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ABSTRACT

The solar atmosphere is permeated by various types of waves that originate from subsurface convection. As, these waves
propagate upward, they encounter they encounter a steep decrease in the density of the medium, leading to‘their steepening into
shock waves. These shock waves typically exhibit a characteristic sawtooth pattern in wavelength-time (A-t)yplots of various
chromospheric spectral lines, viz., He, Ca I1 8542 A to name a few. In this study, we investigate the propagation of shock waves
in the lower solar atmosphere using coordinated observations from the Swedish 1-meter Solar Telescope (SST), the Interface
Region Imaging Spectrograph (IRIS), and the Solar Dynamics Observatory (SDO). Our analysis\reveals that after forming in
the chromosphere, these shock waves travel upward through the solar atmosphere, with their signatures detectable not only in
the transition region but also in low coronal passbands. These shock waves dissipate.their ‘energy into the chromosphere as
they propagate. In certain cases, the energy deposited by these waves is comparable to the.radiative losses of the chromosphere,
highlighting their potential role in chromospheric heating. Our findings reported here'provide crucial insights into wave dynamics

in the lower solar atmosphere and their contribution to the energy transport process in the chromosphere.

Key words: Sun: atmosphere — Sun: chromosphere — Sun: faculae, plages —Sun: magnetic fields

1 INTRODUCTION

The solar atmosphere comprises the photosphere, chromosphere,
transition region, and corona. Acting as a bridge between the-cooler
photosphere and the hotter corona, the chromosphere is slightly hot-
ter than the photosphere but much denser than the coerona."Conse-
quently, it requires more energy to compensate for radiative losses,
ranging from 10°-107 erg cm~2 s~!, compared ‘to the”corona’s
10%-10° erg em~2 s~ (Withbroe & Noyes 1977; Anderson & Athay
1989).

The solar atmosphere exhibits a highly dynamic nature, host-
ing various jet-like structures such as spicules (De Pontieu et al.
(2004); Pereira et al. (2014); Carlssen et al. (2019); Dey et al. (2022);
Chaurasiya et al. (2024); Kesri et al. (2024)), alongside a wide range
of wave phenomena (Zaqarashvili“& Erdélyi (2009); Mathioudakis
etal. (2013); Jess et al. (2013, 2023); Chaurasiya & Bayanna (2025);
Sanjay et al. (2025)).-Spicules-are thin, hair-like structures readily ob-
served at the solarlimb in chromospheric spectral lines. The on-disk
counterparts of these spicules are referred as fibrils/mottles (Sue-
matsu et al. (1995); Hansteen et al. (2006); Kuridze et al. (2013)).
These structurestundergo upward and downward motions within the
solaratmosphere and can be heated to transition region and coronal
temperatures (De Pontieu et al. (2011); Pereira et al. (2014); Rouppe
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van der Voort et al. (2015); Henriques et al. (2016); Samanta et al.
(2019); Chaurasiya et al. (2024)). Studies by Samanta et al. (2015)
and De Pontieu et al. (2017) have also linked the spicules with the
propagating disturbances seen in the space time maps of the coronal
passbands.

Meanwhile, waves in the solar atmosphere predominantly origi-
nate in the photosphere or even deeper layers due to convective mo-
tions. These waves are ubiquitous and present an important aspect
to study in the solar atmosphere as these waves have the potential to
contribute to chromospheric and coronal heating problem (Jess et al.
(2009); Liu et al. (2019)). As these waves propagate upward, they
experience a rapid decline in atmospheric density, leading to a sub-
stantial increase in their amplitudes. To conserve energy, the waves
eventually steepen and evolve into shock waves. These shock waves
are seen as sawtooth wave pattern in wavelength-time (A-t) plots of
chromospheric spectral lines, such as Ha and Ca II lines (Carlsson
& Stein (1994, 1997); Rouppe van der Voort et al. (2003); Jess et al.
(2023)).

Carlsson & Stein (1997) have suggested that the bright grain ob-
served in Ca Il Hyy are a consequence of upward-propagating acous-
tic shock waves and appears as a sawtooth wave pattern in the A-t plot
of Ca Il H line. Their results were based on the comparsion of the
observation with the simulation of bright grains in Ca II H line using
one-dimensional hydrodynamic models with radiation in non-local
thermodynamic equilibrium (non-LTE) assuming complete redistri-

© The Author(s) 2025. Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under
the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and

reproduction in any medium, provided the original work is properly cited.
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bution (CRD). Based on the idea that the presence of a sawtooth
pattern serves as an observational signature of chromospheric shock
waves, Rouppe van der Voort et al. (2003) demonstrated that such
shock waves are predominantly located in the umbra of sunspots.

