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SUMMARY

One of the main constraints on the use of satellite radar data for monitoring natural hazards
is the existence of atmospheric signals. In particular, volcanic deformation can be difficult
to identify because atmospheric phase delays can mask or even mimic ground deformation
signals. Eliminating atmospheric signals is particularly crucial for high-relief volcanoes such
as Agri, Tendiirek, Acigol, Gollidag and Hasandag in the Eastern and Central Anatolia. To
overcome the atmospheric effects, we use high-resolution ECMWF weather models coupled
with an empirical phase-elevation approach for correcting Sentinel-1 interferograms. We
apply these methods to two areas of Turkey, the first of which covers three volcanoes in Central
Anatolia (Acigél, Golliidag, Hasandag) between January 2016 and December 2018 and the
second covers two volcanoes in Eastern Anatolia (Agr1, Tendiirek) between September 2016
and December 2018. The reduction in standard deviation (quality factor) is calculated for
both ascending and descending tracks and the atmospheric corrections are found to perform
better on descending interferograms in both cases. Then, we use a least-squares approach
to produce a time-series. For Central Anatolia, we used 416 ascending and 415 descending
interferograms to create 144 and 145 cumulative displacement maps, respectively, and for
Eastern Anatolia, we used 390 ascending and 380 descending interferograms to produce
137 and 130 cumulative displacement maps, respectively. We find that the temporal standard
deviation before atmospheric corrections ranges between 0.9 and 3.7 cm for the five volcanoes
in the region and is consistently higher on ascending track data, which is acquired at the end of
the day when solar heating is greatest. Atmospheric correction reduces the standard deviation
to 0.5-2.5 cm. Residual signals might be due to the ice-cap at Agr1 and agriculture near Acigol.
We conclude that these volcanoes did not experience significant magmatic deformation during
this time period, despite the apparent signals visible in individual uncorrected interferograms.
We demonstrate that atmospheric corrections are vital when using InSAR for monitoring the
deformation of high-relief volcanoes in arid continental climates such as Turkey.

Key words: InSAR; Ground deformation; Radar interferometry; Atmospheric effects (vol-
cano); Volcano monitoring.

1 INTRODUCTION

Interferometric synthetic aperture radar (InSAR) has been success-
fully used for the monitoring of volcanic ground deformation in
many different tectonic settings (e.g. Pinel et al. 2014; Biggs &
Wright 2020; Poland & Zebker 2022). From a worldwide com-
pilation of InSAR studies, a strong relationship between volcanic
eruptions and ground deformation was revealed by Biggs et al.
(2014) and Ebmeier et al. (2018), showing that deformation often
occurs more than 5-km away from the nearest volcanic vent.

The Turkish peninsula is a highly active tectonic region having
experienced two earthquakes with magnitudes larger than 7.0 in the
last 20 yr [1999 August 17; Golcuk (Barka et al. 2002) and 2011 Oc-
tober 23; Van (Fielding ez al. 2013)]. A dense network of continuous
GPS stations with a resolution of 70-90 km is used to study regional
scale tectonics (Dogan et al. 2006; Reilinger et al. 2006; Mekik et al.
2011; Cing6z et al. 2013; Rolland et al. 2013; Tiryakioglu et al.
2017) and numerous InSAR studies have contributed to our under-
standing of the seismic cycle by providing spatio-temporal analysis
of the tectonic ground deformation (Burgmann et al. 2002; Taymaz
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et al. 2007; Karasozen et al. 2018). Although there has been a lot
of scientific interest in the tectonic deformation of the region, there
have been fewer studies of ground deformation related to volcanic
activity. However, Turkey has at least ten volcanoes (Acigdl, Agr1,
Erciyes Dagi, Golliidag, Hasandag, Karaca Dag, Karapinar Field,
Kula, Nemrut Dag1 and Tendiirek Dag1) considered active during
the Holocene (Venzke 2013), with the last recorded eruption at
Tendiirek Dag1 volcano in 1855. The only reported deformation
was detected at Tendiirek Dag1 during the period 2003-2010 us-
ing InSAR (Bathke ef al. 2013, 2014a,b, 2015), despite baseline
monitoring using InSAR (Biggs et al. 2021).

Of the globally recorded volcanic deformation signals, the mean
area covered is 240 km? corresponding to an extent of 10-20 km
(Ebmeier et al. 2018). The GPS network in Turkey is too coarse to
detect such volcanic signals, and InSAR techniques, which have a
spatial resolution less than 100 m, are more appropriate. However,
one of the main limitations of the InSAR method is the presence
of atmospheric signals, which complicates the detection of ground
deformation signals (Li et al. 2006b, 2009, 2012; Elliott et al.
2008). Stratified water vapour in the troposphere can cause phase
delays that correlate with local topography producing concentric
fringes on volcanic edifices. At high elevation volcanoes, these can
be easily misinterpreted as ground deformation (Beauducel et al.
2000; Ebmeier et al. 2013; Remy et al. 2015; Yip et al. 2019). The
majority of active Turkish volcanoes are high stratovolcanoes rising
over 2000 m and the highest (Agr1) over 5000 m; therefore, the
accurate correction of such atmospheric signals will be crucial for
monitoring volcanic unrest.

Here, we conduct an InSAR survey focusing on two volcanic
regions in Turkey: Area 1 is located in Central Anatolia and includes
three volcanoes: Acigol, Gollidag and Hasandag (Fig. la); and
Area 2 is located in Eastern Anatolia and includes two volcanoes:
Tendiirek and Agr1 (Fig. 1b). We use Sentinel-1 radar images, which
are provided by the European Space Agency. We produce time-
series for the period 20162018 for the five selected volcanoes and
evaluate the performance of different atmospheric corrections.

2 MATERITALS AND METHODS

2.1. Volcanic activity in the Anatolian peninsula

The Central Anatolian Volcanic Province has shown more-or-less
continuous volcanic activity from the Neogene through the late
Pleistocene and early Holocene (Kuzucuoglu et al. 1998; Aydar
& Gourgaud 1998; Aydar et al. 2012). We focus on three vol-
canic centres: Hasandag, Acigol and Golliidag, with heights be-
tween ~1532 and ~3253 m (Supplementary Table 1). Hasandag
is a double-peak stratovolcano, Acigdl is a caldera and Golliidag,
is a rhyolitic volcanic complex. The Eastern Anatolian Volcanic
Province is associated with the collision of the Arabian and Anato-
lian plates and displays Neogene-Quaternary post-collisional vol-
canism (Kuscu & Geneli 2010; Kiirim & Baykara 2020). We focus
on two volcanic centres: Tendiirek and Agr1 (also known as Ararat).
Aneruptionin 1881 was accompanied by a damaging seismic swarm
(Karakhanian et al. 2004) and a gas-and-ash eruption took place in
1855 (Karakhanian et al. 2002). The double-peaked stratovolcano
Agri is the highest mountain in Turkey with the summit 5165 m
above sea level and an andesite-latite-dacite composition. The last
eruption was reported after an earthquake in July 1840 with his-
torical evidence of a phreatic eruption, pyroclastic flows and land-
slides (Karakhanian et al. 2002, 2004). Turkey’s GPS and seismic
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networks are designed for studying tectonic rather than volcanic
activity, and satellite-based InSAR methods are the best suited for
identifying the early stages of unrest (Biggs ef al. 2021; Males &
Gottsmann 2021).

2.2. InSAR processing and atmospheric corrections

InSAR is a remote sensing method that measures the spatial and
temporal patterns of surface displacement in the line-of-sight (LOS)
direction of the radar sensor using the phase difference of two or
more synthetic aperture radar (SAR) images. The Sentinel-1A mis-
sion was launched in 2014 and Sentinel-1B was launched in 2016
under the European Union’s Earth Observation program, Coper-
nicus. For the time period considered, the constellation consisted
of two satellites (1A and 1B) operating C-band radars, which
provide images with a repeat interval of 6 d in Turkey. We use
Sentinel-1 unwrapped interferograms with a pixel size of ~90 m
generated by the COMET automated processing system, LICSAR,
(https://comet.nerc.ac.uk/COMET-LiCS-portal/; Gonzalez et al.
2016; Lazecky et al. 2020). The interferograms are processed
with GAMMA software (Werner et al. 2000) and unwrapped us-
ing SNAPHU version 2 (Chen & Zebker 2002). LICSAR system
produces the three/four closest combinations for each epoch to en-
sure good average coherence in the all data set (Supplementary
Figures 1 and 2). We obtained a total of 831 Sentinel-1 interfer-
ograms for Central Anatolia (Fig. 1a) between January 2016 and
December 2018 (416 ascending Frame id: 087A_0 5101131 313
and 415 descending Frame id: 167D_0 5077_.131 313) and 737
Sentinel-1 interferograms for Eastern Anatolia (Fig. 1b) for a 3-yr
period from September 2016 to December 2018 (390 ascending
Frame id: 072A_0 5090_131 313 and 380 descending Frame id:
152D_0 4960_131 313).

