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Abstract

We present a multiline characterization of how oscillatory power is organized across distinct magnetic
environments in an active region using seeing-free, stratospheric near-ultraviolet (near-UV) spectroscopy from the
SUNRISE III UV Spectropolarimeter and Imager (SUSI). A 2 hr time series of short raster scans in the line-rich
327–329 nm window samples along a single transect that contains the following regions: weak magnetic field
surroundings, a plage, a sunspot, and a pore. From a set of 30 selected, relatively unblended absorption lines, we
extract line-core Doppler velocity time series and compute Morlet-wavelet refined global spectra from which we
form band-integrated power maps for three frequency bands (2–4, 4–6, and 6–12 mHz). The stacked, line-
resolved maps reveal a clear environment-dependent redistribution of power: 2–4 mHz power is strongest in the
weak-field/plage segments but is commonly suppressed in the umbra and pore cores, while 4–6 mHz and
6–12 mHz power becomes relatively enhanced in the strongest-field regions, with line-dependent behavior in the
penumbra and plage. Across the line ensemble, this broad frequency structuring is coherent, but the detailed
spatial distribution and relative band ranking are not identical from line to line—even among spectral lines with
comparable effective formation depths—demonstrating clear line dependence. This novel result implies that
single-line measurements may miss secondary components of the local wave spectrum because different lines
weight coexisting perturbations and modes differently; therefore, the SUSI near-UV window provides a uniquely
diagnostic-rich mapping of oscillations, offering leverage that is difficult to obtain with traditional one- or
two-line approaches.

Unified Astronomy Thesaurus concepts: The Sun (1693); Solar oscillations (1515); Magnetohydrodynamics
(1964); Solar photosphere (1518); Solar chromosphere (1479)

1. Introduction

Waves and oscillations in the lower solar atmosphere are
ubiquitous, but their power distributions and dominant
periodicities vary strongly with local atmospheric and magn-
etic conditions (D. B. Jess et al. 2023a). In and around
active regions, oscillatory signals reorganize on small spatial
scales as the field strength, inclination, and thermodynamic
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stratification change, producing distinct behavior in sunspot
umbrae, penumbrae, pores, plage/network, and adjacent weak-
field areas (e.g., T. J. Bogdan & P. G. Judge 2006; I. De
Moortel & V. M. Nakariakov 2012; D. B. Jess et al. 2015;
E. Khomenko & M. Collados 2015). This diversity is not
merely a change in amplitude: characteristic frequency
content, intermittency, and lateral spatial coherence can differ
between environments, reflecting both wave/oscillation
physics (including magnetic filtering and height-dependent
transmission in structured atmospheres) and the visibility of
different perturbations in spectral line diagnostics (T. Samanta
et al. 2016).
A classical observational contrast is between umbral and

penumbral regimes. Umbral spectra often show prominent
power near the 3 minute and 5 minute ranges, whereas
penumbral oscillations can exhibit different dominant periods
and spatial patterns, including running penumbral waves that
trace outward-propagating magnetoacoustic waves in chromo-
spheric diagnostics (e.g., B. W. Lites et al. 1998; R. Jain &
D. Haber 2002; L. H. M. Rouppe van der Voort et al. 2003;
R. Centeno et al. 2006; D. S. Bloomfield et al. 2007; T. Felipe
et al. 2010; D. B. Jess et al. 2013; J. Löhner-Böttcher &
N. Bello González 2015). These differences are commonly
interpreted in terms of acoustic cutoff modification by
magnetic inclination, wave guiding, and mode conversion
(Z. Wang et al. 1995; N. Bel & B. Leroy 1977; H. Schunker &
D. C. Braun 2011). Pores can also show distinct frequency
distributions depending on size, topology, and thermal
structure (M. G. Moreels et al. 2015; P. H. Keys et al. 2018;
M. Stangalini et al. 2021; S. D. T. Grant et al. 2022), and
recent analyses indicate that power spectra of both sunspots
and pores can be multicomponent, with coexisting peaks
suggesting multiple magnetohydrodynamic (MHD) wave
modes (e.g., R. Sych & V. M. Nakariakov 2014; D. Calchetti
et al. 2023). Higher-order eigenmodes have also been
identified in both sunspots and pores (D. B. Jess et al. 2017;
A. B. Albidah et al. 2022; M. Stangalini et al. 2022;
S. Jafarzadeh et al. 2024). In plage and the network, power
is reshaped by local magnetic geometry, producing localized
enhancements and suppressions relative to the nearby quiet
Sun (A. M. Title et al. 1992; S. P. Rajaguru et al. 2013;
T. Samanta et al. 2016). Even in internetwork/weak-field
areas, p-mode oscillations dominate much of the atmospheric
signal, while small-scale magnetic elements can imprint
localized modifications to both power and phase behavior
(J. Christensen-Dalsgaard 2002; D. B. Jess et al. 2013).
Overall, modern time-frequency analyses increasingly support
the view that spectra in magnetic structures are frequently
multicomponent, with nonnegligible power beyond a single
dominant band (M. Stangalini et al. 2022).
Most observational studies, however, rely on one or two

