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Abstract We construct a linear model of microseism power as a function of sea‐ice concentration and
ocean‐wave activity with a seismic station located on northern Ellesmere Island. The influence of wind‐ice‐
ocean interactions on microseism has been taken into account. We find the increase in microseism power over
the last 32 years reflects the long‐term loss of sea ice and increasing ocean‐wave activity in the Arctic Ocean
likely associated with climate change. We further assess model performance to determine a representative
region over which sea‐ice concentration and ocean‐wave activity most directly influence the microseism power.
The seismological methods developed here suggest that there is the potential to augment or refine observations
of sea‐ice conditions obtained from satellites and from in‐situ observations. Seismological methods may thus
help determine properties such as sea‐ice thickness, which are less amenable to conventional observations,
under a changing climate, particularly in remote areas like the High Arctic.

Plain Language Summary Microseism is a time‐continuous signal recorded by seismometers that is
related to environmental variables, and originates from ocean‐wave activity that excites seismic waves in the
seabed. We examine the potential use of microseism to monitor properties of sea ice that may be harder to
observe continuously in time with satellites. Here, we develop a simple model that uses the variation of sea‐ice
concentration and ocean‐wave activity to predict microseism energy at a seismic station located in the High
Arctic. The success of this model suggests that microseism models can be used as tools to infer sea ice
conditions in remote areas even with only one seismic station.

1. Introduction
The reduction of Arctic sea ice is both an important driver and indicator of climate change that is traditionally
documented by remote sensing from satellites (e.g., Comiso, 1986; Comiso & Kwok, 1996; Johannessen
et al., 1999; Stroeve & Notz, 2018). While this remote‐sensing observation has produced compelling evidence of
how the Arctic is responding to continued greenhouse gas emissions, there are limitations. For example, estimated
sea‐ice thickness largely relies on the hydrostatic assumption and estimated snow depth (Ricker et al., 2014;
Wadhams et al., 1992). In addition, meltwater ponds on the surface of sea ice can be confused for ice‐free ocean
areas (Kwok, 2010). Although approaches utilizing coupled ice‐ocean models that assimilate observational data
have allowed assessment of the Arctic sea‐ice extent (Kauker et al., 2009), the results in the summertime are still
hard to validate due to lack of summertime observation (Ordoñez et al., 2018). Finally, the temporal resolution of
satellite observations is limited (e.g., diurnal to several days), resulting in deficient detection of mesoscale and
sub‐mesoscale (10 km–10 s of m) dynamics of sea ice which operate on short time scales.

Seismological observation has the potential to mitigate some of the temporal and spatial challenges cited above
for satellite observation. Specifically, seismic data provide near‐continuous monitoring of ground motions that
may be indicative of sea‐ice and glaciological processes (e.g., seismic observations have been adapted to high‐
mountain glacier lake monitoring, Lindner et al., 2020; Maurer et al., 2020). An additional advantage of seis-
mological observation is that seismic instruments are autonomous and do not require constant oversight by human
operators as is required, for example, by in‐situ observation approaches using ground‐penetrating radar or dril-
ling. Seismic data, if it can be applied to sea‐ice observation, as we shall attempt here, can therefore be a potential
complement to conventional observation approaches using satellites and in‐situ methods.

Here, we investigate the possible applicability of seismological data, specifically microseism, to the observation
of sea ice. Microseism is an ever‐present, low‐amplitude ground vibration generated by ocean wave‐derived
pressure fluctuations on the seabed between approximately 0.5 and 20 s period (e.g., Hasselmann, 1963; Lon-
guet‐Higgins & Jeffreys, 1950; Press & Ewing, 1948). It can be used to address environmental processes (e.g.,
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Aster et al., 2023), especially in polar regions where sea ice modifies and attenuates ocean wave propagation
through its viscoelastic behavior (Cathles et al., 2009; Stutzmann et al., 2009). In particular, short‐period sec-
ondary microseism may be the most responsive to sea‐ice conditions at the coastal region (Aster et al., 2010;
Gimbert & Tsai, 2015). These modulations vary with frequency, and this may provide a means to differentiate
those properties of the sea ice that affect generation (e.g., sea‐ice concentration) and attenuation (e.g., sea‐ice
strength) of microseism.