In addition to ground displacements, additional phase delays oc-
cur due to changes in atmospheric conditions (e.g. water vapour,
pressure and temperature) in the troposphere between acquisitions.
Atmospheric delays can be considered to be composed of a ‘strati-
fied” component, which is related to vertical stratification of atmo-
spheric properties and correlates with the topography and a ‘tur-
bulent” component, which is spatially correlated over short wave-
lengths and uncorrelated in time (Hanssen 2001).

Different methods have been proposed in the literature to correct
atmospheric artifacts. The simplest empirical method consists of us-
ing the correlation between the phase of the interferogram and the
elevation from a Digital Elevation Model (DEM; Remy et al. 2003;
Biggs et al. 2007; Cavalié et al. 2008; Lin et al. 2010). However,
such a method is only able to correct the stratified component and
may inadvertently remove a real signal. An alternative approach to
mitigate tropospheric errors in InNSAR images consists of calculating
the zenith total delay (ZTD) from GPS ground stations (Williams
et al. 1998; Onn & Zebker 2006; Li et al. 2006b). Alternatively,
satellite data sets such as the Moderate Resolution Imaging Spec-
troradiometre (0.25—1 km spatial resolution; Li ef al. 2005, 2009) or
the Medium Resolution Imaging Spectrometre (0.3—1.2 km spatial
resolution; Li ef al. 2005, 2006¢) have been used to produce atmo-
spheric delay maps. While these methods can be applied globally,
their application remains limited by cloud coverage and the fact that
the time of acquisition does not coincide with the Sentinel-1 radar
mission (over 5-h difference; Yu et al. 2018).

In recent years, weather models have been increasingly used,
such as the Re-Analysis ERA-Interim from the European Centre
for Medium-Range Weather Forecasts (ECMWF; Doin et al. 2009;
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Figure 1. (a) Location and outline of the study areas (Red triangles indicate the location of the volcanoes), and topographic map showing the active volcanoes
for (b) area 1 in Central Anatolia and (c) area 2 in Eastern Anatolia. The spatial extent of calculation areas used for the ascending and descending SAR frames
are shown in blue and red, respectively. White triangles show the locations of volcanoes with their summit elevation and the white cross corresponds to the
reference point. White circles show different locations (A and B for area 1, C and D for area 2), which are selected for comparison.

Jolivet et al. 2011), or the high-resolution ECMWF products at 10-
km resolution (Yu et al. 2017, 2018, 2018), the Weather Research
and Forecasting model (Nico ez al. 2011; Bekaert et al. 2015) or the
North American Regional Reanalysis from the National Center for
Atmospheric Research (NCEP/NCAR; Pinel ef al. 2011; Stephens
et al. 2020). The advantage of using global weather models is that
they can be applied anywhere around the world regardless of the
availability of ground-based sensor or weather conditions. However,
the spatial resolution is typically >10 km, so small wavelength
signals cannot be corrected.

In this work, we systematically apply atmospheric corrections
to interferograms over selected areas of Turkey. We test two ap-
proaches: a weather model and phase-elevation correlation. For the
weather-model corrections, we use the Generic Atmospheric Cor-
rection Online Service for InNSAR (GACOS), which is based on the
high-resolution ECMWF weather model (0.125-degree and 6-h res-
olutions) and the DEM provided by the Shuttle Radar Topographic
Mission (SRTM; 3 arc second, ~90 m). GACOS uses an Iterative
Tropospheric Decomposition model (Yu et al. 2017) to separate
stratified and turbulent signals from tropospheric total delays and
generates high spatial resolution ZTD maps, which can then be pro-
jected into the satellite LOS. For the phase-elevation correction, we
evaluate the linear correlation between the phase of the interfero-
gram and the elevation provided by the SRTM DEM (1 arc second).
We note that the two methods operate at different resolutions: for

GACOS, the spatial resolution of the underlying weather model is
~13 km, while the phase-elevation method uses all the pixels in the
scene to produce a single value.

2.3. Quality assessment of atmospheric corrections

Our metric to evaluate the performance of the corrections—the
quality factor, noted O—is based on the relative reduction of the
standard deviation and is calculated using,

0 =279 4100, )
i

where the standard deviation of each interferogram is calculated
before (0;) and after correction (o f), assuming that there is no
significant deformation occurring within the short time span of
the interferograms. Thus, the highest positive values of Q, which
indicate a reduction of the standard deviation, correspond to the best
performance. Negative values indicate that the correction increases
the standard deviation and the interferogram has been overcorrected
(Albino et al. 2020).

2.4. Time-series analysis

We retrieve the time-series of LOS ground displacements by per-
forming a least-squares inversion of the interferograms (Berardino
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et al. 2002; Schmidt & Biirgmann 2003; Usai 2003). The ground
displacements m between can be obtained via the following for-
mula:

m=(G"G)" G'I )

where / is the InSAR data that include the pixel values (i,j) of each
interferogram and G is the temporal distribution of SAR scenes. G
matrix is defined by,

Gij—{ 1f0rS,-=H,~1 }

_— 3
—lforS,-:H,-z ()

where S'is a 1 x N vector that contains the dates of SAR scenes
chronologically and His a2 x M matrix that contains the beginning
and ending dates for each interferogram.

For the Central Anatolian region, M, = 416 and My = 415 are
the number of interferograms on ascending and descending tracks,
respectively, and N, = 144 and Ny = 145 are the number of SAR
scenes. For the Eastern Anatolian region, M, = 390 and My = 380
are the number of interferograms on ascending and descending
tracks, respectively, and N, = 137 and Ny = 130 are the number of
SAR scenes.

In the case of small deformation at constant rate, a long-duration
interferogram will have a larger signal-to-noise ratio than a small-
duration interferogram. Therefore, we calculate the LOS velocity,
V', using a weighted averaging method that gives a higher weight
to interferograms having the longest time spans (Le Mouélic et al.
2005):

M-1 M—1 M—1
= Y wi Ahy/At; = <Z At; X Ah,-) / (Z Atf) 4)
i=0 i=0 i=0

hwd

M-1
where the weight w; = A#7/( Y. A#?) with At; is the time span
i=0
of interferograms and A#h; is the corrected phase values converted

into the LOS displacement.