Decreasing density would amplify their amplitude, as shock waves
propagate upward through the solar atmosphere, making them de-
tectable in the transition region. However, Judge et al. (1997); Stef-
fens et al. (1997), using SUMER (Wilhelm et al. 1995) onboard
SOHO (Domingo et al. 1995), found no transition region counter-
parts for bright grains, suggesting that acoustic shock waves do not
significantly heat the transition region or beyond. Later, Vecchio
et al. (2009) proposed that horizontal magnetic fields forming a
canopy may block acoustic wave propagation. With coordinated SST
(Scharmer et al. 2003) and IRIS (De Pontieu et al. 2014) observa-
tions, Martinez-Sykora et al. (2015) found that some bright grains
show Si IV 1403 A signatures, indicating that certain acoustic shocks
can reach the transition region.

Tian et al. (2014) and Kayshap et al. (2021), using IRIS observa-
tions, showed that shock waves in the umbral transition region often
exhibit sawtooth patterns in A-t diagrams. Carlsson et al. (2019)
further suggested that the propagation of acoustic shocks into the
upper atmosphere depends strongly on the magnetic field topology,
determining whether they are refracted, reflected, or transmitted.

Despite numerous independent detections of shocks in the chro-
mosphere and transition region, coordinated observations tracing
their propagation from the lower chromosphere to the corona re-
main rare. Thus, it remains unclear whether all chromospheric
shocks reach higher layers or some reflect back. In this study, we
use coordinated observations from SST, IRIS, and (SDO, Pesnell
et al. (2012))/Atmospheric Imaging Assembly (AIA, Lemen et al.
(2012)) and SDO/Helioseismic Magnetic Imager (HMI, Scherrer
et al. (2012)) to investigate shock wave propagation from the low
chromosphere through the transition region into coronal heights. This
approach helps explore the coupling between atmospheric layers, the
origin of spicules (Samanta et al. 2015; De Pontieu et al. 2017), and
the link between shocks and coronal disturbances, which serves as a
key motivation for this work. We also estimate the energy deposition
by shocks in the chromosphere and compare it with radiative losses:

The rest of the paper is structured as follows: Section 2 details the:
observations used for this study. Section 3 presents the results; which
include the detection of shock waves at multiple heights in the,solar
atmosphere at the same spatial location. These results.are discussed
and concluded in Section 4.

2 OBSERVATIONS

We analyzed a coordinated dataset . of NOAA Active Region (AR)
12775, observed on 11 October 2020rom 08:04 UT to 08:35 UT
using the SST, IRIS, SDO. The heliocentric coordinates of the target
AR were (—114", —479""){with\a corresponding observing angle
of u = cosf = 0.86, where"@ represents the heliocentric angle.
This active region comsisted of multiple pores, network regions with
moderate magnetic'fieldiconfiguration, illustrated in Figure 1. A part
of this dataset has alse'been previously analysed by Chaurasiya et al.
(2024) to study the multithermal nature of the spicules in the solar
atmosphere:

2.1 Swedish Solar Telescope (SST)

The SST dataset comprises imaging spectroscopic observations of
the Ho, HB, and Ca 11 8542 A spectral lines. The He and Ca II 8542

A observations were obtained using the CRisp Imaging SpectroPo-
larimeter (CRISP, Scharmer et al. (2008)), while the HB observa-
tions were recorded with the CHROmospheric Imaging Spectrometer
(CHROMIS, Scharmer (2017)). In this study, we focus exclusively
on the Ho and Ca 118542 A data. The Ha observations span approx-
imately 30 minutes, with a temporal cadence of 34.252 s. The field
of view (FoV) of the dataset is around 60”” X 60", with a spatial sam-
pling of 0”7.0591 per pixel. The spectral scans cover 17 positions in
the He line and 15 positions in the Ca I1 8542 A line, with a spectral
range of +2 A and +1.3 A, respectively. To ensure accurate spatial
alignment, both datasets were coaligned by cross-correlating nearly
simultaneous wing images dominated by photospheric features. The
SST dataset analyzed in this work is publicly accessible through the
SST archive!.

2.2 Interface Region Imaging Spectrograph (IRIS)

The coordinated IRIS? Level 2 data (L12°2019-08<08 with
iris_prep version 2.67, run on 2022-09-Ol%at 11:57:18 and
12:55:11 UT), including both spectral data and Slit-Jaw Images
(SJIs), were obtained from the SST-IRIS ‘campaign encompassing
the period of observations mentioned insSection 2.1 above. The SJIs
were recorded in three different wavelength’channels: Si IV 1400 A,
Mg 11k 2796 A, and the Mg I h Wwing at 2832 A, all with a uniform
plate scale of 0.3327””. The average temporal cadence for these im-
ages was 21.88 s, 18.22 sjand 109.35 s, respectively. It should be
noted that while the average temporal cadence of the Sitv 1400 A
observation is 21488s, the cadence between successive images is not
uniform. In fact,\every)sixth image in the Sitv 1400 A sequence
is taken at-approximately double the interval of the preceding five
images, which haye a cadence of about 18.22s. To ensure a uniform
cadence throughout the dataset, linear interpolation was applied to
every sixth image, effectively resampling the entire Si1v 1400 A time
series toa constant cadence of 18.22s.

