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ABSTRACT
Context. Small-scale heating events (SSHEs) are believed to play a fundamental role in understanding the process responsible for
heating of the solar corona, the pervading redshifts in the transition region, and the acceleration of spicules.
Aims. We determine the properties of the SSHEs and the atmospheric response to them in 3D magnetohydrodynamics (3D-MHD)
simulations of the solar atmosphere.
Methods. We developed a method for identifying and following SSHEs over their lifetime, and applied it to two simulation models.
We identified the locations where the energy dissipation is greatest inside the SSHEs volume, and we traced the SSHEs by following
the spatial and temporal evolution of the maximum energy dissipation inside the SSHEs volume.
Results. The method is effective in following the SSHEs. We can determine their lifetime, total energy, and properties of the plasma,
as well as the magnetic field orientation in the vicinity of the SSHEs.
Conclusions. We determine that the SSHEs that have the potential to heat the corona live less than 4 min, and typically the energy
they release ranges from 1020 to 1024 erg. In addition, the directional change of the field lines on the two sides of the current sheet
constituting the SSHEs ranges from 5◦ to 15◦ at the moment of the absolute maximum energy dissipation.
Key words. Sun: atmosphere – Sun: corona – Sun: flares

1. Introduction
A small-scale heating event (SSHE) is an impulsive energy release in the solar atmosphere in the 1017 −1027 erg range mainly
driven by braiding of the magnetic field, as already discussed
by Gold (1964) and Parker (1972). In recent decades, mounting
evidence has emerged that SSHEs pervade the solar atmosphere
(Lin et al. 1984; Porter et al. 1984, 1987; Krucker & Benz 1998;
Berghmans et al. 1998; Parnell & Jupp 2000; Aschwanden et al.
2000, 2016; Hannah et al. 2008; Ramesh et al. 2013; Wang et al.
2015). However, the properties and influence of the SSHEs on
the structure of the atmosphere are still not fully understood.
Parker (1988), driven by the discovery of SSHEs in
X-rays by Lin et al. (1984), suggested that SSHEs could play
a significant role in heating the solar corona. Since then,
this concept has been followed up with increasing interest
(Cargill 1994; Klimchuk & Cargill 2001; Priest et al. 2002;
Cargill & Klimchuk 2004; Klimchuk 2006, 2015; Tomczyk et al.
2007; Parnell & De Moortel 2012). Today, SSHEs are not only
considered one of the most compelling mechanisms to explain coronal heating (Klimchuk 2006; Reale 2010), but they
are also thought to play a significant role in explaining the
acceleration of spicules (De Pontieu et al. 2007) and the origin of the pervading redshifts observed in the lower transition region (Doschek et al. 1976; Gebbie et al. 1981; Dere 1982;
Klimchuk 1987; Rottman et al. 1990; Hansteen 1993; Brekke
1993; Achour et al. 1995; Brekke et al. 1997; Peter & Judge
1999; Hansteen et al. 2010; Guerreiro et al. 2013b).
The observational study of SSHEs is challenging for several
reasons: 1) many SSHEs are believed to have a spatial scale
that lies below the currently available instrumental resolution

(Klimchuk 2015); 2) SSHEs can occur in regions of very low
density, in which the plasma response is too faint to be detected
by any observational instrument available today; 3) SSHEs can
occur in regions where the thermal conduction is very efficient,
which quickly erases the spatial information of the SSHEs; and
4) there are time delays between the occurrence of the SSHEs
and the creation of ions that can emit the expected signatures,
which can lead to false detections or detections that do not correspond to a single event alone. These aspects explain the difficulty in understanding the properties and ultimately the role of
SSHEs in coronal heating, the driving of spicules, or the pervading redshift in the transition region.
In recent decades, studies have been conducted using 1D hydrodynamic simulations to explore the potential of SSHEs to explain the acceleration of spicules (Sterling 2000; Guerreiro et al.
2013a), but definitive conclusions have not been reached. At
the same time, with the advent of simulations of the braiding process of the magnetic field (Galsgaard & Nordlund 1996;
Hendrix et al. 1996; Browning et al. 2008; Bowness et al. 2013)
and 3D magnetohydrodynamics (3D-MHD) models of the solar atmosphere that span from the top of the convection
zone to the corona (Gudiksen & Nordlund 2005; Hansteen et al.
2007; Bingert & Peter 2011), it has been consistently shown
that SSHEs can heat the corona (Bingert & Peter 2013;
Guerreiro et al. 2015) and play a significant role in explaining
the pervading redshifts in the transition region (Hansteen et al.
2010; Guerreiro et al. 2013b).
Even though significant progress has been made in understanding the implications of SSHEs for the solar atmosphere,
some of their specific properties remain unknown or poorly
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understood. In this paper, we focus on studying the properties
of the SSHEs in 3D-MHD simulations by extending the study
by Guerreiro et al. (2015, hereafter Paper I), in which a method
was developed to analyze SSHEs in 3D-MHD simulations at
selected snapshots. Here, we go one step further and present a
new method for following the SSHEs in time. The application
of this method to 3D-MHD models with different resolutions
opens the possibility of studying in detail some quantities that
are paramount to better understanding SSHEs, such as their lifetimes, the total energy dissipated by each SSHE over its lifetime,
the magnetic field, and the plasma properties in the vicinity of
the SSHEs, among others.
This paper is organized as follows. A description of the models used in the study presented here is given in Sect. 2. The description of the method we developed to track the SSHEs in the
3D-MHD models is presented in Sect. 3. The study of the lifetime, total energy, magnetic properties, and the potential of the
method to study the plasma response to the SSHEs are discussed
in Sect. 4. Finally, the conclusions are given in Sect. 5.