3 RESULTS

3.1 Selected interferograms

Fig. 2a shows the descending interferogram 2018 March 12-30
covering the Central Anatolia volcanoes, which has an overall stan-
dard deviation of 0.52 cm and was selected to test the efficiency
of the chosen methods in correcting low atmospheric signals. The
atmospheric signal consists of a negative LOS change of 2.20 cm
on Hasandag and running north to south along the eastern part
of the interferogram. The R-square value of the correlation be-
tween the interferogram phase and GACOS weather-model phase
is 0.56 (Fig. 2d). The corresponding atmospheric corrections using
GACOS model is shown in Fig. 2b and the residual after correction
in Fig. 2c. The quality factor, Q, is 35 per cent and the standard
deviation after correction is 0.34 cm. The corrections generated
using the phase-elevation and linear detrending approach is shown
in Figs 2e, g and the residual after correction in Figs 2f and h. In
this case, the quality factors, Q, are 40 per cent and the standard
deviations after correction are 0.31 cm. We also test the quality
of a combined method performing the GACOS corrections and a
linear detrend followed by then the phase-elevation corrections, as
previously suggested by Albino et al. 2020 (Figs 2i and j). This re-
duces the standard deviation to 0.25 cm with a quality factor of 52
per cent.
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Fig. 3a shows the descending interferogram 2018 June 27-July
03 covering the Eastern Anatolian volcanoes, which has a standard
deviation of 3.2 cm and was chosen to test the efficiency of the
chosen methods in correcting significant atmospheric signals. The
atmospheric signal consists of a strong negative LOS change of up to
6.62 cm, especially in the southeast part of the interferogram. The R-
square value of the correlation between the interferogram phase and
GACOS weather-model phase is 0.71 (Fig. 3d). The corresponding
atmospheric corrections using GACOS model is shown in Fig. 3b
and the residual after correction in Fig. 3c. The quality factor, Q, is
45 per cent and the standard deviation after correction is 1.75 cm.
The corrections generated using the phase-elevation approach is
shown in Fig. 3e and the residual after correction in Fig. 3f. In this
case, the quality factor, Q, is 39 per cent and the standard deviation
after correction is 1.94 cm. The corrections generated using the
linear detrending approach is shown in Fig. 2g and the residual after
correction in Fig. 2h. In this case, the quality factor, Q, is 20 per
cent and the standard deviation after correction is 2.6 cm. We also
test the quality of the combined method describe above (Figs 3i-j).
This reduces the standard deviation to 1.11 cm with a quality factor
of 65 per cent.

3.2. Overall quality assessment

The overall performance of the atmospheric corrections is cal-
culated for all the interferograms processed for Central Anatolia
(Figs 4a—c) and Eastern Anatolia (Figs 4d—f). Fig. 4a shows the
results of applying the GACOS weather-model method to the inter-
ferograms of Central Anatolia. In total, 32 per cent of the descending
and 32 per cent of the ascending interferograms were overcorrected
(Q < 0); 47 per cent of the ascending and 34 per cent of the de-
scending interferograms had 0 < Q < 0.25; 20 per cent of the
ascending and 27 per cent of the descending interferograms had
0.25 < Q < 0.50; and < 1 per cent of the ascending and 7 per cent
of the descending interferograms had 0.5 < Q < 0.75. Only one
interferogram had a Q factor above 75 per cent (descending). Fig. 4b
shows the results of applying the phase-elevation linear model to
the interferograms from Central Anatolia. In this case, 75 per cent
of the ascending and 48 per cent of the descending interferograms
had 0 < Q < 0.10.

Overall, GACOS corrected the interferograms that have signif-
icant atmospheric signals (o;>2 cm) better than those with low
atmospheric signals (Fig. 4a), whereas the phase-elevation method
corrected the interferograms, which have lower atmospheric signals
(0;<2 cm) better than those with significant atmospheric signals.
Fig. 4c shows that the combined method reduces the numbers of
overcorrected interferogram (Q < 0). 40 per cent of the ascending
and 29 per cent of the descending interferograms had 0 < Q < 0.25;
28 per cent of the ascending and 30 per cent of the descending inter-
ferograms had 0.25 < Q < 0.50; and 4 per cent of the ascending and
10 per cent of the descending interferograms had 0.50 < Q < 0.75.
The mean quality values for ascending (QmeanA) and descending
interferograms (QmeanD) were 7 per cent and 13 per cent after
GACOS correction, 8 per cent and 16 per cent after phase-elevation
linear method correction and 17 per cent and 24 per cent after
combined method, respectively.

Figs 4d—f show the corresponding results from Eastern Anatolia.
As for Central Anatolia, the GACOS correction performs best on in-
terferograms with significant atmospheric signals (¢;>2 c¢m), and
the phase-elevation correction performs better on interferograms
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Figure 2. Atmospheric correction result of 2018 March 12-30 descending interferogram (a) uncorrected interferogram showing a strong negative LOS change
on Hasandag and north to south along eastern part of interferogram, (b) atmospheric phase delay maps based on GACOS weather-model, (c) residual phase
delay map after GACOS correction, (d) uncorrected interferogram and GACOS weather-model phase correlation, (e) atmospheric phase delay maps based on
phase-elevation correlation, (f) residual phase delay map after phase-elevation correction, (g) atmospheric phase delay maps based on linear detrending, (h)
residual phase delay map after linear detrending correction, (i) combination delay maps of GACOS, phase-elevation method and detrend method to eliminate
linear ramp and (j) residual phase delay map after combined method (Red triangles indicate the location of the volcanoes).

with low levels of noise (6; <2 cm). The mean quality values for as-
cending (QmeanA) and descending interferograms (QmeanD) were
obtained as 14 per cent and 10 per cent after GACOS correction,
13 per cent and 12 per cent after phase-elevation linear method cor-
rection and 24 per cent and 26 per cent after the combined method,
respectively.

3.3. Time-series analysis

3.3.1. Central anatolia

Fig. 5 shows the ascending and descending time-series of Acigol,
Gollidag and Hasandag without and with atmospheric correc-
tions. For each volcano, the point and error bars correspond to
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Figure 3. Atmospheric correction result of 2018 June 27-July 03 descending interferogram (a) uncorrected interferogram showing a strong negative LOS
change along the direction NW-SE, (b) atmospheric phase delay maps based on GACOS weather-model, (c) residual phase delay map after GACOS correction,
(d) uncorrected interferogram and GACOS weather-model phase correlation, (e) atmospheric phase delay maps based on phase-elevation correlation, (f)
residual phase delay map after phase-elevation correction, (g) atmospheric phase delay maps based on linear detrending, (h) residual phase delay map after
linear detrending correction, (i) combination delay maps of GACOS, phase-elevation method and detrend method to eliminate linear ramp and (j) residual
phase delay map after combined method (Red triangles indicate the location of the volcanoes).

the mean value and standard deviation calculated on a window
size of 10 x 10. Without atmospheric correction, the values are
scattered (ranging from —6 to 12 cm) with a temporal standard
deviation of 3.1-3.7 cm on the ascending track and 0.9-2.5 cm
on the descending track (Figs 5a and c). There is a clear seasonal
trend with peak values in July—September each year. After atmo-
spheric correction using the combined approach, the time-series
are much smoother and the temporal standard deviation decreased
by half to by half, that is, to less that a centimetre (Figs 5b and

d). There is an exception with the Hasandag volcano, 3253 metres
high (Supplementary Table 1), which has a standard deviation of
1.45 cm, demonstrating that the correction method is less effective
for high peaks because of high variability in the troposphere and
the spatial resolution of the ECMWF HiRes model (Miller et al.
2010). There is no overall trend or systematic temporal pattern,
suggesting that the remaining variations are not caused by volcanic
ground deformation but are related to uncorrected atmospheric
signals.
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Fig. 6 shows the LOS velocity maps of ascending and descend-
ing interferograms. There are no anomalies associated with the
known volcanoes (Hasandag, Golliidag and Acigél) with values
ranging between —6 and 6 cm yr~!'. However, the area labelled
as B shows that LOS increases in both the ascending and de-
scending results. To investigate the source of this signal, we make
the assumption that the N-S component of LOS motion is neg-
ligible, and it decomposes the ascending and descending images
into vertical and E-W components using the method of Hanssen
(2001). The incidence angle at each pixel lies in the range 39—
46° for the ascending track and 30-36° for the descending track,
and the heading (azimuth) angles are 349° and 190° for ascend-
ing and descending tracks, respectively. The results show subsi-
dence at a rate of ~2 cm yr~! but no significant horizontal mo-
tion (Fig. 7). Fig. 8 shows the time-series of east-west and ver-
tical components for two selected points. Point A is stable and
shows no systematic trends, with temporal standard deviations
of 1.57 and 0.78 cm on the east and vertical components, re-
spectively. In contrast, point B is located on the southern part of
Acig6l in vegetated areas and shows almost 8 cm of subsidence
(Fig. 7d).