In addition to the SJIs, IRIS performed spectral observations using
a large dense 4-step raster with a step size of 0.35”/, resulting in a
step cadence of 9.2 s and a full raster cadence of approximately 36
s. The spectroscopic data included emission from transition region
and chromospheric lines: C II 1336 A , Si IV 1394 A and Si IV
1403 A, and Mg I1 k 2796 A. The spatial sampling along the slit was
0.3327”, while the spectral sampling was 50.91 mA for the near-
UV (Mg 1rk) window, and 25.44 mA (Si1v) and 25.96 mA (C i) for
the far-UV windows. The wavelength calibration performed in the
Level 2 standard IRIS pipeline utilizes neutral lines that are known to
form in the photosphere or lower chromosphere and typically exhibit
intrinsic velocities of less than 1 kms~! (De Pontieu et al. 2014).
Specifically, the O 11355.60 A line was used for calibrating the far-
UV spectral windows, while Ni I 2799.474 A was employed for the
near-UV calibration.

To ensure accurate alignment between the SST and IRIS-SJI im-
ages, the SST data were first degraded to match the IRIS-SJI plate
scale. Following this, a cross-correlation was performed between the
nearly simultaneous IRIS 2832 A SJI image and the photospheric
wing image from SST He.

I https://dubshen.astro.su.se/sst_archive/search
2 IRIS OBSID: 3630108417
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Figure 1. Panels (a) and (b) represent the blue wing and line center filtergrams of Ha, while panels, (¢) and.(d) correspond to the blue wing and line center
filtergrams of Ca II IR. Panels (e) and (f) illustrate the near-simultaneous appearance of the coordinated transition region and corona.

2.3 Solar Dynamics Observatory (SDO)

The registered coordinated cutouts were obtained using the SDO
cutout sequence, which provides EUV data from SDO/AIA as.well
as continuum images and magnetograms from SDO/HMI. The AIA-
UV channels (1600 A, 1700 A) and ATA-EUV channels (171 A,
193 A) had an approximately identical plate scale of 0%.6"pixel !,
but their temporal cadences differed, with the EUV channels/having
a cadence of 12 s and the UV channels having“a“cadence of 24 s.
The HMI data, including the line-of-sight (LOS).magnetograms and
continuum images, had a plate scale of 0’%5,pixel7 ! ‘and a temporal
cadence of 45 s. To achieve precise alignment’between the SDO
images and the IRIS SJI observations, the individual AIA channels
were first coaligned with each other. These coaligned AIA images
were then bilinearly interpolated, to"match the IRIS SJI plate scale.
Following this, a cross-correlation\was performed between the nearly
simultaneous AIA 17007A-and-IRIS-SJI 2832 A images to establish
the coordinated alignment'of SDO/AIA with IRIS-SJIs observations.
A similar procedure wasyapplied to the HMI continuum images to
get coalingned HMI ¢ontinuum and magnetogram data.

Figure'l presents an overview of the observations, displaying fil-
tergrams\of'Ha and Ca II 8542 A (both in the blue wing and at
the line center), along with the coaligned IRIS SII 1400 A and AIA
171 A'images. The dashed vertical blue lines indicate the IRIS slit
coverage across the field of view (FoV).

3 RESULTS

Building on previous studies and the established notion that the pres-
ence of sawtooth behavior in the A-t plot serves as a key observational
signature of shock waves in the solar atmosphere (Carlsson & Stein
1997; Rouppe van der Voort et al. 2003), we investigate shock waves
in a weak active region of the solar atmosphere. This study utilizes
coordinated observations from the SST, IRIS and SDO. Specifically,
we analyze the Stokes I parameters of the Ha line, along with both
Stokes I and Stokes V parameters of the Ca II 8542 A spectral line,
to identify the locations of shock waves in the chromosphere. The
results from this analysis are presented in Section 3.1. Furthermore,
we explore the transition region counterparts of those chromospheric
shock waves which coincides with the slit positions of IRIS spec-
tra, with results detailed in Section 3.2. To investigate the impact of
these shock waves beyond the chromosphere, we analyze light curves
spanning the chromosphere, transition region, and corona to track the
propagation of chromospheric shock waves into higher atmospheric
layers. This analysis is discussed in Section 3.3. Lastly, we estimate
the shock wave flux deposited into the chromosphere using the in-
formation obtained from the STockholm inversion Code (STiC; de
la Cruz Rodriguez et al. (2016, 2019)) to assess energy balance and
wave dissipation effects, as detailed in Section 3.4.

