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Abstract From repeat-pass interferometry, tropospheric signals often prevent the detection of ground
deformation signals. In recent years, tropospheric corrections derived from global weather-based models have
been implemented in several InSAR processing chains. In this study, we evaluate the performance of two
weather-based models (ERAS and GACOS) on two tropical volcanoes: Piton de la Fournaise and Merapi. For
Piton de la Fournaise, the reduction of the tropospheric noise is efficient for ~30% and ~60% of the data sets for
GACOS and ERAS, respectively. For Merapi, the performance reaches ~40% for GACOS and ~50% for ERAS.
Although GNSS local stations provide real-time information about tropospheric delays, their potential for
improving InSAR corrections on active volcanoes is under-exploited. Here, we produce local GNSS-based
tropospheric corrections and compare their performance to global weather-based models. For Piton de la
Fournaise, the gain of performance with ~34 GNSS stations is about 25% compared to ERAS5 models. GNSS-
based corrections increase the signal-to-noise ratio in InSAR time series allowing the detection of ground
displacements between July and December 2021. For Merapi, GNSS-based models with only 5 stations spatially
distributed at different elevations are as efficient as ERAS models. GNSS-based corrections induce a decrease in
the noise level from values >1-0.5 cm in a period of quiescence. Here, we show that GNSS-based models are an
efficient alternative to global weather-based models for instrumented volcanoes. The proposed approach paves
the way toward near real-time InSAR monitoring of volcanic unrest and other processes (landslides,
groundwater extraction).

Plain Language Summary In tropical regions, the use of differential radar interferometry to detect
ground displacements is challenging due to the presence of atmospheric interference. Strategies to mitigate
these atmospheric artifacts are required. Here, we test the performance of common weather-based models,
ERAS and GACOS, on two active volcanoes Piton de la Fournaise and Merapi. Our findings show that the
performance of these models is limited as they usually reduce the atmospheric noise for less than half of the data
sets. We explore data collected from Global Navigation Satellite System (GNSS) stations to improve the
performance. Although GNSS stations are primarily installed for the monitoring of volcanic ground
deformation, they can provide valuable information about atmospheric conditions, yet these data are
underutilized. To fill this gap, we develop a workflow to produce GNSS-based atmospheric corrections. For
Piton de la Fournaise, GNSS-based models largely outperform the performance obtained with weather-based
models. For Merapi, only five stations are required for GNSS-based models to perform as well as ERA5 models.
As GNSS-based models can be obtained in near real-time, our approach paves the way for the implementation of
routine InSAR monitoring of ground displacements in Volcano Observatories.

1. Introduction

Differential synthetic aperture radar interferometry technique (DInSAR) enables the production of interferograms
that correspond to the map of the total phase delays, corrected from topographic effects using a DEM, between
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two SAR images acquired at different times along the same orbit (Hanssen, 2001). Since the 1990s, DInSAR has
been used to measure surface displacements of a few centimeters associated with different geological events such
as earthquakes, volcanic eruptions, and landslides (Massonnet et al., 1993; Rosen et al., 1996; Rott &
Nagler, 2006). On active volcanoes, ground deformation signals may be observed before, during and after an
eruption and they are caused by several processes: reservoir pressurization, magma/fluid migration, lava flow
compaction, flank sliding (Biggs & Pritchard, 2017; Pinel et al., 2014; Sparks et al., 2012). The detection of such
signals with DInSAR can be limited by several factors: high gradients of topography causing localized loss of
information, temporal decorrelation of the signals on vegetated areas and presence of atmospheric artifacts
(Ebmeier et al., 2013). Indeed, the phase delay between the satellite and the ground is affected by the refraction of
the electromagnetic wave during its propagation into the atmosphere (de Munck & Spoelstra, 1992; Zebker
et al., 1997). For SAR interferometry, atmospheric artifacts are caused by phase delays occurring in the tropo-
sphere (between 0 to 7-20 km). In addition, phase delays in the ionosphere (between 60 and 1,000 km) can induce
long wavelength signals, especially in L-band interferograms over tropical regions (Meyer, 2010).