3.3.2 Eastern Anatolia

Fig. 9 shows the ascending and descending time-series of Tendiirek
and Agr1 volcanoes without and with atmospheric corrections. With-
out atmospheric correction, the scatter is up to 12 cm on the as-
cending track and up to 10 cm on the descending track (Figs 9a and
¢). The temporal standard deviations exceed 3 cm for all volcanoes
and reach 2.50 cm for the 5000 m high Agr volcano (ascending
track). After atmospheric corrections, using the combined approach,
the time-series are much smoother with the temporal standard devi-
ation at Tendiirek decreasing to 1.60 cm for the ascending track data
(Fig. 9b) and 1.08 cm for the descending track (Fig. 9d). Temporal
standard deviation values are now less than 2 cm for Tendiirek and
less than 2.50 cm for Agr1, which, at 5000 m, is the highest edifice
in our study. We conclude that the residual variations at Tendiirek
are not induced by volcanic ground deformation, but are related to
residual of atmospheric signals. Additionally, there is a no consis-
tent long-term trend at Agr1 on the descending track, but a signal
of 5 cm yr~! can be observed in the ascending time-series and the
LOS velocity maps (Fig. 10).

To investigate the origin of the apparent displacement at Agri
volcano, we decompose the ascending and descending images into
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east and north components (Figs 10c and d), assuming the north
component of the LOS is negligible (Hanssen 2001). Agr1 volcano
shows motion to west of 8 cm yr~' and uplift of 12 cm yr~' (Figs 10e
and 11f). The time-series show motion to west of 6 cm yr~! and
uplift of 10 cm yr~! for Agri volcano, and the time-series does
not present any obvious movement in any direction for Tendiirek
volcano (Figs 11a and b).

4 DISCUSSION

4.1 Performance of atmospheric corrections in arid
continental environments

Previous studies using GACOS atmospheric corrections in a vol-
canic context have mainly focused on volcanic centres located in
humid tropical environments such as Agung (Yip et al. 2019; Al-
bino et al. 2020) in Indonesia and Masaya and Telica in Nicaragua
(Stephens et al. 2020). Albino et al. (2020) found that a combi-
nation of GACOS and phase-elevation corrections reduced atmo-
spheric noise and improved the detectability of deformation asso-
ciated with the 2017 seismic swarm at Agung volcano, Indonesia.
In contrast, Stephens et al. (2020) found that none of the Global
Weather Models tested (including GACOS) were able to accurately
capture the tropospheric delays at Telica and Masaya volcanoes in
Nicaragua. Our study is the first to test GACOS on volcanoes in an

arid, continental climate and found that it reduced atmospheric noise
significantly when combined with phase-elevation corrections.

The 2-yr Sentinel-1 InSAR time-series show that, without at-
mospheric correction, the temporal standard deviation of the time-
series ranged from 0.9 to 3.7 cm with mean values of 1.8 and
3.0 cm for descending and ascending tracks, respectively (Fig. 12).
This shows that overall ascending time-series are much nosier (ra-
tio of 1.7) than descending time-series. This is especially true for
volcanoes of Central Anatolia, for which the ratio of the standard
deviation between the two tracks can exceed 3 (Fig. 12a). This dif-
ference can be explained by the time of acquisitions between the
two orbits: 15:34 pm UTC time (18:34 pm local time) for the as-
cending and 03:50 am UTC time (06:50 local time) for descending.
Solar heating leads to large variations in the conditions in the tro-
posphere towards the end of the day. In this scenario, phase delays
between two epochs will be statistically larger for ascending orbit
than descending orbits (Ebmeier ef al. 2013).

After correction, atmospheric noise is reduced to 0.5-2.5 cm,
with a mean value of 0.9 and 1.5 cm for descending and ascending
tracks, respectively (Supplementary Table 1). Although the tempo-
ral standard deviation values have been reduced by a factor of 2,
we observe that the ratio between ascending and descending mean
values remains at 1.7. This suggests that the performance of our
atmospheric correction is not dependent of the time of acquisition.

Arid continental environments are characterized by extreme sea-
sonal variations in tropospheric temperature and water vapour.
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Figure 10. The mean LOS velocity maps of ascending and descending interferograms ((a) 834 total days and ty: 05.09.2016 for ascending; (b) 798 total days
and t9:11.09.2016 for descending) and east and vertical components and the results of up component of zoomed area (c¢) East component, (d) Up component,
(e) East component result of zoomed area, (f) Up component result of zoomed area (g) google earth photo of the area.

However, because our interferograms are short-duration only (i.e.
summer-summer or winter-winter), we do not expect the corrections
or the performance of the corrections to vary with the season. To
test this, we plot a time-series of the GACOS corrections (Supple-
mentary Figures 3 and 4) and of the performance of the corrections
(Supplementary Figures 5-8). Neither shows any systematic sea-
sonality.

Previous studies have estimated the increase in atmospheric noise
per kilometre of elevation for the Central American and Cascades
volcanic arcs. Estimates of atmospheric noise in the Cascades range
from 2.1 cm at Mount Shasta to 0.16 cm at Crater Lake, with an
increase of 0.7 cm per kilometre of edifice relief (Parker et al.
2015). Estimates in Central America range from 4 to 5 cm for high
relief volcanoes [e.g. Fuego, Guatemala, 3763 m a.s.l. (above sea
level)] to less than 2 cm for lower relief volcanoes (e.g. Masaya,
Nicaragua, 635 ma.s.l.) giving an increase of ~2 cm km~! (Ebmeier
et al. 2013). Using the volcanoes in Central Anatolia, we calculate

an increase in atmospheric noise of 0.7 cmkm~! on the ascending
track and 1.4 cmkm™' on the descending track. Interestingly, our
estimates are similar to Cascades on the ascending track and to
Central America on the descending track.

Recent studies have developed methods to use InSAR for the
automated monitoring of volcanic systems (Ebmeier et al. 2013;
Anantrasirichai et al. 2018; Albino et al. 2020). Considering the
temporal atmospheric noise of 0.9—1.5 cm for 2-yr period, we expect
that volcanic ground deformation signals with amplitudes larger
than 3—4.5 cm (2-30') could be detected using the Sentinel-1 data
set in Turkey (Albino ef al. 2022). Smaller thresholds would apply
at lower-elevation volcanoes, such as Acig6l and Golliidag. The
temporal resolution of Sentinel-1 (6-d repeats) is still lower than of
ground-based monitoring systems, but the broad coverage means it
can be used to flag new areas of unrest at remote or unmonitored
volcanoes (Lu & Dzurisin 2010; Pritchard & Simons 2004; Biggs
etal 2011).
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4.2 Possible sources of deformation

Our study identified residual signals at Acigdl and Agr1 volcanoes,
where no previous deformation has been reported (Ebmeier et al.
2018), but found no signal at Tendiirek Volcano where previous
studies have reported 1-2 cm yr~! of subsidence (Bathke e al. 2013,
2015). Here, we review the patterns at each of these volcanoes and
discuss the processes responsible.

The subsidence to the south of Acigdl volcano occurs in an
agricultural area and is either a real phenomenon associated with
ground-water extraction (Orhan 2021), or a phase bias linked to
the use of time-series created using short-term multi-looked in-
terferograms (De Zan et al. 2015; Ansari et al. 2021; Maghsoudi
et al. 2022). The phase bias arises due to spatial filtering acting
on changes in the scattering and electrical properties of the ground
surface caused by changes in soil moisture and in the water con-
tent of vegetation (De Zan et al. 2015; Michaelides et al. 2019).
The bias is the greatest in cropland areas, where it mimics the ef-
fect of subsidence—Maghsoudi et al. (2022) report rates of up to
4 ¢cm yr~! for cropland areas in Western Turkey. However, real de-
formation signals associated with water extraction for agricultural
purposes are commonly observed in arid environments, including
the Konya Basin in Turkey, where the subsidence has been validated
using ground-based GPS measurements (Ustiin et al. 2015; Orhan
2021). In either case, it is unlikely that this deformation signal is
associated with activity at Acigdl volcano.

Agrn is the highest mountain in Turkey and has a permanent
ice-cap. We observe uplift of 10 cm yr~! and eastward motion of
6 cm yr~! close to the summit. Fig. 10 shows that the velocities do
not simply correlate with the topography, and the phase-elevation
correction method does not completely remove the signal. In recent
years, the glaciers have been retreating, and Baldasso ef al. (2019)
reported a decrease in area of 30 per cent (2.38 km?) between 1976
and 2014, equivalent to a rate of 0.06 km? yr~'. The signal we
observe could be associated with the movement of the ice-caps
and associated glaciers. However, the spatial extent is greater than
the footprint of the ice cover, suggesting that either the signal is
caused by glacial isostatic adjustment, which can mimic magmatic
deformation (Spaans ez al. 2015) or the apparent signal is an artefact
caused by the rapidly changing topography (Ebmeier et al. 2012).