There has been notable success in correlating microseism with sea‐ice conditions in the Southern Ocean and the
Bering Sea (Anthony et al., 2017; Cannata et al., 2019; Grob et al., 2011a; Tsai & McNamara, 2011); however,
efforts to assess this correlation elsewhere in the Arctic Ocean have yet to be tried. The aim of this study is to make
this assessment using observed short‐period (0.5–2 s) secondary microseism observed by a seismic station on
Ellesmere Island (II.ALE (Scripps Institution of Oceanography, 1986) in Figure 1). The use of a single station is
notable, as it differs from previous studies that rely on multiple seismic stations (Cannata et al., 2019; Koch
et al., 2011; Tsai & McNamara, 2011), particularly given the relatively limited availability of seismic data in the
remote High Arctic region. An additional goal of this study is to evaluate the correlation between observed
microseism, sea‐ice, and ocean conditions in the Arctic Ocean north of the Canadian Archipelago and Greenland
where multiyear sea ice is undergoing notable reductions. Our methodology involves a simple linear model that
extends the approach of Tsai and McNamara (2011) by including aspects of wind‐ice‐ocean interactions that may
influence microseism power in addition to sea‐ice concentration. The sensitivity of the performance of this linear
model to sea‐ice and ocean conditions within specific distance ranges (e.g., 100–400 km) of the seismic station
will also be evaluated.

2. Data and Method
2.1. Study Area
We focus on the part of the Arctic Ocean north of Ellesmere Island because this location is the “Last Ice Area” to
where multiyear sea ice has been retreating from its previous broad coverage of the Arctic Ocean. In other words,
our study area is the refugium to which multiyear sea ice is retreating (Meier et al., 2014). Located on Ellesmere
Island, at Alert, Nunavut, Canada, is a permanent seismic station (II.ALE) of the Global Seismographic Network
(GSN) that has operated since 1991 (Ringler et al., 2022) (Figures 1c–1f, red triangle). The seismic station is
located in the near‐shore area, which reduces attenuation through the land and provides reliable observation of
microseism (Bromirski & Duennebier, 2002; Cessaro, 1994). The sea ice and ocean data around the station as
described in the following sections are then used to compare with the seismic data (Figure 2).

2.2. Sea‐Ice Concentration
We use daily data from the passive microwave satellite records (Nimbus‐7 SMMR and DMSP SSM/I‐SSMIS,
Version 2) with 25 ⇥ 25 km spatial resolution made available by the US National Snow and Ice Data Center
(NSIDC) (DiGirolamo et al., 2022). Figures 1d and 1f highlight the contrast of sea‐ice concentration between a
winter day that had nearly 100% of sea‐ice cover and a summer day with less sea ice. Assuming sea‐ice con-
centration within a certain distance range D from the seismic station influences microseism power (Tsai &
McNamara, 2011), we use the average sea‐ice concentration within the distance D from ALE. The value of D is
varied as part of optimizing the model we develop here (see Section 3.1) to assess the spatial domain over which a
single seismic station is sensitive to sea‐ice conditions. As the sea‐ice concentration data is unavailable around the
North Pole (e.g., 87:2 � 90° N) due to the orbit inclination of the satellites, we explore the distance D up to
400 km. Once the spatially averaged sea‐ice concentration is evaluated from the NSIDC data on a day‐by‐day
basis, it is then time filtered using a 7‐day moving average to eliminate day‐to‐day variations. This spatially
averaged, time‐filtered sea ice data is denoted by the variable SÖtÜ, where t is time (Figure 2c).

2.3. Microseism
We compile a 20‐year record of short‐period (0.1–10 s) microseism observed at II. ALE from data retrieved from
the US Data Management Center (DMC) of the seismological consortium EarthScope. This data is then compared
with SÖtÜ in order to determine the frequency band where the variation in microseism power is most correlated
with the variation of sea ice.
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The seismic data have a 20 Hz sampling rate and are recorded by Streckeisen STS‐1 seismic sensors with a flat
response within 0:1 � 100 s period range (Scripps Institution of Oceanography, 1986). As Rayleigh waves
account for most microseism and dominate the vertical component of ground motion, we focus on the vertical
component of the seismic records (Gualtieri et al., 2020; Haubrich & McCamy, 1969). The instrumental response

Figure 1. Spectrogram of microseism in the 0:1 � 2 s period range at station ALE over (a) 2016–2022 and (b) 2022. Derived ocean‐wave activity used to generate ~Uo

and sea‐ice concentration used to generate ~S around station ALE (red triangles) for 2022‐04‐12 and 2022‐10‐01 (c)–(f).
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is removed from the data after being demeaned and detrended using ObsPy software. We process in total 32 years
Ö1991 � 2022Ü of seismic data to track the long‐term variation of microseism and its relationship with sea ice.

