their properties including the location,
length, width, area, and intensity determined. It is
found that spatial and temporal distributions of these
jets are highly associated with photospheric magnetic
activities, e.g.:

1) there are more jets around the equator than at
other non-polar regions;

2) more jets are detected in the southern than the
northern polar region, which is highly consistent
with the north-south asymmetry of the polar mag-
netic field during Solar Cycle 24;

3) the latitudes of jets migrate toward the equator
from higher latitudes from the beginning to the
end of the solar cycle thus forming a jet butterfly
diagram; and

4) properties of jets experience quasi-annual oscilla-
tions with an average period around 11 months,
which is among the Rieger-type periods and has
been found from many different types of solar ac-
tivities including flares and CMEs.

As far as we are aware, it is the first time that the
latter two findings 3) and 4) have been shown.

We demonstrate that the modulation of coronal jets
by the solar cycle is not only on the latitudinal be-
haviour and physical parameters of the jets studied
above but also on the longitudinal distribution of these
localised events, manifested by the “active longitudes”
of jets. The term “active longitudes” refers to longitu-
dinal regions or belts that are more active than other
regions on the Sun and cool stars. Active longitudes
of sunspot groups, active regions, and flares have been
widely studied since the discovery of the non-uniform
longitudinal distribution of sunspots back to centuries
ago, and have been suggested to be an important non-
axisymmetric constraint for solar dynamo theories (Losh
1939; Bai 1990, 2003; Usoskin et al. 2007; Gyenge et al.
2016). Finding the existence of active longitudes of coro-
nal jets could provide further evidence of the important
roles the solar cycle plays in modulating not only the
latitudinal but also longitudinal locations of jets.

For a detected off-limb jet, its approximate Carring-
ton longitude is determined by subtracting or adding 90°
(depending on whether the jet was observed off the east
or the west limb) to the Carrington longitude of the cen-
tral meridian at the time of the observation. There will

be uncertainties because an off-limb jet could have orig-
inated from a location slightly away (< 15°, see Eq. 3)
from the limb. But these uncertainties are minor be-
cause the average width of active longitudes has been
found (Gyenge et al. 2016) to be as large as 60°. Start-
ing from June 2010 (Carrington rotation CR2097), all
jets observed in every two successive Carrington rota-
tions are put into one group and their longitudinal distri-
butions with 18 bins (corresponding to a bin size of 20°)
are visualised following literature (Gyenge et al. 2016).
To minimize statistical bias, all groups which have less
than 18 events are omitted.

Therefore, histograms of the longitudinal distributions
of jets detected in 17 Carrington rotations from June
2010 to July 2012 have been generated (Carrington ro-
tations containing less than 18 events were omitted). For
each of the distributions, the significance of their peaks
is further investigated if there is any. With a strict def-
inition that only considers a peak as significant if it is
above 20 of the average value in each distribution, it
was found that, of 17 Carrington rotations, 12 show ev-
idence of the existence of active longitudes. Figure 10
shows the longitudinal distribution of jets detected in
CR2103 and CR2104. A peak number of events located
at Carrington longitudes of 100° to 120° can be clearly
seen. It is still an open question why active longitudes
are not found in the other 5 Carrington rotations. To
answer the above questions, a larger dataset will be con-
structed by applying SAJTA to SDO/ATA observations
with an image cadence higher than 6 hours.

4.2. Frequency distributions and coronal heating

Power-law distributions were found for both the so-
lar coronal jet intensity and energy frequency distribu-
tion. The thermal power-law distribution remains al-
most invariable across the solar cycle despite the prop-
erties of jets being found to be significantly modulated
by it. The thermal energy power-law index for jets is
shown to be similar to thermal/non-thermal energy in-
dex values that have been found for solar and stellar
flares, and CMEs, although they are triggered by differ-
ent apparent processes with different magnetic topolo-
gies. These similar invariable power-law distributions
of different types of eruptive events, covering a wide en-
ergy range across more than 14 orders of magnitude, i.e.,
nanoflares (1023—102% erg), coronal jets (1026 —10% erg),
solar flares and CMEs (1027 —1033 erg), and stellar flares
and CMEs (1032 — 1038 erg), strongly suggest that the
same nonlinear statistics of scale-free processes are ac-
countable for these eruptive events in both solar and
stellar atmospheres.



