
1.  Introduction
Velocity changes of ground deformation, recorded with Global Navigation Satellite System (GNSS) coordinate 
time series, can manifest various geophysical processes, for example, volcanic-hydrothermal processes, tectonics, 
and the variation in groundwater level (Borsa et al., 2014; Davis et al., 2006; Geirsson et al., 2010). Break points 
in GNSS time series, defined as the timing of velocity changes, may signal the changes of causative processes. 
Together with velocity change values, they provide valuable information for many applications. In this study, a 
method is developed for the joint estimation of break points, velocity change values and their associated uncer-
tainties. We applied the method to study the transient deformation in the Northern Volcanic Zone (NVZ) of 
Iceland during 2014–2015.

Previous studies have applied advanced methods to model velocity changes with continuous curves, for exam-
ple, polynomials, wavelets, singular spectrum analysis, and Kalman filter (Borghi et al., 2012; Bos et al., 2020; 
Didova et al., 2016; Wang et al., 2016). However, such approach obstructs the finding of break points. In contrast, 
piecewise functions are transparent for estimating both break points and velocity change values (e.g., Davis 
et al., 2006; Ducrocq et al., 2021). Detecting break points for piecewise functions is a non-linear problem because 
the location of a break point affects velocity estimation.
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Statistical criteria considering fitting error have been applied to detect break points for piecewise functions 
(Benciolini et al., 2012; Bos et al., 2018; Vitti, 2012; Wu et al., 2018). These methods usually report the optimal 
break points but without uncertainties. Another approach to detect break points is Bayesian modeling, with a 
Markov Chain Monte Carlo method, inferring the posterior distribution of parameters, and thereby obtaining 
parameter estimates and uncertainties jointly. This approach has been widely used in some aspects of GNSS time 
series analysis (Baragatti et al., 2019; Borghi et al., 2012; Koulali & Clarke, 2021; Olivare-Pulido et al., 2020; 
Olivares & Teferle, 2013; Qianqian & Qingming, 2013). With Bayesian modeling, Liu et al. (2023) determined 
the onset time of unrest at Socompa volcano, assuming white noise (WN) in GNSS time series. Oelsmann 
et al. (2022) detected velocity changes accompanied with steps, considering the noise as the first-order autore-
gressive process, or AR(1). However, more realistic noise model is required as the noise conforms to AR(1) only 
when sufficient signals are subtracted (Amiri-Simkooei et al., 2007), and velocity changes without simultaneous 
steps need further examination with the Bayesian approach.

The noise in GNSS time series is usually described using power-law noise (PLN), of which the power spectrum 
follows:

𝑃𝑃 (𝑓𝑓 ) = 𝑃𝑃0

(

𝑓𝑓

𝑓𝑓0

)𝜅𝜅

� (1)

where 𝐴𝐴 𝐴𝐴 (𝑓𝑓 ) is the power at frequency 𝐴𝐴 𝐴𝐴 of the noise, 𝐴𝐴 𝐴𝐴0 and 𝐴𝐴 𝐴𝐴0 are constants, and 𝐴𝐴 𝐴𝐴 is the spectral index 
(Williams, 2003). 𝐴𝐴 𝐴𝐴 for GNSS time series ranges from −2 to 0 and is usually estimated individually for each 
station and coordinate component. When 𝐴𝐴 𝐴𝐴 is 0, −1 and −2, the noise behaves as WN, flicker noise (FLN) and 
random-walk noise, respectively. PLN is caused by the complexity of signals in GNSS time series and the simpli-
fied models in data processing (Amiri-Simkooei et al., 2017; Dmitrieva et al., 2017; Dong et al., 2002; Klos 
et al., 2018; Langbein & Johnson, 1997; Wang & Herring, 2019; Zhou et al., 2019). Neglecting PLN oversimpli-
fies the temporal relationship among observations in the time series and causes underestimation of uncertainties 
(Mao et al., 1999). Thus, the joint estimation of velocity changes and PLN parameters will enhance the reliability 
of results.