2. Models
We used two 3D-MHD models of the quiet Sun atmosphere with
different resolutions and magnetic topologies produced by the
BIFROST code (Gudiksen et al. 2011). We refer to the models as
the low-resolution model (LRM) and the high-resolution model
(HRM). The LRM has a grid of 256 × 128 × 160 points which is
equivalent to a volume in the Sun of 16 × 8 × 16 Mm3 , and the
HRM has a grid of 768 × 768 × 768 points, equivalent to a volume in the Sun of 24 × 24 × 16 Mm3 . In both models the grid is
uniformly spaced in the x- and y-directions and non-uniformly
spaced in the z-direction. The spatial resolution is 65 km and
31 km in the x- and y-direction for the LRM and HRM, respectively. In the z-direction, the maximum resolution is 32 km and
12 km for the LRM and HRM, respectively. The zero point for
the height scale, z = 0 km, is defined as the point where the
optical depth is τ500 = 1.
Upon initiation of the runs, the LRM ran for 1 h solar time
and the HRM for 50 min solar time. The snapshots, which represent the state of the simulation at varying instants, have a cadence of 10 s for both models. Similar models to those used here
have been extensively described in the literature. For the LRM
see, e.g., Paper I and references therein and for the HRM see,
e.g., Hansteen et al. (2015) where a similar model is described
in detail.
In summary, the models span from the top of the convection zone to the corona. The convection is achieved and maintained by setting the entropy of the inflow of material at the
bottom of the simulation box and solving the equations of radiative transfer in four frequency bins such that an atmosphere
with an effective temperature of approximately T eff ∼ 5800 K is
formed (Nordlund 1982; Steffen & Muchmore 1988). The models include artificial viscous diffusivity and magnetic resistivity
which are responsible for the magnetic and viscous heating on
small scales. A comprehensive description of how these were
implemented is given in Paper I and references therein. Essentially, as the magnetic field is stressed by the convective motions, gradients increase and lead to the formation of current
sheets (Galsgaard & Nordlund 1996) and dissipation which is
responsible for the heating. The current sheets form finger-like
structures (Hansteen et al. 2015) that subsequently collapse to
the dimensions of a few grid cells. This scaling results from the
functional form of the resistivity which is proportional to the
size of the grid, where the grid Reynolds numbers are slightly
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greater than those required to resolve the current sheets in a certain grid. It is clear that in the Sun, the current sheets are much
thinner that what can be resolved by the simulations. However,
as shown by several authors, e.g., Galsgaard & Nordlund (1996)
or Gudiksen & Nordlund (2005), the total dissipation in a certain current sheet is independent of the resolution of the simulation, but the scale on which the dissipation occurs changes with
the resolution. Even if the resolution of the simulation models
plays an important role in the scale on which the dissipation occurs, it is clear that studying the small scales in the models can
give good insight into the properties of the SSHEs. In the photosphere, a non-gray, non-LTE radiative transfer is used, and in the
chromosphere the radiative transfer is considered to be optically
and effectively thin. The treatment of radiation in the chromosphere was conducted using the description given by Hayek et al.
(2010) and Carlsson & Leenaarts (2012). The equation of state
was computed as described by Gudiksen et al. (2011). The thermal conduction along the magnetic field is included and is implemented using a multi-grid method. In the models, the boundaries are periodic in the x- and y-directions, and non-periodic in
the z-direction. The upper boundary is transparent to waves using characteristic boundary conditions and the lower boundary
allows flows to exit without constraints.
 
Figure 1 displays the typical Joule heating ηJ 2 distribution over time for the LRM (top panel) and for the HRM (bottom panel) against height at two instants in time, respectively.
The darker regions correspond to a higher concentration of data
points, the brighter regions correspond to a lower concentration, and white represents the absence of data points. The white
dashed line indicates the average of the ηJ 2 against height. For
the LRM, the data correspond to the state of the simulation
at 2000 s solar time. At this instant, ηJ 2 decreases exponentially above 1.5 Mm and has a scale height of about 1300 km.
Above 1.5 Mm, the scatter in the strength of ηJ 2 ranges from
roughly 8 orders of magnitude at the bottom of the chromosphere
to 5 orders of magnitude in the corona. The HRM at 600 s shows
similar behavior to the LRM. The ηJ 2 decreases exponentially
roughly above 1.5 Mm, but this model has a larger scale height,
on the order of 1600 km. The variability of ηJ 2 in this model
is roughly 8 orders of magnitude at any given height above
1.5 Mm. We can see that the scale height is different in the two
models, which results from the different topologies of the magnetic field and is comprehensively explained in Hansteen et al.
(2015).

3. Tracking of the SSHEs in 3D-MHD simulations
In Paper I, we introduced a method for identifying and selecting SSHEs in 3D-MHD simulations at specific instants in time.
In short, we identifySSHEs
 by determining the local maxima
2
of the Joule heating ηJmax or the Joule heating per unit mass


ηJ 2 /ρ . Here, we build on this work and present a technique
for following SSHEs over time. Essentially, we choose a snapshot and identify the SSHEs in it, which are at different stages
of their evolution, and track them forward and backward in time
focusing on the SSHEs that present a clear rising and decaying
phase.
As described in Paper I, the underlying assumption used to
identify SSHEs is based on the principle that every SSHE has a
local maximum of energy dissipation in its volume independent
of its evolutionary state. The local maxima of SSHEs can be
identified in the different snapshots, as described in Paper I. The
challenge, however, is to find which local maxima in consecutive
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a local maximum in a pre-determined search volume, neighboring the location of the local maximum in s j+1 . If there are local
maxima in the search volume, a link is established according to
the following situations that can occur: (1) if there is only one
local maximum inside the search volume in s j , we consider the
local maximum to be related to that of s j+1 ; (2) if there is more
than one local maximum in the search volume in s j , the local
maximum with the closest value to the local maximum value in
s j+1 is assumed to be related to the local maximum in that snapshot. We note that we do not have a physical reason to justify
the link between the local maxima based on the closest value,
hence it is clear that this could lead to false positives. Nevertheless, in practice the choice seems to be reasonable because of
the constraints described in the next paragraph which help to remove the false positives; and (3) if there is no local maximum,
the local maximum in s j+1 is disregarded from the set of SSHEs
tracked. This procedure is applied to all local maxima in s j+1 that
are above the background. When all the SSHEs in s j+1 have been
compared to those in s j , then s j+1 becomes s j and the next snapshot in the data sequence, i.e., s j+2 becomes s j+1 . The new s j
differs from the previous s j+1 because all the SSHEs (local maxima) that did not have a corresponding local maximum from the
s j+1 to the initial s j are disregarded. Therefore, the new s j only
contains the SSHEs that have a corresponding local maximum
in the previous s j . We apply the same methodology to determine
the corresponding local maxima in the two snapshots currently
being analyzed, but additional considerations in relation to their
previous evolution are made as discussed below.