spectral lines (or a small set of observables), often chosen to
represent a few well-separated layers. While these works have
yielded major insights, they may conflate environment-depen-
dent dynamics with line-dependent response: (i) the effective
formation depth of a line can shift laterally as physical conditions
change, even across small spatial scales (H. N. Smitha et al.
2023); and (ii) even diagnostics sampling of similar nominal
heights can weight different perturbations (velocity, temperature,
opacity/source-function variations) differently, so that the
observed oscillation signatures depend on the chosen line as
well as the underlying dynamics (e.g., B. Ruiz Cobo &

J. C. del Toro Iniesta 1992; G. Cauzzi et al. 2008; J. Leenaarts
et al. 2012). Multiline spectroscopy offers a direct route past
these limitations by providing many simultaneous observables
with diverse radiative sensitivities and overlapping (but not
identical) height weighting.
The near-ultraviolet (near-UV) spectral region is particularly

attractive because it contains a dense forest of lines from
multiple species (L. Delbouille et al. 1973), but it has
historically been challenging for ground-based wave studies.
The third flight of the SUNRISE balloon-borne solar observatory
(A. Korpi-Lagg et al. 2025; S. K. Solanki et al. 2026) has
opened a new regime: seeing-free, high-cadence near-UV
spectroscopy suitable for time-frequency analysis across many
lines at once, thus extending considerably the capabilities
of earlier versions of SUNRISE (S. K. Solanki et al. 2010;
P. Barthol et al. 2011; S. K. Solanki et al. 2017). In S. Jafarzadeh
et al. (2026a, hereafter referred to as Paper I), we used this
capability to examine multiline frequency structuring within the
sunspot umbra; here we shift emphasis to the lateral organiza-
tion of oscillatory power along a magnetically diverse transect.
We analyze a 2 hr SUNRISE III UV Spectropolarimeter and
Imager (SUSI) time series in the 327–329 nm spectral window,
in which the slit samples, within the same scan geometry, weak-
field surroundings, plage, a sunspot (umbra and penumbra), and
a nearby pore. From a set of relatively unblended atomic lines
(excluding molecular features), we extract line-core Doppler
velocities and compute refined global wavelet spectra for each
slit position and line. We then map band-integrated power in
three frequency intervals (2–4, 4–6, and 6–12 mHz) and
compare the resulting patterns across the full line ensemble,
treating the diagnostics primarily in a line-resolved sense.
The aim of this letter is therefore twofold: (i) to provide a

compact multiline characterization of how low-, mid-, and high-
frequency power redistributes along a sunspot–plage–pore
transect in the near-UV; and (ii) to demonstrate explicitly how
strongly the inferred frequency organization depends on the
chosen spectral line, even within a narrow spectral window,
consistent with line-dependent diagnostic response and environ-
ment-dependent mixtures of oscillatory phenomena.

2. Data

The data analyzed in this letter were obtained with SUSI
(A. Feller et al. 2025; F. A. Iglesias et al. 2025) during the
SUNRISE balloon flight on 2024 July 14, between 21:40 and
23:39 UTC. The target is a large active region observed close
to the disk center (μ ≈ 0.96), including a sunspot with umbra
and penumbra, a nearby pore, and surrounding plage and
quieter regions.
SUSI was operated in the small-raster mode in the

327–329 nm window. The slit spans ∼42″ along its length,
and the raster covers a narrow strip of width ∼3″ in the scan
direction, with the slit oriented at an angle of ∼24° with respect
to the north–south direction. Owing to the stable gondola
pointing (P. Bernasconi et al. 2025) and the Correlation
Wavefront Sensor (T. Berkefeld et al. 2026), the slit position
remained stable throughout the sequence. One raster cycle was
completed every ∼39 s, yielding a 2 hr time series of 180 scans
and enabling wave diagnostics up to ∼13mHz. A short
calibration-related interruption introduces a data gap; for the
time series analysis, the missing samples are filled by linear
interpolation.
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In this program, SUSI recorded full-Stokes spectra in the
selected near-UV window, but at the time of the present early
science analysis, the fully reduced/calibrated polarimetric
products were not yet available. The present letter is therefore
restricted to Stokes I only, with the polarimetric information
reserved for follow-up work once the relevant products
become available. The data were processed with the standard
SUSI reduction pipeline, including dark and flat-field correc-
tions and wavelength calibration (for more information,
see S. K. Solanki et al. 2026). In this letter, the phase-
diversity-reconstructed slit-jaw images (SJIs) are used only for
contextual visualization and slit location reference, whereas
the quantitative wave analysis is performed directly on the
reduced spectral rasters themselves. In additional postproces-
sing, time series raster images were assembled from the
individual slit positions and further corrected for solar rotation,
field derotation, and residual image jitter, resulting in a four-
dimensional data cube with axes (t, x, y, λ). The raster images
have a spatial sampling of 0 .03 px−1, and the spectral
sampling is ∼8.3 mÅ px−1 in this window.
The 327–329 nm range contains a dense set of photospheric