3.1 Shock waves in the chromosphere

The right panel of Figure 2 displays six columns of A-t plots, each
corresponding to a different location marked by distinct colored X
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Figure 2. The right panel displays six columns of A-t plots, each corresponding to a different location marked by colored X symbols in the left panel. Each
column represents coordinated chromospheric observations, with the top row showing the Stokes I parameter of He, followed by the Stokes I and Stokes V
parameters of the Ca I 8542 A spectral line. The left panel consists of two columns: the first shows'the average chromospheric appearance in the blue wing of
Ha (Ha - 0.8 A), the average HMI magnetogram, and the coronal structure from the SDO/AIA 17 A channel, while the second provides a zoomed-in view
(cyan box) highlighting shock wave locations. The LOS magnetic field strength at each’studied point is indicated atop the respective A-t plot. Notably, when
the photospheric field exceeds 100 G, shock waves are detected in both Stokes I and Stokes V parameters, whereas weaker fields (<30 G) lack a clear Stokes V

signature, as seen in location (e) which was expected.

symbols in the left panel of Figure 2. Each column (4-t) in the
right panel represents coordinated observations of the chromosphere,
where the top row shows the Stokes I parameter of Ha, followed by
the Stokes I and Stokes V parameters of the Ca II 8542 A »speciral
line as one moves downward. The left panel of Figutre 2 censists of
two columns. The first column presents the average appearance of
the chromosphere in the blue wing of He (He/- 038 A), the average
HMI magnetogram, and the average coromnal structure observed in
the SDO/AIA 171 A channel, arranged fromytop/to bottom for the
entire observational period. The second column provides a zoomed-
in view (highlighted by a cyan box)‘ef the corresponding images
in the first column, offering a clearer depiction of the shock wave
locations across different layers of'the solar atmosphere. In addition
to these six points, five_more locations have been selected that are
co-spatial with the IRIS ‘slit position. The results from these points
are discussed separatelyyin Section 3.2.

It is important to emphasize that although only six representative
locations are presented here for clarity, many other points within the
FoV also exhibitjsimilar shock wave signatures. Additionally, these
shocks appear comparatively weak in both chromospheric spectral
lines when located in regions of strong magnetic field, such as within
the, dark pore. The distinct sawtooth patterns observed in these A-t
plots of both the chromospheric spectral lines suggest the presence of
recurrent shock waves in the solar chromosphere. The LOS magnetic

field strength of the photosphere at each studied point is indicated at
the top of the respective A-t plot.

3.1.1 Possible association of shock wave locations with the average
photospheric magnetic field and its inclination

To investigate the potential association between shock wave locations
in the chromosphere and the average photospheric magnetic field and
its inclination, we identified 50 samples (marked by colored X symbol
over the average appearance of the chormosphere in the blue wing of
the CaI1 8542 A (Ca 118542 A - 0.8 A) in panel (a) of Figure 3),
where shock wave signatures were consistently observed throughout
most of the observation period. It should be noted that among these
50 locations, the first 11 same locations as (a)-(k) marked over the left
panel of Figure 2. Panels (b) and (c) of Figure 3 present histograms
illustrating the distribution of the average magnetic field strength and
inclination in the photosphere at the shock wave locations, compared
to the corresponding distributions for all pixels within the FoV. The
shock wave signatures at these 50 locations in the Ca I 8542 A only
are shown in Figure Al as Ca I 8542 A present a more clearer saw
tooth pattern than Ha as the line core of the Ca Il 8542 A is narrower
as compared to the He.
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Figure 3. Panel (a) shows the average appearance of the chromosphere in the blue wing of Ca I1 8542 A (Ca 11 8542 A - 0.8 A), with 50 selected shock wave
locations marked by colored X symbols. Panels (b) and (c) show histograms of the average magnetic field strength and inclination in the photosphere;comparing
the distributions at the identified shock wave locations with those across the entire FoV. These 50 shock waves are shown in Figure Al.

3.2 Shock waves in the transition region

To investigate whether the shock waves observed in the chromo-
sphere, reach transition region temperature regimes, we analyze co-
ordinated spectra from both the chromosphere and transition region
at locations overlapping the IRIS slit positions.

