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Abstract: One of the most critical factors which determine the accuracy of deformation
maps provided by Differential Synthetic Aperture Radar Interferometry (DInSAR) are at-
mospheric artefacts. Nowadays, one of the most popular approaches to minimize atmo-
spheric artefacts is Generic Atmospheric Correction Online Service for InNSAR (GACOS).
Nevertheless, in the literature, the authors reported various effects of GACOS correction
on the deformation estimates in different study areas Therefore, this paper aims to assess
the effect of GACOS correction on the accuracy of DInSAR-based deformation monitoring
in USCB by using Sentinel-1 data. For the accuracy evaluation, eight Global Navigation
Satellite Systems (GNSS) permanent stations, as well as five low-cost GNSS receivers were
utilized. GACOS-based DInSAR products were evaluated for: (1) single interferograms in
different geometries; (2) cumulative deformation maps in various geometries and (3) de-
composed results delivered from GACOS-based DInSAR measurements. Generally, based
on the achieved results, GACOS correction had a positive effect on the accuracy of the
deformation estimates in USCB by using DInSAR approach and Sentinel-1 data in each be-
fore mentioned aspect. When considering (1), it was possible to achieve Root Mean Square
Error (RMSE) below 1 c¢m for a single interferogram for only 20% and 26% of the ascend-
ing and descending investigated interferograms, respectively when compared with GNSS
measurements. The RMSE below 2 cm was achieved by 47% and 66% of the descending
and ascending interferograms, respectively.
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1. Introduction

The EPOS project is a Polish realization of the European Plate Observing System
(EPOS) initiative, the main goal of which is to integrate existing and newly created
research infrastructures to facilitate the use of multidisciplinary data and products in the
field of earth sciences in Europe (Mutke et al., 2019). Recent developments in remote
sensing technologies open new avenues to study ground surface phenomena. Coperni-
cus programme of European Space Agency (ESA) provides optical and radar remote
sensing data to study Earth processes in a completely new way. For the first time, Syn-
thetic Aperture Radar (SAR) images from the Sentinel-1 mission with a remarkable 6
days revisiting time are available for free. Such data allows studying various phenom-
ena such as glaciers, earthquakes, volcanos, landslides, or ground subsidence (Zhou et
al., 2009; Przylucka et al., 2015; Winsvold et al., 2018; Ramdani et al., 2019; Razi et
al., 2019). Differential SAR Interferometry (DInSAR) by using Sentinel-1 data allows
to estimate ground surface deformation with cm-level accuracy with temporal resolu-
tion which was not available before. Considering that, one of the main tasks within the
EPOS-PL project was to utilize Sentinel-1 data for deformation monitoring over the
mining region in Upper Silesian Coal Basin (USCB) in Poland. DInSAR methods are
widely used in monitoring mining-induced deformation. More than 20 years ago, the first
studies with DInSAR application in USCB in Poland were performed by Perski (1998),
which indicated that subsidence in the mining area in USCB can be detected and mea-
sured using DInSAR processing. Throughout the years, terrain deformation monitoring
in USCB has been studied using different interferometric methods (Graniczny et al.,
2014; Przylucka et al., 2015; Pawluszek-Filipiak and Borkowski, 2020) and data from
various SAR sensors ranging from the widely used C-band to L- and X-band (Graniczny
etal., 2014).

Accuracy of DInSAR-delivered deformation depends on various factors. One of the
most critical factors are atmospheric artefacts (Xiao et al., 2021). Atmospheric arte-
facts are the effect of the propagation delay when microwave signals travel through
the two-way pass between the satellite SAR sensor and the Earth’s surface (Zebker et
al., 1997; Ferretti et al., 2001; Hanssen, 2001). Within atmospheric artefacts, the tro-
pospheric aswell as ionospheric contribution exists. However, the ionospheric artefact
has a significant effect in the areas close to the equator (Meyer et al. 2016). Never-
theless, in many cases, the term ‘atmospheric effects’ is not strictly distinguished from
‘tropospheric effects’. Zebker et al. (1997) presented that a 20% change in the relative
humidity can cause an error of 10—14 cm. Such an error can lead to misunderstanding
of the ground surface processes and strictly depends on the location of the study area,
the variability of the atmosphere etc. Although, many scientists attempt to address this
problem by providing various atmospheric corrections to DInSAR products.

In the literature, there are different methods to estimate atmospheric disturbances.
Among them, mainly three various groups can be distinguished. The first group utilized
the relationship between elevation and atmosphere. This method is simple and direct,
but the accuracy of this correction is very low (Liu et al., 2020). The second group is
based on the statistical analysis (Xiao et al., 2021). Statistical methods utilized statistical
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properties of the atmospheric signal, namely, high temporal variability (low temporal
correlation) and low spatial variability (high spatial correlation). This assumption is usu-
ally applied for multitemporal interferograms in methods such as Small BAseline Subset
(SBAS, Berardino et al., 2002) or Persistent Scatterers (PSInSAR, Ferretti et al., 2001).
Atmospheric variations are very complex, therefore the assumptions adopted in statis-
tical methods do not often adequately describe InSAR atmospheric artefacts (Xiao et
al., 2021). The third group is based on external data, which mainly incorporate ground
measurements, satellite-based spectrometer measurement, and numerical weather mod-
els. These can provide a relatively independent description of the atmospheric delay field
(Xiao et al., 2021). Nonetheless, the availability of auxiliary data, such as Global Naviga-
tion Satellite Systems (GNSS) observations and global meteorological model products,
facilitates the understanding of the complexity of the InSAR data processing procedure.