and low-chromospheric absorption lines (see Paper I for the
full set of line identifications; see also Appendix A for a
summary view of the full window, with the analyzed subset
highlighted). For contextual guidance only (not as a primary
interpretation resource), we provide approximate formation
height estimates using the Eddington–Barbier (EB) approx-
imation, i.e., the geometric height where τλ = 1 for each
wavelength sample in representative model atmospheres; these
EB heights are summarized in Appendix A.
For the present study, we analyze the middle slit position

(a cut through the center of the raster field of view) as a
representative transect crossing weak-field surroundings,
plage, the middle of the sunspot (umbra/penumbra), and the
pore. To improve robustness in low-signal regions and
suppress pixel-scale residuals, we apply a 3 × 3 spatial
boxcar average prior to extracting the transect, which reduces
the dominant uncorrelated component of the pixel-scale noise
by a factor of 9 3= and corresponds to an additional blur of
order 0 .08; this is comparable to the 1 m diffraction limit at
328 nm ( 0 .083). In addition, prior to line-core fitting, we
apply a mild 1D spectral smoothing using a boxcar of width
3 px (equivalent to a small triangular kernel), targeting high-
frequency spectral noise on sub-resolution scales. With a
sampling of ∼0.83 pm px−1 and an effective spectral resolu-
tion of ∼2.39 pm, the three-point boxcar corresponds to an
equivalent broadening of FWHMeq ≈ 1.92 px (≈1.59 pm),
i.e., well below the instrumental resolution, and is intended to
reduce high-frequency spectral noise without materially
altering resolvable line-core structure. These smoothing steps
are intentionally mild and local, and are used only as
preprocessing measures to improve the stability of the line-
center fitting.
For the wave analysis, we use line-core Doppler-velocity

time series derived for each position along the transect and
each time step, using an adaptive Voigt-fitting procedure that
identifies the absorption minimum near each rest wavelength
and fits the local profile to obtain the line-center shift
(S. Jafarzadeh et al. 2026b). The resulting line-of-sight
(LOS) velocities, vLOS(s, t;λj), with s denoting position along
the slit, are extracted for a set of 30 relatively unblended
atomic lines and form the basis for all wave power diagnostics

presented below. Representative fitted LOS velocities in the
analyzed transect are typically in the range −1.55–2.04 km s−1
(central 99% of values; outliers excluded), with the exact
spread depending on spectral line and solar environment. For
the observational data analyzed here, the true line-center
position is not known, so the true per-point absolute center
error cannot be measured directly from the SUSI spectra
themselves. The fitting methodology has, however, been
benchmarked separately against synthetic spectra with known
ground truth, where center-recovery errors are quantified
across lines of different complexity (S. Jafarzadeh et al.
2026b). Thus, while small nonpersistent fitting perturbations
may occur in the extracted time series, they are not expected to
dominate the statistically significant oscillatory signals on
which the present analysis is based. Because both atmospheric
conditions and spectral line response vary strongly along the
transect, the results are presented primarily in a line-resolved
sense; further fitting details are described in Paper I.

3. Analysis and Results

Figure 1 sets the observational context and motivates the
line-resolved approach adopted in this letter. It summarizes the
slit geometry and highlights the strong spatial and temporal
variability of the near-UV spectra that underpins our line-by-
line analysis. The top-left panel shows a representative SJI
with the fixed transect overplotted, together with four marked
reference locations along the slit. The remaining panels in the
top row show slit–time diagrams for a representative line
(Fe II 327.7358 nm): (i) intensity at a fixed wavelength sample
near the atlas rest wavelength, (ii) fitted line-core intensity
(often labeled “Doppler compensated intensity”), and
(iii) fitted line-core LOS velocity. These panels demonstrate
that the character of variability changes markedly along the
slit, with faster, higher-contrast fluctuations in the umbra and
pore compared to surrounding regions, and additional transient
behavior near the pore early in the time series.
The bottom row of Figure 1 shows five example spectra

