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Abstract Identifying volcanic transitions from quiescence to unrest and tracking subsurface evolu-
tion remains critically challenging. We analyzed continuous seismic records from Askja volcano (Iceland)
from 2008–2024 using coda wave interferometry to track relative seismic velocity variations (dv/v) as a proxy
for subsurface changes during renewed volcanic intrusion. This analysis is complemented with three addi-
tional methods: network covariance matrix analysis, Displacement Seismic Amplitude Ratio (DSAR) single-
station analysis, and sensitivity kernel analysis, alongside GNSS, earthquake catalog, and meteorological
datasets. Since August 2021, dv/v measurements revealed an abrupt transition from regular seasonal oscil-
lations (±0.2%) to predominantly negative values reaching -0.7% near the inflation center, coinciding with
76cm GNSS-detected ground uplift by August 2024. DSAR indicated higher seismic attenuation near the in-
flation source, suggesting volatile accumulation in the shallow subsurface through June 2022, followed by
marked decreases associated with depressurization. Sensitivity kernel analysis demonstrated wave sensi-
tivity reaches down to 3km depth, encompassing the shallow reservoir levels. Integrated seismic observa-
tions revealed magma-induced seismic velocity drops, followed by system reorganization with frequency-
dependent recovery, and finally establishment of a new state with hydrothermal circulation maintaining al-
tered seismic properties. This approach demonstrates the effectiveness of continuous seismicmonitoring for
detecting volcanic unrest transitions and tracking evolving subsurface processes.

1 Introduction
Located within Iceland’s Northern Volcanic Zone (Fig-
ure 1), the Askja volcanic system experienced a rapid
inflation of 76.5 ± 0.6 cm from August 2021 to August
2024, measured by a Global Navigation Satellite Sys-
tems (GNSS) station named OLAC, with continued infla-
tionbeyond the studyperiod (Veðurstofa Íslands, 2023d;
Sturkell et al., 2023; Parks et al., 2024) (Figure 2). Recent
studies proposed several mechanisms for this deforma-
tion: (1) elastic deformation from activemagmatic fluid
migration (Parks et al., 2024; Han et al., 2024), (2) de-
layed poro-viscoelastic response of the shallow crust to
fluidmigration (Koymans et al., 2023; Parks et al., 2024),
and (3) hydrothermal processes (Petrosino et al., 2023;
Koymans et al., 2023). Distinguishing between mag-
matic fluid migration and poroviscoelastic responses
remains challenging, particularlywhen consideringpo-
tential hydrothermal influences.
These mechanisms can be further assessed by using

coda wave interferometry. This is a widely used seismic
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imaging technique that utilizes multiply-scattered seis-
mic waves to estimate their Green’s function and mea-
sure weak changes in seismic velocities (e.g., Snieder,
2006). This imaging technique can be applied actively,
using repetitive sources throughout a limited period
(e.g., Ratdomopurbo and Poupinet, 1995; Wegler and
Sens-Schönfelder, 2007), or passively, using seismic
noise cross-correlation (e.g., Campillo and Paul, 2003;
Shapiro et al., 2005; Brenguier et al., 2008). Passive
coda wave interferometry has been applied to multiple
volcanoes worldwide, revealing diverse patterns of pre-
eruptive and co-eruptive velocity changes. For exam-
ple, at Merapi (Indonesia), seasonal velocity variations
were observed and attributed to hydrological effects
from groundwater level changes (Sens-Schönfelder and
Wegler, 2006). Piton de la Fournaise (La Reunion,
France) showed velocity decreases of 0.05% several
weeks before eruptions, suggesting pre-eruptive infla-
tion due to increasedmagma pressure (Brenguier et al.,
2008), while Mount Ruapehu (New Zealand) showed a
0.8% velocity decrease starting two days before the 2006
eruption, attributed to fracture opening from a magma
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Figure 1 Monitoring network used around Askja volcano, Iceland. The map shows the seismic stations (red triangles) and
GNSS stations (blue diamonds) locations. The inflating sill from 20 September 2021 to 10 September 2023, modeled by Parks
et al. (2024) is in orange. The density of seismic events located by Veðurstofa Íslands (2023a) since 2009 is heat-mapped from
green (low) to blue (high). The main caldera is outlined with a dashed line, with Öskjuvatn lake in the center. North and
East of the main caldera, there are concentrated fissure swarm areas (gray lines). The purple star is the eruption location of
the Bárðarbunga-Holuhraun dike in 2014. The purple line is the Kárahnjúkar dam location. The inset map (top right) shows
the location of the volcanic systems in Iceland within the NVZ and rift zone. Map data are from Náttúrufræðistofnun Íslands
(Icelandic Institute of Natural History) (2025) and Graham et al. (2025).

pocket pressurization (Mordret et al., 2010). At White
Island (New Zealand), velocity increases were identi-
fied during volcanic activity in 2012–2013 and preceding
a 2016 phreatic eruption, with the technique success-
fully distinguishing volcanic signals from seasonal and
coseismic effects by comparing local and distant sta-
tion records (Yates et al., 2019). At Kawah-Ijen (Indone-
sia), significant seismic velocity drops of >0.2%were ob-
served during two major unrest periods in 2011–2012,
with these variations concurrent with monochromatic
tremor activity, lake temperature increases, and mass
discharge episodes. All this suggested that velocity
changes were associated with shallow hydrothermal
processes rather than deeper magmatic activity (Cau-
dron et al., 2015).
In Iceland’s Northern Volcanic Zone, seismic velocity
variations can reflect minor crustal stress changes that
are influenced by various factors, including volcanic ac-
tivity, seasonal variations, and tectonic processes (e.g.,
Donaldson et al., 2019; Nowé et al., 2021). Specifically,
Donaldson et al. (2019) demonstrated a linear correla-

tion between seismic velocity changes and volumetric
strain associatedwith the 2014 Bárðarbunga-Holuhraun
dike intrusion, showing that stations in regions of com-
pression exhibited velocity increases while those in
dilatational regions showed decreases. Complement-
ing these findings, Nowé et al. (2021) identified three
distinct seismic source types around the Vatnajökull
icecap: permanent oceanic sources, seasonal glacial-
related sources linked to enhanced river flow during
ice melting periods, and episodic volcanic sources in-
cluding the Bárðarbunga-Holuhraun eruption. Seismic
velocity sensitivity to stress variations underlines their
utility as a monitoring tool for detecting and under-
standing the dynamic processes within volcanic sys-
tems. While individual seismic analysis techniques
have proven valuable in volcanic monitoring, there
remains considerable potential for integrating multi-
ple complementary seismic approaches to provide en-
hanced constraints on subsurface processes during vol-
canic unrest.

In this study, to distinguish volcanic signals from
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seasonal variations, our analysis starts by encompass-
ing the extended period from 2008 to 2024, including
the 2014 Bárðarbunga-Holuhraun dike eruption. We
then present seismic velocity variations at Askja vol-
cano spanning the inflation episode that began in Au-
gust 2021 using seismic noise cross-correlation. To in-
vestigate the relationship between these variations and
the ground deformation characterized in recent stud-
ies (detailed in Part 2), we use three other complemen-
tary approaches: spectral width of covariance matrices
to evaluate seismic sources, the Displacement Seismic
Amplitude Ratio (DSAR) to estimate the seismic atten-
uation and surface wave sensitivity kernel analysis to
locate the changes. With this multifaceted analysis of
continuous seismic records, we aim to gain a better un-
derstanding of Askja’s long-term dynamics, focusing on
the transition to renewed activity associatedwith the in-
flation.

2 Volcanic setting
The central edifice of Askja contains three nested
calderas (e.g., Sturkell et al., 2006b), with the youngest
being filled by Öskjuvatn lake. Since the formation of
this latest caldera, eight reported eruptions occurred
between 1919–1938, with a maximum Volcanic Explo-
sivity Index (VEI) of 2 (maximum historic VEI=5), and
themost recent eruption in 1961 (e.g., Thorarinsson and
Sigvaldason, 1962; Blasizzo et al., 2022).
A few years after the last eruption, in 1966, ad hoc mea-
surements of Askja ground displacement began (Tryg-
gvason, 1989). Between 1970 and 1974, the uplift rate
was at ∼20 cm/yr, then the ground level subsided with a
maximum rate of ∼10 cm/yr in 1983–1987 (Tryggvason,
1989). Since 1983, continuous yearly measurements be-
gan, which revealed ongoing Askja ground subsidence
(Sturkell and Sigmundsson, 2000), followedbymeasure-
ments of decreasingmicrogravity (Sturkell et al., 2006a).
On July 21, 2014, at 23:24 local time, a landslide oc-
curred on the Southeast caldera wall facilitated by the
combination of caldera subsidence, geothermal alter-
ation, and seasonal conditions (Gylfadóttir et al., 2017).
In the same year, 19 km southeast of Askja central vol-
cano a ∼47 km-long dike coming from Bárðarbunga
volcano (Sigmundsson et al., 2015) extruded 1.6±0.3
km3 of lava (Gíslason et al., 2015) within the Askja fis-
sure swarm area (Geiger et al., 2016) (Figure 1). Dur-
ing this event, from August 16, 2014, to February 27,
2015, more than 30,000 earthquakes were detected up
to magnitude 4. They were generated along the path of
the Bárðarbunga dike with seismic activity occurring at
both Bárðarbunga and Askja volcanic systems (Ágústs-
dóttir et al., 2016; Greenfield et al., 2020; Winder, 2022).
Following this eruptive period nearby, Askja entered

a relatively quiescent phase until August 2021, when the
OLAC GNSS station measured an abrupt inflation with
a cumulative displacement of up to 76.5 ± 0.6 cm in
August 2024 (Veðurstofa Íslands, 2023d; Sturkell et al.,
2023; Parks et al., 2024) (Figure 2). This inflation was
further observed by coherent measurements from new
GNSS stations deployed since October 2021, including
KASC (45.4 ± 0.5 cm), JONC (31.6 ± 0.6 cm), and TANC

