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ABSTRACT

Supra-arcade downflows (SADs) are dark structures descending towards post-reconnection flare loops observed in

extreme ultraviolet or X-ray observations and are closely related to magnetic reconnection during solar flares. Due

to the lack of statistical study on SADs in a single flare, evolutions of kinematic and thermal properties of SADs

during the flare process still remain obscure. In this work, we identified 81 SADs in a flare that occurred on 2013 May
22 using observations of the Atmospheric Imaging Assembly (AIA) on the Solar Dynamics Observatory (SDO). The

kinematic properties of each SAD, including the appearance time, height, projective velocity, and acceleration were

recorded. We found that the appearance heights of SADs become larger during the flare, which is likely due to the

lift of the bottom of the plasma sheet. In the flare decay phase, the region where SADs mainly appear moves from
the north part to the south side possibly related to a secondary eruption in the south side. The trajectories of most

SADs can be fitted by one or two deceleration processes, while some special ones have positive accelerations during

the descent. For the thermal properties, we selected 54 SADs, whose front and body could be clearly distinguished

from the surrounding during the entire descent, to perform Differential Emission Measure analysis. It is revealed that

the temperatures of the SAD front and body tend to increase during their downward courses, and the relationship
between the density and temperature indicates that the heating is mainly caused by adiabatic compression.

Key words: magnetic reconnection, Sun: activity, Sun: atmosphere, Sun: flares, Sun: magnetic fields

1 INTRODUCTION

Solar flares are rapid energy release phenomena in the so-
lar atmosphere, which usually produce high-temperature flare
loops in the corona. During a solar flare, we often see a dy-
namic region called the plasma sheet (also called fan or cur-
rent sheet) above the flare loops, which is bright at extreme
ultraviolet (EUV) and soft X-ray (SXR) wavelengths (e.g.,
McKenzie 2013; Freed & McKenzie 2018; Cai et al. 2019). In
the plasma sheet, sometimes supra-arcade downflows (SADs;
McKenzie & Hudson 1999) are seen as tadpole-like structures
leaving extended dark wakes during their descending motions
toward the post-reconnection flare loops.

SADs are usually found in the early decay phases of long-
term eruptive flares that produce coronal mass ejections
(CME) (McKenzie & Hudson 1999; Sheeley & Wang 2002;
Innes et al. 2003; Savage et al. 2010) and observed above the
post-reconnection flare arcades with a face-on perspective,
that is, the line of sight (LOS) is perpendicular to the ar-
cades’ axis. However, SADs sometimes can also appear in the
impulsive phase of solar flares (Asai et al. 2004; Khan et al.
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† Corresponding author, huitian@pku.edu.cn

2007). SADs have a typical lifetime of a few minutes, and
their velocities are about 100–500 km s−1. It is generally ac-
cepted that SADs are voids of plasma which are less dense and
inherently lower in brightness than their surroundings (e.g.,
Innes et al. 2003; Reeves et al. 2017; Xue et al. 2020; Li et al.
2021). Hanneman & Reeves (2014) examined some SADs and
concluded that they are cooler than the surrounding fan
plasma through a Differential Emission Measure (DEM) anal-
ysis. In addition, Chen et al. (2017) found that the emission
measure (EM) of SADs above 4 MK is smaller than that
of the surrounding fan plasma. Recently, Zurbriggen et al.
(2022) synthesized radio images of SADs through modeling
and found that radio observations could help to obtain more
accurate temperature and density information.

SADs are essentially caused by magnetic reconnection,
which is a principal mechanism responsible for various types
of solar activities. Additionally, Samanta et al. (2019) found
that SADs can generate the oscillation of upflows through
vortex shedding. Studying the relationship between plasma
heating and SADs can also help us understand the energy
release during flares. Reeves et al. (2017) found that the tem-
peratures of regions with SADs tend to increase and the tem-
peratures of regions without SADs decrease, and the heating
mechanism was interpreted as adiabatic compression in front
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2 Tan et al.

of SADs. A recent three-dimensional (3D) magnetohydrody-
namic (MHD) simulation work about the plasma heating in
the current sheet suggested that adiabatic compression is im-
portant for plasma heating in the late phase of the erup-
tion (Reeves et al. 2019). Xue et al. (2020) found that some
plasma heating can be explained as adiabatic compression
by SADs but others may be caused by different mechanisms.
Li et al. (2021) also suggested that the heating of SADs is
caused by adiabatic compression and the viscous heating
plays a limited role. Furthermore, Samanta et al. (2021) re-
ported a case that many SADs collide with the flare loops
directly and found that these SADs can strongly heat the
flare loops to 10–20 MK.