Tropospheric delays can be separated into a hydrostatic component of a few meters and a wet component of only a
few centimeters (de Munck & Spoelstra, 1992). GNSS measurements can provide the temporal evolution of
tropospheric delays. Such procedure is well established and operational for many weather applications (Guerova
et al., 2016). During the GNSS processing, the hydrostatic delays are derived through empirical models that
depend on surface measurements (pressure and temperature) at the stations (Hopfield, 1971; Saastamoi-
nen, 1973). Temporally, hydrostatic delays vary with diurnal cycles (0.2 mm to ~1 cm) and annual cycles (tens
mm) (Jin et al., 2009). Wet delays are obtained by differentiating the measured total delays and the modeled
hydrostatic delays. Values for wet delays mainly depend on the temperature and the water vapor content that
quickly varies in time and space.

For DInSAR, each interferogram records the difference of the total tropospheric phase delays between two
epochs. Although the hydrostatic component represents 80%-90% of the total tropospheric delay, the difference
for a short-duration interferogram will be dominated by the wet component as the hydrostatic delay remains
almost constant. The difference of tropospheric phase delays observed in interferograms is often decomposed into
two components: a stratified part that correlates with the topography containing part of the hydrostatic and wet
delays (as both depend on the tropospheric path length and consequently on the elevation), and a turbulent part
that corresponds to the residual signals uncorrelated with the topography (Hanssen, 2001).

In tectonic and volcanic settings, numerous studies have developed and applied frameworks for mitigating
tropospheric noise to improve the detection of ground deformation signals such as:

1. Stacking of N interferograms to reduce the variance of atmospheric noise (Biggs et al., 2007; Emardson
et al., 2003; Wright et al., 2001).

2. Low-pass filtering on InSAR time series with the assumption that atmospheric noise is random in time and
ground deformation is stationary during the averaging periods (Hooper et al., 2004; Schmidt &
Biirgmann, 2003).

3. Empirical models derived from fitting with linear, exponential or power-law functions the relationship be-
tween the phase delays in the interferogram and the elevation; the correlation is estimated on all area (Cavalié
et al., 2007; Elliott et al., 2008; Remy et al., 2003) or at multiple scales (Bekaert et al., 2015; Shirzaei &
Biirgmann, 2012).

4. Models based on external data sets such as spectrometers (MODIS/MERIS) (Rémy et al., 2015) and global
weather analysis (GACOS, ERA, WRF, NAAR) (Albino et al., 2020; Jung et al., 2013; Parker et al., 2015;
Pinel et al., 2011; Stephens et al., 2020).

5. Zenith Tropospheric Delays (ZTD) derived from GNSS measurements (Onn & Zebker, 2006; Shamshiri
et al., 2020; Yu, Li, & Penna, 2018).

The methods (1) and (2) have limited applications as they are only removing part of the tropospheric noise that is
random in time. The method (3) only corrects the stratified component and the correlation phase-elevation must
be derived on non-deformed areas to avoid correcting ground deformation signals. To overcome these issues,
inversion strategies have been proposed to jointly evaluate the tropospheric stratified delays and persistent
deformation signals in InSAR time series (Beauducel et al., 2000; Liang et al., 2018). The methods (4-5) have the
advantage of providing corrections that are independent of the raw data (e.g., interferogram). Spectrometers have
the best spatial resolution (~ 1 km); however, their application is largely limited on tropical volcanoes due to the
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presence of clouds. The performance of the method (4) is usually poor at local scales as models have spatial
resolution larger than 10 km. The method (5) requires a dense and well-distributed network of GNSS stations and
for this reason, it has been mainly applied on well-instrumented regions such as Japan, southern California, UK
and Norway (Shamshiri et al., 2020; Yu, Li, & Penna, 2018). However, many active volcanoes are instrumented at
a local scale with GNSS networks operated by Volcano Observatories to monitor ground displacements. So far,
such GNSS ZTD measurements have not been used for routinely mitigating tropospheric noise on active vol-
canoes. Therefore, the performance of such GNSS-based models should be compared to global weather-based
models to evaluate the benefit of the approach for routine InSAR processing.