To explore the time‐frequency characteristics of seismic records at ALE, we examine the daily averaged spec-
trogram of seismic data created using a Short‐Time Fourier Transform (STFT) every 50 s with 70% overlapping
data segments. In Figure S2a in Supporting Information S1, seismic Power Spectral Density (PSD) in the long‐
period range (with period >2 s) shows seasonal changes where the highest and lowest PSD occurs in the
wintertime and summertime, respectively. This can be caused by the overall stormier weather conditions in the
winter of the Arctic region and its surrounding oceans (Grob et al., 2011b) and the long‐distance propagation of
longer‐period Rayleigh waves. Short‐period PSD (with a period below about 2 s)—corresponding to the sec-
ondary microseism excited by the ocean‐wave interference (Ardhuin et al., 2011)—shows the opposite seasonal
pattern from the long‐period PSD, high in summer and low in winter with an abrupt increase in early summer
(Figure 1a and Figure S2b in Supporting Information S1). This can be due to the attenuating effects of sea ice on
short‐period, short‐wavelength ocean waves (Sergeant et al., 2013).

During the period from November to mid‐June, the sea‐ice concentration mostly varies within 1:0 � 0:95 (e.g.,
Figure 1d). An abrupt decrease of sea‐ice concentration begins in early July, which matches the sudden increase of
seismic power within the approximate 0:1 � 2:0 s period range (Figures 1a and 1b). Based on this seasonal
characteristic and the high correlation with sea‐ice concentration (�0.65 in Figure 2d), we hypothesize that
microseism recorded at ALE within this period range is highly sensitive to the variation of sea ice around the
station, consistent with the similar period range found by Tsai and McNamara (2011) in the Bering Sea region.
We utilize averaged PSD within this period range for our following analyses and discussion, and denote it as PÖtÜ.
As with the sea‐ice concentration data SÖtÜ, a 7‐day moving average is applied to the PSD to obtain PÖtÜ over
32 years (Figure 2a black line).

Figure 2. Comparison of observed microseism power (in dB) in the 0:1� 2 s period band (black line in a) with (a) ocean (light blue line for 7‐day moving averaged and
dark blue line for 90‐day moving averaged) and (c) sea‐ice data at D à 400 km. Correlation between observed microseism power and UoÖtÜ and SÖtÜ (b and d,
respectively). Red lines show the linear regressions and their corresponding correlation coefficients.
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2.4. Ocean‐Wave Activity in Ice‐Covered Ocean
Ocean‐wave activity is the primary generator of microseism, but ocean waves are difficult to directly observe in
the Arctic Ocean. To represent the microseism source term in the model, an empirically determined proxy
variable taking into account the momentum transfer between surface wind and sea‐ice motion is used. This
approach has been suggested by several observational studies that are based on comparisons between remotely
sensed wind and sea‐ice drift (Heorton et al., 2019; Kimura, 2004; Kimura & Wakatsuchi, 2000). We use the
geostrophic surface‐wind vector ~Ug and the observed sea‐ice motion vector ~Ui to evaluate an empirical surface‐
ocean vector field, ~Uo, the magnitude of which, j ~Uoj, will be used as the proxy variable for ocean‐wave activity
(microseism‐generation term). This vector field is related to ~Ug and ~Ui by,

~Uo à ~Ui � F ⋅ ~Ug Ö1Ü

where F is a linear transformation that both rotates and attenuates the geostrophic wind ~Ug. Following Kimura and
Wakatsuchi (2000), we assume F is a complex coefficient involving an ice speed reduction factor jFj and turning
angle θ:

F à jFje�iθ: Ö2Ü

We use ERA5‐reanalysis 1,000 hPa 10 km hourly wind data for ~Ug (Hersbach et al., 2023), and daily sea‐ice
motion data (Polar Pathfinder Daily 25 km EASE‐Grid Sea Ice Motion Vectors, Version 4) from NSIDC for
~Ui (Tschudi et al., 2019) and apply a 7‐day moving average to both, consistent with the smoothing performed for

seismic and sea‐ice concentration data.