Using Envisat data, Bathke ef al. (2013) identified subsidence of
7-8 cm at Tendiirek volcano between 2003 and 2010, equivalent
to a rate of ~1 cm yr~'. The subsidence was attributed to a mag-
matic sill-like source at a depth of 4.5 km depth below the summit,
combined with slip on the caldera ring fault. A rate of 1 cm yr™!
would produce ~2 cm of displacement in our Sentinel-1 time-series
(2016-2019), which is smaller than the standard deviation of the
time-series before atmospheric correction (2.4 cm ascending/2.3 cm
descending), but larger than the standard deviation after correction
(1.1 cmascending/1.6 cm descending). Therefore, if the rate of 1 cm
yr~! were still occurring, we believe it would be detectable, even in
this short time-series. However, our corrected Sentinel-1 data do not
show any significant displacement, suggesting that the deformation
has either slowed or stopped entirely.

5 CONCLUSIONS

In this study, we processed Sentinel-1 SAR data for the period
2016-2018 using the LiICSAR automated system over five vol-
canic centres located in the Central Anatolia (Hasandag, Acigol
and Golliidag) and the Eastern part of Turkey (Tendiirek and Agr1).
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Because atmospheric noise dominates the signal for individual in-
terferograms, we systematically correct atmospheric artefacts using
a combination of GACOS Zenithal total delays and the empirical
phase-elevation correction.

After corrections, no significant volcanic deformation was de-
tected during this time period. As a conclusion, the atmospheric
corrections were applied successfully on interferograms. GACOS
correction reduces high wavelength atmospheric effects, and phase-
elevation linear model method reduces low wavelength atmospheric
signals over the high elevation areas, especially volcanoes. The com-
bined method is the combination of high and low wavelength and
helps to reduce atmospheric signals better than only GACOS or
phase-elevation linear model.

ACKNOWLEDGMENTS

FD was supported by the Programme National de T¢lédétection Spa-
tiale (PNTS, grant N° PNTS-2022-06). JB and FA were funded by
the NERC innovation grant—Making Satellite Volcano Deforma-
tion Analysis Accessible (NE/S013970/1)—and supported by the
NERC Centre for the Observation and Modeling of Earthquakes,
Volcanoes, and Tectonics (COMET, http://comet.nerc.ac.uk, ac-
cessed on 2022 October 25), a partnership between UK Univer-
sities and the British Geological Survey. FA is a part of Labex
OSUG@2020 (ANR10 LABXS56). JB was supported by a Lever-
hulme Prize (PLP-2018-362) and received funding from the Euro-
pean Research Council (ERC) under the European Union’s Hori-
zon 2020 research and innovation programme (MAST; Grant No.
101003173 and DEEPVOLC; Grant No. 866085). We would like
to thank both Prof. Dr Hua Wang and the anonymous reviewer for
taking the necessary time and effort to review the manuscript. We
sincerely appreciate all your valuable comments and suggestions,
which helped us in improving the quality of the manuscript.

DATA AVAILABILITY

The data set used in this article is available on the COMET-LiCS
Sentinel-1 InSAR portal at http://comet.nerc.ac.uk/COMET-LiCS-
portal. Atmospheric delays maps can be requested via the GACOS
at http://www.gacos.net/.

REFERENCES

Albino, F.,, Biggs, J., Yu, C. & Li, Z., 2020. Automated methods for detecting
volcanic deformation using Sentinel-1InSAR time series illustrated by
the 2017-2018 unrest at Agung, Indonesia, J. geophys. Res.: Solid Earth,
125(2). doi:10.1029/2019JB017908.

Albino, F., Biggs, J., Lazecky, M. & Maghsoudi, Y., 2022. Routine pro-
cessing and automatic detection of volcanic ground deformation using
Sentinel-1 InSAR data: insights from African volcanoes, Remote Sens.,
14(22), 5703. doi:10.3390/rs14225703.

Anantrasirichai, N., Biggs, J., Albino, F,, Hill, P. & Bull, D., 2018. Appli-
cation of machine learning to classification of volcanic deformation in
routinely generated InSAR data, J. geophys. Res.: Solid Earth, 123(8),
6592-6606.

Ansari, H., De Zan, F. & Parizzi, A., 2021. Study of systematic bias in
measuring surface deformation with SAR interferometry, /EEE Trans.
Geosci. Remote Sens., 59(2), 1285-1301.

Aydar, E. & Gourgaud, A., 1998. The geology of Mount Hasan stratovolcano,
central Anatolia, Turkey, J. Jolc. Geotherm. Res., 85(1-4), 129-152.

G20z Yote 0z uoisenb Aq 0250%02/082/L1v€2/a101ME/IIB/woo dno-olwepede)/:sdiy woly papeojumod


http://comet.nerc.ac.uk
http://comet.nerc.ac.uk/COMET-LiCS-portal
http://www.gacos.net/
http://dx.doi.org/10.1029/2019JB017908
http://dx.doi.org/10.3390/rs14225703
http://dx.doi.org/10.1109/TGRS.2020.3003421
http://dx.doi.org/10.1016/S0377-0273(98)00053-5

294 FE Dogru, F Albino and J. Biggs

Aydar, E., Schmitt, A. K., Cubuke¢u, H. E., Akin, L., Ersoy, O., Sen, E. &
Atici, G., 2012. Correlation of ignimbrites in the Central Anatolian Vol-
canic Province using zircon and plagioclase ages and zircon compositions,
J. Vole. Geotherm. Res., 213, 83-97.

Baldasso, V., Soncini, A., Azzoni, R. S., Diolaiuti, G., Smiraglia, C. &
Bocchiola, D., 2019. Recent evolution of glaciers in Western Asia in
response to global warming: the case study of Mount Ararat, 7urkey.
Theor. Appl. Climat., 137(1), 45-59.

Barka, A., Akyuz, H. S., Altunel, E. R. H. A. N., Sunal, G., Cakir, Z., Dikbas,
A.Y.N. U R. & Page, W., 2002. The surface rupture and slip distribution
of the 17 August 1999 Izmit earthquake (M 7.4), North Anatolian fault,
Bull. seism. Soc. Am., 92(1), 43—60.

Bathke, H., Holohan, E. P. & Walter, T. R., 2014a. Displacement partitioning
and ring fault segmentation at Tendiirek volcano observed by using high
resolution InSAR, In EGU General Assembly Conference Abstracts, 16.

Bathke, H., Nikkhoo, M., Holohan, E. P. & Walter, T. R., 2014b. Oblique-slip
faulting at Tendiirek volcano observed by using InSAR, In EGU General
Assembly Conference Abstracts, 16.

Bathke, H., Nikkhoo, M., Holohan, E. P. & Walter, T. R., 2015. Insights into
the 3D architecture of an active caldera ring-fault at Tendiirek volcano
through modeling of geodetic data, Earth planet. Sci. Lett., 422, 157-168.

Bathke, H., Sudhaus, H., Holohan, E. P,, Walter, T. R. & Shirzaei, M., 2013.
An active ring fault detected at Tendiirek volcano by using InSAR, J.
geophys. Res.: Solid Earth, 118(8), 4488-4502.

Beauducel, F, Briole, P. & Froger, J. L., 2000. Volcano-wide fringes in ERS
synthetic aperture radar interferograms of Etna (1992—1998): deformation
or tropospheric effect?, J. geophys. Res.: Solid Earth, 105(B7), 16391—
16402.

Bekaert, D. P. S., Walters, R. J., Wright, T. J., Hooper, A. J. & Parker, D.
J., 2015. Statistical comparison of InSAR tropospheric correction tech-
niques, Remote Sens. Environ., 170, 40-47.

Berardino, P, Fornaro, G., Lanari, R. & Sansosti, E. A., 2002. new algorithm
for surface deformation monitoring based on small baseline differential
SAR interferograms, /EEE Trans. Geosci. Remote Sens., 40(11), 2375~
2383.

Biggs, J. & Wright, T. J., 2020. How satellite InSAR has grown from oppor-
tunistic science to routine monitoring over the last decade, Nar. Commun.,
11(1), 1-4.