Therefore, we implement Bayesian modeling to jointly estimate break points, velocity change values, PLN 
parameters and their uncertainties. We examine the performance of the method with synthetic data and apply it 
to infer the timing of transient deformation in the NVZ of Iceland during 2014–2015.

2.  Methods
We start with a common function model of GNSS time series. It is subsequently simplified with data pre-processing 
to reduce calculation cost. Then Bayesian modeling of velocity changes is implemented based on the Geodetic 
Bayesian Inversion Software (GBIS; Bagnardi & Hooper, 2018) using MATLAB.

A function model for a GNSS time series considering steps and velocity changes is (Nikolaidis, 2002):
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where 𝐴𝐴 𝐴𝐴 is the coordinate at time 𝐴𝐴 𝐴𝐴, 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 are initial station position and velocity, 𝐴𝐴 𝐴𝐴𝑖𝑖 and 𝐴𝐴 𝐴𝐴𝑖𝑖 are the amplitudes of 
annual and semi-annual signals, and 𝐴𝐴 𝐴𝐴 is the number of steps with 𝐴𝐴 𝐴𝐴𝑗𝑗 and 𝐴𝐴 𝐴𝐴𝑗𝑗 being their magnitudes and timing, 
respectively. 𝐴𝐴 𝐴𝐴 is the number of velocity changes with 𝐴𝐴 𝐴𝐴𝑘𝑘 and 𝐴𝐴 𝐴𝐴𝑖𝑖 being corresponding timing (break points) and 
values. 𝐴𝐴 H( ) is the Heaviside function. 𝐴𝐴 𝐴𝐴 is residual, the difference between the observation and the model. The 
noise is usually assessed from residuals, of which the covariance matrix 𝐴𝐴 𝐂𝐂 is a combination of WN and PLN 
(Amiri-Simkooei et al., 2007; Langbein, 2012; Williams, 2003):

𝐂𝐂 = 𝛼𝛼2𝐈𝐈 + 𝛽𝛽2𝐉𝐉𝜅𝜅� (3)

here 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 represent the amplitudes of WN and PLN, respectively. 𝐴𝐴 𝐈𝐈  indicates the identity matrix and the calcu-
lation of 𝐴𝐴 𝐉𝐉𝜅𝜅 is described in Text S1 in Supporting Information S1.
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Pre-processing of the time series preliminarily estimates all parameters, retains the velocity changes, and removes 
other signals. The procedure (Table S1 in Supporting Information S1) includes: (a) removing outliers, (b) visually 
detecting steps and approximate break points, (c) preliminarily estimating 𝐴𝐴 𝐴𝐴 , 𝐴𝐴 𝐴𝐴 , 𝐴𝐴 𝐴𝐴𝑖𝑖 , 𝐴𝐴 𝐴𝐴𝑖𝑖 , 𝐴𝐴 𝐴𝐴𝑗𝑗 and 𝐴𝐴 𝐴𝐴𝑘𝑘 ; (d) evaluating 𝐴𝐴 𝐴𝐴 , 

𝐴𝐴 𝐴𝐴 , and 𝐴𝐴 𝐴𝐴 from residuals, and (e) subtracting 𝐴𝐴 𝐴𝐴 , steps, and seasonal signals from the time series. Our pre-processing 
partially uses the HECTOR software (Bos et al., 2013). After pre-processing, the function model is simplified as:

𝑦𝑦 = 𝑎𝑎′ + 𝑏𝑏𝑏𝑏 +
𝑛𝑛
∑

𝑘𝑘=1

𝑔𝑔𝑘𝑘(𝑡𝑡 − 𝑡𝑡𝑘𝑘)H(𝑡𝑡 − 𝑡𝑡𝑘𝑘) + 𝜀𝜀� (4)

where 𝐴𝐴 𝐴𝐴′ is the residual intercept with its value approaching zero. The data and residual vectors can be denoted as 
𝐴𝐴 𝐲𝐲  and 𝐴𝐴 ε, respectively. By fixing WN amplitude as the estimate 𝐴𝐴 𝐴𝐴𝐴 from pre-processing, Equation 3 is simplified as:

𝐂𝐂 = 𝛼̂𝛼2𝐈𝐈 + 𝛽𝛽2𝐉𝐉𝜅𝜅� (5)

This is justified based on the relatively small effect of WN on uncertainties (Hackl et al., 2011).