Another important aspect, which the scientific community is facing at this moment
is the evaluation of these atmospheric corrections, which is made on case-by-case ba-
sis (Xiao et al., 2021). Such validation methods can be also be divided into statistical-
and ground-truth-based. Statistical evaluation methods are based on several metrics such
as the root-mean-square error (RMSE) or standard deviation (StdDev) of the interfer-
ometric phase (Murray et al., 2019; Xiao et al., 2021) to assess the performance of
the atmospheric correction, with limited attention paid to their applicability and lim-
itations. According to Xiao et al. (2021), certain atmospheric effects, such as distance
dependency and elevation dependency, may not be reflected by statistical metrics such as
RMSE/StdDev. Murray et al. (2019) present a review of several statistical performance
metrics. In contrary, ground-truth evaluation has its limitations connected with the lack
of GPS/GNSS stations. Nevertheless, few studies tried to assess the accuracy and per-
formance of atmospheric corrections by ‘ground truth’, such as the Global Positioning
System (GPS) (e.g. Li et al., 2009).

One of the widely used methods based on auxiliary data for atmospheric correction
is Generic Atmospheric Correction Online Service for InSAR (GACOS). GACOS was
proposed by Chen Yu and colleagues from Newcastle University, United Kingdom, and
incorporates GPS observations and weather models (Yu et al., 2017, 2018b, ¢, 2020).
Wide spatial coverage and high temporal and spatial resolution of GACOS products
open a new path for increasing the accuracy of DInSAR- delivered deformation maps.
Yu et al. (2020) noticed the beneficial effect of GACOS correction in time series analy-
ses, where for 13 months of Sentinel-1 data and GPS station displacements, the RMSE
between the observed and modeled surface displacement improved from 2.8 cm with no
GACOS correction applied to 0.7 cm with the method using the combination of GACOS
corrections and an Atmospheric Phase Screen (APS) filter (Yu et al., 2020). In contrary,
Wang et al. (2019) showed that the accuracy of deformation monitoring was improved
in the whole investigated study area after GACOS correction, and the mean square error
decreased from 0.34 cm/yr to 0.31 cm/yr. However, they realized that even the improve-
ment of the mid-altitude (15-140 m) GNSS measurement station was the most obvious
after GACOS correction, the accuracy for low- and high-altitude areas was roughly equal
and there was no significant improvement. It shows that the accuracy of GACOS correc-
tion in various study areas and settings needs to be further evaluated.
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Therefore, considering the area of USCB with its flat surface characteristics, this
study aims to evaluate the improvement in accuracy of GACOS-based DInSAR defor-
mation maps in comparison to noncorrected DInSAR-delivered deformation maps based
on Sentinel-1 data. For the accuracy evaluation, we utilized the available eight GNSS
permanent stations as well as five low-cost GNSS receivers purchased within the EPOS-
PL project.

2. Study area

The study area is located in the southern part of Poland (Fig. 1a) and covers about
2690 km?. It is an area characterized by low ground differences. The maximum altitude
difference is about 200 m. The major part is lowland, flat terrain. Higher elevations occur
in the north-eastern part of the study area. The area of the study covers the Upper Silesia
Coal Basin (USCB). It is one of the largest mining regions in Europe. As a consequence
of underground coal mining, the region is characterized by significant ground deforma-
tion in the areas of active mining. For this reason, numerous studies are being carried out
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Fig. 1. Location of the study area together with GNSS receivers and Digital Elevation Model (DEM) de-
livered from Airborne Laser Scanning carried out within the ISOK project in ENRF-2007-NH system:
http://www.gugik.gov.pl/
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in this area to monitor the magnitude and velocity of these changes (Pawluszek-Filipiak
and Borkowski, 2021, 2021). As part of the EPOS-PL project, 13 high-frequency GNSS
receivers were placed in the investigated area (Fig. 1b). The highest density of GNSS sta-
tions is visible in the south-eastern part of the study area near Rydultowy Mine (Fig. 1c)
where 5 low-cost receivers were placed directly in the area of active mining.

3. Data used

In this study, we used Sentinel-1A/B TOPSAR images acquired between 14th July 2019
and 17th July 2020 in the interferometric wide swath mode (IW). Radar images are in
ascending and descending geometry and cover the study area usually with a six-day
revisiting period. Moreover, data from the Generic Atmospheric Correction Online Ser-
vice (GACOS) were used to mitigate atmospheric artefacts. GACOS products contain
atmospheric information estimated for the specific day and time. Thus, for each SAR
acquisition, GACOS products were acquired. Additionally, the measurements from the
Global Navigation Satellite System (GNSS) were used to validate the InSAR results.
GNSS measurements as well as SAR data cover the same time period. GNSS deforma-
tions were estimated from daily solutions estimated at the post-processing stage. Basic
informations about the data used in this study are presented in Table 1.