(8.2 ± 0.5 cm) (Figure 1); the lower deformation ampli-
tudes are due to their distance to the inflation source
(Parks et al., 2024; Veðurstofa Íslands, 2023c,b). The
inflation onset occurred on August 8, 2021, and a high
rate of 70.19 cm/yr (at OLAC station) was maintained
until September 20, 2021. From September 2021 to
September 2023, the ratewas 27.58 cm/yr at OLAC, 22.77
cm/yr at KASC, 16.15 cm/yr at JONC, and 4.03 cm/yr at
TANC. Then, there was a reduced rate of inflation from
September 2023 with a mean of 9.85± 2.36 cm/yr from
OLAC, KASC, and JONC stations. Additionally, the hor-
izontal displacements of the GNSS stations showed an
outward migration from the inflation source, with in-
creasing distance between the stations OLAC and KASC
(Figure 2).
From the Veðurstofa Íslands (2023a) earthquake cata-

log, we observed an increase in seismicity at the onset
of the inflation with 68, 109, and 55 events in August,
September, and October 2021, respectively, after filter-
ing to only include events with ML > 0.65, to account
for varying magnitude of completeness (Figure 2A). On
a longer timescale, the inflation was accompanied by
increased seismic activity, with a pre-inflation median
of 15 events per month, which increased to 26 events
per month from November 2021. Winder et al. (2023)
showed that the seismicity rate increase at the onset
of inflation is concentrated around the Öskjuvatn ring
fault, close to the inferred sill (Figure 2B). Focal mech-
anisms indicated consistent reverse faulting parallel to
the inner-caldera rim (Winder et al., 2023; Siggers et al.,
2024).
To complement the deformation data and understand

the subsurface mass changes, Koymans et al. (2023)
have conducted microgravity surveys. However, no mi-
crogravity measurements weremade between 2017 and
2021, before the onset of the ground uplift. Within the
data gap, microgravity increased in the center of the
caldera. The limited data did not let Koymans et al.
(2023) determine whether the increase was linear or
sudden at a given time. From August 2021 to 2022, mi-
crogravity observations have not shown changes and
are associated with large uncertainties. From 2022 to
2023, joint inversion of deformation and microgravity
data shows a mass increase 6.27–10.1 × 1010 kg that is
constrained through modeling to be caused by a mass
intrusion with density between 1606–3743 kg/m3, con-
sistent with basalticmagma (Sepúlveda-Araya et al., un-
der review). Thus, microgravity measurements showed
an increase that spanned the inflation onset and con-
tinued through 2023; though whether the initial change
was sudden or gradual remains unclear. Koymans
et al. (2023) identified several processes that could ex-
plain the observed uplift, including subsurface den-
sity changes and viscoelastic effects. Distinguishing be-
tween thesemechanisms remains challenging given the
available data.
Complementary geophysical methods provide addi-
tional constraints on the structure of the magmatic sys-
tem beneath Askja. Seismic tomography surveys show
at least three melt reservoirs at ∼ 2 km, ∼5 km (main
storage), and ∼9 km below sea level (Greenfield et al.,
2016; Han et al., 2024; Fone et al., 2025). Seismic activity
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Figure 2 Seismic events and GNSS displacement around Öskjuvatn caldera from 2015 to 2024. A. Temporal evolution of
vertical displacement (dU, in cm) for OLAC, KASC, TANC, and JONCGNSS stations relative to 2015 and the horizontal distance
between OLAC and KASC stations in black. Dark green bars show monthly seismic event counts filtered above magnitude
0.65 to account for varying magnitude of completeness and light green bars show all recorded events per month. B. Spatio-
temporal horizontal displacement for the fourGNSS stations, with the dots representing the trajectories coloredbydate, with
the corresponding scale of the displacement on the bottom right. The background shows Öskjuvatn lake and caldera with
seismic event (ML≥0.65) density per spatial bin of 0.2 km2. Data are shownwith their error bars and filtered using a 30-point
laggedmedian filter to reduce measurement noise.

is detected in theupper 20 km, at 15 kmandaround2km
depth, suggesting crustal-scale melt transport (Green-
field et al., 2016). Moreover, the 2.8 km depth also cor-
responds to the deformation source locations, accord-
ing to a homogeneous elastic deformationmodel (Parks
et al., 2024). Parks et al. (2024) show that between July 26
and September 20, 2021, one source is inflating at 2.8 km
depth, and a second is deflating at greater depth. These
sources are interpreted as reflecting an upward migra-
tion of magmatic fluids. After September 20, 2021, only
one inflation source was identified at a depth of 2.7 km.
This behavior suggests that the magma was recharging
from depth or represents a poro-viscoelastic response
to initial magma migration (Parks et al., 2024).

3 Data and Method
3.1 Data
The main data for this study are continuous seismic
records acquired at 15 stations managed by the Cam-
bridge Volcano Seismology research group, in collabo-
ration with the University of Iceland (stations with four-
letter names) and the Icelandic Meteorological Office
(IMO) (Figure 1). The stations began operating on July
1, 2007, with continuous recordings from July 2008 on-
ward. Our analysis extends to July 27, 2024. Throughout
this 17-year period, seismic monitoring was conducted
through three successive networks: 4F (2007–2011), Z7
(2011–2016), and 8K (since 2016). The network consists
of 11 Güralp 6TD broadband seismometers (30-second
corner frequency, flat response above 0.033 Hz), and 4
3ESPCD instruments (60-second corner frequency, flat
response above 0.016 Hz, ASK, FLUR, KOLL, and LIND).
ASK seismic station used a Cambridge Güralp 6TD from
2007–2017, then switched to an IMO 3ESPCD. Currently,
all seismometers in the network record three compo-
nents: East, North, and Vertical. Several technical
changes occurred throughout the monitoring period.

From July 2016, a significant temporary reduction in
the Cambridge network occurred. The following year,
the network was restored, and the sampling rate was
switched from 100 Hz to 50 Hz at the end of July 2017.
Additional technical issues included a clock error at sta-
tion TOHR, identified in late 2016 before its replace-
ment.
We also usedGNSS data (Veðurstofa Íslands, 2023b) of

stations OLAC, JONC, TANC, KASC to look at the ground
deformation and the seismic catalog from the Icelandic
Meteorological Office (Veðurstofa Íslands, 2023a) from
2009 to July 2024. From ERA5-land (Muñoz Sabater,
2019), we extracted temperature, air pressure, pre-
cipitation, and snow depth water equivalent measure-
ments. These datasets support the analysis and inter-
pretation of the continuous seismic data.

3.2 Network-based covariance matrix analy-
sis

The spectral width (Seydoux et al., 2016) of 5000-s-
long successive covariance matrices was computed to
identify coherent signals within the multiple continu-
ous seismic data. We use the open source CovSeisNet
Python package (Tong et al., 2024). The initial step was
to preprocess the 24-hour data chunks if less than 5%
of the data is missing. This preprocessing included
downsampling to 50 Hz using Lanczos resampling (giv-
ing a Nyquist frequency at 25 Hz), synchronization, and
applying temporal and spectral normalization. Time
and spectral domain normalization techniques, such as
one-bit and water-level normalizations, were employed
to reduce the impact of earthquakes, instrumental re-
sponse, and non-stationary noise sources. To reduce
contamination from oceanic microseisms, we studied
frequencies above 0.5 Hz (Stehly et al., 2024). Then, the
cross-spectramatrices were computed on sub-windows
of 100 seconds. The choice of sub-window size involved
a trade-off between a robust covariance matrix estima-

4 SEISMICA | volume 5.2 | 2026



SEISMICA | RESEARCH ARTICLE | Integrated seismic monitoring reveals subsurface evolution during volcanic inflation at Askja volcano, Iceland

tion and good time resolution. The detection of coher-
ent signals depended on both the size of the windows
and the station availability (Seydoux et al., 2016). Fi-
nally, a covariance matrix was estimated on each time
window by averaging cross-spectra matrices over 100
sub-windows (Seydoux et al., 2016). From each covari-
ance matrix, we extracted the width of its eigenvalue
distribution to estimate a spectral width at a specific fre-
quency. When the spectral width is low, it indicates the
existence of a dominant source that produces coherent
signals at the network scale (Anderson, 1963). The final
step was concatenating daily results in the time domain
to improve signal-to-noise ratio (Seydoux et al., 2016)
and provide valuable insights into seismic activity.
This method highlighted persistent sources, enabling
continuous monitoring of the subsurface (e.g., Seydoux
et al., 2016; Soubestre et al., 2018). While network-based
covariance matrix analysis provides insights into co-
herent signals across the network through eigenvalue
distributions, we also employed Displacement Seismic
Amplitude Ratio to monitor temporal changes in the
seismic wavefield attenuation at individual stations.