We estimate the remaining parameters in Equations  4 and  5 simultaneously with Bayesian interference. The 
parameter vector is

𝐦𝐦 =
[

𝑎𝑎′ 𝑏𝑏 𝑏𝑏1⋯𝑡𝑡𝑛𝑛 𝑔𝑔1⋯𝑔𝑔𝑛𝑛 𝜅𝜅 𝜅𝜅
]

� (6)

where 𝐴𝐴 𝐴𝐴1⋯𝑡𝑡𝑛𝑛 represent break points and 𝐴𝐴 𝐴𝐴1⋯𝑔𝑔𝑛𝑛 represent velocity change values. The joint conditional probability 
distribution (PD) of 𝐴𝐴 𝐦𝐦 given observations 𝐴𝐴 𝐲𝐲 can be derived with Bayesian theorem:

p(𝐦𝐦|𝐲𝐲) =
p(𝐲𝐲|𝐦𝐦)p(𝐦𝐦)

p(𝐲𝐲)
� (7)

where 𝐴𝐴 p(𝐦𝐦|𝐲𝐲) is the targeted PD and 𝐴𝐴 p(𝐲𝐲|𝐦𝐦) indicates the PD of 𝐴𝐴 𝐲𝐲 given 𝐴𝐴 𝐦𝐦 . 𝐴𝐴 P(𝐦𝐦) is the a priori PD of 𝐴𝐴 𝐦𝐦 , which 
we assume to follow uniform distribution within the search range of 𝐴𝐴 𝐦𝐦 . The search range is set according to the 
pre-processing results. The logarithm of 𝐴𝐴 p(𝐲𝐲|𝐦𝐦) can be calculated assuming Gaussian distribution of the param-
eters (Koulali & Clarke, 2021; Langbein, 2004):

ln(p(�|�)) = −1
2
(

� ln(2�) + ln(det(�)) + εT�−1ε
)

� (8)

where 𝐴𝐴 𝐴𝐴 is the number of data points. Iterated sampling of 𝐴𝐴 𝐦𝐦 with Metropolis-Hastings algorithm (Bagnardi 
& Hooper, 2018; Hastings, 1970; Metropolis et al., 1953) gives an estimate of the posterior joint distribution 
of parameters, denoted as 𝐴𝐴 p̂(𝐦𝐦|𝐲𝐲) . With 𝐴𝐴 p̂(𝐦𝐦|𝐲𝐲) , one has all statistical information of the parameter estimates, 
including a parameter combination with the maximum likelihood (denoted as the optimal estimates) and the indi-
vidual mean values of the marginal PDs (denoted as the mean estimates). The 95% confidence interval of 𝐴𝐴 p̂(𝐦𝐦|𝐲𝐲) 
is denoted as uncertainty hereinafter.

3.  The Validation of Bayesian Modeling With Synthetic Time Series
We validate the method with synthetic time series generated with Equation  4 and pre-processing results of 
observed data (Table S2 in Supporting Information S1). For clearer comparison of the results, we added WN 
and FLN. The WN amplitude is set to 1 mm, and the FLN amplitude varies among 3, 4, and 5 mm/yr 0.25. The 
time series spans 5 yr, from 2019 to 2024. The initial velocity is 5 mm/yr, and one break point is simulated at the 
middle of the time series (2.5 yr). The velocity change is set to −1.0, −2.5, −5.0, −7.5, −10.0, −15.0, −20.0 mm/
yr. Pre-processing follows Section 2, but the seasonal signals are not estimated nor removed. The preliminary 
estimate of break point is set to 2.55 yr. We run 120,000 sampling iterations for the synthetic series. The search 
range of the parameters is in Table S3 in Supporting Information S1 and the synthetic time series are displayed in 
Figure S1 in Supporting Information S1.