In the past, many observational (McKenzie & Hudson
1999; McKenzie & Savage 2009; Warren et al. 2011;
Hanneman & Reeves 2014; Chen et al. 2017) and simu-
lation (Cassak et al. 2013; Guo et al. 2014; Innes et al.
2014; Cécere et al. 2015; Zurbriggen et al. 2016) studies
have been performed to investigate the formation mech-
anisms of SADs. McKenzie & Hudson (1999) proposed
that SADs are the cross-sections of evacuated flux tubes
or wakes behind retracting loops (McKenzie & Savage
2009; Savage et al. 2010). Maglione et al. (2011) gave a
different explanation that SADs are formed by intermittent,
bursty magnetic reconnection in the plasma sheet or its
upper coronal region (Cécere et al. 2015; Zurbriggen et al.
2016). Cassak et al. (2013) reported that SADs are outflow
jets from reconnection sites penetrating into the denser
flare arcades, which may explain the fact that SADs are
not filled with the surrounding denser and hotter plasma
immediately. In addition, Guo et al. (2014) and Innes et al.
(2014) interpreted SADs as a result of Rayleigh-Taylor
instability (RTI) between the reconnection outflow and the
denser plasma sheet. Xue et al. (2020) proposed that SADs
are outflows of patchy and bursty magnetic reconnection
because they can push surrounding plasma away and keep
it from flowing back. Recently, Shen et al. (2022) proposed
a new scenario that SADs are not embedded in the plasma
sheet but located in the turbulent interface region between
post–reconnection flare arcades and plasma sheet. And they
further proposed that SADs are formed due to a mixture of
RTI and Richtmyer-Meshkov instability (RMI).

However, statistical investigations of SADs are very rare,
which hampers our understanding of both the nature and
properties of SADs. Savage & McKenzie (2011) performed a
quantitative statistical study of SAD parameters like velocity,
acceleration, area, magnetic flux, shrinkage energy, and recon-
nection rate, where up to 60 SADs were reported for a single
flare event. However, the spatial and temporal resolutions of
the data they uesd are relatively low. Based on data from the
Atmospheric Imaging Assembly (AIA; Lemen et al. 2012) on
the Solar Dynamics Observatory (SDO; Pesnell et al. 2012),
Li et al. (2021) further studied 20 SADs in three flares with
higher spatial and temporal resolutions. However, they did
not investigate temporal evolutions of different properties of
SADs in different phases of the flare. In this article, for the
first time we used data from AIA to perform a statistical
study of 81 SADs detected in a single flare event. Through
identifying downflow trajectories of all the SADs and per-
forming DEM analyses of 54 ones of these SADs, we studied
their kinematic and thermal properties, respectively, and fur-
ther investigated the evolution of these properties during the

flare. The remainder of this paper is organized as follows.
Section 2 presents the AIA observations used in this work.
Section 3 presents our analysis results of kinematic proper-
ties of SADs. Section 4 shows the thermal properties of SADs
and analysis results about the heating of SADs. In Section 5,
we briefly summarize our finding.

2 OBSERVATION

The data used in our study came from the SDO/AIA. The
AIA is convenient to observe flares on the solar limb because
it monitors the entire Sun up to a radial distance of ∼1.30 R⊙

from the disk center (Lemen et al. 2012). Because the 335, 94,
and 131 Å channels of AIA are sensitive to plasma with high
temperatures of ∼3–10 MK (Boerner et al. 2012), we can eas-
ily identify SADs in these channels (Reeves & Golub 2011).
These observations were taken at a high temporal cadence of
12 s and angular resolution of ∼0.6′′. The SADs studied here
were identified from an M5.0 flare erupting on the northwest
limb of the Sun starting at about 13:08 UT on 2013 May 22,
which was also reported by Freed & McKenzie (2018). The
delay phase of the flare lasted for about 3 hours, and the
flare plasma sheet was nearly perpendicular to the LOS from
the Earth. So we could easily identify 81 SADs in this flare
event. The AIA data were prepared using the aia_prep rou-
tine, available in the Solar Software (SSW; Freeland & Handy
1998) package. This routine de-rotates the AIA images from
the four telescopes, aligns them, and re-scales the images to
achieve the same plate scale.