It remains an open and fundamental question in solar
and stellar physics of what the mechanism(s) may be
that could act as the common underlying scale-free pro-
cess behind the various apparently independent triggers,
including the rather distinct ones of e.g., magnetic re-
connections, MHD waves and localised bulk plasma mo-
tions, of solar and stellar eruptive events. Considering
the results found from our research, we suggest that the
solar dynamo is responsible ultimately for the universal
power-law character. In other words, it is ultimately the
solar dynamo that drives all these distinct formations of
mass, momentum, and energy transport. The different
eruptive phenomena, i.e., jets, flares, and CMEs, from
different stars lying on the same power-law index might
further suggest that these eruptions can be treated as
the microscopic consequences of those solar dynamo
driven global features from the bottom, especially when
taking into account the observed power-law distributions
of solar global features, including the global p-mode
driven waves (Tomczyk & Mclntosh 2009) and photo-
spheric magnetic fluxes (Parnell et al. 2009). Substan-
tial efforts will be needed to examine the above sug-
gestion and to discover the details of the physics, with
expertise in observations, numerical simulations, and an-
alytic modelling.

Most  spicules (with length less than 14
Mm, De Pontieu et al. 2004; Shibata et al. 2007;
Samanta et al. 2019) were excluded from our semi-
automated identification algorithm. It would be of
great interest to extend our research down to the scale
of spicules (with typical potential energies < 10%° erg,
Sterling 2000). Simplified estimations have suggested
the power-law relationship between coronal jets and
spicules as promising (Sterling & Moore 2016). Hudson
(1991) demonstrated that small-scale events would dom-
inate the heating if the corresponding power-law index
of their energy-frequency distribution is less than -
2. Observations of quiet-sun nanoflares revealed a
power-law index less than -2 (Parnell & Jupp 2000),
suggesting that events with the lowest energies may
dominate the heating of corona in quiet-sun regions.
However, Aschwanden et al. (2000) suggested that this
higher power-law index (-2 v.s. -1.8 found by many
other studies) could be a result of methodical dif-
ferences. Nevertheless, both studies (Parnell & Jupp
2000; Aschwanden et al. 2000) found that energies from
nanoflares were not enough to balance the total en-
ergy losses in the corona. Therefore, we suggest that
finding the power-law distribution and its index from
the energy-frequency distribution of spicules would be
significant in exploring the similarities and differences
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of their triggering mechanism with coronal jets and ad-
dressing the potential role of spicules in coronal heating.
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Figure 1. An example and statistics of the detected off-limb coronal jets. a) The Sun observed in the SDO/AIA
304 A passband at 06:05 UT on 2010 June 27. Detected jet candidates are enclosed in blue curves. The white arrow points to
an irregular jet that was missed by the automated detection algorithm. Texts in the image provide the calculated properties of
the three candidates with their position angles (PA) in degrees, plane-of-the-sky projected length in Mm, width in Mm, area in
Mm? and total intensity in digital numbers from the original observation before correcting the instrument degradation. al) -
a3) are the zoom-in views of the detected jet candidates. An animation of panels al) - a3) is available to show the temporal
evolution. These images were taken by SDO/AIA at its 304 A passband on 2010 June 27. The animation begins at 05:30:03
and ends at 06:29:03. The animation’s real-time duration is 3 seconds. The white circle in b) represents the solar disk with
dotted lines drawn in 15° intervals. The length and colour of each coloured bar are twice the average plane-of-the-sky projected
length and number of jets detected in every 3° interval, respectively.
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Table 1. Visibility of 20 randomly chosen coronal jets in AIA EUV passbands.