Figure 4 presents five rows of A-t plots for five selected locations
((g)-(k)), capturing different atmospheric layers from left to right:
the middle chromosphere (Ca II 8542 A), upper chromosphere (Mg
I1 K 2796 A), and transition region (C II 1336 A, Si IV 1394 A, and
Si IV 1403 A). The presence of shock wave signatures in transition
region lines suggests their upward propagation through the solar
atmosphere. It is important to note that while many other locations
along the slit exhibited similar behavior, only five representative
cases are shown here for brevity.

The above examples suggest that shock waves generated in the
chromosphere propagate upward, at least to the transition region?
This indicates that, at the locations where shock waves are present;
the transition region is coupled with the middle chromosphere. Con-
sequently, one would expect the light curves from the chromosphere
and the transition region at these locations to exhibit.a correlation.
Figure 5 presents light curves from the chromospherée(line,center of
CalI 8542 A and He), upper chromopshere (MgdlL.2796,A) and the
transition region (Si IV 1400 A) for three seleéted locations marked
by X and labeled as (a), (b), and (e) in the left panel of Figure 2 that
corresponds to the same locations as [0], [1]; and [4] panel (a) of
Figure 3.

3.3 Shock waves in the Corona

So far, we have investigated:the propagation of chromospheric shock
waves into the transition region. However, we are also interested in
determining whether these shock waves extend beyond the transition
region into coronal témperature regimes. Since we lack spectral ob-
servations corresponding to coronal temperatures and instead have
coronalimages, we analyze the correlation between light curves from
the chromesphere, transition region, and corona to track the possible
upward propagation of these shock waves.

Figure 6 displays the light curves from the chromosphere, transi-
tion region, and corona for the same locations as shown in Figure 5.
Although we examined light curves from both AIA 193 A and AIA

171 A, we present only the AIA 171 A light curve’to represent the
corona, as both channels exhibited nearly identical variation patterns.
To investigate the wave properties-at different atmospheric heights,
we applied a Fourier transformdo these light curves and estimated
the power spectra, which are presented in Figure 7. A similar analysis
was performed for 15 additional locations, marked by X in different
colors in panel (a) of Figure 3. The results for these locations are
shown in Figure B1, toweinforce the scenario that at least some of
the nearly 3.5 mHz oscillations observed in AIA intensity images
are manifestations of chromospheric shock waves, as discussed in
Section 4.

34 Shock/wave flux determination and comparison with the
radiative lossess of the chromosphere

Our’analysis supports the scenario that shock waves originate in the
chromosphere and propagate upward through the solar atmosphere.
To understand their role in energy transport, we estimated their shock
wave flux and examined whether they contribute to energy deposition
in the chromosphere. The energy deposition due to shock waves can
be determined by calculating the difference in shock wave power flux
at two different heights in the chromosphere.

We estimate the shock wave power flux at a given height using
the formulation from previous studies (Sobotka et al. 2013, 2016;
Abbasvand et al. 2020):

Ugr(")
TF(v)

Vmax
Fac.ot = / PP gy, ()
vV,

ac

where:

e p is the gas density,

e Py(v) is the spectral power density derived from the velocity
signal,

o g (v) is the group velocity of wave energy transport, given by:

(@3]

Ugr = C 1—(E)2
er K v .

Here, c; is the sound speed, defined as:
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Figure 4. Five rows of A-t plots for five selected locations ((g)—(k)), showing
different atmospheric layers from left to right: the middle chromosphere (Ca
II 8542 A), upper chromosphere (Mg II K 2796 A), and transition region
(C T 1336 A, Si IV 1394 A, and Si IV 1403 A). The detection of shock
wave signatures in transition region lines indicates their upward propagation
through the solar atmosphere.

cs =4/ —, ©))

where v is the adiabatic index (y=5/3 forimono-atomic gas) and p
is the gas pressure.

The acoustic cutoff frequency, vacywhich determines the lowest
frequency at which waves can propagate, is given by:

Vac = ———, “

where g ‘is\thesgravitational acceleration (g=274 m s~2 at the
surface of the Sun) and 6 is the inclination of the magnetic field at
the photosphere.

In Eq:\(1); TF(v) represents the transfer function of the solar at-
mosphere (Bello Gonzilez et al. 2009). If TF(v) = 1, it means that
the observed Doppler signal captures all waves at a given frequency
without loss. However, when TF(v) < 1, some signal is lost due to
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Figure 5. Light curves from the mid chromosphere (Ha and Ca II 8542
A line centers), upper chromosphere (Mg I1.K.2796 A) and the transition
region (Si IV 1400 A) for three selected locations. These locations, marked
by X and labeled as (a), (b), and (¢).in the-eft panel of Figure 2, correspond
to locations [0], [1], and [4)in*panel.(a) of Figure 3.

the finite height range of spectral-line contribution functions, espe-
cially affectingshigh-frequency waves. While accurately determining
TF(v) requires\a. detailed atmospheric model, in this study, we as-
sume’7 F(v) = 1 for simplicity. If the actual TF (v) were considered,
the.estimated total shock wave energy flux could be higher.