3 KINEMATIC PROPERTIES

3.1 Identification of SADs

SADs usually first appear as dark structures at high altitudes
above the solar surface and then move downward to the flare
arcades. We often observe SADs in high-temperature pass-
bands like AIA 131 Å. In this flare, we tracked the trajecto-
ries of SADs frame by frame with the AIA image sequences
of the 131 Å, 94 Å, and 335 Å passbands, and finally identi-
fied 81 obvious SADs. In Table 1, we list the details of each
identified SAD. All of the SADs can be found in the AIA 131
Å channel, but only the SADs in the late decay phase can be
found in the AIA 94 Å or 335 Å channels. It is worth noting
here that none of the SADs could be observed at their origin
sites and all of them are actually observed well below their
true initial height. And the observed “initial height” (here-
after we refer to “appearance height”) is determined by the
instrument-dependent detection (e.g., wavelength, dynamic
range, and field of view) and the evolution of plasma envi-
ronment above the flare arcade (Savage & McKenzie 2011).
In Figure 1, we plot trajectories of all the 81 SADs on

one 131 Å image with different colors according to their ap-
pearance times. It could be found that, as the flare evolved,
the appearance heights of SADs become larger especially for
the SADs in the north part (see the associated animation),
which possibly indicate the lift of the bottom of the current
sheet shown in Mei et al. (2012). However, as mentioned in
Savage & McKenzie (2011), this trend might also be caused
by the fact that more hot plasma is produced in higher places

MNRAS 000, 1–?? (2022)



Statistic of Supra-Arcade Downflows 3

Figure 1. An SDO/AIA 131 Å image showing the hot flare region overlaid with trajectories of the 81 SADs. The curves with different
colors represent the trajectories of SADs appearing at different times. An animation of AIA 131 Å observations covering the time from
13:08 UT to 16:55 UT on 2013 May 22 is available as supplementary material.

above the flare arcade as the flare progresses, which could pro-
vide a brighter background and thus a favor to observe more
SADs at increasing heights. At the same time, in the decay
phase of the flare, the region where SADs concentrated shifts
from the north side to the south side. Combining the observa-
tions from the Large Angle and Spectrometric COronagraph
(LASCO) C2, we found that there was a secondary eruption
in the south part of the plasma sheet, which likely results in
this shift.

3.2 Measurements of velocity and acceleration for SADs with

a constant acceleration

After determining the trajectories of SADs, we further ana-
lyzed the kinematics of each SAD. Figure 2 shows the typical
analysis process of a SAD that we employed in the present
work. The red curve indicates the trajectory of the SAD, and
the front and body of the SAD at 14:58:32 UT are marked
with the black and blue arrows in panel (a), respectively.
The star marks in panel (e) represent the moving distance
of this SAD along its trajectory at different times. It is re-
vealed that this SAD undergoes a significant deceleration

and finally disappears at a low altitude. The deceleration of
SAD was frequently reported in previous observations (e.g.,
Samanta et al. 2021; Xue et al. 2020; Li et al. 2021), which
could be caused by the drag force (Linton & Longcope 2006;
Scott et al. 2013). Shen et al. (2022) further proposed that
maybe the interface region between the reconnection current
sheet and the flare arcades causes the outflows to abruptly
slow down.

To obtain the projective velocity and acceleration of this
SAD, we used one 2nd order polynomial fitting to its trajec-
tory as shown in Figure 2(e). V0 and A0 represent the initial
velocity and acceleration of the SAD, respectively. We found
that the SAD initially descends with a velocity of 185 km s−1

but decelerates rapidly with an acceleration of –0.24 km s−2

(here the minus sign means deceleration), and eventually dis-
appears with a small velocity. It is worth noting that among
the 81 SADs studied here, there are 31 ones (∼ 38%) with
the trajectory that could be approximated by one 2nd order
polynomial fitting. The others SADs have varying accelera-
tions during the entire descent (see more details in Section
3.3).