We can see from Figures 1c and 1e, that ~Uo has low magnitude when the ocean is covered by sea ice, and becomes
large when there is more open water exposed to the surface winds. The derived j ~Uoj (light blue line in Figure 2a) is
then averaged over the distance D from the seismic station and time‐filtered with a 90‐day moving average to
reduce stochastic day‐to‐day noise. The result of this averaging is denoted by the variable Uo. By doing so, the
noise level becomes comparable between UoÖtÜ and PÖtÜ and appears to have similar seasonal variations (dark blue
and black lines in Figure 2a). The spatially averaged, time‐filtered UoÖtÜ is then used in the model derived below.

2.5. Linear Parameterized Model of Microseism Power
We construct a simple linear model that relates PÖtÜ to SÖtÜ and UoÖtÜ to determine how microseism power
variation at ALE is influenced by sea‐ice and ocean conditions. To do so, we assess the correlations between these
parameters. The seasonality of UoÖtÜ matches well with that of microseism power PÖtÜ with a correlation coef-
ficient of 0.51 (Figure 2b). The sea‐ice concentration SÖtÜ is negatively correlated to PÖtÜ with a correlation
coefficient of �0:65 (Figure 2d). The negative correlation coefficient indicates an inverse relationship between
SÖtÜ and PÖtÜ, that is, the more sea‐ice concentration the less microseism power.

With the results of the above statistical analysis, we establish a linear model of microseism power at ALE:

PÖtÜ à β0 á β1 ⋅ UoÖtÜ á β2 ⋅ SÖtÜ á ϵÖtÜ Ö3Ü

where the coefficients β0, β1 and β2 are determined from linear least‐squares regression, and ϵÖtÜ is the residual
error. The performance of the model is then assessed by comparing the observed microseism power ÖPÜ against
the modeled microseism power � P̂� . The correlation coefficient (CC), the root‐mean‐square error (RMSE) and
the R2 are explored to quantify the comparison:

CC à ⌦ P̂, P↵
σ� P̂�σÖPÜ Ö4Ü
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RMSE à

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ� P̂ � P�2

N

s
Ö5Ü

R2 à 1 � ∑N�P � P̂�2

∑N�P � P�2 Ö6Ü

where �P is the averaged P over time, 〈 , 〉 refers to the covariance operator, σ is the standard deviation operator
and the number of time steps predicted by the model is indicated by N.

3. Results
3.1. Model Performance as a Function of Domain Size
To explore the distance D within which sea‐ice concentration and ocean‐momentum transfer explain the
microseism power at ALE most accurately, we compare modeling results for different distance ranges from the
seismic station. The statistical analysis of each model result is shown in Figure 3. Coefficients β1 and β2 and their
uncertainties determined by least squares optimization are shown in black lines and error bars, respectively, in
Figures 3a and 3b (See Text S1 in Supporting Information S1 and Figure S1 in Supporting Information S1 for the
covariance discussions). β1 and β2 are larger when D is within 100 � 200 km and 200 � 300 km, respectively.
Additionally, the ocean‐wave activity (blue line in Figure 3a) and sea‐ice concentration (red line in Figure 3b) are
both highest for D à 100 or 200 km. These suggest that the microseism power at ALE is largely controlled by
regional conditions in ocean wave power and sea ice.

Figure 3. Model performance as a function of data‐input domain radius D (horizontal axes, km). (a) Ocean‐term coefficients β1 (black line) with error bars of 95%
confident interval and total Uo (blue line) as functions of D. (b) Sea‐ice‐term coefficients β2 (black line) with error bars same as in (a) and total S (red line) as functions of
D. (c) Root‐mean squared (RMSE) difference between the model and observed microseism amplitude (black line) and the R2 (gray dashed line) of each model as functions
of D. (d) The variance of terms in Equation 3 as functions of D. (e) Bathymetry map near ALE (red triangle).
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Even though the nearest conditions are affecting the microseism the most, we find that the relatively farther‐away
conditions of ocean and sea ice are still important for explaining the microseism power. The RMSE (Figure 3c,
black line) is about 1.54 and 1.53 dB when D à 100 and 200 km, which are higher than about 1.45 and 1.43 dB
for D à 300 and 400 km, respectively. The R2 of the modeling results indicates the portion of PÖtÜ variance that
can be explained by sea‐ice concentration and ocean‐wave activity and shows an opposite trend to RMSE across
the considered ranges of D (Figure 3c, gray dashed line). The model with D of 400 km has the lowest RMSE and
the highest R2 of about 48 %, which is about 7% larger compared to that for D à 200 km. In the following
discussion, we focus on the results with D à 400 km as this case best explains the microseism power.