Figures 1a–1c show the synthetic data and inferred models. For 𝐴𝐴 𝐴𝐴 of −20 mm/yr (Figure 1a), the model fits the 
time series well, with the estimation error of break point smaller than 10 d and its uncertainty of 60 d, illustrating 
the effectiveness of the method. For 𝐴𝐴 𝐴𝐴 of −5 mm/yr (Figure 1b), the simulated break point is masked by the noise. 
The estimation error is larger than 1 yr, although the 95% confidence interval includes the true break point. Thus, 
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the estimates of break points with small velocity changes can be offset by PLN. 𝐴𝐴 𝐴𝐴 of −1 mm/yr yields break point 
uncertainty similar to the search range. In this case the Markov chain (Figure S2 in Supporting Information S1) 
fails to converge, inducing random values within the search range taken as an estimate, which should not be 
accepted. We study the general variations of estimation for different 𝐴𝐴 𝐴𝐴 , aiming at break point uncertainty smaller 
than half a year (Figures 1d–1f and Table S4 in Supporting Information S1). In a 5-yr-length time series, we 
suggest the velocity change value be larger than −7.5, −10, and −15 mm/yr for FLN amplitude of 3, 4, and 5 mm/
yr 0.25 for a reliable break point estimate.

The temporal characteristics of individual noise series can vary notably even with the same parameters. We do 
run the experiments again with another set of noise (Figure S3 in Supporting Information S1) and derive the same 
lower limits as above.

4.  Far-Field Velocity Anomalies Concurrent With Magma Unrest
4.1.  Northern Volcanic Zone of Iceland

The NVZ is a part of the Mid-Atlantic plate boundary in Iceland (Einarsson, 2008). It is divided into several 
volcanic systems, including Þeistareykir, Krafla, Fremrinámar, Askja and Bárðarbunga (Figure 2). Relatively 

Figure 1.  Synthetic data experiments with a single break point, different noise levels and velocity change values. (a–c) 
Synthetic time series and the established models with FLN amplitude (𝐴𝐴 𝐴𝐴  ) of 5 mm/yr 0.25 and velocity changes (𝐴𝐴 𝐴𝐴 ) of −20, 
−5, and −1 mm/yr, respectively. The purple shaded area indicates the 95% confidence interval of break points. (d–f) The 
estimation errors and uncertainties of synthetic experiments. The relative errors are the differences between the estimates and 
true values, divided by the true values. The horizontal axes are with a logarithmic scale.
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homogeneous mantle, consistent mantle forming conditions and similar melt fractions along the NVZ compared 
to the whole Iceland have been inferred with radiogenic isotopes (Harðardóttir et al., 2022). The latest rifting 
episode at Krafla during 1975–1984 included ∼20 dike intrusions and nine eruptions, with earthquakes, fault-
ing and accumulated widening of 4–5 m on average in the volcanic system (e.g., Björnsson et al., 1977; Wright 
et al., 2012). Since late 2011, ground deformation has been monitored with continuous GNSS (cGNSS) stations 
KRAC, MYVA and BJAC at Krafla, and THRC at Þeistareykir. In August 2014, a dike intrusion occurred at 
Bárðarbunga, ∼120 km south of the Krafla area (Parks et al., 2017; Sigmundsson et al., 2014), which propagated 
48 km and fed the 6-month-long Holuhraun eruption at its northern end. At a similar period, four cGNSS stations 
at Krafla and Þeistareykir show faster movements to the west (Figure 2c and Figure S4 in Supporting Informa-
tion S1; Lanzi et al., 2023).

4.2.  Bayesian Modeling Results

The daily coordinate time series at the four stations were derived with GAMIT/GLOBK 10.75 (Figure S4 and Text 
S2 in Supporting Information S1; Herring et al., 2018). Pre-processing infers velocity anomalies characterized by 
two break points during 2014–2015 (Figure 3 and Table S2 in Supporting Information S1). Bayesian modeling is 
only implemented to the east component as only its velocity changes allow reliable estimates (8 mm/yr vs. the FLN 
amplitude of 3.0–3.4 mm/yr 0.25 from pre-processing). We run 500,000 sampling iterations to better realize the PDs.