3.3 DSAR
We computed the Displacement Seismic Amplitude Ra-
tio (DSAR) on the vertical components of each station
following the method of Caudron et al. (2019). This
metric results from the ratio of the absolute amplitude
of low and high-frequency bands over 10-minute win-
dows. The low-frequency band was defined between 6
and 9 Hz, thereby avoiding the frequency bands where
persistent sources aremost active (see results from sec-
tion 4.1). The high-frequency band was set between 9
and 16 Hz, allowing the detection of small-scale crustal
changes (Caudron et al., 2019). This has led to the
identification of eruption precursors at multiple volca-
noes in New Zealand (Caudron et al., 2019; Ardid et al.,
2022, 2024), as well as Kawah-Ijen in Indonesia (Cau-
dron et al., 2019) and Pavlof in Alaska, USA (Ardid et al.,
2024).

3.4 Relative seismic velocity change
From the continuous seismic data records, we esti-
mated temporal changes in seismic velocity within the
medium (e.g., Poupinet et al., 1984; Ratdomopurbo
and Poupinet, 1995; Brenguier et al., 2008) using the
MSNoise package (Lecocq et al., 2014) to analyze ambi-
ent seismic noise cross-correlations.
Our data processing workflow began with the removal
of the instrumental response to account for station
changes over time. After aligning the signals and in-
terpolating small gaps (<10 seconds), we resampled
the data at 25 Hz and applied a bandpass from 0.1
to 10 Hz. The signals were then winsorized by three
times the root-mean-square amplitude (Tukey, 1962)
and spectrally whitened to an amplitude of 1 (except
for auto-correlations) (Bensen et al., 2007). From these
processed signals, we computed cross-correlations be-
tween two seismic stations. It allowed us to estimate
Green’s function of scattered waves at one station, con-
sidering theother stationas the virtual source (Campillo

and Paul, 2003). The resulting cross-correlation reflects
information about the medium crossed by the waves
and its modifications over time between the two sta-
tions (Shapiro et al., 2005; Brenguier et al., 2016; Nakata
et al., 2019; Hutapea et al., 2020). The cross-correlation
was computed for each station pair on 30-minute sub-
windows from 0 to ± 120 seconds lag and stacked daily.
The linear stacking was extended over several days us-
ing moving windows of 10 and 30 days (for time series
and mapping, respectively). We computed CCFs for in-
dividual pairs of stations on ZZ components and single
stations on the cross-components (EN, EZ, and NZ).
From the cross-correlation and spectral-width results,
we identified a stable period from 2018 to 2019 (Sup-
plementary Figure S3). This period showed the most
consistent cross-correlation functions (Supplementary
Figure S3) and therefore were assigned to the static ref-
erence cross-correlation function (Lecocq et al., 2014).
This static reference CCF was compared to each ”cur-
rent” CCFs to determine the travel time delays of differ-
ent wave arrivals within the coda window, ranging from
5 to 120 seconds lag, with a dynamic minimum lag de-
termined from inter-station distances and wave speed
(1 km/s). Themaximum lag time for the coda window is
determined by adding the product of the period and 20
coda cycles to the minimum lag time.
For computing these travel-time delays, we used the
wavelet cross-spectrum transform (WCT) method (Mal-
lat, 1999; Mao et al., 2020) with a dynamic time lag cri-
terion to avoid the ballistic wave arrival for the different
stationpairs (Lecocq et al., 2014). TheWCTmethod con-
volves the referenceCCFand the ”current”CCFwith var-
ious scaled and translated versions of amother wavelet.
The cross-spectrumwas calculated and smoothed, then
normalized by the individual power spectrum to ob-
tain phase information in the time-frequency domain.
Time delays were derived from phase differences using
dt = −φ/(2πf), where φ is the phase and f the fre-
quency. The calculated time delays yield the changes in
velocity through linear regressionwithin coda windows
expressed as -dt/t = dv/v.
To obtain a better insight into the changes during the

inflation and account for the potential impact on the
cross-correlation at its onset, we also use a moving ref-
erence. The moving reference, δv

v (t)ref , is defined as
the preceding stack for each processed date δv

v (t)curr,
with no overlap. Thus, the measured velocity repre-
sents the change between successive stacks in this case
using 10-day stacks, giving

∆δv

v
(t) = δv

v
(t)curr − δv

v
(t)ref . (1)

Thus, when there is data gap, ∆ δv
v (t) is computed with

δv
v (t)ref before the gap compared to the first δv

v (t)curr

after the gap, to account for the step change in velocities
during the gap. The absolute dv/v is reconstructed by
cumulative summation of each ∆ δv

v (t),

δv

v
(t) = δv

v
(t0) +

t∑
k=1

∆δv

v
(k), (2)

anchored at zero at the start of the analysis period
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( δv
v (t0) = 0), making it comparable to the static refer-

ence dv/v.
To constrain the origin of the velocity changes, we an-
alyzed the multiple time series across different fre-
quency bands and compared them with GNSS and
weather measurements.

3.5 dv/v location

Once the relative velocity changes were measured
through time, sensitivity kernels were computed to
identify which areas our measured velocity changes
(dv/v) are themost sensitive to, allowing us tomap these
changes through iterative multiscale inversion. The
sensitivity kernels are computed using the Askja veloc-
ity model from Han et al. (2024).
For this purpose, we first consider a 1D gradient ve-

locity model derived from the horizontal average of
the P and S wave velocities from a 3D local body wave
tomography model of the Askja volcanic system (Han
et al., 2024). The velocity model shows how the seis-
mic velocities change according to the structures of
the medium at different depths. To understand how
changes in the medium’s properties affect our seismic
measurements, we computed sensitivity kernels of sur-
face waves using the Disba python package (Luu, 2020),
under the assumption that surface waves dominate the
recorded wavefield. The sensitivity kernel quantifies
how the velocities of Rayleigh and Love surface waves
respond to variations in the velocity model structure,
as described by the equation K = dU/dVbeta, with
U the phase velocity for a mode and Vbeta the shear
wave velocity at depth. Positive values show construc-
tive sensitivity with local maxima indicating regions of
highest sensitivity, while negative values indicate de-
structive sensitivity. By analyzing variations in veloc-
ity based on their frequency ranges, we can estimate
the depth at which the waves are most sensitive to. The
waves’ probing depth (D) depends on their frequency
(f ) D = c/πf , with c the wave velocity. This relation-
ship demonstrated that lower-frequency waves probed
deeper into the crust compared to higher-frequency
waves, enabling depth-dependent sensitivity analysis
across the frequency ranges.
While this vertical sensitivity analysis provides cru-

cial depth constraints, our full methodology extends to
the horizontal dimension through two types of sensi-
tivity kernels: a Fresnel-zone based approach for di-
rect waves and a diffusion-based approach for coda
waves. For coda waves, the implementation follows
Obermannet al. (2013),modelingboth coherent anddif-
fusive regimes with a smooth transition based on lapse
time. The code accounts for 2D velocity variations by
scaling transport properties with local velocity from 1
km depth as specified by the Han et al. (2024) veloc-
ity model. The scattering properties of the medium
are characterized by a frequency-dependent mean free
path following the power-law relationship l ∗ (f) =
l0(f/f0)−α, where l0 represents the reference scatter-
ing mean free path of 0.8 km (Lesage et al., 2025) at
the reference frequency f0 of 1.0 Hz. The frequency
scaling exponent α is set to 0.8. To incorporate wave-

field anisotropy, we adopt an average scattering angle
〈cos θ〉 = 0.6, yielding a transport mean free path l∗ =
l/(1 − 〈cos θ〉) = 2.5l. The diffusivity parameter is cal-
culated dynamically as D = vlocal × l∗

local/3 following
radiative transfer theory, where both velocity and trans-
portmean free path vary spatially based on the local ve-
locity model.
Prior to inversion, we used the 30-day moving win-

dow dv/v time series previously acquired for each sta-
tion pair to reduce measurement noise while preserv-
ing the temporal evolution patterns. Only measure-
ments with correlation coefficients ≥0.3 between the
”current” and reference stacked cross-correlationswere
retained. Each inversion reflects the mean seismic ve-
locity state relative to the same 2018-2019 reference,
and contributes independently to the period average,
improving noise reduction while preserving the spatial
structure of persistent velocity anomalies.
The spatial distribution of seismic velocity variations