Biggs, J., Wright, T., Lu, Z. & Parsons, B., 2007. Multi-interferogram method
for measuring interseismic deformation: denali fault, Alaska, Geop/hys. J.
Int., 170(3), 1165-1179. doi:10.1029/2011GC003662.

Biggs, J., Bastow, 1. D., Keir, D. & Lewi, E., 2011. Pulses of de-
formation reveal frequently recurring shallow magmatic activity be-
neath the Main Ethiopian Rift, Geochem. Geophys. Geosyst., 12(9).
doi:10.1029/2011GC003662.

Biggs, J., Ebmeier, S. K., Aspinall, W. P, Lu, Z., Pritchard, M. E., Sparks,
R. S. J. & Mather, T. A., 2014. Global link between deformation and
volcanic eruption quantified by satellite imagery, Nar. Commun., 5,3471.
doi:10.1038/ncomms4471.

Biggs, J., Ayele, A., Fischer, T. P, Fontijn, K., Hutchison, W., Kazimoto, E.
& Wright, T. J., 2021. Volcanic activity and hazard in the East African
Rift Zone, Nat. Commun., 12(1), 1-12.

Biggs, J., Dogru, F.,, Dagliyar, A., Albino, F, Yip, S., Brown, S. & Atict, G.,
2021. Baseline monitoring of volcanic regions with little recent activity:
application of Sentinel-1 InSAR to Turkish volcanoes, J. Appl. Jolc.,
10(1), 1-14.

Burgmann, R., Ayhan, M. E., Fielding, E. J., Wright, T. J., McClusky, S.,
Aktug, B. & Turkezer, A., 2002. Deformation during the 12 November
1999 Duzce, Turkey, earthquake, from GPS and InSAR data, Bull. seism.
Soc. Am., 92(1), 161-171.

Cavalié, O., Lasserre, C., Doin, M. P, Peltzer, G., Sun, J., Xu, X. & Shen,
Z. K., 2008. Measurement of interseismic strain across the Haiyuan fault
(Gansu, China), by InSAR, Earth planet. Sci. Lett., 275(3-4), 246-257.

Chen, C. W. & Zebker, H. A., 2002. Phase unwrapping for large SAR
interferograms: statistical segmentation and generalized network models,
IEEE Trans. Geosci. Remote Sens., 40(8), 1709-1719.

Cingdz, A., Erkan, Y., Kurt, A. I. & Peker, S., 2013. Tiirkiye Ulusal Sabit
GNSS istasyonlar1 Agi-Aktif (Tusaga Aktif Sistemi), TMMOB Harita

ve Kadastro Mithendisleri Odasi, 14, Tirkive Harita Bilimsel ve Teknik
Kurultayr, 14-17.

De Zan, F.,, Zonno, M. & Lopez-Dekker, P, 2015. Phase inconsistencies and
multiple scattering in SAR interferometry, /EEE Trans. Geosci. Remote
Sens., 53, 6608—6616.

Dogan, U., Demirel, H., Aydin, C., Ergintay, S., Cakmak, R., Belgen, A. &
Gerstenecker, C., 2006. GPS and gravity measurements along the western
part of the North Anatolian Fault and their relation to crustal deformations,
Harita Dergisi, Ozel, (18), 429-435.

Doin, M. P, Lasserre, C., Peltzer, G., Cavali¢, O. & Doubre, C., 2009.
Corrections of stratified tropospheric delays in SAR interferometry:
validation with global atmospheric models, J. Appl. Geophys., 69(1),
35-50.

Ebmeier, S. K., Andrews, B. J., Araya, M. C., Arnold, D. W. D., Biggs, J.,
Cooper, C. & Lloyd, R., 2018. Synthesis of global satellite observations
of magmatic and volcanic deformation: implications for volcano moni-
toring & the lateral extent of magmatic domains, J. Appl. Volc., (1), 2.
doi:10.1186/513617-018-0071-3.

Ebmeier, S. K., Biggs, J., Mather, T. A., Elliott, J. R., Wadge, G. &
Amelung, F, 2012. Measuring large topographic change with InSAR:
lava thicknesses, extrusion rate and subsidence rate at Santiaguito vol-
cano, Guatemala, Earth planet. Sci. Lett., 335,216-225.

Ebmeier, S. K., Biggs, J. & Mather, T. A., 2013. Amelung, F. Applicability
of InSAR to tropical volcanoes: insights from Central America, Geol.
Soc. Lond. Special Publ., 380(1), 15-37.

Elliott, J. R., Biggs, J., Parsons, B. & Wright, T. J., 2008. InSAR slip rate
determination on the Altyn Tagh Fault, northern Tibet, in the presence
of topographically correlated atmospheric delays, Geophys. Res. Lett.,
35(12). doi:10.1029/2008 GL033659.

Fielding, E. J., Lundgren, P. R., Taymaz, T., Yolsal-Cevikbilen, S. & Owen,
S.E.,2013. Fault-slip source models for the 2011 M 7.1 Van earthquake in
Turkey from SAR interferometry, pixel offset tracking, GPS, and seismic
waveform analysis, Seismol. Res. Lett., 84(4), 579-593.

Gonzalez, P. J., Walters, R. J., Hatton, E. L., Spaans, K., McDougall, A.,
Hooper, A. J. & Wright, T. J., 2016. LiCSAR: tools for automated gener-
ation of Sentinel-1 frame interferograms, AGU Fall Meeting.

Hanssen, R. F,, 2001. Radar Interferometry: Data Interpretation and Error
Analysis. Dordrecht, Kluwer Academic Publishers.

Jolivet, R., Grandin, R., Lasserre, C., Doin, M. P. & Peltzer, G.,
2011. Systematic InSAR tropospheric phase delay corrections from
global meteorological reanalysis data, Geophys. Res. Lett., 38(17).
doi:10.1029/2011GL048757.

Karakhanian, A. S., Trifonov, V. G., Philip, H., Avagyan, A., Hessami, K.,
Jamali, F. & Adilkhanyan, A., 2004. Active faulting and natural hazards in
Armenia, eastern Turkey and northwestern Iran, 7ectonophysics, 380(3-
4), 189-219.

Karakhanian, A., Djrbashian, R., Trifonov, V, Philip, H., Arakelian, S. &
Avagian, A., 2002. Holocene-historical volcanism and active faults as
natural risk factors for Armenia and adjacent countries, /. Jolc. Geotherm.
Res., 113(1-2), 319-344.

Karasozen, E., Nissen, E., Bilyiikakpinar, P, Cambaz, M. D., Kahraman,
M., Kalkan Ertan, E. & Ozacar, A. A., 2018. The 2017 July 20 Mw
6.6 Bodrum—Kos earthquake illuminates active faulting in the Gulf of
Gokova, SW Turkey, Geophys. J. Int., 214(1), 185-199.

Kiriim, S. & Baykara, T., 2020. Geochemistry of post-collisional Yolgati
(Bingol) volcanic rocks in Eastern Anatolia, Turkey, J. Afi: Earth Sci.,
161, 103653. doi:10.1016/j.jafrearsci.2019.103653.

Kuscu, G. G. & Geneli, F, 2010. Review of post-collisional volcanism in
the Central Anatolian Volcanic Province (Turkey), with special reference
to the Tepekoy Volcanic Complex, /nt. J. Earth Sci., 99(3), 593—621.

Kuzucuoglu, C., Pastre, J. F, Black, S., Ercan, T., Fontugne, M., Guillou,
H. & Tiirkecan, A., 1998. Identification and dating of tephra layers from
quaternary sedimentary sequences of Inner Anatolia, Turkey, J. Jolc.
Geotherm. Res., 85(1-4), 153-172.

Lazecky, M., Spaans, K., Gonzalez, P. J., Maghsoudi, Y., Morishita, Y.,
Albino, F. & Juncu, D., 2020. LiCSAR: an automatic InSAR tool for
measuring and monitoring tectonic and volcanic activity, Remote Sensing,
12(15), 2430. doi:10.3390/rs12152430.