Since the launch in 2014 of the Sentinel-1 radar mission operated by the Copernicus program, many InSAR
processing workflows have been designed to routinely produce ground displacement maps at regional or global
scale (Costantini et al., 2021; Lazecky et al., 2020; Thollard et al., 2021). Most of the InSAR processing systems
are using global weather models for several reasons.

1. It can easily be applied for each location on Earth compared to the empirical method

2. It does not require prior knowledge of the expected deformation or the tropospheric signals (e.g., fitting
function, scale of correlation)

3. It corrects both the stratified and turbulent components at once

The commonly used strategy in the literature is to systematically apply corrections to all produced interferograms.
This approach is effective at global and regional scales for mitigating large-wavelength atmospheric signals.
However, previous studies looking at the performance of weather-based atmospheric corrections at the scale of
volcanoes have shown several limitations. At the Agung volcano, GACOS weather-based models become
effective only if the method is combined with empirical methods (e.g., removal of a ramp and phase-elevation
correction) (Albino et al., 2020). For the Nicaraguan volcanoes, weather-based corrections show performance
for less than half of the data sets, with a reduction of tropospheric noise for 48% (ERAS), 31% (GACOS) and 42%
(NAAR) of the interferograms at the Telica volcano and for 43% (ERAS), 42% (GACOS) and 38% (NAAR) of the
interferograms at the Masaya volcano (Stephens et al., 2020). Such studies highlighted that the method that
provides the best performance is highly dependent on the test site and the combination of different approaches can
improve corrections.

The ECMWEF data sets have coarse resolution compared to interferograms: ERAS (5th generation atmospheric
reanalysis) products have a spatial resolution of ~30 km and a temporal resolution of 1 hr and the HRES (high-
resolution) products have a spatial resolution of ~10 km and a temporal resolution of 6 hr. The poor performance
of the weather-based atmospheric corrections on volcanoes can be the consequence of the coarse spatial/temporal
resolution and the fact that ground measurements assimilated by such models are very sparse in the vicinity of
volcanoes. In a volcanic environment, the atmospheric signals observed can be characterized by (a) short
wavelength (<10 km) due to the difference of elevation between the base and the summit of the edifice and (b)
short duration (<1 hr) due to disturbances originating from rapid changes in the atmospheric conditions. Such
characteristics will be enhanced in cases of high-elevated stratovolcanoes or oceanic volcanic islands located in
tropical climates.

In this paper, we will first carry out a statistical analysis of the performance of weather-based atmospheric
corrections on two volcanic test sites: (a) Piton de la Fournaise and (b) Merapi. Piton de la Fournaise (2,632 a.s.1.)
is an active shield volcano located in the south-east of La Réunion Island on the Indian Ocean. The island is often
impacted by strong weather disturbances such as heavy rainfall and tropical cyclones. Merapi (2,910 m a.s.1. since
the 2010 eruption) is an active stratovolcano located on Java island (Indonesia) at ~20 km north from the city of
Yogyakarta. Merapi and its neighboring volcano Merbabu (3,118 m a.s.l.), are the highest peaks in the sur-
rounding areas, causing strong gradients in phase delays. Second, we will compare the performances of atmo-
spheric corrections derived from global weather-based models and local GNSS tropospheric delays. The selection
of the two test sites is motivated by the fact that they represent two end-members in terms of ground instru-
mentation. On the one hand, Piton de la Fournaise is one of the most instrumented volcanoes in the world with 41
GNSS stations distributed on La Réunion Island during our period of survey (Figure 1a, Table 1). It will be an
analogue to other well-instrumented volcanoes such as Etna and Kilauea. On the other hand, Merapi had 8 GNSS
stations up-running during our period of survey (Figure 1b and Table 1). For the two scenarii, we will propose an
adapted workflow describing how to use the GNSS ZTD measurements to improve the quality of atmospheric
corrections.