Table 1. Specification of the data used in this study

Dataset Parameters Data specification

Product type Sentinel-1 SLC IW

Track number 124

Orbit mode descending

Mean Incidence angle 38.35°

Azimuth angle -74.87°

Number of images 59
Sentinel-1A/B data Time span 14t July 2019 to 14 July 2020

Product type Sentinel-1 SLC IW

Track number 175

Orbit mode ascending

Mean incidence angle 40.66°

Azimuth angle 75.18°

Number of images 61

Time span 17™ July 2019 to 17 July 2020
GACOS corrections Time span 14% July 2019 to 17 July 2020

Number of GACOS images 120

Source http://ceg-research.ncl.ac.uk/v2/gacos/
GNSS observation Number of stations 13

Time span 14t July 2019 to 17 July 2020
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4. Methodology

We estimated the terrain deformation for both geometries using the classical multitem-
poral consecutive DInNSAR method. In the next step, GACOS corrections for the in-
terferogram in ascending and descending geometry have been applied. Afterwards, the
accuracy before and after GACOS correction for each interferogram has been compared
with the results obtained for 13 GNSS measurements. This evaluation was carried out
in the Line of Sight (LOS) direction, therefore the deformations of GNSS stations were
reprojected into the LOS ascending and descending geometries, respectively. Secondly,
the accuracy of the estimated deformation was evaluated in time by visual inspection of
time series charts as well as RMSE:s. Finally, the effect of the GACOS correction on the
deformation estimates after LOS decomposition in the easting and vertical deformation
components was evaluated. These various evaluations will give an entire overview of the
GACOS effect on Sentinel-1 based deformation map estimated in USCB. SAR process-
ing was carried out with SNAP software, GACOS corrections were applied using Matlab,
and analysis and visualization were carried out in Matlab and ArcGIS. An overview of
the full methodology applied in this study is presented in Figure 2 and more detailed
descriptions of each step are provided in the following subsections.

Input Data Processing Ground truth Data

Ascending 175 < DInSAR processing >
Descending 124 l < East, Up > < Lgs >

component transformation
At heri
GACOS products
\ 4 \ 4

< 6-days LOS deformation >\ 6-days deformation
v v COMPARISON
z T o Time-series
< Time-series LOS deformation >,

< 2D decomposition

Sentinel-1A/B

Fig. 2. Methodology flowchart utilized in the presented study

4.1. GNSS processing

The GNSS monitoring of ground surface displacements has been performed based on
observations obtained from the ground network of permanent stations. Using over a one-
year investigation time span (from July 2019 to July 2020), a daily calculation scheme
was established. The estimation process of the GNSS observations was performed in a
post-processing service developed within the EPOS-PL project. The post-processing ser-
vice was based on Bernese GNSS Software v.5.2 (Dach et al., 2015), using observations
from multi-GNSS satellite systems: GPS, GLONASS and Galileo. To ensure the high-
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est quality of the solution, the final products (orbits, satellite clocks, and Earth rotation
parameters) were obtained from the CODE (Center for Orbit Determination in Europe,
Bern, Switzerland) (Dach et al., 2018).

The troposphere processing setups were based on a minimum constrained solution
with no relative constraining on troposphere parameter estimates. The service used the a
priori Zenith Total Delay (ZTD) from The Vienna Mapping Function 1 (VMF1) model
for the estimation of site-specific troposphere parameters with VMF1 mapping coeffi-
cients (Boehm et al., 2006). For the estimation of ZTD horizontal gradients, Chen and
Herring (1997) mapping function was applied.

In the post-processing service double-difference (DD) method was used to calculate
observations from 38 stations located in Poland and neighboring countries. From the
total number of stations, 25 sites belonged to the global IGS (International GNSS Ser-
vice) or European EPN (EUREF Permanent GNSS Network) networks and were used as
the reference data sources. The remaining 13 stations were located in the area of USCB
and were the basic source to evaluate SAR-based deformations (Table 2). In some in-
vestigated periods, the low-cost GNSS receivers have not recorded GNSS observations,
therefore sometimes there are some breaks within the time series.

Table 2. Specification of the data used in this study

grade Station ID Latitude Longitude Height [m]
BEDZ 50° 20’ 40.33” 19° 09’ 33.72" 315.202
BESI 50° 19 41.91” 19° 07’ 27.69” 310.612
CES1 50° 06’ 40.56" 19° 11’ 52.69" 297.907
Geodetic GLIW 50° 13’ 35.22" 18° 36/ 34.99” 284.029
KES1 50° 16’ 17.73" 19° 01’ 34.12" 339.912
PES1 50° 17/ 29.41" 18° 59’ 40.76” 362.296
RES1 50° 03’ 44.81" 18° 28’ 00.74" 350.471
TYCH 50° 07 07.48" 19° 00’ 30.92” 306.668
PI02 50° 04’ 07.82" 18° 28" 31.33” 303.008
PIO3 50° 04’ 13.31” 18° 27" 25.33" 308.338
Low-cost P104 50° 04’ 01.68" 18° 28’ 48.84" 309.099
PIOS 50° 03’ 55.17” 18° 28’ 35.75” 320.994
PI16 50° 03’ 59.06" 18° 28’ 29.64" 330.509

The low-cost GNSS stations are permanent stations that use cheaper receivers and
antennas instead of geodetic-grade equipment. Similarly to other GNSS stations (8 sta-
tions) created within EPOS-PL project, observations from these stations are used only to
evaluate DInSAR results and they do not participate in GACOS corrections calculation.
In the literature, the accuracy of low-cost stations, using the DD method was established
at the 1-2 cm level (Biagi et al., 2016; Notti et al., 2020; Wielgocka et al., 2021).