MNRAS 000, 1–?? (2022)
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Figure 2. Analysis results of a typical SAD. (a): The trajectory of a SAD (red curve) marked on an AIA 131 Å image. (b): The corresponding
density map obtained through the DEM analysis. (c): The corresponding temperature map obtained through the DEM analysis. The front
and body sites of an SAD are marked with arrows in panels (a)-(c); (d): The DEM curves in the two sites; (e): Fitting of the trajectory
of the SAD. V0 and A0 represent the initial velocities and acceleration, respectively. (f): Temperature and density variations of the front
and body regions of this SAD.

3.3 Measurements of velocity and acceleration for SADs with

varying accelerations

Besides the 31 SADs experiencing only one stage of decelera-
tion mentioned above, the remaining SADs have varying ac-
celerations. Among them, 28 SADs (∼ 35%) undergo two de-
celerations with different accelerations, and 22 SADs (∼ 27%)
have more complex kinetic characteristics, which experience
at least one acceleration. In Figure 3, we show three typi-
cal events of these SADs with varying accelerations and the
corresponding fitting results.

For the SAD in Figures 3(a1) and (b1), it has an initial
velocity of 284 km s−1 and then experience two stages of
deceleration with accelerations of –0.5 and –0.13 km s−2, re-
spectively. The SAD shown in panels (a2) and (b2) appears
with a velocity of 20 km s−1 and experiences two stages of
acceleration with accelerations of 0.16 and 0.04 km s−2, re-
spectively. The SAD shown in panels (a3) and (b3) appears
with an initial velocity of 103 km s−1, and then undergoes
one acceleration and two decelerations with accelerations of
0.12, –0.08, –0.21 km s−2, respectively. We speculate that it
is the collision or merging between SADs and a turbulent
environment that affect the motion of SADs.

3.4 Statistical results of kinematic properties

From the analysis mentioned above, we obtained kinematic
parameters including the height, projective velocity, and ac-
celeration of all the 81 SADs (see details in Table 1). In this
work, the height refers to the distance between the SAD and
the solar limb. And the appearance height (Happ) and dis-
appearance height (Hdis) of each SAD are calculated. Fig-
ure 4 shows scatter plots for the 81 SADs. Panel (b) shows
that the appearance height of SADs has a positive correla-
tion with the initial projective velocity. Possibly, due to the
low emission contrast between SADs and the surroundings
at the beginning, SADs with lower appearance heights could
have already experienced a certain deceleration process be-
fore they are identified. As a result, such SADs are associated
with smaller initial velocities when they are identified. Essen-
tially, it is affected by the difficult determination of “initial
height” of SADs as discussed in Section 3.1.

As shown in Figure 4(c), the appearance heights of the
SADs are about 50–200 Mm, and the disappearance heights
of the SADs are about 20–130 Mm. Both of the appearance
and disappearance heights increase in the first half period of
our observation, which can also be clearly seen from Figure
1. Panel (d) shows that the SADs mainly appear in the delay
phase of the flare. As shown in panels (e) and (f), the initial

MNRAS 000, 1–?? (2022)
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Figure 3. Three typical events of SADs with varying accelerations. (a1)-(a3): Trajectories of these SADs (red curves) marked on an AIA
131 Å image. (b1)-(b3): Corresponding fitting results of these trajectories. The results of the multi-segment fit are shown in different
colors.

velocity of SADs is about 100–400 km s−1, and the accelera-
tion is about -2–0 km s−2. The initial velocity range is similar
to that reported by Savage & McKenzie (2011).