(dv/v) was mapped using an iterative multiscale inver-
sion approach with adaptive grid refinement. This
method begins with a coarse, uniform grid and refines
it through five iterations. Grid cells were subdivided
based on weighted scores combining model velocity
gradient, uncertainty, and data resolution, with up to
45% of cells refined per iteration down to a minimum
resolution of 0.2° (∼2.2 km). Refinement thresholds in-
creased across iterations, ensuring computational re-
sources focus on well-constrained areas. The regular-
ization strategy applies stronger smoothing constraints
in poorly resolved areas while allowing more detail to
emerge where the data provides good constraints. The
station contributes to the results only during periods in
which it recorded data. Therefore, the spatial resolu-
tion can vary over time and areas with insufficient data
coverage are masked based on the resolution thresh-
old. Additionally, the method preserves sharp velocity
boundaries by reducing smoothing across regions with
large velocity contrasts. This prevents artificial blurring
while still stabilizing the solution in areas with limited
data coverage.
Our iterative multiscale inversion method demon-

strated robust performance across various synthetic
anomaly types, station distributions, and noise condi-
tions (Section S1 and Supplementary Figure S1). The
method performswell in recoveringGaussian and fault-
type anomalies, achieving correlation coefficients up to
0.93 and 0.92, respectively, even in the presence of noise
(SNR=10). Station density significantly impacted perfor-
mance; a 15-station network outperformed a 7-station
network by a correlation increase of 15–33%. Checker-
board patterns are the most challenging, yielding cor-
relations up to 0.62. RMS errors remained consistently
low (<0.007) across all scenarios, with denser networks
reducing errors byup to 50%compared to sparse config-
urations. This evaluation confirms the method’s effec-
tiveness in the presence of realistic velocity anomalies.
This methodology allowed us to track both tempo-

ral evolution and spatial distribution of seismic velocity
changes in the volcanic region. The complete workflow
can be found on Zenodo (seeData and code availability).
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4 Results

4.1 Network-based covariance matrix analy-
sis

Spectral width analysis was applied from 2008 to 2024
using data from up to fourteen stations. The results
revealed persistent seismic sources across the network
scale with frequencies that varied seasonally (Figure 3).
Persistent sources concentrate in the frequency range
between 3 and 7 Hz (Figure 3B). In summer (April–
October), signals extend to lower frequencies of 1–3
Hz (green highlight on Figure 3B), with lower spectral
width values in the 3–7 Hz range.

The distribution of minimum spectral width values
over time reveals a consistent seasonal pattern (Supple-
mentary Figure S5E). Each year, the lowest values typ-
ically occur between January and June, with a marked
minimum inMarch. Values rise fromMay to July before
declining again from October to January, highlighting a
recurring trend across multiple years (Supplementary
Figure S5).
To better characterize the source signal, we run an
analysis of geographic sub-network groups based on
their position relative to the caldera. In particular,
there is a Northwest group with JONS, KATT, and BRUN
stations and a Southeast group with ASK, LIND, and
STAM stations positioned closer to the Kárahnjúkar
power station dam located Southeast of Askja (Figure
1). The Northwest group showed mostly high spectral
width values with a few sources with narrow frequency
band (Supplementary Figure S2B). The Southeast group,
closer to the Kárahnjúkar power station dam, which
could be a potential source, showed a continuous sig-
nal between 3.5–5 Hz, accompanied by a weaker signal
at 1.8 Hz (Supplementary Figure S2C).

Thus, during the years from2008 to 2024, weobserved
a permanent tremor signal between 3 and 7 Hz with
seasonal variations that can impact lower frequencies
extending down to 1 Hz. This signal characteristic en-
abled us to define three frequency bands: one between
0.5 and 1Hz that isolates the ambient noise from themi-
croseisms and the tremor signals; a second that isolates
the permanent tremor signal between 3 and 5 Hz; and
finally, an intermediate frequency band between 1 and
3 Hz (Figure 3B).

We also observe changes in the source and frequency
content during the 2014–2015 eruption of Bárðarbunga
(Figure 3A) near Askja (Figure 1), as well as before the
network change in 2017. The start of inflation in early
August 2021 occurred without a noticeable change in
the persistent tremor source.

The seasonal variations in tremor characteristics
guide our selection of frequency bands to be used for
the analyses in the following 4.2 and 4.3 sections. This
helps us to distinguish between seismic wave property
changes associated with source effects and/or seasonal
variations, and those that could reflect genuinemedium
changes.

4.2 DSAR

The Displacement Seismic Amplitude Ratio analysis re-
veals distinct temporal patterns and station-specific be-
haviors from 2018 to 2024 (Figure 4). Stations closest
to the Askja caldera (ASK, STAM, JONS) display median
DSAR values higher than 1.4 (horizontal blue dashed
lines on Figure 4) compared to more distant stations,
with KATT (median = 1.05) and BRUN (median = 0.9)
showing lower attenuation levels. RIFR, located within
a fault swarm area, maintains relatively high values
(median = 1.4).
ASK has the most pronounced seasonal variability,

fluctuating between 1.1 and 2.1 with two distinct annual
peaks corresponding to snowfall periods (November–
December) and increased liquid precipitation (April–
June) (Supplementary Figure S5). KATTmaintains con-
sistently lower baseline values (0.8–1.6) with seasonal
oscillations showing larger amplitudes from 2021. Dis-
tant stations BRUN and RIFR maintain clear seasonal
patterns throughout the period. However, RIFR seems
to deviate from 2024 with increased values followed by
a decrease.
Since the inflation onset in August 2021, DSAR at

STAM shows an increase to 2.0, with this level main-
tained through June 2022. JONS also reaches high val-
ues following the inflation onset, but the data gap in
2019 and 2020 does not permit a clear comparison. No-
tably, both stations show divergence from the seasonal
pattern, and the increase from the inflation onset oc-
curs earlier, out of phase with the seasonal patterns vis-
ible before 2021 at STAM and in 2018 and 2023 at JONS.
This contrasts with the concurrent seasonal decrease
observed at other stations. Following June 2022, both
stations exhibit values below the median, with STAM at
its minimum value of approximately 1.5 by 2024. From
mid-2023 onwards, divergent behavior emerges: JONS
gradually returns to higher values (2.0–2.2) while STAM
remains at reduced levels (1.5).
Stations ASK and KATT show minimal disruption to

seasonal patterns during inflation, with a pre-inflation
increase that does not persist. KATT, in particular, ex-
hibits the highest values just before the start of the in-
flation.

4.3 Relative seismic velocity variations
(dv/v)

4.3.1 Cross-correlation analysis

Weassessed thequality and temporal evolutionof cross-
correlationswithin the 0.5 to 5Hz frequency range (Sup-
plementary Figure S3). We computed cross-correlation
coefficients using Pearson correlation within the dy-
namic coda-windows used for the dv/v computation at
0.5 Hz. For the presented station pair results, the cross-
correlation coefficients range between 0 and 0.892, with
a median of 0.511. The cross-correlation coefficients
generally remained stable throughout the observation
period. A decrease occurred in 2020 for the STAM-
KATTpair and in August 2021 for the other pairs shown,
including the largest drop of 60% for the JONS-STAM
pair. Additionally, the correlation coefficients exhibit
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Figure 3 A. Spectral width from 0.5 to 20 Hz for the period 2008–2024, computed using 100-second windows with 100-
window averaging. A low spectral width indicates coherent signals at the network scale, whereas a high spectral width is
associated with incoherent noise. The dashed black line marks the start of inflation on August 8, 2021. The bottom panel
shows the number of stations used for each computed day. A low number of stations can influence the visual representation
of the results by artificially reducing the spectral width values. The horizontal purple bar marks the Bárðarbunga-Holuhraun
activity (August 16, 2014 – February 27, 2015). B. Spectral width from 0.5 to 10 Hz for the period 2018–2024. Thewinter signal
is flagged in pink on the time axis, while the summer frequency band is flagged in green on the frequency axis.

seasonal variations at the network scale, with systemat-
ically lower values observed during the winter months
(0.464 ± 0.199, while summer mean = 0.531 ± 0.180).
We selected the 2018–2019 period as the reference for
dv/v computation because the cross-correlations ex-
hibit good stability despite the seasonal variations, cov-
ering a period with minimal gaps and appropriate tem-
poral separation from the inflation onset. All dv/v re-
sults presented here use the 2018–2019 reference, un-
less otherwise stated (i.e., preceding 10-daymoving ref-
erence).

4.3.2 Network-wide dv/v

Network-scale analysis of the mean dv/v values in a
frequency band from 0.5–5 Hz from 2008 to 2024 with
2018–2019 static reference uses the average over 65 sta-

tion pairs. It reveals seasonal variations that produce
a variability of 0.20 ± 0.06% with higher dv/v at the be-
ginning of each year, switching to lower values in July,
then returning to positive values in December (Figure
5). The uncertainty reflects the year-to-year variability
in seasonal amplitude, computed as the standard devia-
tion of yearly maximum-minimum differences.
We also observe changes due to the 2014–2015 Bárðar-

bunga eruption near Askja. This volcanic activity cor-
responds to a notable reduction in the number of
measurements used during 2014 (Figure 5), as cross-
correlation coefficients are below the 0.3 threshold, in-
dicating reduced signal quality across the network. For
the two following years after 2014, the seasonal varia-
tions are impacted, with the lowest dv/v values occur-
ring in October instead of July as in the other years,
and the highest dv/v values occurring in February or

8 SEISMICA | volume 5.2 | 2026



SEISMICA | RESEARCH ARTICLE | Integrated seismic monitoring reveals subsurface evolution during volcanic inflation at Askja volcano, Iceland

Figure 4 DSAR 90 days causal median results for the stations ASK, STAM, KATT, JONS, BRUN, and RIFR from 2018 to 2024.
Station distances to the source estimated by Parks et al. (2024) are 5.37 km, 4.62 km, 10.69 km, 5.89 km, 20.16 km, and 21.91
km, respectively. The dashed vertical black line represents the start of the inflation on August 8, 2021. The dashed horizontal
blue line is the median value for the full period.