However, in the performed post-processing calculations, for the analyzed low-cost
stations, no significantly larger errors of coordinate determination were found in com-



www.czasopisma.pan.pl I@N www.journals.pan.pl
<D

8 Kamila Pawtuszek-Filipiak, Natalia Wielgocka, Tymon Lewandowski, Damian Tondas

parison to geodetic-grade GNSS equipment. In general, the mean error of deformation
determination was established as 2—4 mm for the horizontal components and 4—7 mm
for the vertical component.

4.2. DInSAR processing

In Classical DInSAR methods is based on calculation the phase difference §¢; between
two SAR images (¢ (t3) , ¢ (t4)) acquired at two different times, which is represented by
the following expression (Hanssen, 2001):

4 4t B A
89 =0 (15) = 9 (1) ~ 5 [d(1w) —d(1a)] + 5 e
+ [(Patmd(tB) _¢atmd(tA)] +Anj7 \V/] = 1;"'7M7 (1)

where A is a sensor wavelength, ¢ (tB,x, r) and ¢ (tA,x, r) are the phases that correspond
to times 14 and g, d(tg,x,r) and d (s, x,r) are the radar LOS projection of cumulative
deformation, Az corresponds to topographic error, @umd (15,%,7) — Qamd (ta,x, r) refer-
ence as atmospheric phase component between two images (A, B), B is a perpendicular
baseline between two acquisitions, R is range distance, 0 is incidence angle, and An_,.is
noise and decorrelation effect.

For the DInSAR, the Sentinel-1 data were processed using a conventional consec-
utive approach using the smallest temporal six-day temporal baseline (e.g. ¢1_», ¢>_3,
©3_4, ..., Po_1,). Differential interferograms of the subsequent SAR acquisitions were
calculated and accumulated to provide complete time-series interferometric results. The
smallest temporal baselines allow to minimize temporal decorrelation and therefore pro-
vide better spatial coverage of the DInSAR results. Interferograms have been calculated
using SNAP software by using SRTM 1 sec Digital Elevation Model. Due to the lack
of two SAR images from the descending orbit for 27th February 2020 and 10th March
2020, two interferograms were calculated with 12-day interval while the others were cal-
culated with 6-day revisiting intervals. Interferograms have been filtered with Goldstein
spatial filtering with 3 pixel window size and 64 fast Fourier transform window size.
Phase unwrapping has been carried out with Minimum Cost Flow function in snaphu.

4.3. GACOS atmospheric corrections

As shown in Eq. (1), the differential interferometric phase contains some components
that are not strictly related to the deformation and influence the accuracy of DInSAR
results. Therefore, atmospheric component ¢,md (IB) — Qamd (tA) in Eq. (1) has been
estimated using Generic Atmospheric Correction Online Service for InNSAR (GACOS).
GACOS was created by Yu et al. (2017, 2018a, b) and is essentially based on numeri-
cal weather models and GPS observations. The service is becoming increasingly popu-
lar among researchers and since its launch more than 61 000 tasks have been provided
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worldwide (Xiao et al., 2021). This was mainly because the tests carried out by the ser-
vice’s developers showed that it was possible to achieve an accuracy of 1 cm compared
to ground-truth data (Yu et al., 2018c).

The GACOS products are based on the implementation of an iterative tropospheric
decomposition model (ITD) where the stratified and turbulent components are sepa-
rated by tropospheric delays. As a consequence, high spatial resolution zenith total delay
(ZTD) maps are generated in near real-time and for free. The I'TD model is described as
follows (Yu et al., 2017):

ZTDy = T (xi) + Loe P + g, (2)

where T is the turbulence signal interpolated using the inverse distance weighting
method, xk represents the station coordinate vector in the local geocentric coordinate
system, Lg is the stratified component delay at sea level for the selected region and the
exponential function with coefficient 3 represents the stratified component. 4, means
scaled height defined as hy = (hk — hmin) / (Amax — Amin)- € is the unmodeled residual
error which includes stratified and turbulent signals (Wang et al., 2019).

For GACOS products generation, Digital Elevation Model (DEM) from Shuttle
Radar Topography Mission (SRTM) covering the area from 60° S latitude to 60° N lati-
tude are used along with the global digital elevation model from Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) which covers the area 60° S to
83° S and 60° N to 83° N. GACOS uses weather model delivered by European Centre
for Medium-Range Weather Forecasts (ECMWF) with 0.125° spatial and 6h temporal
resolutions (Wang et al., 2019). Due to the fact that GACOS product represents de-
lays in zenith direction and differential interferogram represents the phase difference in
LOS direction, the GACOS product must be converted to LOS using formula (Wang et
al., 2019):

4
dcAcos = 7” «GACOS/ oS Bine 3)

where A is radar wavelength, GACOS is delay map for selected area and 6;,. represents
radar incidence angle. With delay maps in LOS direction, the atmospheric correction of
the interferogram can be calculated. Correction at pixel (x, y) is defined as (Wang et
al., 2019):

0PGACOS.ab(X,Y) = Pcacos.»(X,Y) — dGacos,a(xy), “4)

where a and b represent different times of SAR image acquisition that compose the inter-
ferometric pair and b > a. Finally, the corrected interferogram is obtained by calculating
the difference between the interferogram and the atmospheric correction map. Within the
GACOS correction, it is also possible to apply trend removal as an effect of long-term
atmospheric influence. However, in the presented study, we utilized only the corrections
provided by GACOS service without trend removal.
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4.4. LOS measurement decomposition