(lightly smoothed for figure readability) extracted at the
marked slit locations. From top to bottom: (1) representative
weak-field photospheric plasma near the spot (sampling a
granular location), showing predominantly absorption profiles
across the window; (2) a location close to the sunspot center,
with a substantially reduced overall intensity level and
noticeable profile shape changes in several diagnostics;
(3) a plage location, exhibiting systematic differences relative
to the weak-field spectrum, including changes in line widths
and small emission-like features in some lines (e.g., Fe II
327.7358 nm); (4) and (5) a location near the pore center
shown at two different times, illustrating the strong time
dependence of the profiles there. In particular, the spectrum at
t ≈ 1170 s occurs during a transient brightening, during which
two Fe II lines (327.7358 and 328.1304 nm) develop strong
emission that compresses the apparent contrast of the
surrounding absorption spectrum, whereas at a later time, the
same location returns to a more typical absorption-dominated
appearance. We do not attempt a detailed physical interpreta-
tion of this brief brightening in the present letter; its purpose
here is simply to illustrate the strong time dependence that can
occur locally in some spectral lines. The marked vertical
dashed lines indicate the set of analyzed atomic lines and
highlight that profile morphology can vary substantially
between environments and with time within the same dataset.
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Figure 1. Context for the active region transect and spectral variability along the SUSI slit. Top left: SJI with the analyzed transect overplotted; colored markers
indicate the locations used for the example spectra. Remaining top-row panels (left to right): slit–time diagrams for Fe II 327.7358 nm showing (i) intensity at a fixed
wavelength sample near the atlas wavelength, (ii) fitted line-core intensity, and (iii) fitted line-core LOS velocity, displayed as an illustration of the LOS velocity
amplitude. Bottom row: five example spectra at the marked locations, shown as relative intensity (arbitrary units) and lightly smoothed for readability (visualization
only). Vertical lines indicate the analyzed spectral lines.
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To aid visual inspection, the slit–time panels in Figure 1 are
displayed with visualization-only contrast adjustments (robust
scaling and mild detrending) to make coherent patterns easier
to see. All quantitative results presented below are computed
from the fitted vLOS(s, t;λj) time series following the
procedures outlined in Section 3.1. Occasional transient
excursions (such as the pore brightening) affect only a limited
fraction of the 2 hr sequence; the subsequent wavelet analysis
further restricts the interpretation to statistically significant
power, so the main band-integrated trends reported in this
letter are not driven by a small number of extreme frames.
To facilitate inspection of the full spatiotemporal spectral

variability beyond the few examples shown in Figure 1, we
provide an interactive web viewer20 that allows the spectra to
be explored as a function of slit position and time, with the
analyzed line positions overplotted.

3.1. Wavelet Power Diagnostics

For each spectral line, λj, and slit position, s, we analyze the
LOS velocity time series vLOS(s, t;λj) using Morlet wavelets.
Each time series is linearly detrended to remove slow
background drifts unrelated to the oscillatory signal of interest
and apodized with a Tukey window (10% taper) to reduce
edge discontinuities and spectral leakage in the wavelet
transform. We compute the wavelet power spectrum and
retain only statistically significant power above the 95%
confidence level, excluding the cone of influence (CoI) to
suppress edge effects. This significance filtering also helps
suppress the influence of small, nonpersistent perturbations in
the fitted time series, so that the final wavelet-based spectrum
emphasizes coherent oscillatory power rather than isolated
excursions. We then form the refined global wavelet spectrum
(RGWS), i.e., the time-integrated significant power as a
function of frequency, P( f;s, λj), which compactly captures
both dominant and weaker-but-significant components while
reducing sensitivity to transient edge artifacts. In addition, we
suppress very low-frequency components (ν ≲ 2 mHz), which
primarily reflect slow background evolution rather than the
wave dynamics of interest here. The wavelet analysis is
performed with the WaLSAtools21 (S. Jafarzadeh et al. 2025a,
2025b) implementation, following the same strategy as in
Paper I.

3.2. Band-integrated Power Maps

To visualize how oscillatory power redistributes along the
slit across the full line ensemble, we integrate the RGWS
within three frequency intervals (2–4 mHz, 4–6 mHz, and
6–12 mHz) and construct 1D, along slit band-integrated power
maps. For each line, λj, the band-integrated power is