March instead of April. The dike intrusion (2weeks) and
the eruptive processes (6 months) during the event are
concomitant with this dv/v variation shift, and spectral
widths results also show changes in the source origin of
the noise (Figure 3A). Additionally, a seconddata gap oc-
curred in summer 2017 due to limited station availabil-
ity, with a minimum of two stations during this period.
The dv/v yearly amplitude decreased from 0.38%

(2008–2011) to 0.29% (2011–2016) to 0.27% (since 2016),
coinciding with a progressive increase in the number
of contributing station pairs (Figure 5, network-code
change from 4F to Z7 to 8K is only administrative).

4.3.3 Station pairs dv/v

We focused on the period from 2018 onward using the
most recent network (8K) with improved data quality
recording andmore consistent data availability to study
the inflation at Askja, which began on August 8, 2021.
To present the dv/v results, we selected the four sta-

tions closest to the inflation source: ASK, JONS, KATT,
and STAM (Figure 6). Prior to the inflation, all station
pairs displayed regular seasonal oscillations from 2018
to 2021, characterized by positive dv/v values occur-
ring in winter months (October–April) and negative val-
ues in summer months (April–October) (Figures 6 and
S5). This pattern was most pronounced in the 1–5 Hz
range, while frequencies below 1 Hz showed less visi-
ble seasonal variations. Additionally, theASK-STAMsta-
tion pair alternates negative and positive values with a
checkerboard-like pattern from0.8 to 1.5Hz, andKATT-
STAM and ASK-STAM pairs exhibit stronger seasonal
contrast than other pairs.
The onset of inflation on August 8, 2021, marks an

abrupt transition from the pre-existing seasonal vari-
ations to predominantly negative dv/v values across
all station pairs. ASK-JONS pair shifted from mixed
to predominantly negative values for all frequencies.
The strongest transition to negative dv/v occurs in the
JONS-STAM pair. After a couple of months, ASK-KATT,
ASK-STAM, KATT-STAM, and JONS-KATT are showing
negative values at lower frequencies, while the higher
frequencies maintained seasonal variations. The fre-
quency limit between these two behaviors varies across
the different pairs, ranging from 1 Hz (ASK-KATT) to
3 Hz (ASK-STAM, KATT-STAM). By 2024, partial recov-
ery is apparent for JONS-KATT and STAM-KATT pairs,
though values remain generally higher than pre-2021
levels. In contrast, the JONS-STAM pair maintains pre-
dominantly negative values.
The proximity and orientation of station pairs relative
to the inflation source appear to influence the magni-
tude and pattern of the observed dv/v response, with
JONS-STAM showing the most significant post-inflation
changes. The network response indicates that the
August 2021 inflation event represents a fundamental
change, evidenced by the transition from regular sea-
sonal variations to persistently lower dv/v values across
multiple frequency bands and station pair geometries
(Figure 6).

To better visualize the dv/v variations during infla-
tion, we extracted the mean values from the wavelet re-
sult for three frequency bands (0.5–1 Hz, 1–3 Hz, and
3–5 Hz) (Figure 7). These results enable us to facilitate
comparisons between frequency bands and associate
the dv/v values with their cross-correlation coefficients,
reflecting the reliability of the data and an indicator of
structural change in the medium when it accompanies
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Figure 5 Biweekly network average dv/v values from 2008 to July 2024, with blue dots showing mean values of data that
have an associated minimum correlation coefficient of 0.3. The light blue error bars indicate standard deviation over the
available results of the 65 station pairs. The static reference is defined by the two years 2018 and 2019. Yearly minima are
labeled in red with dates on the x-axis when there are more than 10 measurements. The dashed black line marks the start
of inflation on August 8, 2021. The bottom panel shows the number of measurements used from all station pairs for each
biweekly plotted value, indicating the representativeness of the network-averaged results.

dv/v changes (Donaldson et al., 2019; Yates et al., 2023).
JONS-STAM pair (Figures 7 A, B, 8 and S5H) exhibits

the most consistent negative response to the infla-
tion, accompanied by a drop in the cross-correlation
coefficient, especially in the 1–3 Hz dv/v. The higher
frequency band 3–5 Hz, characterized by consistent
lower dv/v, shows seasonal variations with a dv/v drop
of 0.2 % in 2022. The 0.5–1 Hz range shows the initial
drop after the inflation followed by immediate recovery
before stabilizing. Then, at the end of 2022, the dv/v
starts to decrease gradually for a year.

In addition to the 2018–2019 pre-inflation static refer-
ence, we use a moving reference (Figure 7B). The mov-
ing reference is computed on a 10-day moving window
that ends before each 10-day stack processed date. This
allows us to better examine changes in dv/v indepen-
dently of the cross-correlation coefficient drop. The
0.5–1 Hz and 1–3 Hz frequency bands show the largest
negative dv/v values with comparable amplitude. The
3–5Hz band shows aweaker decrease, remaining above
-0.8% throughout the inflation period. From late 2021 to
mid-2022, the 1–3 Hz frequency band shows a brief and
moderate increase in dv/v, while other frequency bands
show less variation. From May 2022, dv/v resumes a

marked decrease across 0.5–3Hz frequency bands, with
an amplitude comparable to the initial drop at the in-
flation onset and a lower gradient. From 2023, higher-
frequency bands (1–5 Hz) dv/v start to increase, while
0.5–1 Hz dv/v continues to decrease. From November
2023, the dv/v of all frequency bands follow an increas-
ing trend.

4.3.4 Single stations dv/v

The analysis of dv/v variations (using the static
2018–2019 pre-inflation reference) across different
cross-components for the ASK, JONS, and STAM single
stations reveals distinct patterns between East-North
(EN) and East-Up (EZ) components for each station
(Figure 9 and 7 C, D, E). Prior to the August 2021
inflation, the stations exhibit seasonal patterns with
positive dv/v values each year, transitioning to negative
values from July onwards. Following the inflation
event, all stations demonstrate sustained negative dv/v
values that persist well beyond seasonal variations,
with neither JONS nor STAM stations having fully
returned to pre-inflation conditions by 2024 (Figure 9).
All the dv/v results involving the vertical component
(Z) follow the same scenario that starts with a drop
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Figure 6 Station pairs relative seismic velocity changes to the static reference from 0.1 to 5 Hz (2018–2024) using Z com-
ponent. The station combinations involved ASK, JONS, KATT, and STAM. The dashed vertical black line represents the start
of the inflation on August 8, 2021. Positive dv/v (in red) show increasing seismic wave velocity compared to the 2018–2019
reference period. While negative dv/v values (in blue) show decreasing wave velocity. The results are plotted using a 10-day
smoothing moving window. The inset map shows station locations around Askja volcano.
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Figure 7 Relative seismic velocity curves for the three frequency bands from the wavelet results (0.5–1 Hz, 1–3 Hz, and 3–5
Hz). A. JONS-STAM station pair with pre-inflation reference. B. JONS-STAM station pair with moving reference. C. JONS EN
cross-component with pre-inflation reference. D. JONS EZ cross-component with pre-inflation reference. E. JONS NZ cross-
component with pre-inflation reference. The dot transparency corresponds to the cross-correlation coefficient values (0 to
1) associated with the dv/v, where darker colors indicate higher similarity to the reference state. There is a 30-day backward
smoothing applied to the plotted results. The dashed vertical black line represents the start of the inflation onAugust 8, 2021.