Figure 2.  (a) A map of Iceland with the blue rectangle indicating the Northern Volcanic Zone (NVZ). (b) A map of NVZ 
with volcanic systems: B: Bárðarbunga. A: Askja. F: Fremrinámar. K: Krafla. Th: Þeistareykir (Saemundsson, 1979; 
Sigmundsson, Einarsson, et al., 2020). Faults and fissures swarms (brown) are from Jóhannesson and Sæmundsson (2009). 
Blue rectangle indicates the area shown in panel c. (c) Locations of cGNSS stations with their detrended east-component time 
series. The dashed lines with arrows point from the stations to their time series, where the black dots and white lines indicate 
the coordinates and their uncertainties, respectively (unit: mm), and the horizontal axes indicate time (unit: yr).
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Results are shown in Figures 3 and 4a, Figures S5, S6, and Table S5 in Supporting Information S1. Generally, the 
established models fit the time series well. For the first velocity change, the optimal estimates derive break points 
at 2014.4114, 2014.4758, 2014.5018, and 2014.5601 at station BJAC, MYVA, KRAC and THRC, respectively. 
Corresponding velocity change values are −9.8, −9.6, −8.9, and −7.6 mm/yr. The largest break point uncertainty 
is 227 d at BJAC, which is mainly caused by missing data, and the smallest is 102 d at KRAC. Accounting for 
all the stations at Krafla, the 95% confidence interval of the break points ranges from 2014.1860 to 2014.6166 (9 
March to 14 August 2014). The second velocity changes have similar magnitude as the first ones, however with 
opposite sign. The root mean square of the differences between their absolute values is 0.7 mm/yr. The uncertain-
ties of the second break points all overlap with the end of the Holuhraun eruption (29 August 2014).

Therefore, we infer that the westward-accelerated movements at Krafla (9 March to 14 August 2014) precede the 
Bárðarbunga dike intrusion (16 August 2014) with 95% confidence interval (±83 d on average). At the second break 
points the station velocities resume similar velocities as before the movement anomalies. The optimal estimates 
suggest the resumption occurs before the end of Holuhraun eruption but uncertainties allow no solid conclusion.

5.  Discussion
The span of the time series affects the parameter estimations. Additional synthetic data experiments (Text S3 and 
Figure S7 in Supporting Information S1) indicate longer span before a break point generally reduces the uncer-
tainties of the initial velocity and break point but has less effect on errors. For a fixed span of time series, shorter 

Figure 3.  Bayesian modeling results for the four time series at Krafla and Þeistareykir. (a–d) Preprocessed time series in east 
component with the established models. The time series are detrended with the optimal initial velocities. The purple shaded 
area indicates the 95% confidence interval of break points. The green shaded area indicates the period of the Bárðarbunga 
diking and eruption (Sigmundsson et al., 2014), with the start of dike intrusion on 16 August 2014 (2014.6260) and the end 
of eruption on 27 February 2015 (2015.1603). The vertical orange line indicates the start of the eruption on 29 August 2014 
(2014.6575). (e–h) The power spectrums of residuals and the obtained spectrum indices (𝐴𝐴 𝐴𝐴 ).
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span before the break point hampers the precision of the initial velocity while shorter span after the break point 
hinders the velocity change estimation. Consequently, they both raise the uncertainty of velocity change. The 
relatively large uncertainties of the second break points at Krafla are partially attributed to the short span (less 
than 1 year) between the two break points (Figure 3). The difference in the total time span of the four cGNSS time 
series is less than 1 yr, with minimal influence on the results.