To. obtain the physical parameters of the solar chromosphere that
include velocity, gas pressure, and density and other physical param-
eters, we employ the STiC inversion code. STiC is an MPI-parallel
inversion tool used to retrieve the vertical stratification of atmo-
spheric parameters thus helps in monitoring the evolution of specific
chromospheric features. STiC is based on a modified version of the
RH radiative transfer code (Uitenbroek 2001) and uses cubic Bezier
solvers to solve the polarized radiative transfer equation (de la Cruz
Rodriguez & Piskunov 2013). Operating under non-LTE conditions
with the assumption of statistical equilibrium, STiC is capable of
fitting multiple spectral lines simultaneously. It includes an efficient
approximation to account for partial redistribution effects (Leenaarts
et al. 2012). The code assumes a plane-parallel geometry for each
pixel (1.5D approximation) and incorporates an LTE equation of
state from the Spectroscopy Made Easy (SME) library Piskunov &
Valenti (2017). STiC performs the inversion by iteratively adjust-
ing atmospheric parameters such as temperature (7'), line-of-sight
velocity (Vi os), and microturbulence (Vip,), in order to minimize
the chi-squared (y2) difference between the synthetic and observed
spectral profiles. The inferred atmospheric parameters are stratified
with respect to the logarithmic optical depth at 500 nm, denoted as
log 7500. Gas pressure and density stratifications are computed under
the assumption of hydrostatic equilibrium.

Perturbations to the model atmosphere are introduced at specific
locations along the log 75¢( scale, referred to as nodes, and are in-
terpolated over the full depth grid. In our analysis, we inverted the
full Stokes parameters of the Ca 1 8542 A spectral line, using the
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Fontenla, Avrett, and Loeser (FAL-C; Fontenla et al. (1993)) model
atmosphere as the initial guess. A six-level Ca 11 atom model with
nine nodes for temperature and velocity and five nodes for the mag-
netic field components have been used for the inversion. The average
response height of the line core of Ca i1 8542 A was found to be at
log T500 = -4.8.

While STiC does not directly provide uncertainties in the inferred
physical parameters —such as temperature, Vi os, Viurh, and the
magnetic field components— these uncertainties can be estimated
indirectly using the formalism outlined by Sainz Dalda et al. (2024),
expressed as:

4 2 w?
Lo Elrrao-rrasm]e 2
P am+r a ., w2 ©)
E} Ry, () - o7
where:

. 0'12,: Variance of the model parameter p.

e nm + r: represents the total number of free parameters in the
inversion. Here, n is the number of nodes along the'optical depth for
each of the m atmospheric variables, and'r denotes the number of
parameters that remain constant with depthe(e.g:, the upper boundary
gas pressure, where r = 1).

e g: Total number of wavelength points.

o I°Y5(2;): Observed intensity atiwavelength A;.

o [5Y"(2;; M): Syntheticintensity at wavelength A4; from model
atmosphere M.

e M: Vector of modelwpdarameters (e.g., temperature, velocity,
magnetic field).

o w;: Weight assigned to wavelength A;.

e o;: Uncertainty (standard deviation) in the observed intensity
at A;.

S Rp(A;) = %ﬁ“m: represents the response function of the
intensity)to a perturbation in the physical parameter p of the model
atmosphere M.

An example of the velocity stratification for both quiet sun regions
and the time average of the shock wave locations (labeled as (a) in
Figure 2), along with the associated uncertainties estimated using the
above formulation, is presented in Figure C1.

Utilizing the Doppler velocity, gas pressure, and mass density from
the STiC inversion, in conjunction with the photospheric inclination
obtained from SDO/HMI, we estimate the shock wave energy flux
at two chromospheric layers, corresponding to log 15099 = —5.5 and
log 15000 = —4.5. These layers are chosen based on the sensitivity
of the inverted Doppler velocities to these heights, as supported by
Quintero Noda et al. (2016). The energy flux calculation is performed
over 50 selected locations where shock waves are identified in the
chromosphere (see Figure 3).

A histogram depicting the total deposited flux (defined as the dif-
ference in energy flux between the two heights) for the corresponding
shock wave pixels is shown in Figure 8. It is to be noted that we could
not compute the uncertainties in the deposited flux since errors in
gas pressure and mass density could not be derived, as they are not
free parameters in the STiC inversions.