ALBINO ET AL.

3 of 28

3SUSO1T SUOWILIOD A1) 3|edt|dde a3 Aq pausench ae sappie YO ‘esn Jo sajnt Joj AkiqiautiuQ 481N UO (SUO I IpUOD-pue-SwLIBY /WO A3 | 1M AReiq 1 Buljuo//SdNy) SUORIPUOD pue SWiB | 3y} 88S *[S5202/50/c2] Uo ARlgiautiuQ A8|1AA ‘8oueld aueiyooD Aq 8688209r202/620T OT/I0p/wod s 1m ARiqputiuosgndnBe//sdny wouj pepeojumoq ‘v ‘'SZ0Z ‘9SE669TZ



M\I Journal of Geophysical Research: Solid Earth 10.1029/2024JB028898

a) Reunion island b) Merapi-Merbabu
© GNSS station ; %

- x ERAS
f“"*};., * +HRES

 @STAN

9/ GNSS station (DOMERAP)
GNSS station (SATREPS).
ERA5 3

20°55'S

+
7°28'S

21°05'S

. @SROS 3060 m 3150 m

eocasd | ,o00 2500

c6® %yﬁn”gﬁm_& 1500
- GP

RAG  Sthce 1000

7°32'S

2000

21°15'S

1500

1 | T 1000
” v 'STJS‘JOSE‘ 500 G 7 { i
o+ 10km + ar ar ar ar ar 7 50 Sle S
é\‘ I 0 /) & 500
N 55°15'E 55°25'E 55°35'E 55°45'E sm 110°22'E 110°26'E 110°30'E 4%m

7°36'S

Figure 1. Topographic maps showing the distribution of the GNSS networks and the grids of the ECMWF products (ERAS in
purple and HRES in blue) for the two test sites: (a) La Réunion Island with a total of 41 GNSS stations during the period of
survey: 25 operated by the Observatoire Volcanologique du Piton de la Fournaise (OVPF) and 16 by other institutions (Pdf
refers to Piton de la Fournaise). and (b) the Merapi-Merbabu area with 8 GNSS stations operated on the Merapi flanks by the
Center for Volcanology and Geological Hazard Mitigation (CVGHM) during the period of survey. The dashed rectangle
indicates the area restricted on the Merapi volcanic edifice.

2. Test Sites

Oceanic volcanic islands (e.g., Hawaii, La Réunion) and high-elevated stratovolcanoes located in tropical regions
(e.g., Indonesia and Central America) are places where strong atmospheric signals are often present in InSAR data
(Albino et al., 2020; Cao et al., 2021; Ebmeier et al., 2013). Such atmospheric artifacts can limit the detection of
ground deformation signals and therefore efficient corrections are required. In our study, we select two test sites
located in tropical environments that have different characteristics in terms of topography, spatial extent, climate
and number of GNSS stations available.

2.1. La Réunion Island

The first test site is La Réunion Island, located in the Indian Ocean at 700 km

Table 1
East from Madagascar (Figure 1a). The current volcanic activity focuses on

Characteristics of the GNSS and SAR Data Sets for the Two Sites

Piton de la Fournaise, a shield volcano (2,632 m a.s.l.) covering the eastern

Target third of the island. Piton de la Fournaise is very active with 1-2 eruptions
Name La Réunion Island Merapi-Merbabu (VEIL 0-1) every year on average since 1972 (Peltier et al., 2009), with the last
Period of survey 2021 2016-2018 one that occurred from 2 July to 10 August 2023 at the time of writing. The

Sty e () 2512 8.928 climate is hot sub-tropical with a cyclone season from December to April. The

real-time monitoring of Piton de la Fournaise is operated by the ”Observatoire
GNSS data set