3.2. Model Performance as a Function of Time
The results for D à 400 km are shown in Figure 4. In Figure 4a, the observed microseism power PÖtÜ is compared
to that predicted by the model P̂ÖtÜ over the period 1991–2022 using the optimal βiÖià0,1,2Ü. P̂ÖtÜ captures the
seasonal cycle of microseism power variation relatively well, although it displays much less week‐to‐week
variability compared to the PÖtÜ. Moreover, linearly fitting P̂ÖtÜ over time results in a long‐term trend (red line
in Figure 4a) of á0:23 dB/decade (5.4%/decade since 1991). The overall increase is consistent with that of the
observed PÖtÜ (gray line in Figure 4a), even though the magnitude of the increase is about a factor of 2 smaller.

To further assess how each model term contribution varies over time from 1991–2022, we evaluate ocean and sea‐
ice terms separately (Figures 4b and 4c). The linearly fitted long‐term trend of each term shows a positive increase
over time, indicating climate‐induced reductions in sea‐ice concentrations over the Arctic Ocean and an increase

Figure 4. Model performance as a function of time over the period 1991–2022 with linear trends indicated. (a) Observed (black line) and modeled (red line) microseism
power (in dB) at ALE in the period range of 0.1–2 s for D à 400 km. (b) Ocean contribution to microseism �β1UoÖtÜ�. (c) Sea‐ice contribution to microseism �β2SÖtÜ�.
Trends of the variables are indicated (associated by color) on the right‐hand side of each panel and by thick straight lines.
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in ocean‐wave activity in this particular region. The long‐term trend for the sea‐ice term is 0.15 dB/decade, or
about 3.5%/decade since 1991 (Figure 4b, dark blue line). This is about 2 times larger than that of the ocean term,
that is 0.08 dB/decade (1.9%/decade since 1991) (Figure 4c, dark red line). This ocean energy rate of increase is of
similar magnitude to large‐scale ocean secular increases of several tenths of a percent per year from oceano-
graphic (e.g., Reguero et al., 2019) and seismographic (Aster et al., 2023) estimates in recent decades.
Furthermore, by calculating the range of microseism power each year and taking the average through the 32 years,
we can estimate the seasonal variation of each term. In which, the sea‐ice term is 3.7 dB, while the ocean term is
1.8 dB. Moreover, the variance of the sea‐ice term is larger than that of the ocean term, which is about 1.1 and 0.3
respectively (Figure 3d, at D à 400 km). Both these long‐term and seasonal variations of the two terms indicate
that the contribution of the sea‐ice term is about twice as large as that of the ocean term in explaining the
microseism at D à 400 km. For smaller distance ranges (D à 100 � 300 km), sea‐ice variation is still the
dominating factor with larger variances (Figure 3d).

4. Discussion
The short‐period secondary microseism is excited by ocean‐wave activity which, for the Arctic Ocean, can be
influenced by how sea‐ice cover both impedes wind generation of waves and resists vertical movement of the
ocean surface through its rigidity (Gimbert & Tsai, 2015; Montiel et al., 2022). The novel approach developed
here is to parameterize the ocean‐wave activity using a proxy variable � ~Uo� that depends on the wind‐driven sea‐
ice drift, that is, F ~Ug and the sea‐ice motion � ~Ui�. This proxy variable represents the ocean source of microseism
energy. In practice, j ~Uoj has its greatest variation along the continental shelf since the ocean‐wave activity is
expected to have greater amplitude and complexity in shallow water areas near the coastline, as shown in previous
studies (Kimura, 2004; Kimura & Wakatsuchi, 2000). This is consistent with our observation, where both the
ocean‐wave activity (blue line in Figure 3a) and its standard deviation (blue line in Figure S3 in Supporting
Information S1) decrease with D. The standard deviation decreases most abruptly as D extends over 200 km,
which marks the transition from the local continental shelf region to the deeper ocean (Figure 3e). Similarly, we
find that the sensitivity of the model to the ocean‐wave activity — which is quantified by the magnitude of β1
(black line in Figure 3a) — also decreases significantly from D à 200 to 300 km.