 
Fig. 1. Top panel: Joule heating ηJ 2 at t = 2000 s as a function of
 
height for the LRM. Bottom panel: Joule heating ηJ 2 at t = 600 s as a
function of height for the HRM. In both panels the dark regions stand for
high concentration of data points, gray regions for low concentration,
and white for the absence of data points. The white dashed lines give
the average ηJ 2 as a function of height.

snapshots correspond to the same SSHE at its different evolutionary states.
Formally, we consider two consecutive snapshots, snapshot
s j and snapshot s j+1 , each with a total of N j and N j+1 SSHEs.
The challenge in studying the evolution of the SSHE i in snapshot
s j is to identify the local maximum of energy dissipation

2
ηJmax in snapshot s j+1 that corresponds to the previous or next
evolutionary state of the SSHE i, depending on whether we are
following the SSHE forward or backward in time. It is important to note that the assumption here is that by following the
evolution of the local maximum of a SSHE, we are following
the SSHE itself. In order to establish the connection between the
different local maxima in consecutive snapshots, we start by selecting two consecutive snapshots s j and s j+1 . The snapshot s j
is defined as the control snapshot and s j+1 as the test snapshot.
These should not be the last 15 snapshots of the simulated data
because in this case it is not possible to track the SSHEs over
their entire life span.
The method starts by identifying the location of a local maximum (a SSHE) in s j+1 , then it determines in s j whether there is

When we follow SSHEs forward in time starting at snapshot s j at a certain instant t, and assuming that the SSHEs represent a rising and decaying phase,
 we apply the following condi2
(t + 10) in the first s j+1 is
tions: (1) if the local maximum ηJmax
smaller than the corresponding local maximum in the initial s j at
instant t, we only accept a local maximum as part of the SSHEs
2
2
(t + 10) > ηJmax
(t + 20); and
in the new s j+1 at (t + 20) s if ηJmax
(2) if the value of the local maximum in the first s j+1 at (t + 10) s
is higher that the corresponding value in s j at t we accept values
for the SSHEs in the new s j+1 at (t + 20) s that can be higher
or lower than the value of the local maximum in the first s j+1
at (t + 10) s. These conditions guarantee that we do not follow
unrealistic SSHEs and that they present a rising and decaying
phase. We apply this method to consecutive snapshots until we
stop finding local maxima in s j+1 that can be related to s j or the
value of the local maxima falls below the background. Similar
conditions are applied when following the SSHEs backward in
time. We have also run tests assuming small variations (scatter)
in the rising and decaying phase, i.e., relaxing the assumption
of a monotonic rising and decaying phase of the SSHEs. The
influence of this consideration for the results presented here is
negligible.
The search volume is different depending on the model we
use. We define a search volume with a dimension of 27 cells
(195 × 195× ∼ 200) km3 for the LRM, while a 125 cell volume
(155 × 155× ∼ 100) km3 is used for the HRM. These choices of
search volumes are related to the average plasma velocity in the
models during the period of interest and to their resolution. We
choose to analyze SSHEs for periods of time when the average
velocity of the plasma in the upper regions of the atmosphere is
between 10 and 15 km s−1 . This implies that the majority of the
SSHEs remain inside the search volume for periods on the order
of 10 s or above. The search volume in the LRM is larger than
the search volume in the HRM. Thus in the HRM, more SSHEs
can travel outside the search volume and therefore the method
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does not allow us to follow them over their lifetime. However, as
is shown later, the loss of some SSHEs have a negligible impact
on the results of this work, in particular with regard to estimating
the lifetime of the SSHEs.
The number of SSHEs detected depends on the background
value we choose. We tracked the SSHEs considering two different backgrounds 1017 and 1018 erg s−1 in the two models. The choice of 1018 erg s−1 as a background value is based on
the idea, that if the quiet corona can be heated by SSHEs, then
the distribution of the energy of the SSHEs has to extend down to
1018 erg (Berghmans 2002) in order to balance the energy losses
of the corona. The use of different backgrounds aims to determine the implications of the choice of background for the number of SSHEs computed. We select SSHEs that occur from the
photosphere to the corona in both models. However, in the LRM,
we analyzed the full simulation box, excluding only the region
corresponding to the top of the convection zone. In the HRM,
due to computational and time constraints, we only analyzed a
subvolume of the full computational box. The region selected is
equivalent to 24 × 4 × 14 Mm3 , which corresponds to the cell
range [0:768, 320:447, 158:768].
The top panel in Fig. 2 displays the temporal evolution of
a set of SSHEs that illustrates the type of SSHEs selected and
those dismissed in the work presented here. The figure shows
six SSHEs taken from the LRM. The SSHEs considered in the
overall statistics are similar to SSHEa , SSHEb and SSHEc . These
SSHEs show a clear rising and decaying
phase in the energy re
2
. The rising and decaying
lease at the local maximum ηJmax
phases are not necessarily symmetrical or have a similar number
of points in the rising and decaying phase. The SSHEs dismissed
are those that do not have a clear rising and decaying phase or
SSHEs that consist only of two data points. Examples of the disregarded SSHEs are also shown in Fig. 2 and are identified as
SSHEd , SSHEe , and SSHEf . We noted that the method currently
does not account for the SSHEs that split into different SSHEs.
The SSHEs that do not show a clear rising and decaying phase
like SSHEd and SSHEf can represent SSHEs that split. SSHEf
represents an SSHE that potentially splits into two or several
SSHEs with local maxima that have much smaller magnitudes,
possibly with a value that is smaller than the background value,
and therefore our method is not able to continue tracking it. A
second explanation for the loss of an SSHE by the method is that
the SSHE traveled outside the maximum volume prescribed to
search for the SSHEs. For example, SSHEd was lost when it was
tracked backward in time. It was probably lost by the method because it is a SSHE that, at a certain stage of its lifetime, traveled
a distance that cannot be covered by the search region assigned
in the method. This type of SSHE can also result from a SSHE
that splits into several SSHEs and one of the other SSHEs have a
local maximum of energy dissipation that is closer to the original
value of the SSHE that it splits from. By construction, therefore,
that SSHE would be associated with the original SSHE and the
remaining ones would show a profile similar to that for SSHEd .
The SSHEs tracked where only two local maxima were associated with a SSHE similar to SSHEe , for example, can have the
same explanation as the cases above. Alternatively, these SSHE
are above the background for a period shorter than 29 s, during
which period only two snapshots are taken.
A test performance of the method is shown in the bottom
panel of Fig. 2 which shows the number of SSHEs with a
clear rising and decaying phase for the LRM determined by the
method inside each energy decade from 1 × 1019 to 1 × 1027 erg.
The dashed line corresponds to the SSHEs detected when using
A103, page 4 of 11