Volcanologique du Piton de la Fournaise” (OVPF) from Institut de Physique

ICHESET @i 208 v le 41 8 du Globe de Paris and the volcano is well-instrumented with a dense network
Average distance® (km) 8.2 5% of ~ 106 sensors deployed in the field among which 25 GNSS stations over
Min elevation (m) 15.6 1,235 the island. OVPF also used and processed the data of 16 additional GNSS
Max elevation (m) 25792 2.676 stations operated by its partners: Lél@ (BPAN, JOSE, LTAM, MAVP,

PDPA, SDEN, SLEU), TERIA (LEPO, PIER, SNTL, SROS, STAN, STDE,

InSAR ascending data set
I GRS LTSGR STJS), IGN (REUN) and the LACy laboratory from Université de la Réunion

N2 @I =i O s = % (MAIG). Frequent magma injections at Piton de la Fournaise induce strong
Time of acquisition (UTC/local) 14:53/18:53 10:58/17:58 ground deformation signals (a few 10 cm) on interferograms that can be
InSAR descending data set detected without applying atmospheric corrections (Richter & Froger, 2020).
Number of interferograms 108 105 Between inter-eruptive periods, radial displacements of a few cm/yr are often

detected by GNSS time series (Staudacher & Peltier, 2015). Such signals are

Time of acquisition (UTC/local) 1:47/5:47 22:17/5:17 ) o ) .
interpreted as the pressurization of the shallow magma reservoir that is

Average distance is calculated from a Delaunay triangulation. connected to a deep reservoir (Peltier et al., 2016). So far, the inter-eruptive
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signals have not been detected by InSAR and therefore the production of accurate local atmospheric models
would help to reduce the detection threshold.

2.2. Merapi-Merbabu Area

The second test site is centered on the Merapi and Merbabu volcanoes which are located in Java (Indonesia),
22 km North from the city of Yogyakarta. Merbabu has been inactive since 1797 whereas Merapi is a strato-
volcano (2,910 m a.s.l.) that has been active for 100,000 years (Gertisser et al., 2012). At Merapi, the last major
explosive eruption (VEI 3—4) took place in November 2010 (Surono et al., 2012). Activity resumed in 2018-2019
and the volcano has been intermittently active since 2020. The climate is tropical rainforest with a rainy season
between the end of October and April. Due to the high elevation of the two volcanic edifices, we expect the
atmospheric noise in interferograms to be dominated by the stratified component.

The real-time monitoring of Merapi is operated by the Center for Volcanology and Geological Hazard Mitigation
(CVGHM). The Merapi volcano is less instrumented than Piton de la Fournaise with only 8 GNSS stations on the
Merapi's flanks during the period of survey (Figure 1b) (Budi-Santoso et al., 2023). Three stations were installed
in 2011 under the Indonesia-Japan project SATREPS (blue dots in Figure 1b) and five additional stations were
later installed in 2013 during the France-Indonesia project DOMERAPI (red dots in Figure 1b). At Merapi, as on
many other andesitic stratovolcanoes, DInSAR faces several challenges hindering an easy understanding of
volcanic unrest. The limiting factors are strong tropospheric signals along with small and localized deformation in
the near-field of the volcano summit. It results in a very low signal-to-noise ratio and therefore, it is crucial to
develop the most accurate tropospheric corrections to better characterize ground movements.

3. Data Sets and Methods
3.1. Sentinel-1 SAR Data

We use Sentinel-1 SAR data freely provided by the European Copernicus program. For La Réunion Island, the
minimum revisit time is 12 days for both descending and ascending acquisitions. Wrapped and unwrapped in-
terferograms were processed for the year 2021 by the LiCSAR automated system (Lazecky et al., 2020).
Unwrapped interferograms are multi-looked (20 times in range and 4 times in azimuth), geocoded and finally
resampled to a spatial resolution of 90 X 90 m. For the time series, the network of interferograms is composed of
3—4 close pairs with a total of 115 and 108 interferograms for the ascending and descending tracks, respectively
(Table 1, Figure S1 in Supporting Information S1). During the period of the survey, three dyke intrusions occurred
on Piton de la Fournaise successively on 09 April, 18 October and 22 December causing step-like displacements
in a few GNSS time series located at Enclos Fouqué.