The resulting displacement estimated with SAR is represented as a 1D deformation along
the LOS direction, which is a combination of vertical (d,) easting (d,) and northing (d,,)
deformation components as shown in Eq. (5) (Hanssen, 2001):

dLos = dy cos (Binc) — sin (e ) [dn cos (och — 3;) +d,sin (ah - 3;)} .5
where drps is the deformation along the LOS direction, o is the heading (azimuth)
angle, and 6;, is the incidence angle. Based on Eq. (5) theoretically, it is possible to cal-
culate d,,, d, d,, from the LOS deformation in at least three various geometries. However,
the sensitivity of SAR sensors in terms of measuring d,,, d, and d,, can be represented as
(Ngetal., 2011):

d,
[cos (Binc)  —sin (Binc) cos (@) —sin(Binc)sin(oy)] |de | =dLos - (6)
dy

Based on Eq. (6), in the case of an ascending geometry with an incidence angle
of 40.66° and an azimuth angle of 75.18°, the coefficients are 0.76, 0.63, and 0.18 for
the vertical, easting and northing deformations, respectively. This means that it is im-
possible to fully capture maximal deformation gradient by using this geometrical SAR
settings. Additionally, the contribution of the northing displacement to the total LOS
displacement is insignificant (0.09), and since there is a lack of variety in the geomet-
ric configurations of different SAR missions, it is very difficult to measure the northing
deformation accurately (Ng et al., 2011). In view of the low sensitivity of the northing
component, only the vertical and east-west deformation components were estimated by
assuming northing deformation component as zero. An interpolation of the deformation
over time was also needed, since the image acquisition dates were different in each view-
ing geometry (with offsets of two and three days). When interpolating the deformation
over time, we assumed a linear relationship in time between two consecutive acquisitions
(e.g. 6 or 12 days).

Additionally, due to the fact that the displacement estimated with SAR is in the
LOS direction, combination of vertical (d,) easting (d,) and northing (d,,) deformation
components from the GNSS solution was also reprojected onto the LOS direction as
shown in (Hanssen, 2001):

dLOS_RL — du COSs (einc)

3r 3
— sinsin (i) [d,, €OSCOS (ah — 2) +d, sinsin (ah — 2)] @)
where dy os_rr. is the deformation along the LOS direction, RL is the relative orbit num-
ber, O, and o, represent the value of the incidence angle and the azimuth angle of
analyzed ascending and descending orbits, respectively. Conversions between 3D mea-
surements of GNSS were necessary to evaluate the accuracy of DInSAR measurements.
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4.5. DInSAR product evaluation

Results of GACOS correction are evaluated in three steps. The first was the inspection
of the histogram shape and parameters. More specifically, the statistics and distributions
of the histograms were compared with histograms of the interferogram before and after
GACOS corrections. The second step was the comparison of the estimated deformation
from SAR with GNSS measurements in LOS geometry (Section 4.4). Single interfero-
gram as well as time series was analyzed separately for two viewing geometries to assess
the level of improvement for every single geometry.

Pixels corresponding to GNSS station location were extracted from the images. The
nearest pixel which contains GNSS station coordinates was selected. The accuracy anal-
ysis was performed using the RMSE value. For single interferograms, RMSE was cal-
culated based on the difference in displacement value between the GNSS values and the
DInSAR values, according to Eq. (8). RMSE was calculated for the original DInSAR
results as well as for the GACOS corrected DInSAR results.

1 S
RMSE1GNss-DInsAR = \/ 3 Y (donss — dpinsar)’ (8)
i=1

where S is number of GNSS stations, dgnss represents LOS deformation estimated from
GNSS solution and dppsar means LOS deformation determined from DInSAR (with
and without GACOS correction).

The errors corresponding to time series cumulated deformation for particular GNSS
stations were also analyzed. The differences between GNSS and DInSAR values (with
and without GACOS) were compared for each SAR acquisition. In this case, RMSE was
calculated based on the following equation:

1 N
RMSE2GNss-DInsAR = \/ N Y (donss — dpmsar)’ 9)
i=1

where N is the number of SAR scenes.

Afterwards, the additional question arises how GACOS corrected interferograms in-
fluence east-west and up deformation components after LOS decomposition. Therefore,
based on Eq. (5) presented in Section 4.4, the results from ascending and descending
geometry were reprojected into vertical and easting deformation components and com-
pared with GNSS results.

5. Results
5.1. Single deformation map refinement with the GACOS corrections
A series of 61 interferograms for the ascending orbit and 59 for the descending orbit

were generated and corrected with GACOS. Examples representing the original inter-
ferograms, GACOS correction, and corrected interferograms are presented in Figure 3.
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Moreover, to better understand the influence of the GACOS influence, histograms for
the interferograms before and after correction are also presented in Figures 3a4—d4.
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Fig. 3. Examples of original interferograms from DInSAR (al-d1), the corresponding GACOS correction
(a2—d2), and corrected deformation maps masked with the forest areas captured from Corine Land Cover
(a3-d3)