Fig. 2. Top panel: six SSHEs tracked by the method over their lifetime
 
in the LRM. The data points show the value of the Joule heating ηJ 2 at
the location (cell) of maximum dissipation of the SSHEs while they are
above the background, which in this case is chosen as 1017 erg s−1 . The
data points connected by a solid line represent the SSHEs considered in
the statistics while those connected by a dashed line represent the disregarded SSHEs. Bottom panel: Number of SSHEs with a clear rising
and decaying phase inside each energy decade ranging from 1 × 1019 to
1 × 1027 erg for two different backgrounds 1018 erg s−1 (dashed line) and
1017 erg s−1 (solid line) for the LRM.

the background 1 × 1018 erg s−1 and the solid line corresponds to
the SSHEs computed with the background 1 × 1017 erg s−1 . The
plot shows that the method computes the SSHEs consistently
when using the same search volume, but different backgrounds.
The SSHEs with energy above 1 × 1022 erg are consistently detected using the two different backgrounds. From 1 × 1019 erg to
1 × 1022 erg there is a difference in the SSHEs computed. This
difference results from the larger number of SSHEs that are computed inside that energy interval when the background value is
lowered.
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Table 1. Low resolution model (LRM), high resolution model (HRM),
background (Bg), total of SSHEs detected (# SSHEsT ), SSHEs that
present a clear rising and decaying phase (# SSHEsS ), and average lifetime of the SSHEs (hLTi).

Model

Bg
# SSHEsT
−1
[erg s ]

LRM
LRM
HRM
HRM

1017
1018
1017
1018

18689
15738
57829
23088

# SSHEsS

hLTi
[s]

10670
9265
36587
15556

52.46 ± 21.59
52.21 ± 21.18
56.40 ± 25.21
57.99 ± 26.45

4. Results and discussion
4.1. Lifetime

The lifetime of a SSHE is defined as the period when the local
maximum of the SSHE is above the background and the calculation of the average lifetime includes all the SSHEs that present
a clear rising and decaying phase in their local maximum en2
(t). In the LRM, we started tracking
ergy dissipation, i.e., ηJmax
3
the SSHEs 1.0 × 10 s after the beginning of the simulation and
the method followed them forward and backward in time. In the
HRM, we started tracking the SSHEs at 2.7 × 103 s after the beginning of the simulation and we followed the same procedure
as for the LRM.
Table 1 and Fig. 3 give information about several parameters
associated with the SSHE lifetimes computed in the two models
for the different backgrounds (Bg). The table lists
 the number
 of
SSHEs followed for the different backgrounds # SSHEsT , the
number of SSHEs that have a distinct
rising and decaying phase

2
(t)
of the ηJmax local maximum # SSHEsS , and their weighted
average lifetime (hLTi), which is given by the weighted average
lifetime of the # SSHEsS . Figure 3 illustrates the typical lifetime
distribution of the SSHEs for the LRM (triangles) and the HRM
(asterisks) for the 1017 erg s−1 background. In both cases the
distribution is similar to a power law. The shortfall for the SSHEs
with a lifetime of 30 s suggests a decrease in the number of shortlived SSHEs. However, we need models with a higher cadence
to fully verify this tendency, which we currently do not have.
The different backgrounds naturally give a different number
of tracked SSHEs. For the 1017 and 1018 erg s−1 backgrounds
the method followed 18689 and 15738 SSHEs, respectively, for
the LRM simulation. From these sets of SSHEs for the different
backgrounds about 57% and 59% of the SSHEs, respectively,
have a clear rising and decaying phase. In the HRM, the method
tracked 57829 and 23088 SSHEs for the backgrounds 1017 and
1018 erg s−1 , respectively. From these, 36587 (63%) and 15556
(67%) have a clear rising and decaying phase. The number of
SSHEs detected is significantly higher than in the LRM, but the
volume, resolution, and magnetic distribution is different in the
two models. Therefore, we refrain from making comparisons between the number of SSHEs detected and selected in the two
different models. Althought it is interesting to understand the relation between the magnetic field topology and the number of
SSHEs occurring at each moment, we will leave that for a future study. The difference between # SSHEsT and # SSHEsS corresponds to SSHEs that travel outside the search volume, and
SSHEs that split.
For the LRM, the hLTi of the SSHEs remains nearly independent of the choice of background and is about 52 s. In the HRM
case, the hLTi ranges roughly from 56 to 58 s for the two backgrounds; it is shorter for the background with the lowest value by

Fig. 3. Number of SSHEs vs. lifetime for the 1017 erg s−1 background.
The triangles represent the SSHEs sample from the LRM, while the
asterisks represent the sample from the HRM.

about two seconds, and the variation between the two values for
the different backgrounds is higher than observed for the LRM.
Nevertheless, the hLTi for the backgrounds in the two models are
well within the uncertainty range of each other. We note that the
number of SSHEs tracked in the LRM is significantly greater
than the number of SSHEs shown in Paper I because we consider all the local maxima associated with ηJ 2 here and not the
local maximum given by the ηJ 2 /ρ. The average lifetime of the
SSHEs presented here is slightly lower than the value found by
Hansteen et al. (2015) for this model. They define the lifetime
of the SSHEs as the width at half-height of the auto-covariance
function associated with each cell in the computational box, including those we regard as belonging to the background. The
background cells generally vary little over short periods of time,
and therefore have a larger width at half-height and consequently
contribute to increasing the average lifetime of the SSHEs.
It is important to note that the temporal and spatial resolution of the models used is not sufficient to study the role of very
short-lived SSHEs in coronal heating because we disregard the
SSHEs shorter than 30 s. We consider the average lifetime of
the SSHEs studied in these two models as the expected lifetime
of SSHEs when observing the Sun with resolutions similar to
those of the models. On the other hand, Fig. 3 shows that the
upper limit for the lifetime of the SSHEs that heat the corona in
these models is ∼4 min.
4.2. Total energy