P s P f s f; ; , d , 1j
f

f

jband
0

1( ) ( ) ( )=

where P( f;s, λj) contains only significant power outside the
CoI, and f0 and f1 denote the lower and upper frequency
bounds of the band being integrated. Because different spectral
lines have different wave sensitivities and absolute velocity
amplitudes, we do not interpret absolute power differences
between lines. Instead, to highlight where along the slit each

line shows its strongest power in a given band, we normalize
each line by its maximum band power along the slit. This
yields a line-by-line map that emphasizes spatial organization
and frequency-dependent redistribution along the transect.
We adopt these three comparatively broad bands deliberately,
in order to capture the principal low-, intermediate-, and high-
frequency redistribution trends in a compact letter-format
analysis. A more detailed decomposition of the fine structure
within, for example, the 3 minute band is certainly of interest,
but is deferred to follow-up work.
Figure 2 shows the stacked band power maps for the 30

analyzed lines, ordered by increasing wavelength. A narrow SJI
strip above each panel provides the spatial context and indicates
where the slit samples the umbra, penumbra, plage, and the
pore. Three key trends emerge. First, the 2–4mHz band shows
relative suppression in the strongest field cores (umbra and pore
centers) and also in a highly structured penumbral segment
(around the slit position 1200 px) along the slit, compared to
surrounding regions. Second, the 4–6mHz band shows
enhanced relative power in the umbral core and in the same
penumbral segment for a large fraction of lines, with a more
variable response in the pore and plage. Third, the 6–12 mHz
band is most prominently concentrated in the umbra and pore
cores for most diagnostics, with occasional enhancements in
plage in a smaller subset of lines. Importantly, the detailed
spatial pattern is not identical across lines, underscoring that the
inferred organization depends on the chosen spectral line even
within this narrow window. For completeness, Appendix B
provides a supplementary blue-yellow-red composite visualiza-
tion of the same three band-integrated maps, intended only as a
qualitative overview; the quantitative interpretation in this letter
is based on Figures 2 and 3.

3.3. Ensemble Summary across the Line Set

While Figure 2 highlights the line-to-line diversity, it is also
useful to quantify how coherent the redistribution is across the
ensemble of near-UV spectral lines. We therefore compute
robust summary statistics across the set of row-normalized
band power profiles at each slit position. Figure 3 shows the
median profile across lines (solid curve) together with the
interquartile range (IQR; shaded region) for each fre-
quency band.
These ensemble profiles provide a compact “collapse” of the

stacked maps and highlight where a majority of lines agree on
enhanced (or suppressed) relative power. We emphasize that
this ensemble summary is complementary to the stacked maps:
because it aggregates spectral lines with different height
weighting and radiative sensitivities, line-specific (and poten-
tially physically informative) localized features in individual
spectra may be diluted in the median/IQR representation.
Pronounced median enhancements indicate slit locations
where many diagnostics simultaneously place their strongest
relative power within that band, whereas a broadened IQR
indicates increased line-to-line diversity, consistent with the
diagnostic-dependent patterns shown in Figure 2.
Figure 3 further shows that the median 2–4 mHz profile

peaks primarily in the weak-field/plage parts of the transect,
whereas enhanced 4–6 mHz power concentrates in the umbra,
the penumbral segment (around the slit position 1200 px) and
also partly in the pore, and enhanced 6–12 mHz power is most
localized within the strongest field structures, with distinct

20 https://WaLSA.team/Sunrise/SUSI
21 https://github.com/WaLSAteam/WaLSAtools
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peaks in the sunspot umbra and the pore. The IQR broadens
most strongly in the umbra and pore, indicating increased line-
to-line diversity where multicomponent spectra and a mixture
of MHD wave modes are commonly expected. This behavior
is physically plausible because the selected near-UV lines span
a range of radiative sensitivities and (proxy) height weightings,
so different spectral lines can respond differently to coexisting
perturbations and local conditions within the same magnetic
structure. In addition, because each line samples a finite
vertical range rather than a single geometrical height,
propagating disturbances with phase variations across that
range can in principle undergo partial cancellation in the
emergent Doppler signal, especially where the phase varies
rapidly with height. This effect is part of the line-dependent
response discussed here, but it does not introduce any
additional cross-line cancellation in the construction of the
line-resolved power maps themselves, since each spectral line
is analyzed independently. For context, EB proxy estimates for
the 30 lines (Appendix A) place their characteristic τλ = 1
heights in the photosphere to the low chromosphere. In weak-
field and plage regions, they span roughly ∼26–800 km with a
median of around 370–400 km. In a representative umbral

atmosphere, the corresponding heights are shifted downward
by a few hundred kilometers because of the Wilson depression.
These values are used only as qualitative guidance and do not
imply a fixed height ordering along the full transect.