Event ID | Time (UT) PA (degree) | Intensity (DN) | Visibility in AIA passbands

1417 2012/2/11 12:00 | 192.6 5788 Hardly visible in 171 A or 193 A

714 2011/2/22 18:00 | 173.8 8196 Dark in 171 A and 193 A

3693 2017/7/7 0:00 292.4 10430 Bright in 171 A and dark in 193 A

2919 2014/5/16 6:00 206.7 20961 Bright in 171 A and dark in 193 A

3652 2017/2/11 12:00 | 326.9 30373 Bright in 171 A and dark in 193 A

3326 2015/4/8 0:00 285.0 41853 Bright in 171 A and dark in 193 A

843 2011/4/15 6:00 41.5 50563 Bright in 171 A and dark in 193 A

3907 2019/10/7 0:00 | 278.9 63936 Bright in 171 A and dark in 193 A

3293 2015/3/13 18:00 | 118.6 81936 Bright in 171 A and dark in 193 A

1174 2011/9/30 0:00 | 63.4 104322 Bright in both 171 A and 193 A

3504 2015/12/8 6:00 | 276.0 202217 Dark in both 171 A and 193 A

1327 2011/12/6 12:00 | 285.4 308552 Bright in both 171 A and 193 A

3661 2017/4/4 12:00 | 285.1 422448 Bright in both 171 A and 193 A

2870 2014/4/19 12:00 | 276.1 501198 Bright in all EUV passbands

1387 2012/1/16 18:00 | 273.0 602989 Bright in 171 A and 131 A; dark in 193 A,
211 A, 335 A and 94 A

2013 2012/12/19 18:00 | 288.9 741102 Bright feature in all EUV passbands

1324 2011/12/4 18:00 | 308.3 829421 Bright in all EUV passbands

1161 2011/9/25 12:00 | 297.8 1040299 Bright in 171 A, 131 A; dark in 193 A, 211
A and 335 A; not visible in 94 A

3385 2015/6/12 12:00 | 227.4 2146707 Bright in all EUV passbands

2637 2013/12/5 6:00 105.4 3911468 Bright in all EUV passbands

Note — PA represents position angle in units of degrees. The characteristic temperatures for the 7 AIA EUV passbands (304 A,
171A, 193 A, 211 A, 335 A, 94 A, and 131 A) are 0.05 MK, 0.6 MK, 1.6 MK, 2.0 MK, 2.5 MK, 6.3 MK and 10 MK (0.4 MK),

respectively (Lemen et al. 2012).


Song Yongliang


14

-1.00

Power-law Index
| | | | | |
NN N R e e
ul N o ~ (9,1 N
o u o u o u

-2.75

-3.00

—— MLE
-4- FIT

20

40

60
Number of Bins

80

100

1

Frequency (erg~! star™! year

10-20 i

107®

Coronal Jets

Nahoﬂares
dN/E=<E™"79

Microflares
dN/dE=<

kS

MLE: -1.48+0.14

b)

E—1 74

FIT: -1.67+0.10
- Solar CMES2 o
3 IN/dE < E~
10-30f Solar flares ‘\f VdE |
AN/E<E™"5% g Most active solar
N type stars
N Em—
10—35 - : T 1
Sun—likesf S
1040} (P>10 d) N 1
. L . . H 1 i~
1024 1026 1028 1030 1032 1034 1036 1038

Energy (erg)