The total energy (ET ) of the SSHEs is determined by integrating the instantaneous total energy dissipated (Et ) by the SSHEs
every 10 s during their lifetime using the trapezoid rule. The
value of the energy dissipated by a SSHE computed in the different snapshots is calculated after determining the volume of
RtheR SSHE, as was comprehensively described in Paper I: ET =
ηJ 2 dVdt, where t stands for the lifetime of the SSHE and V
t V
stands for the volume of the SSHE at a certain instant.
Figure 4 displays the probability distribution of ET in logarithmic scale versus the lifetime of the SSHEs. The left panels
correspond to the LRM and the right panels to the HRM. The
top panels represent the SSHEs selected with a background of
1 × 1018 erg s−1 and the bottom panels with a background of
1 × 1017 erg s−1 . We can see that the choice of the background
affects the lower cutoff of ET of the SSHEs studied. The panels representing the SSHEs computed using the 1 × 1018 erg s−1
A103, page 5 of 11
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Fig. 4. Probability distribution function of the total energy (ET ) of the individual SSHEs vs. their lifetime considering SSHEs selected using
different backgrounds for the LRM (left) and HRM (right). The backgrounds are 1018 erg s−1 and 1017 erg s−1 for the top and bottom panels,
respectively. The darker regions correspond to a high concentration of SSHEs, light yellow regions to low concentration, and white to locations
where there are no SSHEs.

background indicate that the bulk energy of the SSHEs ranges
from 1021 erg to 1024 erg, while for a background of 1 ×
1017 erg s−1 the bulk energy of the SSHEs range from 1020 erg
to 1024 erg. The number of SSHEs increases rapidly with the
decrease in the background cutoff. Therefore, it is reasonable
to expect that the interval for the bulk energy of the SSHEs
continues to increase with a decrease in the background value.
Nevertheless, it is acceptable to assume that above the lower
limit, considered to include the range of SSHEs that contribute
enough energy to heat the corona, i.e., 1 × 1018 erg as explained
in Paper I, the typical ET of the SSHE ranges from 1020 erg to
1023 erg. At the same time, the figure shows that the SSHEs that
have a long lifetime are not the most energetic. In general, the
most energetic SSHEs have lifetimes shorter than 150 s. This
suggests two types of SSHEs: those where most of the energy
is released rapidly and those where the energy is released over
longer periods of time. We note that for both models, a significant number of SSHEs with ET above 1024 erg are detected,
where 1024 erg corresponds to the lower limit of the SSHEs that
have already been detected observationally (Aschwanden et al.
2000). This opens up the possibility of comparing the properties
of the simulated SSHEs with the observational properties of the
SSHEs.
4.3. Magnetic properties

The conditions on the state of the magnetic field in order for
reconnection to occur in the solar atmosphere are not fully understood. Parker (1983) argued that the magnetic field must be
A103, page 6 of 11

tangled or braided and that the tilt of the magnetic field in
relation to the vertical opposing the direction of movement has to
be on the order of 14◦ for reconnection to occur. The secondary
instability mechanism (Dahlburg et al. 1992), which is activated
only when the magnetic field stress reaches a certain threshold,
suggests that a critical angle of about 40◦ has to be attained by
the magnetic field rotating across the current sheets before reconnection occurs (Dahlburg et al. 2005).
The possibility of following the SSHEs over their lifetimes
in the models allows us to calculate the directional change (α)
of the field lines on the two sides of a current sheet. This gives
us an idea of the magnetic field behavior when its energy is dissipated. The basic process by which current sheets are formed
and reconnection initiates is slightly different in these numerical
experiments from that envisioned by Parker (even though the expressions and estimates of the heating rate turn out to be roughly
the same).
We estimate α over the lifetime of the SSHEs using the
method described in Baumann et al. (2013). Essentially, the density of the electrical current in the current sheet ( jCS ) is on the
order of
jCS ∼ ∆B∆s−1 ≈ sin (α) BCS ∆s−1 ≈ αBCS ∆s−1 .

(1)

In the case of small α, BCS stands for the typical strength of the
magnetic field in the vicinity of the current sheet, α gives the
directional change of the field lines on the two sides of the current sheet as described in Baumann et al. (2013) and ∆s is the
thickness of the current sheet. As a first order approximation, α
and BCS are independent of ∆s, thus we can write α ∼ ∆B/BCS .
However, ∆B is not straightforward to calculate; therefore, we

N. Guerreiro et al.: Small-scale heating events in the solar atmosphere. II.

estimate α as α ∼ ( jCS ∆s) /BCS . We assume the value of ∆s to be
on the order of 2 and 4 grid cells in the LRM and HRM, respectively, so that the thickness of the current sheets is assumed to be
roughly the same in both models for the purpose of these calculations. This assumption is more accurate in the regions where the
magnetic field is nearly vertical because in this case ∆s = 2∆x
or ∆s = 4∆x depending on the model, which is the same independent of the location in the simulation box.


We use BCS = B(x,y,z+1) + B(x,y,z−1) /2 if the angle of the
magnetic field with the vertical axis in the location of the lodissipation is greater than 45◦ or BCS =
cal maximum of energy

B(x+1,y,z) + B(x−1,y,z) /2 if the angle of the magnetic field with
the vertical in the location of the local maximum of energy dissipation is smaller than 45◦ . We calculated α for each instant of
the lifetime of the SSHEs in the models. In the simulations, the
angle is related to the topology of the magnetic field and the convective motions in the convective region. The angle we calculate
measures the typical angle at which field lines intersect as photospheric motions attempt to force them to cross and pass through
each other; that is, we do not find that reconnection is initiated
as some critical angle is surpassed, rather the angle α is a measure of the typical relative tilt of field lines when they are pushed
together, a scenario described earlier by Galsgaard & Nordlund
(1996) and confirmed here. Thus, this angle measures the efficiency of reconnection in pulling energy out of the magnetic
field rather than measuring the critical angle at which reconnection occurs.