4. Discussion and Conclusions

We have used seeing-free SUNRISE III/SUSI near-UV
spectroscopy to characterize how oscillatory power reorga-
nizes along a single transect that crosses multiple magnetic and
thermodynamic environments, including a sunspot (umbra and
penumbra), a nearby pore, plage, and weak-field surroundings.
Using line-core Doppler-velocity time series from a set of 30
relatively unblended spectral lines, we computed Morlet-based
refined global wavelet spectra (RGWS) and formed band-
integrated power maps in three frequency ranges (2–4 mHz,
4–6 mHz, and 6–12 mHz). The resulting stacked maps provide
a compact, line-resolved view of how the frequency-dependent
power distribution varies laterally along the slit, while the
median (plus IQR; Figure 3) ensemble summary quantifies
where the redistribution is most coherent across the line set.
Because each line’s band power is normalized by its maximum
along the slit (Section 3.2), these maps quantify the relative
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Figure 2. Stacked, line-resolved band-integrated RGWS power along the slit for three frequency ranges (left to right): 2–4 mHz, 4–6 mHz, and 6–12 mHz. Rows
correspond to the 30 selected spectral line diagnostics (ordered by increasing wavelength). Each row is normalized to its own maximum along the slit, so the color
scale highlights where along the slit each line concentrates power within the given band rather than comparing absolute power between different lines. A slit-jaw
context strip above each panel marks the slit position and facilitates identification of umbra, penumbra, plage, and pore segments.
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redistribution of significant power between environments for a
given line, rather than absolute power differences between
lines or regions.
Across the line ensemble, three robust observational trends

emerge that broadly align with the established magnetic
structuring of oscillatory power. First, in the weak-field and
plage segments, the 2–4 mHz band commonly shows strong
relative power, consistent with the ubiquitous photospheric
dominance of p-mode oscillations around 5 minutes and their
enhanced visibility in relatively weak magnetic regions (e.g.,
R. K. Ulrich 1970; B. Ruiz Cobo et al. 1997; M. J. Martínez
González et al. 2011; A. Lagg et al. 2026). In contrast, the
same 2–4 mHz band is frequently reduced in relative strength
within the strongest field concentrations (umbra and pore
cores) compared to its maxima in the weak-field/plage parts of
the slit, in line with the long-established reduction of low-
frequency power in sunspot umbrae (e.g., T. J. Bogdan &
P. G. Judge 2006; E. Khomenko & M. Collados 2015). We
emphasize that this does not imply an absence of 2–4 mHz
power in the umbra; rather, it indicates that for most
diagnostics the strongest 2–4 mHz band-integrated power
along this transect occurs outside the umbral core. This is
consistent with Paper I, where line-by-line RGWS shapes in
the umbral core often show substantial power in the 2–4 mHz
range even when higher-frequency components are also
present. Notably, beyond the umbra/pore cores we also find
a pronounced 2–4 mHz suppression within a penumbral
segment dominated by fibrillar structures (see below).
Although 5 minutes (2–4 mHz) power enhancements have
occasionally been reported even in umbral Doppler-velocity

measurements (e.g., A. A. Norton et al. 2021), the apparent
balance between the 5 and 3 minute bands may be sensitive to
spatial resolution and stray light. In particular, increased quiet-
Sun stray-light contamination can systematically shift the
apparent dominant peak from ∼5 to ∼3 mHz in umbral spectra
(M. Berretti et al. 2026). In that context, the relative
suppression of 2–4 mHz power that we find in the umbra
and pore cores is consistent with expectations for the high-
resolution, low-stray-light observations analyzed here.
Second, the intermediate band (4–6mHz; encompassing the

3 minute oscillations) shows strong power enhancement in the
umbral core and across the same fibril-dominated penumbral
segment extending close to the umbra-penumbra boundary in
most spectral lines, as well as displaying power peaks in the
pore and part of the plage in several diagnostics. This is
consistent with many reports that 3 minute power is prominent
in sunspot and pore atmospheres and can be especially apparent
near umbral-penumbral boundaries (e.g., D. B. Jess et al. 2013;
D. B. Jess et al. 2015; E. Khomenko & M. Collados 2015;
S. D. T. Grant et al. 2022). Importantly, the umbral/pore
3 minute signal is not purely a chromospheric phenomenon:
it has been reported already at photospheric heights in both
pores and sunspot umbrae using photospheric spectral lines
(M. Stangalini et al. 2012; J. Chae et al. 2017, 2019). At the
same time, statistical HMI studies indicate that photospheric
umbral spectra can exhibit a strong peak near ∼3.3 mHz while
still showing distinct secondary power concentrations in the
4–6mHz band (M. Berretti et al. 2025), while keeping in mind
that instrumental resolution/height mixing and stray light can
influence the apparent balance between the 3 and 5 minute
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above these panels provides the same spatial context as in Figure 2.
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bands in photospheric umbral measurements (M. Berretti et al.
2026).
Third, the high-frequency band (6–12 mHz) is also strongly