4 SUMMARY AND CONCLUSION

Shock waves are frequently observed in bright regions and sunspot
umbrae, spanning chromospheric to transition region tempera-
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Figure 8. Histogram displaying the total deposited flux, calculated as the
difference in shock wave power flux between log 75000 = —5.5 and log 75009 =
—4.5, across 50 chromospheric locations where shock waves were identified.

tures (Carlsson & Stein (1997); Rouppe van der Voort et al. (2003);
Martinez-Sykora et al. (2015); Kayshap et al. (2021)). Although
many studies have focused on individual atmospheric layers, coordi-
nated multi-height observations are limited, and it remains uncertain
whether shocks from the lower chromosphere reach the transition re-
gion. Understanding their propagation is vital, as they may transport
energy upward and contribute to chromospheric and coronal heating.
In this study, we use coordinated SST, IRIS, and SDO observations
to track shock wave evolution across multiple heights in the solar
atmosphere.

To study shock waves in the chromosphere, we analyze the Stokes I
parameter of the He line and both Stokes I and Stokes V parameters of
the Call 8542 A spectral line. Our results suggests that shock waves
appear as sawtooth patterns in A-t plots of both Stokes I and Stokes
V parameters when the average magnetic field in the photosphere
is sufficiently strong (Figure 2). Notably, when the photospheric
magnetic field exceeds 100 G, shock waves are detectable in.both
Stokes I and Stokes V parameters, with Stokes V representingcircular
polarization. However, at locations where the photosphetic field is
relatively weak (<30 G, typical of quiet Sun (QS) regions), shock
signatures are absent in the Stokes V parameter of the Ca JI 8542
A line. This suggests that shock waves can also'berassociated with
QS regions in the solar atmosphere. Interestingly, seme shock wave
locations (e.g., regions (a) and (f) of Figurei2) lie in close proximity
to coronal loop footpoints. If these waves propagate upward, they
could have significant implicationsfor the dynamics and heating of
coronal loops.

In order to study the possible association of these shock waves
with the photospheric magnetic field and inclination we studied the
50 clean shock wave location.and their histogram reveal that most of
the shock waves are dssociated with average magnetic field strengths
between 0-400 G"and magnetic field inclinations around 50°. It is
important to note that we excluded locations where the shock wave
signatures wete diffuse or only present for a brief portion of the ob-
servation period:Therefore including these locations could alter the
histogramyresults. On the other hand, the comparison of these shock
wave signature (saw-tooth patterns in the A-t plots) associated with
differentlocations in the chromosphere reveals that shock waves can
exhibit varying amplitudes, as indicated by the maximum excursion
on the blue wing of the chromospheric spectral lines. This variation

in amplitude may suggests differences in shock wave energy, prop-
agation characteristics, and interaction with the local magnetic field
and atmospheric conditions.

The traces of the signatures of these shock waves were also ob-
served in coordinated spectral data from the chromosphere and tran-
sition region temperature regimes, though not with the same one-
to-one correspondence of individual shock waves as observed in
Mg 11 K 2796 A and Ca I 8542 A. However, in some cases, even
though the signature of the shock wave is clearly visible in the Ca
I1 8542 A and Mg II K 2796 A lines, there is no clear signa-
ture but rather blurred in the transition region tempearure regimes.
This behavior is still consistent with the expected shock wave prop-
agation: as the wave encounters the transition region, the rise in
temperature leads to an increase in the local sound speed, causing
partial reflection. In addition, thermal conduction—negligible in the
chromosphere but significant in the transition region—may/further
dissipate the shock energy, thereby lowering its amplitudesand mak-
ing its signature less pronounced. However, a definitive,conclusion
requires clearer and more consistent shock wave signatures, in such
coordinated observations, as their upward propagationymay often
be hindered by the presence of more horizontal magnetic canopies
(Vecchio et al. (2009)).

For locations outside the IRIS slit coverage, wecorrelated chromo-
spheric and transition region light curvessDespite different cadences,
these light curves exhibit good eorrelations, further supporting the
presence of propagating shock wayves. To assess the extent of shock
wave propagation, we correlated, light curves from the corona with
those from the chromosphere and transition region (Figure 5 and
Figure 6). Additionally, we computed the power spectra of these
light curves to identify/waves with dominant frequency (Figure 7
and Figure B1). Power spectra of all the light curves show a dominat
power arounid*3,mHz for the most of the identified pixels. However,
the observed out-of-phase behavior between the light curves, along
with deviations in the correlation between the light curves and the
peak power, may arise either from differences in the line-formation
characteristics of the spectral lines used or from abrupt changes in
theyatmospheric parameters caused by shock wave propagation.