Figure 2. Power-law index of solar coronal jets. a) depicts the evolution of the power-law index of the detected off-limb
jets obtained from the maximum likelihood estimation (MLE) and least-square fit (dashed curve) with the number of bins
varying from 10 to 100. Vertical lines are the corresponding errors. Blue plus signs in b) show the histogram of the log-scale
energy-frequency distribution of the detected off-limb jets. The power-law indices estimated from the MLE and least-square fit
(FIT) are also shown. The dashed blue line marks the result from the least-square fit, with the grey shadow as the estimated
uncertainties of the frequency propagated from the uncertainties (60%) of the thermal energies as detailed in the main text.
Black curves and lines reveal the energy-frequency distributions of solar and stellar flares over a broad energy range, adapted
from Fig. 9 in Shibayama et al. (2013). The black dash-dotted line with a power-law index of -1.8 is the average power-law
distribution of all flares from the Sun to Sun-like stars. The purple dashed line shows the energy-frequency distribution of solar
coronal mass ejections (CMEs), adapted from Fig. 16i) in Aschwanden (2016).
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Figure 3. Intensities of the sample jets in different AIA passbands. The z-axis is the ATA 304 A total intensity of

eight sample jets from the dataset, and the y-axis represents their corresponding ATA 171 A (black dots) and 193 A (purple
crosses) intensities. The black and purple dashed lines are the linear fits for the black dots and purple crosses, respectively.
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Figure 4. Butterfly diagrams of solar magnetic field and off-limb coronal jets. a) is the longitudinal monthly average
line-of-sight magnetic field strength observed by SDO/HMI, with red and blue colours denoting the positive and negative
polarities, respectively. b) is the latitude and total intensity (in different colours) of all detected off-limb jets from 2010 June 1
to 2020 May 31. c) depicts the monthly average latitude and intensity (in different colours) of all detected off-limb jets. Black
curves in this panel are the 17-month rolling averages of the monthly average latitudes for jets in the northern and southern
hemispheres, respectively. The blue and brown curves in d) are the monthly mean sunspot number and its 17-month rolling
average, respectively. The black and green curves are the monthly total jet number within the +20° latitudinal region and its
17-month rolling average, respectively. CC in black (brown) is the correlation coefficient between the black and blue (brown

and green) curves.
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Figure 5. North-south asymmetry of the magnetic field strength and jet counts in polar regions. B, and Bs
are the average absolute line-of-sight magnetic field strength between latitudes of 60° to 80°and -80° to -60°, respectively. The
north-south asymmetry of the magnetic field (B_n — E) / (B_n + E) is represented by the solid blue curve. N,, and Ny are the
monthly total jet numbers with latitudes above 60° and below -60°, respectively. The north-south asymmetry of the monthly
total jet number (N,, — Ns)/(Npn 4+ Ns) is represented by the solid orange curve. The black dotted curve is for the normalised
solar B0 angle of the solar disk centre seen from the Earth.
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a) Jet Monthly Average Intensity
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Figure 6. Wavelet spectra of the jet monthly average total intensity. The black curve in a) is the local variation of
the signal after removing the 17-month rolling average of the jet monthly average total intensity. The grey net in b) depicts
the cone-of-influence (Torrence & Compo 1998) of the wavelet spectrum generated from the black curve in a). Purple colours
are local peaks of the wavelet spectrum with the contours as their corresponding 99% confidence levels. The purple curve in c)
is the global wavelet spectrum, with the dashed (dash-dotted) curve as its corresponding 99% (95%) confidence level.
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Figure 7. Wavelet spectra of the jet monthly average width. The black curve in a) is the local variation of the signal
after removing the 17-month rolling average of the jet monthly average width. The grey net in b) depicts the cone-of-influences
of the wavelet spectrum generated from the black curve in a). Purple colours are local peaks of the wavelet spectrum with the
contours as their corresponding 99% confidence levels. The purple curve in ¢) is the global wavelet spectrum, with the dashed
(dash-dotted) curve as its corresponding 99% (95%) confidence level. d) shows the cross wavelet power spectrum between the

jet monthly average width and jet monthly average total intensity. Solid black curves are the local 95% confidence levels.
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a) Monthly Total Jet Number in Low Latitude
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Figure 8. Wavelet spectra of the monthly total jet number in low latitudes between +20°. Annotations are the

same as those in Fig. 7.
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Figure 10. Longitudinal distribution of coronal jets in Carrington rotations CR2103 and CR2104. Concentric
circles and colours both represent numbers of events.
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