concentrated in the umbra and pore cores, demonstrating
substantial high-frequency content in strongly magnetized
atmospheres. This agrees with a growing body of work
reporting multicomponent spectra and significantly higher-
frequency contributions in sunspots and pores, frequently
discussed in terms of multiple MHD wave modes as well as
eigenmode families whose frequency content depends on
structure size and magnetic topology (e.g., M. Stangalini et al.
2021; M. Stangalini et al. 2022; D. Calchetti et al. 2023;
S. Jafarzadeh et al. 2024).
We also note a small but systematic spatial offset within the

umbra between the locations of maximum 4–6 mHz and
6–12 mHz power (Figures 2 and 3), indicating that the mid-
and high-frequency components are not strictly co-spatial even
within the umbral core. Similar spatial offsets between
dominant frequency components have been reported in sunspot
chromospheric oscillations (e.g., D. B. Jess et al. 2013) and in
photospheric pore oscillations (e.g., M. Stangalini et al. 2021).
While we do not attempt to interpret this behavior here, it is
plausibly linked to local variations in magnetic/thermody-
namic structure that modulate the transmission and/or
diagnostic visibility of different frequency bands, and it is a
clear target for follow-up once the fully reduced SUSI
polarimetry becomes available.
Consistent with our findings across the three spectral bands,

M. Stangalini et al. (2021) showed that the amplitude of 5
minute oscillations in the quiet Sun is progressively reduced
when approaching the boundary of a magnetic pore, whereas
close to the pore center, multiple higher-frequency compo-
nents (up to ∼10 mHz) appear in Doppler-velocity oscillations,
interpreted as eigenmodes of a magnetic cylinder. Another
recent multiline study using the FRANCIS (D. B. Jess et al.
2023b) fiber-fed integral field unit in the 580.7–597.3 nm
range likewise reported dominant LOS velocity power in plage
around ∼3–5 mHz and multiple higher-frequency components
in various photospheric lines within a sunspot umbra
(S. D. T. Grant et al. 2026).
Along our transect, the penumbral-fibril segment (around the

slit position s ∼ 1200 px) is distinctive in that it combines
(i) a pronounced suppression of 2–4mHz power and (ii) a strong
enhancement in 4–6mHz across a large fraction of the line set.
At the level of this letter, we treat this as an empirical result
rather than assigning a single physical cause. A plausible
explanation is that this segment samples a particularly structured
and inclined penumbral environment (and/or rapid fibril-
associated dynamics) that shifts the local mix of motions toward
shorter periods relative to nearby weak-field pixels. Minute-scale
periodicities are widely reported in penumbral fibrillar chromo-
spheric structures (e.g., A. Pietarila et al. 2011; W. Bate et al.
2024); while our diagnostics primarily sample photospheric to
low-chromospheric layers (Appendix A), we retain this
comparison only as a qualitative timescale connection and defer
a targeted investigation of the fibril segment to future work with
improved magnetic and thermodynamic constraints. That the
penumbral development on the opposite umbral side (around
s ∼ 550 px) is relatively weaker, further suggests sensitivity to
local fine structure and viewing/geometry along a 1D cut. It is
also possible that nearby fine structure (e.g., the vicinity of a
light-bridge environment on that side of the spot) could

contribute to the asymmetry, as light bridges have been reported
to host distinct oscillatory behavior and frequency-dependent
power changes (e.g., D. Yuan et al. 2014).
An important new result presented in this letter is that even

within a narrow near-UV spectral window, the inferred lateral
organization of oscillatory power is not identical from line to
line. Many spectral lines agree on the broad redistribution trends
between solar environments, but the detailed spatial pattern and
the relative prominence of individual frequency bands vary
substantially across the 30-line set. Thus, the main advance is not
simply that different solar features favor different frequency
ranges, but that this frequency-dependent spatial organization is
itself strongly line dependent along the same active region
transect. This line-to-line diversity is physically expected
because different near-UV lines have different radiative
sensitivities and height weighting, and thus differ in their
“visibility” to velocity perturbations (and to thermodynamic or
opacity/source-function variations that can influence fitted line-
core shifts, e.g., B. Ruiz Cobo & J. C. del Toro Iniesta 1992;
G. Cauzzi et al. 2008; J. Leenaarts et al. 2012). The stacked maps
and ensemble profiles show that the redistribution trends are
broadly coherent across the line set while remaining line
dependent; this dependence is not a subtle detail, because the
inferred band distribution—and even where along the slit power
appears concentrated—can shift with the chosen line. A practical
consequence is that single-line studies may sample only a subset
of the locally present oscillatory spectrum, whereas simultaneous
multiline spectroscopy, as presented here, can reveal additional
components within the same magnetic environment. Disentan-
gling which differences reflect height-sensitivity, radiative-
transfer effects, or genuine differences in wave-mode content
will benefit from more detailed follow-up studies.
In this letter, we adopt a Stokes I-only, line-resolved