of the dv/v (August–September 2021), followed by a
separation between frequency bands, each showing
distinct trends (September 2021–June 2022). The 0.5–1
Hz band then shows a decreasing dv/v trend while
the higher frequency bands show increasing trends
(June 2022– mid 2023). Finally, the frequency bands
converge toward a common trend, yet remain offset
from each other and compared to pre-inflation dv/v
values (Figures 9D,E, and 9).
Pattern intensity and consistency vary between cross-

components for each station. ASK cross-component
dv/v (Figure 9) shows different behavior at 3.5–5 Hz,
EZ keeps showing partial seasonal variations (not from
3.5–4.5Hz in 2019 and 2020)while EN showsmostly neg-
ative values with episodic negative dv/v. Following the
inflation, EZ dv/v shows negative dv/v values across fre-
quencies for a couple of months. In contrast, EN values
exhibit a stronger decrease in dv/v fromOctober to June
2022. Under 3.5 Hz, the negative dv/v values remained

below pre-inflation values even after an interval of pos-
itive dv/v values.
JONS cross-component dv/v results have a 2019–2020
data gap that prevents direct visual comparison to pre-
2021 conditions. Following the start of the inflation,
JONS EN cross-component dv/v results (Figures 9 and 7)
show negative values persisting through 2022 except at
2–4 Hz (positive values). From 2023, positive dv/v values
are getting to lower frequencies (1–3 Hz), and these val-
ues increase in 2024 (Figure 9). It seems that the differ-
ent frequency bands show parallel temporal variations
in dv/v but at different ranges of values (Figure 7 C).
In contrast, EZ cross-component (Figure 7 D) is show-
ing the same evolution as the JONS-STAM (ZZ) station
pair with a faster recovery of the 4–5 Hz band (Figure
9). However, this frequency range also shows anoma-
lous positive dv/v values at the end of 2023 that devi-
ate from seasonal patterns, while 2–4 Hz frequencies
exhibit reduced dv/v amplitudes compared to pre-2021
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Figure 8 Seasonal analysis of multiple geophysical parameters (2018–2024). Multi-panel time series showing annual vari-
ations in seven key parameters. From top to bottom: A. Temperature (°C); B. Minimum spectral width from Coveisnet mea-
surements; C. DSAR (STAM); and D. dv/v (JONS-STAM, pre-inflation reference); Colors represent different years as indicated
in the legend.

levels. All the frequencies demonstrate increasing dv/v
values from 2023 onward. The NZ dv/v shows the small-
est drop (-0.1%) following the inflation but drastically
increased variability afterward (Figure 7 E).
The STAM station demonstrates relatively similar pat-
terns between cross-components, with clear pre-2021
seasonal variations and post-inflation negative values.
However, the EN shows more negative responses at
0.5–3 Hz during 2022–2024, while EZ exhibits increased
positive values from 2023 in the 1–3 Hz range.
Additionally, EZ and NZ (vertical) components show lo-
calized, intense responses in specific frequency bands,
while EN (horizontal) component exhibits broader,
more distributed frequency responses.

4.4 Seismic velocity location

4.4.1 Sensitivity kernels

In this part, the primary focus is on determining the
seismic wave sensitivity location at Askja volcano. The
sensitivity kernel analysis considers frequency bands
from 0.25 Hz to 3 Hz. Higher frequencies do not show
significant changes in sensitivity compared to the 2
Hz behavior (Supplementary Figure S4, see 3 Hz pink
curve). Lower frequencies approach the instrument
limit and themicroseism signals constrain our analysis.
According to the velocity model of Askja volcano (Han
et al., 2024), Rayleigh waves propagating at 1 and 2 Hz
are sensitive to depths down to 2 km,where a significant
increase in surface wave velocities is observed (Supple-
mentary Figure S4). Thus, most variations in the dv/v
results are likely associated with changes in the shallow
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Figure 9 Single stations relative seismic velocity changes to the static reference for JONS, ASK, and STAM (2018–2024) with
cross-components (EN, EZ) and 10-daymovingwindow. The dashed vertical black line represents the start of the inflation on
August 8, 2021. The inset map shows station locations around Askja volcano.
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crust up to 3 km depth (deepest at 0.5 Hz), including the
modeled deformation source (Parks et al., 2024).
Based on the vertical sensitivity kernel results, we de-

fined the horizontal mapping of the network sensitiv-
ity kernel by extracting the horizontal velocity distri-
bution at 1 km depth from the velocity model, which
corresponds to the depth most sampled by the coda
wave frequencies. We used the dv/v from the ZZ static
cross-correlations with a 30-day moving stack window
to reduce measurement daily variation while preserv-
ing longer-term temporal evolution.

4.4.2 Iterativemultiscale inversion

The network-averaged dv/v demonstrates a consistent
seasonal pattern, with annual minima during summer
(July–August), in addition to longer-termvariations over
multi-year timescales (Figure 5). To minimize seasonal
bias in the spatial analysis, we compare equivalent peri-
ods before and after the start of inflation, excluding the
onset period itself (Figure 10). Baseline period spanned
from January 1st, 2018 to July 31st, 2020, and we com-
pared it to the January 1st, 2022 to July 31st, 2024. We fa-
vor this period range tomaximize the amount of data for
the inversion. However, to ensure seasonal processes
do not bias the results, we also compare using baseline
(01-01-2019 to 31-12-2020) and test periods (01-01-2022 to
31-12-2023) that span full seasonal cycles over two years
(Supplementary Figure S6). In both cases, the final in-
version is similar.
Spatial dv/vmaps apply a data resolution threshold of

0.2 (over 1), masking poorly constrained areas outside
the seismic network. Additionally, the maps have no
linear interpolation to prevent bias and artificial attri-
bution of velocity values to locations with insufficient
resolution constraints. This conservative approach en-
sures that mapped velocity variations reflect genuine
measurements rather than interpolated estimates that
the network density could not constrain. There are two
better-defined regions within the network; one south
that comprises Askja volcano and one north sampling
a fissure swarm area (see fissure swarms on Figure 1).
The northern region exhibits higher dv/v values around
the station KOLL, while the southern region displays
lower dv/v values with spatial heterogeneity. Positive
dv/v values surround negative values in a pattern con-
sistentwith Askja caldera’s velocity structure in the area
between stations JONS, ASK, STAM, and KATT.
Ground inflation began in August 2021 following the

year’s minimum network-scale dv/v measurements (26-
07-2021). Comparative analysis of dv/v maps between
the pre-inflation period (2018–2020, Figure 10A) and
the inflation period (2022–2024, Figure 10B) reveals lo-
calized velocity reductions concentrated within Askja’s
caldera.
Statistical analysis (Figure 10C) reveals that negative
dv/v changes within Askja caldera are part of the most
significant changes, exceeding the 99th percentile com-
pared to the baseline (2018–2020). Other changes ex-
ceeding this threshold and the 95th percentile occur
around TOHR and between ASK and SVAD stations, as-
sociatedwith positive dv/v. This spatial pattern between

STAMand JONS stations coincideswith the documented
ground inflation (Parks et al., 2024) (Figure 1 inflation
sill).

5 Discussion
We first discuss the origin of the seasonal variations
and, in doing so, assess whether changes in noise
sources could also explain the long-term changes ob-
served in dv/v or DSAR.We then focus on the long-term
changes associatedwith theAugust 2021 inflation onset.

5.1 Seasonal variations
All stations used in this study display seasonal varia-
tions across all methods (Figure 8). One concern is
whether the measured signals could reflect changes in
the noise sources rather than changes in the medium’s
properties. The yearly variations of spectral widths
(Figure 8B) follow the number of trace counts for a
few specific years (2021, 2022, 2023; Supplementary
Figure S5F). Specifically, more stations are available
in summer than in winter, most likely due to greatly
reduced sunlight hours and snow-covered solar pan-
els. However, in the other years, the spectral widths
show clear seasonal variations without corresponding
changes in trace counts. We therefore do not attribute
the seasonal variations in the results to changes in sta-
tion availability.
We observed seasonal variations in spectral widths
across the full network, but they are more pronounced
at the Southeast station group (ASK, LIND, STAM),
which is located closest to the Kárahnjúkar dam (Sup-
plementary Figure S2C). The dam could contribute to
the observed source in the spectral widths, as its oper-
ation varies seasonally with water levels. However, we
cannot confirm this attribution with the available data
and require further work.
Independent of the origin of the seasonal source vari-
ations, the spectral width results demonstrate that
tremor source between 1 and 7 Hz remained consistent
with the background levels throughout the inflation pe-
riod, with sustained seasonal frequency variations (Fig-
ures 3B, 8B, and S5E). Additionally, the wavelet-based
dv/v method has been shown to be less sensitive to
changes in the seismic source (Mao et al., 2020). This
stability in source characteristics at the inflation onset
confirms that the long-term negative dv/v trend likely
reflects genuinemedium propertymodifications rather
than artifacts from varying source properties.
Several processes could be responsible for the sea-

sonal signal observed in the Displacement Seismic Am-
plitude Ratio (DSAR). Snow cover can attenuate high-
frequency groundmotionmore than lower frequencies,
potentially biasingDSARduringwintermonths. This ef-
fect has been explored atMount St. Helens (Köpfli et al.,
2024) and may contribute to seasonal variability ob-
served across stations. The seasonal DSAR signal varies
between stations depending on elevation, local slope,
and distance to the hydrothermal system, linking dif-
ferences in infiltration timing of snowmelt and ground-
water dynamics rather than a regional signal (Köpfli
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Figure 10 Spatial and temporal comparison of seismic velocity changes (dv/v). A. Resolution-masked dv/v maps for 2018-
01-01 to 2020-07-31, before the inflation. B. Resolution-masked dv/v maps for 2022-01-01 to 2024-07-31, after the inflation.
Black triangles represent seismic stations, anddashed lines indicate the resolution threshold of 0.5 (lower resolution than 0.5
is masked). The color scale represents dv/v values ranging from -0.16 (blue) to 0.16 (red). C. Significance map of the second
period compared to variations of the first period (baseline). Dark red corresponds to significant changes that exceed the 99th
percentile.

et al., 2024). Local attenuation associated with discon-
tinuous permafrost and buried ice (Etzelmüller et al.,
2020; Shoemaker Thackston et al., 2024) may further
contribute to differences between stations. Most sta-
tions show some timing differences and amplitude vari-
ations in DSAR likely related to these local effects (e.g.,
KATT in 2021 andRIFR in 2024, Figure 4). The dual-peak
DSAR pattern observed at station ASK (Figure 4) could
reflect both the combined influence of seasonal snow
loading and enhanced groundwater recharge. These
two processes could be enhanced at the ASK station lo-
cation because of the steep slopes and drainage net-
works surrounding it. These topographic controls may
increase subsurface fluid saturation, thereby intensify-
ing seismic wave attenuation (Zhang et al., 2022), com-
pared to flat-terrain stations. As seen, local seismic
noise sources such as rivers (Figure 1), wind, and snow
cover can radiate energy in restricted frequency bands
and thus impact the amplitude ratio (Köpfli et al., 2024).
Here, DSARmeasurements cover the 6–16Hz frequency
band, while spectral width results show a source signal
extending to 7 Hz. Therefore, the higher DSAR values
in summer could be contaminated by this source sig-
nal and its seasonal variation. However, the long-term
DSAR changes observed after the inflation onset, espe-
cially at STAM station (Figures 4 and 8C), and the ab-
sence of comparable changes prior to the inflation on-
set, suggest that these changes are unlikely to be only
caused by local or meteorological factors.