4 THERMAL PROPERTIES

To obtain the accurate thermal properties of SADs, we se-
lected 54 SADs, whose front and body could be clearly dis-
tinguished from the surrounding during the entire lifetime, to
perform a DEM analysis using images in six AIA channels:
94 Å, 131 Å, 171 Å, 193 Å, 211 Å, and 335 Å. To increase
the signal-to-noise ratio, we averaged three adjacent frames
to achieve a cadence of 36 s. The codes we used to perform
the DEM analysis were written by Cheung et al. (2015) and
improved by Su et al. (2018). This method obtains DEM so-
lutions after we input narrow-band EUV images from dif-
ferent AIA channels and the temperature response functions
of these channels. By using this code, the DEM results de-
rived from AIA images alone are much more consistent with
high–temperature (X-ray) observations than other methods
(Su et al. 2018). We then calculated the DEM weighted av-
erage temperature (Tdem), given by

Tdem =

∫
T ×DEM(T )dT∫

DEM(T )dT
(1)

and the total emission measure (EMtot), given by

EMtot =

∫
DEM(T )dT. (2)

We obtained an EM by integrating the DEM over the temper-
ature range from lg T/K=6.0 to lg T/K=7.5, which includes
a low–temperature component and a high–temperature com-
ponent (e.g., Figure 2(d)). The low–temperature component
always peaks around 2 MK, because it comes from the back-
ground coronal plasma. The high-temperature component of-
ten peaks at 7–10 MK, which mainly comes from the emission
of SADs. We further calculated the electron density using
equation:

EM = N2L (3)

where N is the electron density. We assumed a characteristic
path length L = 109 cm (Reeves et al. 2017).

From the DEM analysis, we obtained the temperature and
density maps (Figures 2(b),(c)). The temperature and density
at the front and body of each SAD at each time step were also
calculated. It has been suggested that the heating of the SAD
front may be caused by adiabatic compression (Reeves et al.
2017). Here, we further explore this issue statistically using
a method that is similar to that used by Li et al. (2021).
For an ideal gas, an adiabatic process means that the tem-
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Figure 4. Statistical result of the kinematic parameters of the 81 SADs. (a): Scatter plot of the initial acceleration vs appearance height.
(b): Scatter plot of the initial velocity vs appearance height. (c): Scatter plot of the appearance time vs appearance and disappearance
height. (d): Occurring frequency of SADs as a function of time. (e): Scatter plot of the appearance time vs acceleration. (f): Scatter plot
of the appearance time vs appearance velocity. The black curves in panels (c)-(f) represent the GOES SXR 1–8 Å flux variation.

perature and pressure obey the following equation,

P γ−1

T γ
= C1, (4)

where T is the plasma temperature, P is the plasma pressure,
γ = 5/3 is the polytropic index and C1 is a constant. Then
we use the ideal gas law ( P = KNT ) to derive the following
equation:

Nγ−1

T
= C2 (5)

where C2 is a constant. Because the deceleration of SADs
is relatively small, we assumed that the atmosphere above
post-reconnection flare loops is in static equilibrium. Thus,

the pressure decays exponentially with the height as:

P = P0e
−H/HS (6)

where P0 is a constant, HS is the average scale height at T =
1 MK. The specific value of HS has no effect on the following
analysis. Here, we use the heights of the SADs projected to
solar limb instead of the actual heights of the SADs above the
solar limb. According to Equations 4 and 5, we produced scat-
ter plots for the relationship between pressure and temper-
ature variations (Figure 5(a)) and scatter plots for the rela-
tionship between density and temperature variations (Figure
5(b)) for both the SAD front and body. Compared to Li et al.
(2021), here we further performed the adiabatic correlation
analysis of temperature and density. And the following pa-
rameters were calculated: ∆(lgT ), ∆(lgN), and ∆(lgP/P0).

MNRAS 000, 1–?? (2022)
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Figure 5. (a): Scatter plot of the variation of pressure vs that of temperature. (b): Scatter plot of the variation of density vs that of
temperature. (c): Scatter plot of the variation of velocity squared vs that of temperature. The blue triangles and red stars represent the
fronts and bodies of SADs;

Figure 6. Temperature and density comparisons between the fronts and bodies of 54 SADs. (a): Scatter plot of the body and front
temperatures at three different time points (start t0, middle t1, and end time t2). (b): Scatter plot of the body and front densities. The
red, green, and blue triangles represent the three different stages of the SAD trajectories.

For each SAD, the variations were estimated by subtracting
the value at the first moment from that at the last moment.