2
(t)
In particular, we calculated the value of α at max ηJmax
in the core cell of every SSHE and averaged it for each height.
Figure 5 shows the average angle, hαi, against height for the
LRM (top panel) and the HRM (bottom panel). The data was
collected considering a background of 1017 erg s−1 . In the LRM,
hαi ranges roughly between 1◦ and 18◦ . The values of hαi are
small in the low atmosphere and increase toward the corona. In
the upper atmospheric layers the magnetic field is nearly horizontal and ∆s = 2∆z. Since the vertical dimension of the grid
cells (∆z) increases with height there is an overestimation of α
in relation to the values calculated lower in the atmosphere. On
the other hand, since the majority of the SSHEs occur in the
vicinity of the footpoints and generally in this case ∆s = 2∆x,
which does not vary in the simulation box because the grid cells
size do not change in the x-direction, we obtain a more accurate estimate for α from the SSHEs occurring in these locations.
Therefore, the values of α can be estimated to range from 5◦ to
15◦ , corresponding to a height interval ranging from 3 to 8 Mm.
The error bars are given by the standard deviation (σ) of α for
each height.
In the HRM, α decreases from 14◦ to roughly 5◦ in the first
2 Mm. For some height points hαi has relatively low values as
seen at different heights, but above 2 Mm hαi generally increases
with height. The error bars are similar to those for the LRM and
for clarity we do not display error bars for every data point, they
are only shown for every tenth height point. In the upper atmosphere, as for the LRM there is an overestimation of the values
of α. Nevertheless, it is reasonable to assume that a typical value
for α in this model ranges from 5◦ to 15◦ for heights from 2 Mm
to 6 Mm, assuming the same argument as for the LRM. We note
that the hαi range shown here can vary with the properties of the
magnetic field in the different models. Although the two models
have different magnetic properties, when we consider the SSHEs
close to the footpoints and a similar thickness for the current
sheets, the typical hαi range is similar.

Fig. 5. Top panel: average directional change (hαi) of the field lines
at the moment of maximum
in the core cell of the SSHEs
 dissipation

2
(t) ) against height for the LRM. The
during their lifetime (max ηJmax
data points correspond to the SSHEs computed with the background
1017 erg s−1 . Bottom panel: same as the top panel, but for the HRM. In
both cases the error bars correspond to the standard deviation (σ) of α
at each height.

4.4. Detailed analyses of the plasma response to SSHEs

The method we developed allows for a detailed analysis of the
different types of SSHEs that are tracked at different locations in
the atmosphere and their properties. The SSHEs in these models generally do not move large distances during their lifetimes
and they can be subdivided into two types: those that include
violent reconnection and those that result from steady reconnection. These two types of SSHEs are responsible for maintaining
the corona in the models presented here.
In Fig. 6, the properties and plasma response of two SSHEs
over time with a cadence of 10 s are shown. These two SSHEs
are identified as SSHEA and SSHEB . In the figure, SSHEA is
shown in the two left-hand columns and the SSHEB is shown
in the two right-hand columns. The SSHEA was tracked in
the LRM and SSHEB was tracked in the HRM; both SSHEs
start occurring in regions corresponding to the upper transition region and lower corona. In both cases a background of
1017 erg s−1 was used.
For each SSHE, the figure
 displays the local maximum of
2
the energy dissipation ηJmax
in a region (grid cell) inside the
SSHE’s volume. As mentioned before this is also the parameter used to track the SSHEs, the SSHE total energy (Et ) at each
instant, and the directional change (α) of the field lines in the
two sides of the current sheet in the local maximum dissipation
region (cell). The figure also shows the density (ρ), temperature
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Fig. 6. Properties of two distinct SSHEs in the LRM and HRM over their lifetimes which start to occur in two different locations of the solar
atmosphere. The properties of the SSHEA with a lifetime of 30 s are shown in the two left columns and the properties of the SSHEB with a
2
lifetime of 150 s are shown in the two right columns. The asterisks in the first and third columns from the left give the energy dissipation ηJmax
at the maximum energy dissipation location of the SSHEs, the total energy (Et ) at each instant, and the directional change (α) of the magnetic
field lines on the two sides of the current sheet in the local maximum dissipation region. The second and fourth columns from the left represent
the density (ρ), temperature (T ), and vertical component of the velocity (Uz ) in the vicinity of each SSHE’s local maximum at each instant. The
different colored lines represent the variables in the 27 cells that correspond to the core region of the SSHE over time. The asterisks in these groups
of panels correspond to the value of the variables in the local maximum locations of the SSHEs every 10 s during their lifetime.