As observed elsewhere, the resulting seismic veloc-
ity variations at Askja volcano reflect complex inter-
actions between environmental loading, tectonic pro-
cesses, and magmatic intrusion operating on multiple
temporal and spatial scales (Donaldson et al., 2019;
Winder et al., 2023; Parks et al., 2024). Network-scale
seasonal dv/v variations exhibit amplitudes of 0.20 ±
0.06%, with consistent patterns of higher velocities dur-
ing wintermonths and lower velocities during summer,
spanning the 16-year observation period from 2008 to

2024 (Figures 5 and 8D).We assume predominantly sur-
face wave sensitivity, as surface waves typically domi-
nate ambient seismic noise, providing an appropriate
approximation for characterizing shallow crustal het-
erogeneity despite potential body wave contributions
(Obermann et al., 2013, 2016).
Our results showannual vertical sinusoidal variations

in dv/v, with the minimum in fall and the maximum in
spring (Figures 8D and S5H). The persistent seasonal cy-
cling at higher frequencies (3–5 Hz) indicates that the
3–5 Hz waves primarily sample shallower crustal levels
above the inflation source. Seasonal variations are also
observed with dv/v computed using the moving refer-
ence, with dv/v dropping around July (Figure 7B). Sea-
sonal variations of dv/v are led by the highest frequency
(3–5 Hz), followed by the low frequency bands. This
could reflect changes that first occur at the surface, then
impact deeper portions of the subsurface, and hence
likely a surface-driven process. These seasonal fluctu-
ations align with established patterns documented in
Iceland’s Northern Volcanic Zone, where models com-
bining elastic and poroelastic responses to changes in
snow thickness, ground frost, atmospheric pressure,
and groundwater levels (e.g., Drouin et al., 2016; Don-
aldson et al., 2019; Hotovec-Ellis, 2024; Bruland et al.,
2025). These models validate the interpretation that the
observed cycles at Askja reflect elastic and poroelas-
tic responses to surface loading effects rather than vol-
canic processes.
At Askja, seasonal variations (Figures 8 and S5) follow

apattern consistentwith the interpretation fromdv/vby
Donaldson et al. (2019): from April to July, dv/v drops
and attenuation increases as pore pressure increases
with snow melting and water filling the crust. This hy-
drological loading occurs alongside runoff, while atmo-
spheric pressure decreases at a slower rate than the
snowmelt. From July to October, melting has ceased,
but runoff continues, causing pore pressure to decrease
through the drainage. DSAR and dv/v show delayed
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recovery during this period and increase at a slower
rate than groundwater level changes. From October to
April, snowaccumulates again, increasing the load to its
maximum while groundwater remains constant. This
period matches the DSAR second peak at ASK station.
The 1997–2014 GPSmeasurements described by Drouin
et al. (2016) show maximum deformation in fall and
minimum in spring, which follow the changes in rates
of the GNSS measured uplift, where we observe a lower
rate until April every year (Supplementary Figure S5).
The spatial heterogeneity in seasonal deformation pat-
terns likely explains the observed spatial variations in
DSAR and dv/v seasonal amplitudes between stations.
Therefore, to explore the impact of seasonal varia-

tions, it is critical to consider the influence of snow
thickness (Wang et al., 2017; Yates et al., 2024), ground
frost (Hotovec-Ellis, 2024), atmospheric pressure (Silver
et al., 2007), groundwater level (Clements and Denolle,
2018), and temperature (Richter et al., 2014; Bruland
et al., 2025). Snow mass shows a clear positive correla-
tion (Pearson r ratio is 0.75 from 2016 to 2020) with dv/v
(Supplementary Figure S5D), having at least twice the
influence on the annual cycle amplitude change com-
pared to atmospheric pressure (Donaldson et al., 2019).
Additionally, we observe higher precipitation in 2020
(Supplementary Figure S5B), which results in pore pres-
sure changes lowering dv/v values (Hillers et al., 2014;
Feng et al., 2021; Bruland et al., 2025) (Figures 5, 6, and
9). Donaldson et al. (2019) showed that the annual de-
creases in dv/v occur prior to the ground warming, sug-
gesting ground frost does not dominate the seasonal
variations. Also, as the entire network is exposed to
freezing temperatures (Figure 8A) and seasonal snow
mass (Supplementary Figure S5D), stations above an el-
evationof 1 kmmayalsobe influencedbydiscontinuous
permafrost (Etzelmüller et al., 2020; Shoemaker Thack-
ston et al., 2024). Disentangling at each station the re-
spective contributions of snow loading (Wang et al.,
2017; Yates et al., 2024), buried ice (Shoemaker Thack-
ston et al., 2024), and other meteorological factors re-
mains challenging.

5.2 Inflation variations
5.2.1 Inflation onset

The onset of inflation in August 2021 triggered a transi-
tion from regular seasonal variations to predominantly
negative dv/v values across a broad frequency range us-
ing both station pairs and single stations (Figures 6, 7,
and 9). The inflation started while seasonal processes
were already likely inducing a decrease in dv/v. It is
therefore challenging to ascribe the negative dv/v be-
fore August 8th, 2021, as a definite precursor to the in-
flation. However, the magnitude of the inflation on-
set change stands out from seasonal variations (±0.2%)
and reachesmaximumvalues of -0.7%near the inflation
center.
Nevertheless, unlike the network-wide impact ob-

served during the 2014 Bárðarbunga eruption, the de-
crease in cross-correlation coefficients appears spa-
tially localized, affecting only a subset of station pairs
(Figures 5 and S3). Comparable perturbations have

been observed across other volcanic systems, with
decorrelation interpreted as resulting from active un-
rest as the intrusion of magmatic fluids into the plumb-
ing system, or crustal deformation that opens or
fills cracks (Obermann et al., 2013; Ruiz et al., 2022;
Clements and Denolle, 2023; Yates et al., 2025). At
Þorbjörn-Svartsengi, Cubuk-Sabuncu et al. (2021) doc-
umented approximately 1% velocity drops during rapid
inflation events and magmatic intrusion.

5.2.2 Spatial distribution

The spatial decay of dv/v and attenuation (DSAR) with
distance from the inflation source at Askja appears
consistent with the measured deformation (Figures 4
and 10). The background spatial variability between
elevated dv/v values regions and lower values poten-
tially reflects differences in crustal properties between
the fissure swarm area and the main volcanic edifice
(Figure 1). The dv/v values show spatial heterogene-
ity in the vicinity of Askja caldera, with negative val-
ues surrounded by positive values in the areas outside
the caldera. This spatial pattern is consistent with the
known low-velocity zone at 0.5–2 km depth (Han et al.,
2024; Fone et al., 2025), which overlaps with the neg-
ative dv/v values within the caldera. The surround-
ing positive values align with the high-velocity consol-
idated intrusive rocks that encircle the caldera (Green-
field et al., 2016; Han et al., 2024). Therefore, the nega-
tive dv/v valuesmost likely result from themagmatic in-
trusionat the inflation source. The surroundingpositive
values likely reflect crustal compaction from outward-
directed deformation that increases seismic velocities.
Additionally, the spatial correspondence between the
initiation of ground deformation near OLAC GNSS sta-
tion and the most pronounced seismic velocity varia-
tions at the JONS-STAM pair crossing the western part
of the caldera (Figures 1, 2, and 10) demonstrates a di-
rect link between ground deformation and seismic ve-
locity variations. These multi-parameter observations
collectively suggest that the ground inflation identified
with the GNSS data is likely reflected in other seismic
measurements, particularly in the dv/v measurements,
despite the significant influence of the seasonal varia-
tions.
The depth sensitivity analysis suggests that low-

frequency (0.5–1Hz) velocity changes aremost sensitive
to variations occurring within the upper 2–3 km of the
crust (Supplementary Figure S4). Assuming Rayleigh
wave sensitivity, kernel calculations show sensitivity
down to 2 km depth for 1 Hz frequencies and approx-
imately 1 km depth for 2 Hz frequencies. This depth
range encompasses both the low-velocity zone (0.5–2
km) identified through local earthquake tomography
with reduced seismicitywithin this anomaly, suggesting
the presence ofmoltenmaterial that inhibits both stress
accumulation and brittle failure (Greenfield et al., 2016;
Han et al., 2024; Fone et al., 2025). The overlap between
ambient noise sensitivity and the depth of documented
geological structures suggests that velocity changes re-
flect the deformation dominating the upper crust. Grav-
ity increases documented by Koymans et al. (2023) sup-
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port subsurface mass augmentation from melt injec-
tion, consistentwith estimatedmelt fractions of 12–15%
in the shallow anomaly (Han et al., 2024) and the 2.7
km depth source of the inflationmodeled by Parks et al.
(2024). The deformation would be expected to decrease
dv/v due to themelt injection and themechanical stress
in the surrounding medium. As well as an increase of
DSARwith the possible input of volatile, and potentially
followed by a decrease with the depressurization of the
inflation.