As shown in Figure 5(a), we did not obtain a good corre-
lation between the pressure and temperature in logarithmic
scale as in Li et al. (2021), although we did a similar analysis.
A possible reason is that the pressure we calculated according
to Equation 6 is subject to a large uncertainty because the
heights of SADs we used here are the projected heights in-
stead of the actual ones. This means that in different events,
the different LOS inclinations could affect the values of pro-
jective heights and thus the estimated values of pressure. As a
result, the relationship between the pressure and temperature
could change.

Figure 5(b) reveals that the slopes for the ∆(lgT ) – ∆(lgN)
relationship are about 0.78 and 1.07 for the SAD front and
body, respectively. These values are close to 0.67 (N ∼ T 2/3

from equation 5), suggesting that adiabatic compression plays

an important role in heating the plasma at the front and
in the body of SADs. The correlation coefficients between
∆(lgT ) and ∆(lgN) are about 0.85 and 0.82 for the SAD front
and body, respectively. As a result, we think that both the
front and body of SADs may have experienced the adiabatic
compression process, which could be the critical mechanism
of heating SADs when they flow downwards the loop top,
as previously claimed by Reeves et al. (2017) and Xue et al.
(2020). It is worth noting that in the actual situation the
characteristic path length L could be slightly various at dif-
ferent times, which thus would affect the estimated density
values (N) of SADs as well as the relationship between the
density and temperature variations.

We also examined the possibility that the kinetic energy of
SADs may be converted into thermal energy through viscous
dissipation. For this we investigated the statistical relation-
ship between ∆V 2 and ∆T , which are proxies of the varia-
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tions of kinetic energy and thermal energy, respectively. For
the 54 SADs, the result is shown in Figure 5(c). We can see
that the correlation coefficient is not large enough either for
the SAD front or the SAD body, which is different from the
results obtained by Li et al. (2021). This result indicates that
the dissipation of the kinetic energy of SADs is not dominant
(or very limited) in the entire heating process of the SAD
front or body during the flare. Note that the velocity we
derived here is only the projected component of the three-
dimensional velocity in the plane of sky, which could also
affect our calculation of the correlation between the changes
of kinetic energy and thermal energy.

In Figure 6, we compared the temperature and density of
the front and body during the downward motions of SADs.
The thermal properties of SAD in three time points (start
time t0, middle time t1, and end time t2) are shown with dif-
ferent colors, respectively. It is obvious that the temperature
of the front is usually higher than that of the body (panel (a)),
which is similar to the results reported by Li et al. (2021). We
also found that some SADs have higher body temperatures
compared to their fronts. A similar case was also studied by
Hanneman & Reeves (2014), where the SAD was hotter than
surrounding plasma. The front density is also higher than
the body density in most SADs (panel (b)), which is similar
to the result of Hanneman & Reeves (2014). In addition, the
temperatures of the SAD front and body tend to increase
during the downward course of SADs, which are consistent
with Figure 2(f) and can be explain by adiabatic compression
heating occurring in the entire process.

5 SUMMARY

In this work, we identified 81 SADs in one flare event with
AIA observations. This is the largest sample of SADs ever
obtained in a single flare, which have statistical investigation
of the kinematic and thermal properties simultaneously. We
extracted the trajectories of the SADs from space-time dia-
grams. All of these SADs can be found in the AIA 131 Å band,
and some of them can also be identified in the AIA 94 Å and
335 Å bands in the late decay phase. The appearance heights
of the SADs become larger with time especially in the north
part, possibly indicating the lift of the bottom of the current
sheet during the flare or the evolution of plasma environment
above the flare arcade. In addition, there is a shift of the SAD
concentration region from the north part to the south part,
which is possibly related to a secondary eruption in the south
side. The trajectories of most SADs can be fitted by one (31
SADs) or two (28 SADs) deceleration processes. Meanwhile,
some special ones (22 SADs) have positive accelerations dur-
ing the descent, which could be caused by collision or merging
between SADs and a turbulent environment.