(T ), and vertical component of the plasma velocity (Uz ) in the
2
vicinity of the region where ηJmax
occurs inside the volume of
the SSHEs. The different colored lines correspond to the cells
that have the same relative position in relation to the cell giving
2
the ηJmax
irrespective of its displacement over time.
The SSHEA has a lifetime of 30 s and represents the SSHEs
resulting from a violent reconnection process. The top left panel
in the first column of the figure shows that the SSHE was de2
tected when ηJmax
was 2.5 × 1018 erg s−1 and we define this moment as the beginning of the lifetime of the SSHEA , or t = 0 s.
We tracked the SSHEA during what we defined as the rising
2
phase that lasted t = 20 s in this case, and ηJmax
reached a
value of 3.4 × 1018 erg s−1 . The last 10 s of the lifetime of the
2
SSHEA was the decaying phase where the value of ηJmax
de18
−1
creased to 2.9 × 10 erg s at the end of the lifetime of the
SSHEA , or t = 30 s, which corresponds to the instant the SSHEA
was lost by the algorithm. The middle panel in the first column
gives the instantaneous total energy (Et ) of SSHEA . The profile
of Et also shows a rising and decaying phase over the lifetime
of the SSHEA . However, the maximum occurs earlier than the
2
maximum of ηJmax
. At t = 0 s, Et = 2.9 × 1019 erg s−1 it then
increases to its maximum of 5.1 × 1019 erg s−1 at t = 10 s. In
the last 20 s, Et decreases to 3.3 × 1019 erg s−1 . The total energy
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R 30
dissipated by SSHEA (ET ) over its lifetime is given by 0 Et dt,
which is ET = 1.2 × 1021 erg. The bottom left panel in the first
column gives the directional change of the magnetic field (α).
SSHEA was detected when the magnetic field already had a relatively large misalignment, which was 14.5◦ . The α increases to
14.6◦ in the first 10 s, and then decreases to 11.5◦ at the end of
the lifetime of the SSHEA . The angle α increases until around
the period that Et is at a maximum. This is the moment when the
violent reconnection occurs and after that, the value of α starts
decreasing.
The density (ρ), temperature (T ), and vertical component of
the velocity (Uz ) are given in the second column from top to bottom, respectively. These panels give us information about how
the plasma responds in the core region of the SSHEA , where the
core region is composed of 27 cells that surround and include
2
the location where ηJmax
occurs. At the moment we started following the SSHEA , the analyzed volume could be roughly subdivided into three regions, each of which has several cells: region a1 given by the red, yellow, and light green lines; region a2
given by the light green, turquoise, and the black lines; and region a3 given by the purple and dark blue lines. In the volume
composed of the 27 cells at t = 0 s, the density of the SSHEA
ranges from 3.0×10−15 g cm−3 to 3.9×10−15 g cm−3 . In region a1 ,
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some cells show a constant ρ (light green lines) in the first 10 s
and then decrease until the end of the lifetime of the SSHEA .
This region has the highest ρ of the three regions and remains
roughly at this value until the end of the lifetime of the SSHEA .
In the case of region a2 , the cells show an increase in ρ in the first
10 s and then a decrease until the end of the lifetime of the
SSHEA . For region a3 , ρ shows an increase in this region in the
first 10 s, then there is a decrease of ρ until t = 20 s, and then ρ
increases again in the last 10 s. Region a3 has the lowest ρ during
the lifetime of the SSHEA . At the end of the lifetime, ρ ranges
from 3.1 × 10−15 to 3.5 × 10−15 g cm−3 in the core region of the
SSHEA . Generally, ρ increases in the core region before α and
Et reach their maxima. From this point on, ρ shows a general decrease. This results most probably from the expansion of the material away from the region where the SSHEA is occurring. The
temperature at t = 0 s in the core region of the SSHEA ranges
from 8.3×105 K to 1.16×106 K, and corresponds to a SSHE that
starts occurring in the upper transition region and corona. In the
first 10 s, T remains roughly constant in the three regions. After
the maximum of Et , T increases in the three regions, roughly until the end of the lifetime, but the sharpest increase occurs from
t = 10 s to t = 20 s. At the end of the lifetime, T ranges from
8.9 × 105 K to 1.24 × 106 K. It is clear that SSHEA contributes to
the increase in T of the plasma in the neighborhood where it occurs. The vertical component of the plasma velocity (Uz ) ranges
from −6.6 km s−1 to 5.6 km s−1 at t = 0 s. In regions a1 and a2
in the first 10 s, Uz remained roughly constant, from t = 10 s
until t = 20 s, region a1 shows a decrease in Uz that continues
until the end of the lifetime of the SSHEA , and region a2 shows
an increase in Uz in absolute value, but it is reduced in the last
10 s of the lifetime. Region a3 shows a decrease in Uz in the
first 20 s and an increase in the last 10 s of the lifetime of the
SSHEA . This indicates that the SSHEA caused an acceleration
of the material downward at the same time as a deceleration of
the material moving upward occurred.
The SSHEB has a lifetime of 150 s, which is significantly
longer-lived than the SSHEA , that results from a steady recon2
nection process. The method detected SSHEB when ηJmax
was
2.47 × 1017 erg s−1 (see third column from the left, top panel).
We followed it during its rising phase until it reached a value of
6.54 × 1017 erg s−1 at t = 60 s. This is followed by a decaying phase until the end of the lifetime of the SSHEB at t = 150 s,
2
where ηJmax
= 1.07×1017 erg s−1 . We detected the SSHEB when
Et = 5.19 × 1018 erg s−1 (see 3rd column from the left, middle
2
panel). As observed for ηJmax
, Et also follows a rising and decaying phase. It reaches a maximum value of 1.16 × 1019 erg s−1
at t = 50 s. During the decaying phase there are two instants
were Et increases and decreases subsequently at t = 70 s and
t = 110 s. These correspond to two larger bursts of energy,
which we still consider part of the same SSHE. At the end of
the lifetime, Et = 2.27 × 1018 erg. For SSHEB , as was true for
SSHEA , the maximum of Et does not coincide with the maxi2
mum of ηJmax
and in this case ET occurs about 10 s before the
2
maximum of ηJmax
. The total energy dissipated, ET , for SSHEB
R 150
is 0 Et dt = 1.0 × 1021 erg, which is of the same order of
magnitude as for SSHEA , but results from a SSHE that is much
smoother than SSHEA . The α for the SSHEB is α = 2.4◦ at
t = 0 s (see third column from the left, bottom panel). In the next
40 s, α increases to 3.6◦ , and is followed by a decrease in α over
the next 20 s where α = 3.5◦ at t = 60 s. Thereafter, α increases
to its maximum value of 4.3◦ at t = 70 s. This is followed by a
decrease over the next 20 s and an increase such that at t = 100 s
α = 3.6◦ . From this point on, α decreases until the end of the

lifetime of the SSHE where its value is 2.2◦ . This parameter is
also characterized generically by a rising and decaying phase. In
comparison to the SSHEA , the variation of α is much smoother
along the lifetime for SSHEB showing that SSHEB results from
a smoother reconnection process.
The density, temperature and vertical component of the velocity for SSHEB are given in the right-hand column of Fig. 6
from top to bottom, respectively. The values of ρ in the cells that
compose the core region of SSHEB present a general trend over
the lifetime of the SSHE, i.e., in general when the density decreases or increases the same occurs in all cells. The ρ at t = 0 s
ranges from 4.75 × 10−15 g cm−3 to 7.02 × 10−15 g cm−3 . The
ρ decreases in the first 20 s suggesting that during this time
the material expands as a result of the SSHEB . At this instant,
ρ ranges from 4.61×10−15 g cm−3 to 6.06×10−15 g cm−3 . Thereafter, ρ increases in general until t = 130 s, where ρ ranges
from 7.98 × 10−15 g cm−3 to 8.59 × 10−15 g cm−3 . In the
next 10 s, ρ decreases generally and at t = 140 s it ranges
from 7.09 × 10−15 g cm−3 to 8.36 × 10−15 g cm−3 . In the last
10 s ρ shows an increase and at t = 150 s it ranges from
7.76 × 10−15 g cm−3 to 8.80 × 10−15 g cm−3 . The increase in
ρ indicates that the expansion work resulting from the SSHEB is
not sufficient to compensate for the compression caused by the
plasma in the vicinity of the SSHEB . The temperature in the core
of the SSHEB ranges from 8.1 × 105 K to 9.3 × 105 K at t = 0 s
corresponding to the upper transition region and in general T
increases until t = 120 s, where T ranges from 1.17 × 106 K
to 1.3 × 106 K. The T in the core region decreases in the last
30 s to values that range from 1.1 × 106 K to 1.2 × 106 K. It is
also clear that despite being a smooth SSHE, it contributes significantly to an increase of the plasma temperature. The plasma
in the core region of the SSHEB is moving downward at a rate
ranging from −2.24 km s−1 to −3.80 km s−1 . In the first 40 s,
the SSHEB contributes to the acceleration of the material downward. At around the moment the value of Et reaches a maximum,
the SSHEB seems to contribute to the deceleration of the material moving downward until about t = 100 s where the plasma
in the core region of the SSHEB starts accelerating upward. The
plasma starts decelerating again roughly at t = 110 s. Thereafter,
Uz decreases in general in the next 10 s followed by an increase.
From t = 140 s until the end of the lifetime of the SSHEB , Uz
decreases in general in the core region, except for the grid cells
represented by the blue lines where the velocity is constant. At
t = 150 s, Uz ranges from 0.91 km s−1 to 2.96 km s−1 in the
core region of the SSHEB . At this point in time, the SSHEB is
in a location where the plasma is moving upward. This shows
that the SSHEB can contribute to the reversion of the flow orientation over short periods of time. The SSHEB initially increases
the acceleration of the plasma moving downward and at a later
stage it contributes to a change in the orientation of the plasma
movement.