These examples were selected to present different scenarios of the GACOS influ-
ence on the interferograms. The first example for the ascending orbit (Fig. 3a), shows
that GOCOS correction improves the quality of the interferogram. Most of the atmo-
spheric influence over the whole image has been subtracted. The histogram after correc-
tion shows values that oscillate within =5 c¢m, while before the correction it was —15 cm
to -5 cm. The histogram distribution is close to the normal ones and the mean value of
the histogram is zero (Fig. 3a4). The second example (Fig. 3b) is related to the descend-
ing orbit. In this case, the influence of the atmosphere is not as much significant as it
was observed in the previous example in Fig. 3a. Nevertheless, a global trend which can
be observed in Figure 3b2 was removed and the final histogram of the corrected image
is close to the normal distribution and the mean value close to 0 (Fig. 3b4). Figure 3c
shows an example, where the GACOS correction has even negative effect on the inter-
ferograms. A slight shift of the histogram with a mean value of —0.01 can be observed
for the corrected image in comparison with the original image (Fig. 3c4). Finally, a clear
negative effect of the GACOS correction is shown in Figure 3d. In this case, the GACOS
correction introduced some trends in the lower part of the interferogram and the his-
togram’s shape close to the normal distribution has changed to a less regular shape with
a mean value of —0.02.
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Besides the visual interpretation of the interferograms and histograms, external data
from GNSS were used to evaluate the atmospheric correction results. GNSS measure-
ments allowed to evaluate the accuracy of DInSAR-delivered deformation in LOS direc-
tion for each single interferogram. This evaluation was carried out separately for GNSS
stations with geodetic grade and for low-cost receivers since these two types of stations
are characterized by slightly different system specifications and therefore can have di-
verse accuracy. The obtained RMSE values are presented in Figure 4. Additionally, a
green dotted line indicates the value of 1 cm, which represents the error declared by the
GACOS developers (Yu et al., 2018a).
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Fig. 4. RMSE for single interferograms at GNSS stations with geodetic-grade (a, b) and low-cost (c, d)
receivers

As clearly presented, RMSE calculated for each interferogram for the geodetic grade
GNSS station and low cost corresponds to each other quite fairly (Fig. 4). Generally,
when observing Figure 4, in most of the interferograms, the correction allowed to re-
duce the value of the RMSE. For the ascending orbit, the RMSE values oscillate around
the declared value of 1 cm. The maximum RMSE after correction is about 4 cm. By
applying the GACOS correction, it was possible to reduce destructive atmospheric ef-
fects. In extreme cases such as interferogram no. 39 (in descending geometry), RMSE
has decreased from 14 cm for the original data to about 1 cm. For the interferograms
in the ascending geometry, the atmospheric influences were considerably lower. In this
case, the correction also reduced RMSE to a value of about 1-2 cm. Nevertheless, it is
worth noting that in some cases the atmospheric corrections introduce additional errors,
resulting in an increase of RMSE value. An example is the interferogram no. 15 from
the ascending orbit and no. 8 from the descending orbit, whose histogram and correction
values are illustrated in Figure 4c and Figure 4d. In summary, based on the investigated
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GNSS measurements, it was possible to achieve RMSE below 1 cm for only 20% and
26% of the ascending and descending investigated interferograms, respectively. When
considering the RMSE below 2 cm, these values increase to 47% and 66% for the de-
scending and ascending interferograms, respectively.

5.2. Evaluation of the GACOS influence on deformation time series

For the time series of Sentinel-1 acquisitions, GNSS measurements were extracted and
reprojected into the LOS direction of each Sentinel-1 geometry (Fig. 5, Fig. 6). It can be
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Fig. 5. Time-series in LOS direction from GNSS (yellow line), original DInSAR results (blue), and cor-
rected DInSAR (red) deformation on GNSS station with geodetic grade receivers
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seen that GNSS stations with geodetic grade, except for station RES1, are stable. Sta-
tion RES1 showed small displacements at the level of 3—4 cm/yr. All low-cost GNSS
receivers are located in the surroundings of RES1 (Fig. 1¢). They also tend to show de-
formations related to underground mining activities in the area. The rate of these changes
is larger than for the RES1 station and for the PI0O3 station it achieves an even the value
of 40 cm/yr in the LOS direction.
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Fig. 6. Time-series in LOS direction from GNSS (yellow line), original DInSAR results (blue) and corrected

DInSAR (red) deformation on GNSS station using low-cost receivers. In some cases straight line can be

notice in the time series for low-cost which corresponds to breaks in the GNSS measurements which were
interpolated using linear model

Due to the different timing of the SAR acquisitions at each orbit (difference is 3
days), the atmosphere has a various impact on these two geometries. For the ascending
orbit, an increasing deviation of the original DInSAR solution from the GNSS results
can be observed in each time series (Fig. 5al-hl and Fig. 6al—el), however, this devi-
ation is systematic. Atmospheric errors are accumulated in time and overestimation of
the deformation can be observed (Fig. 6al—el). After the application of GACOS correc-
tions, the time series are smoothed out and close to the GNSS time series (red line). For a
descending orbit, the atmospheric effects have a different character. Accumulated atmo-
spheric errors are not systematic and has some pits and hills mostly around January and
March. For all stations, an increased atmospheric impact is seen in the period between
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October 2019 and April 2020. The GACOS correction has eliminated these influences
and made the time series smoother than before.