approach to establish robust observational trends across a
strongly structured active region transect. We provide EB
formation height estimates only as contextual guidance
(Appendix A); more quantitative interpretation will benefit
from response functions to velocity, temperature, and magnetic
field (and NLTE treatment where relevant), together with fully
reduced/calibrated polarimetric products to constrain magn-
etic geometry and line-formation conditions along the transect.
Such polarimetric information will be particularly valuable for
interpreting the more dissimilar line-dependent patterns,
especially where magnetic structuring and radiative-transfer
effects may both contribute. The same multiline dataset is also
well suited to future cross-spectral phase/coherence analyses,
which can more directly constrain propagation properties and
possible variations of phase speed with height. These next
steps will enable the observed band-dependent redistribution—
including the penumbral-fibril behavior—to be related more
quantitatively to the local magnetic and thermodynamic
structuring and to the wave-mode content of sunspot and pore
atmospheres. Even at this stage, the letter establishes a clear
observational baseline: in a single, co-temporal, seeing-free
dataset, near-UV velocity oscillation power is not only
strongly environment-dependent but also measurably line
dependent from line to line, and multiline spectroscopy
provides a qualitatively new lever for testing and refining the
traditional picture of photospheric/low-chromospheric oscilla-
tions across magnetically diverse active region scenes.
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Appendix A
EB Formation Height Estimates

For contextual guidance only, we provide approximate
formation height estimates for the analyzed near-UV spectral
line diagnostics using the EB approximation, i.e., the
geometric height where τλ = 1 for each wavelength sample
(e.g., R. J. Rutten 2021). We report EB heights for three
representative atmospheres: the quiet-Sun FALC and plage
FALP semi-empirical models (J. M. Fontenla et al. 1993),

and a representative sunspot (umbral core) atmosphere extracted
from a radiative-MHD (MURaM) simulation (A. Vögler et al.
2005; M. Rempel 2012). These EB heights are included only as
a qualitative reference; they are not used as a primary
interpretation axis in this letter. We note that these EB values
should be regarded as representative reference heights: FALC
and FALP are 1D average atmospheres, and in structured 3D
atmospheres (particularly sunspots), the effective τλ = 1 height
can vary substantially across the field of view, by several
hundred kilometers, depending on local conditions.
We adopt EB here because it provides a consistent, window-

wide height proxy for all wavelength samples and identified
lines, enabling a compact contextual comparison between
atmospheres. More complete height-sensitivity diagnostics
(e.g., response functions to velocity, temperature, and magn-
etic field, and/or NLTE modeling) are substantially more
computationally demanding and are best pursued alongside a
fully consistent treatment of the atmospheric stratification and
magnetic geometry. In addition, at this stage the present letter
is restricted to Stokes I products, while the full-Stokes
reduction and subsequent inversion-based constraints are
being finalized; those will support more rigorous response-
function and NLTE assessments in follow-up work.
To compute the EB heights, we performed LTE radiative-

transfer calculations with the RH code (H. Uitenbroek 2001;
T. M. D. Pereira & H. Uitenbroek 2015), using atomic line
parameters from the Kurucz line lists (R. L. Kurucz & B. Bell
1995). For each spectral line, we determine a representative
wavelength from the model spectrum and record the corresp-
onding geometric height where τλ = 1 in the given atmosphere.
Heights are referenced to the τ500 nm = 1 level of the quiet-Sun
model; in the sunspot atmosphere, this can yield negative values
due to the Wilson depression of the τ ≈ 1 surface in strong field
regions (e.g., S. K. Solanki 2003).
Figure 4 summarizes the EB heights across the 327–329 nm

window. The top panel shows an atlas spectrum with all
identified lines marked for completeness; the subset of 30
atomic diagnostics analyzed in this letter is additionally
highlighted in blue. The lower panels show the corresponding
EB height estimates for FALC, FALP, and the sunspot model,
illustrating both the overall height range sampled within this
window and the atmosphere-dependent shifts in the EB proxy.
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Appendix B
Supplementary Visualization of Band-integrated Power

For completeness, we provide a qualitative blue-yellow-red
composite (Figure 5) constructed from the same three row-
normalized band-integrated maps shown in Figure 2, assigning
2–4 mHz to blue, 4–6 mHz to green (or yellow), and 6–12 mHz
to red. This compact view can help identify locations where

the balance between low-, mid-, and high-frequency power
changes rapidly along the slit. Because any such composite
requires display-oriented scaling and color mixing, we treat it
as supplementary and base our interpretation on the separate
band maps (Figure 2) and the robust ensemble profiles
(Figure 3).
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Figure 4. EB formation height proxy across the 327–329 nm window for contextual guidance. Top: atlas spectrum with all identified lines marked; the 30 atomic
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