For Merapi-Merbabu, we chose to conduct the study between January 2016 and June 2018, a period during which
the GNSS time series has not detected deformation. On this basis, we assume that the phase differences observed
on interferograms are mainly due to atmospheric noise. Sentinel-1 wrapped and unwrapped interferograms were
processed using the NSBAS processing chain (Doin et al., 2011). temporal frequency of the SAR acquisitions is
not constant throughout the period. The revisit time is 24 days for both ascending and descending tracks for the
year 2016. Starting in March 2017, both tracks show at least two acquisitions per month. After August 2017, the
revisit time of the ascending track decreases to 6 days thanks to Sentinel-1B. As a result, the interferogram
network is quite different for the two tracks with 192 ascending and 105 descending interferograms (Table 1,
Figure S2 in Supporting Information S1). Unwrapped interferograms are multi-looked (32 times in range and 8
times in azimuth), geocoded, and oversampled to a spatial resolution of 30 X 30 m to match the spatial resolution
of SRTM DEM (1 arc second). GACOS products have also been resampled to this resolution.

3.2. Phase-Elevation Empirical Corrections

Phase-elevation empirical method was the first one to be implemented for correcting atmospheric phase delays on
individual interferograms. It is based on the assumption that there is a correlation between the tropospheric phase
delays and the elevation. Since the 1990s, this approach has been implemented on several volcanoes (Remy
et al., 2003; Wicks Jr et al., 2002). The first step consists of estimating the relationship between the phase of the
interferogram and the elevation. The choice of the fitted function is dependent on the studied area and several
functions have been tested (linear, power-law or cubic splines) in previous studies. The best-fit parameters can be
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evaluated either on the entire interferogram covering hundreds of kilometres or at smaller scales using sub-
sampling windows or segmentation approach (Béjar-Pizarro et al., 2013; Bekaert et al., 2015; Elliott et al., 2008;
Murray et al., 2020). As a result, a model of tropospheric delays is produced for each interferogram using DEM
values and the best-fit parameters values as inputs.

The main advantage is that the method is simple to implement as it only requires a DEM of the area, the model is
fast to calculate as it relies on least squares inversion of few parameters and final products have the same res-
olution as the DEM. However, the method has several limitations: first, it will only correct the stratified
component of the tropospheric delays and more importantly it can remove part of the ground deformation signals
that correlate with topography unless a joint inversion is used to retrieve both tropospheric delays and ground
measurements by assuming a model of deformation (Beauducel et al., 2000).

The use of the phase-elevation empirical approach on single interferograms is not recommended for strato-
volcanoes such as Merapi as the deformation signals of a shallow spherical source and stratified delays
can show similar patterns (Rémy et al., 2015; Yip et al., 2019). For this reason, we only tested the perfor-
mance of this approach for Piton de la Fournaise by considering a linear relationship calculated on La Réunion
Island.

3.3. Weather-Based Corrections Based on ECMWF Products

The European Center for Medium-Range Weather Forecasts (ECMWF) performs weather's global forecast at
medium-range (10-day) and long-range (1-3 months), through its Integrated Forecasting System (IFS), an
approach combining numerical atmospheric models and data assimilation. For the data assimilation, ECMWF
weather-based models use GNSS stations that belong to the International Ground Station network (IGS). For each
of our test sites, there is only one IGS station available: (a) station Le Tampon (REUNOOREU) located in the
center of La Réunion Island and (b) station Yogyakarta (JOG200IDN) located in the capital city ~25 km from
Merapi's summit. In addition, the ECMWF uses the IFS to carry out the reanalysis of archived observations that
are useful for monitoring climate change. Climate reanalysis provides a set of parameters at each location on Earth
such as air temperature, pressure and wind at different altitudes, and surface parameters such as rainfall, soil
moisture content ocean-wave height and sea-surface temperature.