Besides the time series, the variation between DInSAR and GNSS measurements
were compared in time by calculating RMSE for each station in time (Eq. (9)). This
means RMSEs were calculated between GNSS-DInSAR differences for each time, when
SAR data have been captured (Fig. 7).
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Fig. 7. RMSE for time-series results in ascending 175 and descending 124 geometries for each GNSS
measurement

Figure 7 with the RMSE calculated in time, shows that the GACOS correction had a
beneficial effect on the accuracy for all stations investigated for the ascending geometry
with relative orbit 175. For the interferograms in this geometry, the atmospheric effect
had a more destructive impact on the accuracy in time series than on results in descend-
ing geometry. The RMSE of the estimated deformation for the DInSAR results without
GACOS correction exceeded 9 cm for each GNSS station. After GOCOS correction, the
error significantly decreased for each station. For a descending geometry with relative
number of 124, RMSEs oscillate between 2 and 9 cm. For the descending geometry,
GACOS correction allowed to decrease the RMSE value in relation to GNSS solution
only for 5 out of 13 analyzed stations. In the remaining cases, the achieved accuracy is
worse than before the GACOS correction.

Figures 8 and Figure 9 represent the time series for the vertical and easting defama-
tion components for various GNSS stations. As can be observed, similar time series
behavior is presented for the easting deformation component. This behavior is easily
prevalent on the stations which are stable. Therefore, observing the time series, it can be
concluded that still some residual error exists in the GACOS corrected LOS deforma-
tions and this error can directly reflect easting deformation component (P104, P116). The
time series of the vertical displacement from DInSAR after GACOS correction corre-
sponds to GNSS quite fairly. However, still some discrepancy exists (TYCH station and
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PI04). Probably the application of the additional redundant data from different geometry
will increase the results of easing the deformation component. Nevertheless, based on
the vertical and horizontal time series, it can be clearly concluded that GACOS increases
the accuracy of the SAR measurements.
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Fig. 8. Time-series for East and Up components from GNSS (yellow line), original DInSAR results (blue)
and corrected DInSAR (red) deformation on GNSS station with geodetic grade receivers

Temporal RMSE calculated for the time series for the easting and vertical deforma-
tion components also demonstrate clearly the error and deformation variation in time has
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been decreased after GACOS. However, based on Figure 10, it is confirmed that a bigger
error is represented for the horizontal deformation component rather than for vertical.
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5.3. Single deformation map refinement with the GACOS corrections

A similar analysis was carried out for the cumulative deformation results obtained for
approximately 60 interferograms covering the period from the 14th of June 2019 up to
14th of June 2020. The evaluations of the GACOS correction for the accumulated maps
were performed for LOS displacement results as well as for results after decomposition
in vertical and easting the deformation component. The deformation maps for both ge-
ometries before and after the correction are depicted in Figure 11 while the decomposed
results are presented in Figure 12.
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Fig. 11. Deformation in LOS direction, ascending 175 orbits (a) and descending 124 orbits (b). Figures al—
bl present the original DInSAR results, a2-b2 results after GACOS correction, and a3 and b3 histograms
for ascending and descending, geometry

Some small changes in the color variations can be observed on Figure 11a and Fig-
ure 11b. However, since the study area is wide and detected deformations cover wide
spectrum of the deformations (—1.4 m up to 0.5 m), it is difficult to see GACOS influ-
ence in the final deformation maps before and after applying the GACOS correction.
Nevertheless, the histograms show that the GACOS atmospheric correction has a posi-
tive impact on the final result, especially for the descending orbit (Fig. 11a3). As in the
case of single interferograms, a shift of the histograms is visible and the expected value
oscillates around 0. This is mostly observable for ascending geometry in Figure 11a3.

Similar situation can be observed in the case of vertical and easting deformation
components (Fig. 12). Application of GACOS correction refines the shape of the his-
togram and the expected values oscillated close to zero. Since the study is large, Fig-
ure 13 represents the examples of two mines in Bytom and Ruda Slaska mines. As can
be observed from Figure 13, application of GACOS correction minimize some of the
horizontal movement. Additionally, the mean difference and RMSE between GNSS re-
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Table 3. Specification of the data used in this study

Parameter Mean offset [m] (for each station) RMSE [m]
DInSAR DInSAR-+GACOS DInSAR | DInSAR+GACOS
dsc124 LOS -0.025 0.056 0.034 0.071
ascl175 LOS -0.178 0.005 0.182 0.052
East 0.233 0.084 0.277 0.157
Up -0.226 0.019 0.231 0.070

sults and DInSAR are presented in Table 3. As can be observed from the accumulated
results for the ascending LOS, easting, and vertical deformation components, GACOS
corrections help in atmospheric influence removal. In the case of images in descending
orbit, the application of GACOS correction does not improve the cumulative results.
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Slaska (c,d) before (a,c) and after GACOS correction (b, d) Time series for the selected max vertical dis-
placement point and stable point are presented on e and f respectively
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6. Discussion

Many studies evaluated the effect of atmospheric models on interferogram quality, how-
ever, these evaluations are mostly carried out using statistical metrics such as the reduc-
tion in the overall variance of individual interferograms (e.g. standard deviation, RMSE)
(Xiao et al., 2021). In comparison to these studies, we analyzed the improvement in
accuracy of GACOS-based DInSAR deformation maps by considering external GNSS
data. Based on the authors review, only a few studies evaluated GACOS products with
external GNSS data. Wang et al. (2019), showed that the accuracy of deformation mon-
itoring by using SBAS method was improved in the whole investigated study area after
GACOS correction, and the mean square error decreased from 0.34 cm/yr to 0.31 cm/yr.
Furthermore, Darvishi et al. (2020), assessed methods of reducing atmospheric delay,
and GACOS correction with the RMSE of 0.8 cm presented the most precise and accu-
rate results among other Numerical Weather Models.