We found that the initial velocities of SADs are about
100–400 km s−1, and the accelerations are about -2–
0 km s−2. These are similar to the previous results in
Savage & McKenzie (2011). The significant deceleration in
most SADs are also be modeled in Shen et al. (2022) and
are attributed to the existence of turbulence interface re-
gion. It is also found that the appearance heights of SADs
have a positive correlation with the initial velocities, which
is not reported in previous studies due possibly to the low
spatial resolution of data. Additionally, the initial velocities

are lower than the typical coronal Alfvén velocity, which
means that these SADs are possibly not reconnection out-
flows themselves. The model of RTI-generated SADs pro-
posed by Guo et al. (2014) could explain the low velocity. But
it is worth noting that because the SADs are projectively de-
tected at the appearance height where they have experienced
a deceleration process, the initial velocities calculated here
should be the lower limit value of the true speed of the SADs
when they are formed (Hou et al. 2020).
We have carried a DEM analysis for 54 SADs, whose

front and body could be clearly distinguished from the sur-
rounding during the entire descent. The DEM of the SAD
body at the temperature range of 106.0−7.5 K is generally
smaller than that of the SAD front region (e.g., Figure 2(d)),
which is consistent with previous findings (Savage et al. 2012;
Hanneman & Reeves 2014). We found that the tempera-
ture of SAD front increases when an SAD passes by, which
is consistent with the results of Reeves et al. (2017) and
Xue et al. (2020). These results suggest that SADs are heated
up when falling. By using an analysis method similar to that
of Li et al. (2021), we further demonstrated that both the
front and body of SADs evolve adiabatically, confirming that
adiabatic compression could be the critical mechanism of the
entire heating process (Reeves et al. 2017; Xue et al. 2020;
Li et al. 2021). We also noticed that the correlation coeffi-
cient between the kinetic energy and thermal energy is not
large for both the front and body of SADs. It suggests that
the dissipation of the kinetic energy of SADs is not dominant
in heating SADs during the flare.
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Table 1: Physical parameters of the 81 SADs.

SADs Start time End time V0 Happ Hdis A0 A1 A2 For DEM
(km s−1) (Mm) (Mm) (km s−2) (km s−2) (km s−2)

1 13:29:38 13:32:02 294 50 25 –0.56 / / X

2 13:38:38 13:42:14 365 68 37 –2.51 0.81 /
3 13:41:02 13:44:38 204 45 25 1.31 0.76 /
4 13:41:02 13:48:50 175 100 35 –0.13 / / X

5 13:41:38 13:45:14 272 80 40 –0.76 / / X

6 13:45:14 13:52:26 228 76 34 –0.79 –0.08 / X

7 13:48:14 13:55:26 216 83 31 –0.47 / / X

8 13:51:14 13:59:38 149 88 38 –0.22 / / X

9 13:53:02 14:00:14 283 92 38 –0.99 –0.12 / X

10 13:56:02 14:07:26 281 108 38 –0.69 –0.18 /
11 13:57:50 14:01:26 146 69 52 –0.62 / / X

12 13:58:26 14:05:38 230 106 42 0.00 –0.07 / X

13 13:59:02 14:11:38 318 156 46 –0.73 –0.14 / X

14 14:00:50 14:06:14 309 79 40 –1.25 –0.10 / X

15 14:05:02 14:08:02 298 78 48 –1.20 / /
16 14:05:38 14:14:02 308 137 59 –0.60 / /
17 14:05:38 14:14:38 319 125 49 –0.95 –0.20 / X

18 14:05:38 14:19:26 210 118 42 –0.42 –0.11 /
19 14:08:02 14:13:26 268 96 51 –0.67 / / X

20 14:12:50 14:18:14 376 96 50 –1.49 –0.46 /
21 14:15:50 14:20:02 270 79 54 –1.85 0.39 / X

22 14:18:14 14:23:38 267 105 48 –0.50 / /
23 14:18:50 14:24:14 147 45 21 –0.32 –0.61 / X

24 14:20:02 14:32:38 151 73 18 0.06 –0.28 / X

25 14:21:50 14:29:02 466 140 66 –1.76 –0.45 / X

26 14:22:26 14:31:26 139 35 21 0.07 –0.18 /
27 14:24:50 14:30:50 61 62 33 0.44 –0.41 /
28 14:25:26 14:29:02 114 49 34 –0.17 / /
29 14:25:26 14:32:02 390 131 74 –1.92 –0.97 / X