However, to confirm whether these oscillations originate from
the lower chromosphere, long-duration observations with high-
frequency resolution in the chromosphere are required, forming a key
direction for future work. High-resolution observations from the 4 m
Daniel K. Inouye Solar Telescope (DKIST, Rimmele et al. (2020)) in
chromospheric passbands, as well as future missions like the Multi-
slit Solar Explorer (MUSE, De Pontieu et al. (2022)), which will
provide high-resolution spectral data of coronal passbands, could
provide valuable insights into the propagation of shock waves into
coronal temperatures and their possible contribution to heating the
solar atmosphere.

In conclusion, our study demonstrates that shock waves propagate
upward through the solar atmosphere, as evidenced by their char-
acteristic sawtooth wave pattern in the A-t plots of chromospheric
spectral lines and in the spectral lines corresponding to the transi-
tion region temperature regime. Additionally, our findings suggest
that these shock waves may extend beyond the transition region, as
the light curves from the chromosphere, transition region, and coro-
nal passbands exhibit good correlations. Since these shock waves
originate in the low chromosphere and propagate upward, they are
magneto-acoustic in nature, as the rapid decrease in gas pressure
with height causes the magnetic field to expand, effectively filling
all the space about a few hundred kilometers above the photosphere
(Carlsson et al. (2019)).

Our analysis also indicates that these shock waves are closely
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linked to bright regions in the chromosphere, which are also asso-
ciated with the origin of spicules. This finding paves the way for
our future work (Chaurasiya et al., in prep.), where we observation-
ally investigate the relationship between the origin of spicules with
the presence of shock waves and the associated propagating coronal
disturbances. Understanding this connection could provide deeper in-
sights into the dynamic coupling between the lower and upper solar
atmosphere and the role of shock waves in energy transport.

On the other hand, our estimates of shock wave flux deposition sug-
gest that shock waves may deposit a significant amount of energy flux
into the chromosphere highlights their potential role in maintaining
the energy balance of the chromosphere. However, the energy from
shock waves alone doesn’t seem to be enough, indicating other pro-
cesses must also be at work, continuously supplying energy to make
up for the losses. Identifying these supplementary energy sources are
crucial for a comprehensive understanding of chromospheric heating
processes.
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Figure A1. The above panel depicts the -t plots of the 50 different locations
in the chromosphere marked by "X" in panel (a) of Figure 3.
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APPENDIX A: 50 SHOCK WAVES IN THE
CHROMOSPHERE

This section presents the result of the shock waves’which are ob-
served at 50 different locations in the chromosphere marked with
different color (labeled by different . number) in panel (a) of Figure
3. The histogram presenting the relation of'these shock waves with
photospheric magnetic field andinelination is shown in panel (b) and
(c) of Figure 3 respectively.

APPENDIX(B: POWER SPECTRUM OF THE LIGHT
CURVES:CORRESPONDING TO DIFFERENT HEIGHTS IN
THE SOLAR ATMOSPHERE

Similar to the 3 power spectrums shown in Figure 7, this section
presents,/15 more such power spectrum corresponding to different
locations marked different color (labeled by different number) in
panel (a) of Figure 3.

APPENDIX C: VELOCITY STRATIFICATION OF THE
QUIET-SUN REGION AND A TIME-AVERAGED SHOCK
WAVE LOCATION

This section presents the Vg stratification derived from STiC
inversion for both a representative quiet-Sun region and a time-
averaged shock wave location (labeled as (a) in Figure 2). The verti-
cal green lines indicate the uncertainties associated with the inferred
velocities. The two red dashed lines mark the atmospheric heights
corresponding to log 75009 = —5.5 and log 75009 = —4.5, where the
shock wave energy flux is evaluated.
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Figure B1. The power spectrum of the light curves corresponding to the chromosphere (Ca II 8542 A and He line, centers),transition region (Si IV 1400 A)
and the corona (AIA 171 A) for the 15 points shown by X in panel (a) of Figure 3.

Quiet Sun Time Averaged Shock location (a)
T T T T T T T T T T
oal W\ m’“ﬂm\
- ! -0.5¢ 1
7
»
£ o2t
= -1.0f E
g
> 0.0
-1.5r 1
—-0.2n 1 1 1 1 1 1 1 1 1
-8 -6 -4 -2 0 -8 -6 -4 -2 0
10G 75000 10G 5000

Figure C1. V; o5 stratification for a quiet-Sun region and.a time-averaged
shock wave location (labeled as (a) in Figure 2). The vertical gteen lines
represent uncertainties in the inferred velocities from the'STiGinversion. The
two red dashed lines indicate the atmospheric heights,(log.75000 = —5.5 and
—4.5) at which the shock wave power flux has béen estimated.
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