One of the most used ECMWF products is the fifth-generation atmospheric reanalysis, called ERAS, which
replaces ERA-Interim from 31 August 2019. It provides hourly solutions of atmospheric conditions from the
year 1959 onwards on a 0.25 X 0.25° lat/lon grid (~30 km), using 137 levels from the surface to a height of
80 km. Preliminary daily updates are available within 5 days of real-time but quality-assured monthly updates
are delivered within 3 months of real-time. In addition to ERAS, a high-resolution 10-day forecast (HRES) is
produced four times a day (0/6/12/18 hr UTC) on a 0.1 X 0.1° lat/lon grid (~10 km), using 137 levels in the
vertical. Analysis data sets are available with a minimum latency of 5 hr 40 min for runs 0/12 and 11 hr 35 min
for runs 6/18hr. Such data sets are used as inputs by the Generic Atmospheric Correction Online Service
(GACOS) developed by the University of Newcastle to produce on-demand Zenith Tropospheric Delay (ZTD)
maps at a spatial resolution of 90 m for any specific location and date of acquisition (Yu, Li, Penna,
et al., 2018). GACOS performs an Iterative Tropospheric Decomposition (ITD) of the total delays to better
estimate both the stratified and turbulent components (Yu, Li, & Penna, 2018). Although ECMWF HRES are
available within a few hours, GACOS delay maps can only be obtained for dates that are at least 4 days before
the current day.

The main advantage of ECMWF models is to provide information about atmospheric conditions at any location
based on the assimilation of a large amount of data acquired from satellites and ground stations. In addition, the
tropospheric delays obtained from such models are fully independent of the DInSAR measurements. Therefore,
this method is well adapted for correcting tropospheric delays for regional or global surveys. However, due to
their coarse spatial resolution (10 or 30 km), these products are less adapted for mitigating tropospheric delays on
volcanoes. In addition, the method is not optimal for near real-time monitoring, as the time latency to obtain the
products is about a week. Finally, the accuracy of the weather model is dependent on the set of observations
available and their associated errors, therefore the quality will vary significantly from one site to the other.

In our study, ERAS Zenith Tropospheric Delays (ZTD) are derived using the NSBAS processing pipeline (Doin
et al., 2009; Jolivet et al., 2011). ZTD maps are derived from the vertical profiles of temperature, specific
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humidity and geopotential height on pressure levels at points of the ERAS5 grid located in the SAR scene for the
hourly solution that is closest in time to the time of the SAR acquisition. Integrated delays obtained at each node
are then spatially interpolated both horizontally and along elevation profiles to obtain a map of the tropospheric
delay. For each interferogram, the ERAS correction is computed by differentiating the tropospheric delay maps of
the two epochs. Products computed in the zenith direction are then projected into the line-of-sight (LOS) using the
map of incidence angle. For Piton de la Fournaise, ERAS delay maps were geocoded at the same spatial resolution
as the LiICSAR unwrapped interferograms; for Merapi, ERAS delay maps were used before unwrapping to reduce
unwrapping errors on the highest slopes of the volcano. From both test sites, GACOS Zenith Tropospheric Delays
maps were requested through the online platform (http://www.gacos.net/) at the time of each SAR acquisition.
Similarly to ERAS, the GACOS corrections are obtained by calculating the difference between two ZTD epoch
maps and re-projecting them into the corresponding LOS.

3.4. Local Corrections Based on GNSS Zenith Tropospheric Delays

On active volcanoes, local networks of GNSS stations are installed and operated by Volcano Observatories to
monitor ground displacements at high temporal resolution (30 s to daily solutions). However, the transmission of
the signal between the satellites and the GNSS receivers is impacted by the atmospheric layers. Assuming that the
position of the GNSS station is stable for a period of 24hr, Zenith Tropospheric Delays solutions can be inferred
with a temporal sampling ranging from 5 min to 1 hr.