30 14:26:02 14:31:26 283 120 75 –0.80 / /
31 14:27:50 14:33:14 211 109 71 –0.58 / /
32 14:29:38 14:35:02 232 130 74 –0.36 / / X

33 14:30:50 14:36:14 156 43 25 0.08 –0.70 / X

34 14:30:50 14:41:38 212 135 61 0.09 –0.02 / X

35 14:30:50 14:41:38 174 74 30 –0.22 / / X

36 14:34:26 14:39:50 217 105 76 –0.82 0.20 / X

37 14:36:50 14:44:02 234 48 30 –0.74 –0.32 / X

38 14:40:26 14:48:14 147 119 70 –0.17 / / X

39 14:42:50 14:48:14 166 119 84 –0.34 / / X

40 14:43:26 14:52:26 41 41 26 0.38 –0.23 / X

41 14:43:26 14:53:02 279 142 75 –0.72 –0.15 / X

42 14:44:02 14:51:14 210 65 42 –0.98 –0.21 /
43 14:45:14 14:50:38 267 132 89 –0.74 / / X

44 14:47:02 14:50:38 233 129 103 –0.93 / / X

45 14:50:38 15:02:38 185 70 25 –0.24 / /
46 14:52:26 14:59:38 178 133 92 –0.36 / / X

47 14:53:02 15:03:50 284 139 77 –1.00 –0.26 / X

48 14:54:14 15:01:26 153 61 48 –0.33 / /
49 14:56:02 15:05:02 169 106 64 –0.45 –0.07 / X

50 15:00:50 15:06:14 48 100 51 1.47 –1.89 /
51 15:01:26 15:11:38 194 85 32 –0.28 / / X

52 15:01:26 15:11:38 232 43 23 –0.61 –0.19 /
53 15:01:26 15:12:14 247 121 57 –0.87 –0.11 / X

54 15:07:26 15:12:50 183 79 63 –0.77 0.16 / X

55 15:08:02 15:18:50 171 61 34 –0.48 –0.14 / X

56 15:09:50 15:21:14 267 103 41 –0.69 –0.06 /
57 15:11:02 15:20:02 185 100 59 –0.66 0.05 /
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58 15:13:26 15:18:50 96 51 34 0.25 –0.33 / X

59 15:16:26 15:23:38 208 43 26 –0.65 –0.16 / X

60 15:16:26 15:25:26 99 70 39 0.12 –0.04 / X

61 15:19:26 15:24:50 19 42 30 0.31 0.07 /
62 15:22:26 15:27:50 121 44 26 0.05 –0.61 /
63 15:24:14 15:33:14 246 64 36 –0.53 –0.23 / X

64 15:30:14 15:37:26 79 39 26 0.09 –0.63 /
65 15:32:38 15:39:50 116 66 45 –0.11 / /
66 15:36:50 15:47:38 160 72 42 –0.22 / / X

67 15:42:14 15:49:26 96 79 54 0.07 / / X

68 15:45:14 15:54:14 187 68 43 –0.19 –0.35 / X

69 15:45:14 15:54:50 203 124 70 –0.60 –0.14 / X

70 15:50:38 15:56:02 97 49 37 0.03 –0.72 /
71 15:54:50 16:03:50 108 64 43 –0.15 0.04 –0.18 X

72 15:56:38 16:03:50 201 87 49 –0.69 –0.17 / X

73 15:57:50 16:08:38 102 58 31 0.23 –0.15 –0.42 X

74 16:13:26 16:18:50 162 112 78 –0.32 / / X

75 16:16:26 16:21:50 92 46 39 –0.25 / / X

76 16:22:26 16:29:38 106 61 50 0.08 –0.91 / X

77 16:25:26 16:32:38 145 67 47 –0.54 –0.19 /
78 16:31:26 16:40:26 219 124 72 –0.74 –0.22 / X

79 16:37:26 16:46:26 218 117 68 –0.68 –0.00 / X

80 16:39:50 16:50:02 115 91 56 –0.27 –0.11 / X

81 16:44:38 16:50:02 144 101 74 –0.36 / /
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