The joint parameter distributions (Figure S6 in Supporting Information  S1) indicate strong anti-correlation 
between the two velocity change values, and between the two noise parameters. The anti-correlation between 
the velocity change values is because the second one is referenced to the first one. The anti-correlation of noise 
parameters has been observed in previous research (e.g., Chen et al., 2018; Gobron et al., 2021). The unit of PLN 
amplitude varies with the spectral index in Equation 1, making their amplitudes not directly comparable. Thus, 
we compare the PDs of noise amplitude with the preliminary results after unit normalization (Gobron et al., 2021; 
Text S5 and Figure S8 in Supporting Information S1) and find that the preliminary estimates of noise amplitude 
are within 95% confidence intervals of Bayesian results, validating the method on noise assessment.

Magmatic processes can cause gradual velocity changes, for example, exponential-logarithmic functions (Bevis 
& Brown, 2014), instead of sudden changes at specific epochs as modeled in Equation 2. Our method can be 
generalized with different functions. However, when applying Equation 2 to gradual velocity changes, the break 
point uncertainty can be expected to provide an estimate of the duration of the varying velocity.

Near-field precursors prior to the onset of the Bárðarbunga dike include enhanced ground deformation and 
seismicity (Sigmundsson, Pinel, et  al.,  2020), which can be compared with the velocity anomalies at Krafla 
(Figure 4). The probability density of the beginning of far-field velocity anomalies is higher in the period when 
the near-field station, VONC (Figure 2b), moves faster away from the Bárðarbunga caldera (Figure 4b) and when 

Figure 4.  Comparison between the far-field velocity anomalies and near-field precursors of the Bárðarbunga rifting episode. 
(a) Marginal posterior probability distributions of the first break points within 95% confidence intervals. The color-shaded 
areas start and end at the lower and higher limit of the 95% confidence intervals, respectively. The vertical solid and 
dashed lines indicate the optimal and mean estimates, respectively. The gray area indicates the period after the onset of the 
Bárðarbunga dike intrusion. (b) The horizontal displacement in direction N279.4°E (the azimuth of maximum horizontal 
motion) at VONC station (11 km west of the Bárðarbunga) from detrended GNSS time series. (c) Seismicity at Bárðarbunga 
versus time (left axis) and accumulated seismic moment (right axis) before the dike intrusion. The data in panels b and c are 
from Sigmundsson, Pinel, et al. (2020).
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an Mlw 3.7 earthquake occurs at Bárðarbunga (Figure 4c), marking a period of increased seismicity lasting until 
the diking onset. A comparable velocity anomaly is observed at another near-field station before the dike intru-
sion (Figure S9b in Supporting Information S1). Therefore, the far-field velocity anomalies at Krafla occur in the 
same period as the near-field precursors at Bárðarbunga. These far-field velocity anomalies localize at the NVZ 
as the time series at other four far-field cGNSS stations at distances of 110–150 km from Bárðarbunga show no 
similar pattern of deformation (Figure S9c in Supporting Information S1).

The concurrent activities at Krafla and Bárðarbunga may indicate a coupling relationship between the two 
volcanic systems along the NVZ. During 25 October 2013–31 October 2014, five minor seismic swarms are clus-
tered in the Krafla region (Blanck et al., 2014). Three correlate with reduced reinjection rate at two geothermal 
boreholes and two occur in areas of previous seismicity in 2009–2012 relating to the rift axis activities (Schuler 
et al., 2016). Thus, these seismic swarms cannot be taken as unusual activity relating to the velocity anomalies. 
The absence of unusual seismicity with the velocity anomalies may indicate the involvement of ductile processes, 
aseismic faulting, or insufficient strain change to cause seismicity.