5. Conclusion
In this work, we present a method for tracking SSHEs over their
lifetimes in 3D-MHD models of the solar atmosphere with different spatial resolutions. Then, for the identified SSHEs, we
determine their lifetimes, total energy, and magnetic properties
together with plasma properties in their vicinity.
We applied the method to two models with different resolutions and magnetic topologies and selected the SSHEs using
two different background limits, which were 1017 erg s−1 and
1018 erg s−1 . We found that the SSHEs studied in the models at
the resolution presented here have an average lifetime that ranges
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from 50 to 60 s. There is a small difference in the average lifetime of the SSHEs in the different models, but the results fall well
inside the uncertainty of both models. The variation of the background has a marginal impact on the SSHE’s lifetime. The study
of SSHEs in similar models by Hansteen et al. (2015) using a
different method yielded similar results for the average lifetime
of the SSHEs. It is difficult to argue that the average lifetimes in
the models are fully representative of the lifetimes of the SSHEs
that heat the corona, since the very short-lived SSHEs could be
very relevant and we cannot account for them at the moment
because of the limited temporal resolution of the model. The
models would need a higher temporal resolution to be able to
properly assess the role of SSHEs with a very short lifetime in
coronal heating. On the other hand, the analyses of the models
give us a general upper limit for the lifetime of the SSHEs that
heat the corona which is on the order of 4 min.
The majority of the SSHEs in the two models have a total energy that ranges roughly from 1020 erg to 1024 erg. As shown in
Paper I, the SSHEs that have a total energy greater than 1021 erg
in the LRM can provide enough energy to sustain the corona,
thus it is reasonable to assume that the properties of the SSHEs
we present here are representative of those that heat the corona.
However, we will only have a complete picture of the SSHEs
that heat the upper layer of the solar atmosphere when we are
able to analyze the SSHEs that have very short lifetimes, which
also have the potential to release large amounts of energy. It is
also worth noting that generally the most energetic SSHEs have
a short lifetime, but there is no direct correlation between the
length of the lifetime and the total energy dissipated (ET ) by the
SSHEs.
The directional change, α, of the field lines from one side of
the current sheet to the other over the lifetime of the SSHEs is
similar in the two models when we consider the current sheets to
have roughly the same thickness. In the two models, the current
sheet thickness can be compared in the footpoint region. At the
2
(t) is at a maximum, α ranges roughly from 5◦
instant that ηJmax
◦
to 15 in that region. This indicates that reconnection extracts
energy most efficiently from the magnetic field in this α range.
We analyzed in detail the properties of two SSHEs. These essentially represent two types of SSHEs that are found in the models. The SSHEs that dissipate energy through a violent reconnection process which in general are shorter-lived and those that live
longer, are much smoother and the energy is dissipated through
steady reconnection. Independent of the type of the SSHEs, in
general they do not move long distances (or over many cells)
over their lifetimes. The increase in the temperature can occur
in a progressive way when the SSHEs start occurring; in some
cases it starts after the Et reaches its maximum, which in general corresponds to the moment the when violent reconnection
occurs.
The density generally shows a small decrease at the beginning of the SSHEs resulting from the expansion of the plasma
at the location where the SSHEs start to occur. After the initial phase, it is difficult to establish the behavior of the density;
sometimes it increases and sometimes it decreases as the SSHEs
evolve. However, toward the end of the lifetime of the SSHEs, ρ
generally increases, due to the decrease in the SSHEs that reduce
the plasma pressure. The effect of the SSHEs in the upward and
downward plasma flow is not straightforward. In some cases,
we see a clear acceleration of the plasma, while in other cases
deceleration occurs. The acceleration or deceleration might be
related to the location in the atmosphere where the SSHEs occur. A further analysis of the properties of the plasma and the
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energy dissipated is needed to better understand what drives the
acceleration or deceleration of the plasma as a result of a SSHE.
We cannot currently fully study the influence of the model
resolution on the lifetime of the SSHEs and we cannot include all
the microphysics necessary to reproduce many of the complex
phenomena in detail that occur at small scales in the solar atmosphere. The former occurs because we currently do not have the
same model with two resolutions spanning the same time period,
while the latter is currently unattainable due to the prohibitive
computing power that such simulations would require. Despite
these challenges, the method presented here can significantly
contribute to a better understanding of SSHEs and their influence
on the plasma in their vicinity. The method will also facilitate the
study of several other aspects in the future, for example the energy balance of the SSHEs, their spectral signatures, and understanding if the SSHEs cluster by chance or in an avalanche-like
process, among other possibilities. Also, the question of whether
the occurrence rate of the SSHEs shows a dependence on the
solar activity, i.e., the magnetic field strength, is yet to be addressed. Ultimately, SSHEs could be the main driver of the solar
cycle variation in coronal emission (see, e.g., Haberreiter et al.
2014). Finally, this work is extremely relevant for the interpretation, and the potential observational evidence of the SSHEs
with respect to the upcoming data from the Spectral Imaging of
the Coronal Environment instrument (SPICE; Fludra et al. 2013)
and the Extreme UV imager (EUI; Halain et al. 2014) on board
the Solar Orbiter Mission.
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