G202 UoIBN 0Z U0 1sanB Aq 025070.£/082/1/7EZ/2191E/B/Ww0o"dnoolwapeoe)/:sd)y woly papeojumod


http://dx.doi.org/10.1016/j.jvolgeores.2011.11.005
http://dx.doi.org/10.1007/s00704-018-2581-7
http://dx.doi.org/10.1785/0120000841
http://dx.doi.org/10.1016/j.epsl.2015.03.041
http://dx.doi.org/10.1002/jgrb.50305
http://dx.doi.org/10.1029/2000JB900095
http://dx.doi.org/10.1016/j.rse.2015.08.035
http://dx.doi.org/10.1109/TGRS.2002.803792
http://dx.doi.org/10.1038/s41467-020-17587-6
http://dx.doi.org/10.1111/j.1365-246X.2007.03415.x
http://dx.doi.org/10.1029/2011GC003662
http://dx.doi.org/10.1038/ncomms4471
http://dx.doi.org/10.1038/s41467-021-27166-y
http://dx.doi.org/10.1186/s13617-021-00102-x
http://dx.doi.org/10.1785/0120000834
http://dx.doi.org/10.1109/TGRS.2002.802453
http://dx.doi.org/10.1109/TGRS.2015.2444431
http://dx.doi.org/10.1016/j.jappgeo.2009.03.010
http://dx.doi.org/10.1186/s13617-018-0071-3
http://dx.doi.org/10.1016/j.epsl.2012.04.027
http://dx.doi.org/10.1144/SP380.2
http://dx.doi.org/10.1029/2008GL033659
http://dx.doi.org/10.1785/0220120164
http://dx.doi.org/10.1029/2011GL048757
http://dx.doi.org/10.1016/j.tecto.2003.09.020
http://dx.doi.org/10.1016/S0377-0273(01)00264-5
http://dx.doi.org/10.1093/gji/ggy114
http://dx.doi.org/10.1016/j.jafrearsci.2019.103653
http://dx.doi.org/10.1007/s00531-008-0402-4
http://dx.doi.org/10.1016/S0377-0273(98)00054-7
http://dx.doi.org/10.3390/rs12152430

Le Mouélic, S., Raucoules, D., Carnec, C. & King, C. A.,2005. Least squares
adjustment of multi-temporal InSAR data, Photogrammetric Eng. Remote
Sens., 71(2), 197-204.

Li, Z., Muller, J. P, Cross, P. & Fielding, E. J., 2005. Interferometric synthetic
aperture radar (insar) atmospheric correction: GPS, moderate resolution
imaging spectroradiometer (MODIS), and InSAR integration, J. geophys.
Res.: Solid Earth, 110, B03410. doi:10.1029/2004JB003446.

Li, Z., Fielding, E. J., Cross, P. & Muller, J. P., 2006b. Interferometric syn-
thetic aperture radar atmospheric correction: GPS topography-dependent
turbulence model, J Geophys. Res.: Solid Earth, 111(B2).B02404.
doi:10.1029/2005JB003711.

Li, Z., Fielding, E. J., Cross, P. & Muller, J. P, 2006¢. Interferometric syn-
thetic aperture radar atmospheric correction: medium resolution imaging
spectrometer and advanced synthetic aperture radar integration, Geophys.
Res. Lett., 33(6).L06816. doi:10.1029/2005GL025299.

Li, Z., Fielding, E., Cross, P. & Preusker, R., 2009. Advanced insar atmo-
spheric correction: meris/modis combination and stacked water vapour
models, /nt. J. Remote Sens., 30, 3343-3363.

Li, Z., Xu, W,, Feng, G., Hu, J., Wang, C., Ding, X. & Zhu, J., 2012.
Correcting atmospheric effects on InSAR with MERIS water vapour data
and elevation-dependent interpolation model, Geophys. J. Int., 189, 898—
910.

Lin, Y. N., Simons, M., Hetland, E. A., Muse, P. & DiCaprio, C. A., 2010.
Multiscale approach to estimating topographically correlated propagation
delays in radar interferograms, Geochem. Geophys. Geosyst., 11,Q09002.
doi:10.1029/2010GC003228.

Lu, Z. & Dzurisin, D., 2010. Ground surface deformation patterns, magma
supply, and magma storage at Okmok volcano, Alaska, from InSAR
analysis: 2. Coeruptive deflation, July—August 2008, J. Geophys. Res.:
Solid Earth, 115(B5),B00B03. doi:10.1029/2009JB006970.

Maghsoudi, Y., Hooper, A. J., Wright, T. J., Lazecky, M. & Ansari,
H., 2022. Characterizing and correcting phase biases in short-term,
multilooked interferograms, Remote Sens. Environ., 275, 113022.
doi:10.1016/j.rse.2022.113022.

Males, K. & Gottsmann, J., 2021. Minimum detectable mass and vol-
ume fluxes during magmatic recharge at high prominence volcanoes:
an application to Erciyes Dag volcano (Turkey), Earth Sci., 9, 750063.
doi:10.3389/feart.2021.750063.

Mekik, C., Yildirim, O. & Bakici, S., 2011. The Turkish real time kinematic
GPS network (TUSAGA-AKktif) infrastructure, Sci. Res. Essays, 6(19),
3986-3999.

Michaelides, R. J., Zebker, H. A. & Zheng, Y., 2019. An algorithm for
estimating and correcting decorrelation phase from InSAR data using
closure phase triplets, /EEE Trans. Geosci. Remote Sens., 57(12), 10390—
10397.

Miller, M., Buizza, R., Haseler, J., Hortal, M., Janssen, P. & Untch, A.,
2010. Increased resolution in the ECMWF deterministic and ensemble
prediction systems, ECMWF Newsletter, 124, 10-16.

Nico, G., Tome, R., Catalao, J. & Miranda, P. M., 2011. On the
use of the WRF model to mitigate tropospheric phase delay effects
in SAR interferograms, /EEE Trans. Geosci. Remote Sens., 49(12),
4970-4976.

Onn, F. & Zebker, H. A., 2006. Correction for interferometric synthetic
aperture radar atmospheric phase artifacts using time series of zenith wet
delay observations from a GPS network, J. geophys. Res.: Solid Earth,
111(B9). doi:10.1029/2005JB004012.

Orhan, O., 2021. Monitoring of land subsidence due to excessive ground-
water extraction using small baseline subset technique in Konya, Turkey,
Environ. Monit. Assess., 193(4), 1-17.

Parker, A. L., Biggs, J., Walters, R. J., Ebmeier, S. K., Wright, T. J., Teanby,
N. A. & Lu, Z.,2015. Systematic assessment of atmospheric uncertainties
for InSAR data at volcanic arcs using large-scale atmospheric models: ap-
plication to the Cascade volcanoes, United States, Remote Sens. Environ.,
170, 102—-114.

Pinel, V,, Hooper, A., De la Cruz-Reyna, S., Reyes-Davila, G., Doin, M.P. &
Bascou, P, 2011. The challenging retrieval of the displacement field from
InSAR data for andesitic stratovolcanoes: case study of Popocatepetl and
Colima Volcano, Mexico, J. Jolc. Geotherm. Res., 200(1-2), 49-61.

Weather model based atmospheric corrections 295

Pinel, V,, Poland, M. P. & Hooper, A., 2014. Volcanology: lessons learned
from synthetic aperture radar imagery, J. Jolc. Geotherm. Res., 289, 81—
113.

Poland, M. P. & Zebker, H. A., 2022. Volcano geodesy using InSAR in 2020:
the past and next decades, Bull. Volcanol., 84(3), 1-8.

Pritchard, M. E. & Simons, M., 2004. An InSAR-based survey of volcanic
deformation in the central Andes, Geochem. Geophys. Geosyst., 5(2).
doi:10.1029/2003GC000610.

Reilinger, R., McClusky, S., Vernant, P., Lawrence, S., Ergintav, S., Cakmak,
R. & Nadariya, M., 2006. GPS constraints on continental deformation in
the Africa-Arabia-Eurasia continental collision zone and implications for
the dynamics of plate interactions, J. geophys. Res.: Solid Earth, 111(B5).
doi:10.1029/2005JB004051.

Remy, D., Bonvalot, S., Briole, P. & Murakami, M., 2003. Accurate measure-
ments of tropospheric effects in volcanic areas from SAR interferometry
data: application to Sakurajima volcano (Japan), Earth planet. Sci. Lett.,
213(3-4), 299-310.