Sea‐ice concentration decreases with distance D except in the immediate vicinity of the coastline (D à 100 km)
where ocean wave breaking at the shore can result in low sea‐ice concentration (red line in Figure 3b). Beyond
D à 200 km, there are relatively steep slopes in bathymetry (Figure 3e), and this can cause turbulence in the
ocean, and in turn, more breaking of sea ice as we can see in both sea‐ice concentration and its standard deviation
(red lines in Figures 3b and Figure S3 in Supporting Information S1). The sensitivity of the microseism to sea‐ice
concentration, that is, β2 (black line in Figure 3b), is also high in the distance ranges corresponding to the
continental slope. These results highlight the effect of bathymetry on the ocean‐wave activity, the sea‐ice con-
centration, and the microseism.

With respect to temporal variation, the model has poorer performance when the sea‐ice concentration is near
100% in wintertime (Figures 3c and 4a). This may indicate that other properties of the sea ice, such as thickness,
age, snow cover, and factors that determine mechanical strength, become more important in determining the
attenuation of microseism when the ocean surface is fully ice‐covered. Moreover, the generation of the secondary
microseism source can be dynamic on an hourly scale (Ardhuin et al., 2011). As the model input has been
intentionally averaged to match the resolution of sea‐ice and ocean observational data, the variation of microseism
on a smaller scale is unable to be captured by the model. Since the ocean is nearly fully covered by sea ice in the
winter, the microseism source in this case may have less contribution from the air‐sea interaction, but more from
various deep ocean wave mechanisms on a smaller scale through the generation of wave‐wave interaction.

5. Conclusion
The model constructed here demonstrates that sea‐ice concentration and a proxy ocean‐wave activity variable,
based on observed surface winds and sea‐ice drift, can predict 32 years of microseism observed at a site on the
coast of the Arctic Ocean with relatively high accuracy. Although this simplified linear model cannot explain the
small‐scale variation of microseism power, the model captures its seasonal cycle in sea‐ice and ocean conditions.
The model also, notably, captures the long‐term secular change in microseism power due to climate change.
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To the best of our knowledge, our study presents the first attempt to take into account the influence of sea‐ice
dynamics on sea‐ice‐associated microseism. Our model suggests that short‐period variability of secondary
microseism can be attributed to not only sea‐ice concentration, as has been shown in previous studies, but also to
sea‐ice motion that is associated with local wind. Moreover, the modeling results depend on the spatial distri-
bution of sea ice as well as how ocean waves are influenced by local bathymetry. A more comprehensive model
and computational algorithm (e.g., Cannata et al., 2020; Minio et al., 2023; Moschella et al., 2020) should be a
focus of future study, so to develop the resolution of microseism observation on the parameters that govern sea ice
and ocean conditions in the Arctic. The demonstration that microseism can be used to detect and quantify sea‐ice
change in the Arctic Ocean presented here supports the idea that seismic observations at coastal stations can be
used as a means to constrain sea‐ice properties using inverse methods even in remote regions. Whether seismic
observation and modeling can complement conventional sea‐ice observation, such as by satellite imagery and in‐
situ monitoring, remains to be determined.

Data Availability Statement
Seismic data used in this study are available through the EarthScope Data Management Center (https://service.
iris.edu) under Global Seismograph Network code II (Scripps Institution of Oceanography, 1986). Seismic data
pre‐processing was done using Python ObsPy Toolbox (The ObsPy Development Team, 2024). ERA5 surface
wind data (Hersbach et al., 2023) are available through ECMWF data archive (https://cds.climate.copernicus.eu/
datasets). Sea‐ice concentration and motion data (DiGirolamo et al., 2022; Tschudi et al., 2019) are available
through NASA National Snow and Ice Data Center Distributed Active Archive Center (https://nsidc.org/data/
data‐programs/nsidc‐daac). Figures are plotted using Matlab and M Map Package (Pawlowicz, 2020).
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