5.2.3 Component-dependent responses

Bacon et al. (2022) found seismic anisotropy associ-
ated with stress-aligned vertical fractures perpendic-
ular to the plate spreading orientation with localized
disruptions around Askja attributed to stress perturba-
tions from magmatic activity. Fone et al. (2025) identi-
fied positive radial anisotropy beneath Askja at around
2 km depth, contrasting with predominantly negative
values in the NVZ, which they interpreted as evidence
of magma storage in a horizontal sill. In this study,
component-dependent responses between horizontal
(EN) and vertical (EZ) cross-correlations reveal differ-
ent behavior after the inflation onset (Figures 7 and
9). Different components preferentially recorddifferent
wave types, with Rayleigh waves dominating the radial-
vertical components and Love waves the transverse
components (Lin et al., 2008; Nayak and Thurber, 2020;
Savage et al., 2013), possibly causing different sensitiv-
ities between vertical and horizontal correlations. The
EZ component demonstrates more localized but strong
responses in specific frequency bands, whereas the EN
component exhibits broader frequency responses and
recovers seasonal behavior from 2023 onward. These
differences likely reflect varying contributions of ver-
tically and horizontally polarized wavefields, as ob-
served elsewhere (Machacca-Puma et al., 2019; Flinders
et al., 2020; Hotovec-Ellis et al., 2022). They could in-
teract differently with the anisotropic crustal structure
beneath Askja, where stress-aligned fractures and ra-
dial anisotropy have been documented at comparable
depths (Bacon et al., 2022; Fone et al., 2025). The ori-
gin of these component-dependent differences remains
uncertain, but the consistency across stations supports
the observed velocity changes associated with the 2021
inflation.

5.2.4 Temporal evolution

The decrease of JONS-STAM cross-correlation coeffi-
cients in August 2021 with the pre-inflation reference,
which persists without recovery throughout the obser-
vation period, suggests structural modifications to the
medium coincident with inflation onset (Figures 7 and
S3). This motivates the use of the moving reference
for the temporal analysis that follows. This reference
also shows the impact of the inflation on the medium
through significant dv/v decreases (Figure 7B). The tem-
poral evolution of the dv/v reveals distinct responses
across different frequency bands (Figure 7). These ob-
servations could be associated with varying responses
to a single process across depth, as well as frequency-

dependent signatures involving separate processes at
different depths. During the first months (August–
September 2021), significant decreases were observed
across all frequency bands, with low frequencies show-
ing more significant responses (-0.7%). The change ob-
served at 0.5–3 Hz (Figure 7B) exceeds typical seasonal
variations (Figure 7A before inflation), which have less
impact than at higher frequencies. The 0.5–1 Hz dv/v
sample shallowdepths, in addition to sampling partially
both the deeper deflating source and the storage zone
at 2.7 km. The larger velocity decreases at lower fre-
quencies suggest a deeper origin relative to seasonal
processes, which have a stronger influence at higher
frequencies. Therefore, this response could reflect ini-
tial magma migration at 2–3 km depth (Parks et al.,
2024; Fone et al., 2025). Several physical mechanisms
could explain the associated decrease in velocity with
magma intrusion. Magma pressurization can drive di-
latation and crack opening and stress field reorganiza-
tion, reducing seismic velocity (Brenguier et al., 2008;
Donaldson et al., 2017). Additionally, as dv/v can indi-
cate increased gas influx (Moune et al., 2022) and ris-
ing groundwater table (Sens-Schönfelder and Wegler,
2006), this change could also reflect the effect of mag-
matic or hydrothermal fluid intrusion driving the infla-
tion and amplifying the velocity perturbation. Themelt
injection within the storage zone itself may also influ-
ence, thoughdisentangling the respective contributions
of each process remains challenging.
The frequency bands used for DSAR computation (>

6 Hz) are not sensitive to the depths where magma in-
trusion is modeled (2.7 km, Parks et al. (2024); Supple-
mentary Figure S4), making a direct association with
the magmatic intrusion itself unlikely. Still, we ob-
served elevated DSAR values at the stations closest to
the inflation source, JONS and STAM stations (Figure
4), from September 2021 through June 2022, aligning
with Caudron et al. (2021)’s observations at Whakaari,
where elevated DSAR values reflected increased subsur-
face volatile accumulation or enhanced sealing. The
observed surface inflation confirms that deformation
from the deeper magmatic intrusion reaches the sur-
face. It could drive shallow processes in the upper 1 km
that are observed in the DSAR changes, including crack
opening, stress field reorganization, scattering prop-
erty changes (Köpfli et al., 2024), and volatile redistribu-
tion (Caudron et al., 2021). The sustained and spatially
heterogeneous DSAR anomalies at JONS and STAM per-
sisting beyond the initial inflation onset indicate com-
plex subsurface process interactions, with variable net-
work response reflecting local effects.
The stabilization of dv/v between October 2021 to

February 2022 (Figure 7B), occurs at higher frequencies
(1–5 Hz, sensitive above 2 km depth) before lower fre-
quencies (0.5–1 Hz, sensitive up to 2–3 km depth). We
interpret this frequency dependent response as reflect-
ing a perturbation persisting at deeper levels and the
impact of the intrusion body. We observe a similar be-
havior from January to April 2023 with the 1–3Hz dv/v
showing a stabilization with increasing dv/v. Seasonal
variations may contribute to these changes, since they
occur around the same period of time and can cause
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large dv/v fluctuations, as shown previously. However,
the dv/v values differ between frequency bands and ex-
pected seasonal trends, especially at low frequencies,
consistent with the inferred location of the intrusion.
The sustained higher DSAR values of JONS and STAM
(Figure 4) until June 2022 align with the scenario in
which pressure increases at 2.7 km depth from the ini-
tial magma migration, modifying fluid circulation and
gas distribution near the surface.
This could be associated with a recharge into the sill at
2.7 km depth (Parks et al., 2024; Fone et al., 2025), desta-
bilizing the hydrothermal circulation. While stress
fields between 0 and 2 km depth relax and fracture
networks begin healing as hydrothermal systems re-
establish circulation patterns and seasonal variation in-
fluences. DSAR measurements complement this inter-
pretation, showing marked decreases at both JONS and
STAM after June 2022, indicating depressurization re-
flecting reduced volatile accumulation and enhanced
fluid circulation at the surface.
FromSeptember 2023, at JONS-STAMpair (Figure 7B),

dv/v trends across frequency bands begin to be similar,
which could indicate that the systemreaches anewstate
with established hydrothermal andmagmatic pathways
at multiple depths as inflation continues with a reduced
rate. Additionally, at the station level, JONS recovery
and STAM persistence at low DSAR values reveal spa-
tially heterogeneous hydrothermal responses. The lack
of synchronized behavior between stations during the
ongoing inflation suggests that DSAR changes reflect
shallow hydrothermal processes controlled by local ge-
ological factors rather than uniform system responses,
such as seasonal variations. Thus, the August 2021 infla-
tion event triggered long-lasting subsurface structural
or stress modifications that continue to influence seis-
mic wave propagation.

6 Conclusion

This study demonstrates that noise-based relative seis-
mic velocity changes can effectively measure crustal
changes atAskja volcano,with sensitivity comparable to
that of GNSS stations, capturing variations as seasonal
fluctuations of ±0.2% due to pore pressure changes
and ground loading from 2008 to 2024. Moreover, dv/v
changes also match the August 2021 intrusion-induced
ground uplift with a drop up to ∼0.7 %. The sensitiv-
ity kernel analysis indicates that the dv/v results are as-
sociated with depths down to 3 km, consistent with the
modeled source of inflation identified in previous stud-
ies. Additionally, the onset of inflation on August 8th
coincided with a progressive increase in DSAR values
of 0.4 units, suggesting enhanced attenuation, possibly
due to the accumulation of magmatic or hydrothermal
volatiles, followedby adecrease inDSARof 0.5 units due
to the depressurization of the volcanic system. This sug-
gests the potential activation of the hydrothermal sys-
tem in response to magma transfer within the upper
part of the Askja volcanic system.
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