Volcanic systems at NVZ may be coupled, eventually through a partial melt zone that can channel pressure 
variations. Pressure pulse propagation in a partial melt zone has been suggested in the past to cause coupled 
activity at volcanoes in the NVZ. Leveling and lake level measurements at Askja indicate rapid inflation of 
>20 cm/yr during 1970–1972 above a pressurized magma source, which reverses to deflation probably after 
1974 (Tryggvason,  1989). At the Bárðarbunga volcano, the onset of long-lasting sequence of M5-5.5 earth-
quakes in 1974, signifying pressure changes in its roots, was concurrent with the magma inflow at Krafla 
(Einarsson,  1987,  1991). Suggested explanation was that magma flow into the roots of the Krafla volcano 
reduced the pressure under Bárðarbunga and Askja, causing deflation at both. The partial melt zone in the NVZ 
is described as a magmatic axis by Marquart and Jacoby (1985) and Jocoby et al. (1989). We envision no material 
flow between volcanic systems below the brittle-ductile boundary, only mechanical coupling.

Possibilities for further examination of the geodetic signals at the cGNSS sites studied here are limited, but 
campaign GNSS and Interferometric Synthetic Aperture Radar (InSAR) observations (Drouin et  al.,  2017) 
provide some constraints. The campaign GNSS stations nearest to the continuous ones, measured yearly, show 
general decrease in eastward movement consistent with cGNSS results, while the InSAR times series analysis at 
ground pixels close to the cGNSS stations are less conclusive (Figure S10 in Supporting Information S1).

A few studies have addressed the coupling between volcanoes and/or magma bodies. Lower crust earthquakes at 
12–25 km depth at Askja during 2005–2010 implies melt injected by multiple pulses from a deep magma source 
(Key et al., 2011). Deep magma bodies may offset from shallow ones within the same volcanic system (Cordell 
et al., 2018), for example, earthquakes at 7–22 km depth and ∼12 km southeast of the Bárðarbunga caldera before 
the dike intrusion in 2014 can indicate a laterally offset magma feeding source (Hudson et al., 2017). At the 
Grímsvötn volcano, ∼27 km southeast of Bárðarbunga, velocity anomalies of ground deformation are observed 
ten months before the 2014 Bárðarbunga diking, indicating the decrease of magma inflow (Bato et al., 2018). 
Biggs et al. (2016) summarizes possible mechanisms for the coupling between volcanoes, where Campi Flegrei 
and Vesuvius in Italy and Mauna Loa and Kīlauea in Hawaii are also suggested to be linked with an asthe-
nospheric source. However, the distances between these interacted volcanoes are only 25–35 km. Our finding 
suggests coupling over ∼120 km distance, eventually related to the mantle plume under Iceland. Future research 
on the spatial evolution of the velocity anomalies (e.g., with a dense cGNSS network) may provide better insight 
into the causative processes of long-distance volcano coupling.

6.  Conclusions
Bayesian modeling is implemented to jointly estimate velocity break points, velocity change values and power-
law noise in GNSS time series, together with their probability density distributions. Synthetic data experiments 
validate the method and suggest velocity change value exceeding 7.5, 10, and 15 mm/yr for flicker noise ampli-
tude of 3, 4, and 5 mm/yr 0.25, respectively, can be satisfactorily detected in 5-yr-length time series. Applying 
the method to observed data during 2014–2015 at Krafla and Þeistareykir, we infer that a velocity change in the 
east component at Krafla precedes the 2014 Bárðarbunga dike intrusion by 23–77 days, with a 95% confidence 
level of ±83 d on average. The amount of the velocity changes is 7.6–9.8 mm/yr and the velocities resume to 
approximately the original level with another velocity change in late 2014 or early 2015. The onset of the velocity 
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anomalies occurs in the same period as enhanced seismicity and deformation rate before the dike intrusion at 
Bárðarbunga, possible providing evidence for large-scale coupling among the volcanic systems in the Northern 
Volcanic Zone of Iceland.

Data Availability Statement
The coordinate time series at the four stations are available at https://doi.org/10.17605/OSF.IO/4JDHV. The modi-
fied GBIS scripts for detecting break points in time series (GBIS4TS) are available at https://doi.org/10.17605/
OSF.IO/Q35TW with a synthetic time series for verifying installation provided. The original version of the GBIS 
software is available at https://comet.nerc.ac.uk/gbis/ and the HECTOR software is available at http://segal.ubi.
pt/web-services/whatishector/.
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