In the literature, there are also other studies which shows the evaluation of other
atmospheric corrections and its comparison with GNSS. Recently, Zebker et al. (2021)
proposed model-free approach to minimize the atmospheric artifacts in SBAS processing
by using an algorithm that averages the elevation residual phases in every interferogram
and compensates for the long-time component of atmospheric variation. They show that
a factor of three temporal artifact reduction. For the 11 GPS locations, RMSE decreased
from 6.3 cm, 5.2 cm, 4.5 cmto 2.2 cm, 2.0 cm, and 2.4 cm for SBAS solutions with tem-
poral maximum baselines of 12, 30 and 100 days, respectively for the investigated period
of January 2018 to November 2018. Another comparison example of the atmospheric
correction with GNSS can be correction based on common-point stacking approach pre-
sented by Tang et al. (2021). They improved RMSE of 15 mm and 14 mm for ascending
and descending orbits, respectively, with 7 mm after atmospheric correction by using
SBAS method. On the other hand, Cianflone et al. (2015) using SBAS and removal of
atmospheric artefacts with double-pass filtering method achieved RMSE of 1.1 mm/yr
and 1.2 mm/yr in comparison to GNSS measurements, respectively for ascending and
descending orbits.

Regarding our results, it can be observed that GACOS allows to increase the accu-
racy of the monitoring, however, the accuracy of SBAS method mentioned before shows
significantly better results than DInSAR method. In contrary, sometimes SBAS method
cannot be used in the monitoring of sudden and quick phenomena due to the limited
number of images since SBAS approach utilized a stack of interferograms. Considering
that, our investigation shows that it was possible to achieve RMSE below 1 cm for a sin-
gle interferogram for only 20% and 26% of the ascending and descending investigated
interferograms, respectively. When considering the RMSE below 2 cm, this value in-
creases to 47% and 66% for the descending and ascending interferograms, respectively.
In the case of cumulative results of 59 and 61 SAR images, the RMSE changed from
3 cm and 18 cm to 7 cm and 5 m, for descending and ascending geometry, respectively.
Thus, GACOS correction has a destructive effect on the descending geometry. Never-
theless, the reason for the negative effect of GACOS correction in descending orbit can
be the global character and poor spatial resolution of the used data in GACOS. Wang
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et al. (2019) stated that the negative effect can be connected with the turbulent compo-
nent of the ECMWF weather model, which has a spatiotemporal resolution of 0.125°
and 6 h. Slightly better spatial resolution is provided by data derived from the MODIS
sensor, where the resolution is about 1 km. However, weather models are limited by a
very low temporal resolution. Additionally, GNSS measurements taken with the GACOS
correction have various spatial densities and irregularities. According to the GACOS au-
thors, GNSS spatial density varies from 10 km to 200 km (Yu et al., 2018a). Therefore,
the density of the GNSS station can directly influence the accuracy of the correction
and therefore can be different in various regions on the globe. Unfortunately, it was not
possible to find information about which permanent GNSS stations are involved in the
GACOS solution in Poland. Based on the fact that it is a free-available service, also the
input data are of such character. In Poland, data from GNSS stations, which are part of
the EUREF Permanent Network (EPN), are free. In Poland, there are 15 of them, evenly
distributed over the country, which means that one GNSS station is available within
the radius of about 81 km. Therefore, GNSS stations utilized in this study to evaluate
GACOS correction were not included in the GACOS correction estimation. Therefore,
in future work, it will be beneficial to take advantage of this additional measurement and
better estimate atmospheric artefacts and provide more accurate deformation maps in the
USCB. Additionally, considering the phenomena of mining subsidence, which are not
sudden, SBAS approach altogether with GACOS correction can be utilized in the future
to increase the accuracy of the final solution to mm level. Additionally, it is foreseen that
additional data from the third Sentinel-1 orbit will increase the accuracy of the vertical
and horizontal deformation components further.

7. Conclusion

The atmospheric effect, mainly connected with the troposphere, is one of the most prob-
lematic error sources which directly determine the accuracy of the DInSAR deformation
maps. There are numerous methods to minimize its effect. Recently, one of the most pop-
ular and widely used corrections is the GACOS service, which provides near real-time
and global coverage of atmospheric delay products based on various datasets. In this
paper, we analyze the improvement in accuracy of GACOS-based DInSAR deformation
maps in reference to external GNSS data. Data evaluation was performed with reference
to GNSS measurements from permanent 13 GNSS stations located in the Upper Silesian
Coal Basin in Poland. This evaluation was performed for every single interferogram as
well as cumulative LOS products and decomposed products in the vertical and easting
component.

Generally speaking, GACOS correction had a positive effect on the accuracy of the
deformation estimates for every single interferogram as well as the cumulative results
generated for GACOS-DInSAR products and for the decomposed results since the errors
in every single product were not propagated further. Based on the experiment carried
out in this work, it should be expected that the 1 cm error of deformation estimated
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is possible to be obtained with a probability of 20-25%, while an error below 2 cm is
possible to obtain for with a probability of 47-66%.
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