Remy, D., Chen, Y., Froger, J. L., Bonvalot, S., Cordoba, L. & Fus-
tos, J., 2015. Revised interpretation of recent InSAR signals ob-
served at Llaima volcano (Chile), Geophys. Res. Lett., 42(10),
3870-3879.

Rolland, L. M., Vergnolle, M., Nocquet, J. M., Sladen, A., Dessa, J. X.,
Tavakoli, F. & Cappa, F., 2013. Discriminating the tectonic and non-
tectonic contributions in the ionospheric signature of the 2011, Mw7.
1, dip-slip Van earthquake, Eastern Turkey, Geophys. Res. Lett., 40(11),
2518-2522.

Schmidt, D. A. & Biirgmann, R., 2003. Time-dependent land uplift and sub-
sidence in the Santa Clara Valley, California, from a large interferometric
synthetic aperture radar data set, J. geophys. Res.: Solid Earth, 108(B9).
doi:10.1029/2002JB002267.

Spaans, K., Hreinsdottir, S., Hooper, A. & Ofeigsson, B. G., 2015. Crustal
movements due to Iceland’s shrinking ice caps mimic magma inflow
signal at Katla volcano, Sci. Rep., 5(1), 1-8.

Stephens, K. J., Wauthier, C., Bussard, R. C., Higgins, M. & LaFemina, P.
C.,2020. Assessment of mitigation strategies for tropospheric phase con-
tributions to InSAR time-series datasets over two Nicaraguan volcanoes,
Remote Sens., 12(5), 782. do0i:10.3390/rs12050782.

Taymaz, T., Wright, T. J., Yolsal, S., Tan, O., Fielding, E. & Seyitoglu,
G., 2007. Source characteristics of the 6 June 2000 Orta—Cankir1 (central
Turkey) earthquake: a synthesis of seismological, geological and geodetic
(InSAR) observations, and internal deformation of the Anatolian plate,
Geol. Soc. Lond. Special Publ., 291(1), 259-290.

Tiryakioglu, 1., Yavasoglu, H., Ugur, M. A., Ozkaymak, C., Yilmaz, M.,
Kocaoglu, H. & Turgut, B., 2017. Analysis of October 23 (Mw 7.2) and
November 9 (Mw 5.6), 2011 Van earthquakes using long-term GNSS
time series, Earth Sci. Res. J., 21(3), 147-156.

Usai, S. A., 2003. least squares database approach for SAR interferometric
data, /EEE Trans. Geosci. Remote Sens., 41(4), 753-760.

Ustiin, A., Tusat, E., Yalvag, S., Ozkan, 1., Eren, Y., Ozdemir, A. & Simsek,
FE, 2015. Land subsidence in Konya Closed Basin and its spatio-
temporal detection by GPS and DInSAR, Environ. Earth Sci., 73(10),
6691-6703.

Venzke, E., 2013. Global Volcanism Program, Volcanoes of the World, v.
4.9.0 (04 Jun 2020). Smithsonian Institution. Downloaded 20 Jul 2020.
Werner, C., Wegmiiller, U. & Strozzi, T., 2000. Wiesmann, A. Gamma
SAR and interferometric processing software, In Proceedings of the ERS-

ENVISAT symposium, Gothenburg, Sweden, 1620.

Williams, S., Bock, Y. & Fang, P, 1998. Integrated satellite interferometry:
tropospheric noise, GPS estimates and implications for interferometric
synthetic aperture radar products, J. geophys. Res.: Solid Earth, 103(B11),
27051-27067.

Yip, S. T. H., Biggs, J. & Albino, F., 2019. Reevaluating volcanic de-
formation using atmospheric corrections: implications for the mag-
matic system of Agung volcano, Indonesia, Geophys. Res. Lett., 46(23),
13704-13711.

Yu, C., Penna, N. T. & Li, Z., 2017. Generation of real-time mode high-
resolution water vapor fields from GPS observations, J. geophys. Res.:
Atmospheres, 122(3), 2008-2025.

G202 UoIBN 0Z U0 1sanB Aq 025070.£/082/1/7EZ/2191E/B/Ww0o"dnoolwapeoe)/:sd)y woly papeojumod


http://dx.doi.org/10.14358/PERS.71.2.197
http://dx.doi.org/10.1029/2004JB003446
http://dx.doi.org/10.1029/2005JB003711
http://dx.doi.org/10.1029/2005GL025299
http://dx.doi.org/10.1080/01431160802562172
http://dx.doi.org/10.1111/j.1365-246X.2012.05432.x
http://dx.doi.org/10.1029/2010GC003228.
http://dx.doi.org/10.1029/2009JB006970
http://dx.doi.org/10.1016/j.rse.2022.113022
http://dx.doi.org/10.5897/SRE10.923
http://dx.doi.org/10.1109/TGRS.2019.2934362
http://dx.doi.org/10.1109/TGRS.2011.2157511
http://dx.doi.org/10.1029/2005JB004012
http://dx.doi.org/10.1007/s10661-021-08962-x
http://dx.doi.org/10.1016/j.rse.2015.09.003
http://dx.doi.org/10.1016/j.jvolgeores.2010.12.002
http://dx.doi.org/10.1016/j.jvolgeores.2014.10.010
http://dx.doi.org/10.1029/2003GC000610
http://dx.doi.org/10.1029/2005JB004051
http://dx.doi.org/10.1016/S0012-821X(03)00331-5
http://dx.doi.org/10.1002/2015GL063872
http://dx.doi.org/10.1002/grl.50544
http://dx.doi.org/10.1029/2002JB002267
http://dx.doi.org/10.1038/srep10285
http://dx.doi.org/10.3390/rs12050782
http://dx.doi.org/10.1144/SP291.12
http://dx.doi.org/10.15446/esrj.v21n3.62812
http://dx.doi.org/10.1109/TGRS.2003.810675
http://dx.doi.org/10.1007/s12665-014-3890-5
http://dx.doi.org/10.1029/98JB02794
http://dx.doi.org/10.1029/2019GL085233
http://dx.doi.org/10.1002/2016JD025753

296  FE Dogru, F Albino and J. Biggs

Yu, C., Li, Z., Penna, N. T. & Crippa, P, 2018. Generic atmospheric cor-
rection model for interferometric synthetic aperture radar observations, ..
geophys. Res.: Solid Earth, 123(10), 9202-9222.

Yu, C., Li, Z. & Penna, N.T., 2018. Interferometric synthetic aperture radar
atmospheric correction using a GPS-based iterative tropospheric decom-
position model, Remote Sens. Environ., 204, 109—-121.

SUPPORTING INFORMATION

Supplementary data are available at GJI online.

Supplementary Table 1. Temporal standard deviations of each
volcano (in centimetres) before and after corrections with elevations
(in metres).

Supplementary Figure 1. Map and time-series of mean coherence
for area 1: (a) map of mean coherence for ascending; (b) map of
mean coherence for descending; (c) time-series of mean coherence
for ascending; and (d) time-series of mean coherence for descend-
ing.

Supplementary Figure 2. Map and time-series of mean coherence
for area 2: (a) map of mean coherence for ascending; (b) map of
mean coherence for descending; (c) time-series of mean coherence
for ascending; and (d) time-series of mean coherence for descend-
ing.

Supplementary Figure 3. Time-series of atmospheric corrections
for (a) the ascending and (b) descending tracks for the three volca-
noes located in Area 1

Supplementary Figure 4. Time-series of atmospheric corrections
for (a) the ascending and (b) descending tracks for the two volcanoes
located in Area 2.

Supplementary Figure S. Values of the performance metric Q as a
function of time for the GACOS corrections and the phase-elevation
corrections for the ascending track for area 1.

Supplementary Figure 6. Values of the performance metric Q as a
function of time for the GACOS corrections and the phase-clevation
corrections for the descending track for area 1.

Supplementary Figure 7. Values of the performance metric Q as a
function of time for the GACOS corrections and the phase-elevation
corrections for the ascending track for area 2.

Supplementary Figure 8. Values of the performance metric Q as a
function of time for the GACOS corrections and the phase-elevation
corrections for the descending track for area 2.
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rected to the corresponding author for the paper.
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