Compared to weather models, ZTD measurements derived from the GNSS data set can be obtained as soon as data
are processed with a latency <1 hr. For this reason, the GNSS approach is more suitable than weather models for
performing routine atmospheric corrections in the framework of InSAR near real-time monitoring. ZTD mea-
surements at each GNSS station are expected to be much more accurate than interpolated ZTD inferred from
global ECMWF models. As a result, it is possible to use GNSS-derived ZTD maps to efficiently correct small
wavelength signals. With the high temporal sampling of GNSS ZTD maps, we can also expect to better track
turbulent disturbances in the atmospheric conditions. However, the benefit of the method will depend on the
number of GNSS stations and their spatial distribution.

Here, we will test the benefit of GNSS ZTD measurements in comparison with the two other approaches (e.g.,
empirical and weather-based models) by considering two end-members: (a) a dense network of 41 stations with
the Piton de la Fournaise volcano and (b) a coarse network of 8 stations with the Merapi volcano.

At La Réunion Island, GNSS RINEX files are processed using the GAMIT software (Herring et al., 2010). The
data processing enables us to retrieve the position of each station using the Precise Point Positioning (PPP) mode
and to derive hourly solutions of the Zenith Total Delays (ZTD) assuming a fixed daily position (Figure S5 in
Supporting Information S1). At Merapi, GNSS data are processed with the Jet Propulsion Laboratory's software
package Gipsy-X using PPP mode to derive 5 min ZTD solutions (Bertiger et al., 2020). For each data set, we use
the ZTD measurements that are close in time to each SAR acquisition. For La Réunion Island, we do not perform
any temporal interpolation as the time lag between GNSS and SAR measurements is 7 min for the ascending orbit
and 13 min for the descending orbit (Table 1).

To derive a ZTD delay map from GNSS sparse measurements, we apply the Iterative Tropospheric Decompo-
sition strategy (Yu et al., 2017; Yu, Li, & Penna, 2018). The method takes the advantage that the total delay can be
decomposed into two independent components: (a) a Zenith Stratified Delay (ZStD) that is a function of the
elevation and (b) a Zenith Turbulent Delay (ZTuD) considered as the residual signal. The ITD procedure can be
summarized as the four following steps.

1. ZTD measurements at the test site are fitted as a function of the elevation using the exponential function:
!
ZTD = ae™ (1)

where Z' is the normalized elevation Z/ = NS The parameter Z;ygs corresponds to the

z
max(Zpey) —min(Zpey)

elevation of the station whereas min(Zpp),) and max(Zpgy,) are the minimum and maximum elevation values
of the studied area derived from the SRTM DEM.
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1. the retrieved values, a and b, and the normalized elevation Z’ of the SRTM DEM are substituted in Equation 1
to produce a map of the stratified delay (ZStD).

2. the residual is calculated at each station by differencing the processed ZTD and the estimate of ZStD; the map
of the Zenith Turbulent Delay (ZTuD) is obtained by performing spatial interpolation. Different interpolation
methods have been tested (e.g., linear, Inverse Distance Weighting, kriging or natural neighboring) and natural
neighbor is providing the best results.

3. for each epoch, ZTuD and ZStD maps are added to obtain a final ZTD map having the spatial resolution of
the DEM.

For each interferogram, the corresponding GNSS model is obtained by differentiating ZTD maps of the corre-
sponding epochs and by converting the ZTD difference into Slant-range Tropospheric Delay (STD) difference
using the incidence angle of Sentinel-1 acquisitions.

For La Réunion Island, the method proposed is well adapted as the GNSS network is dense enough (41 stations).
Either the stratified or the turbulent component will dominate the computed STD map depending on the period
covered (Figure S3 in Supporting Information S1). For the year 2021, some gaps exist in the ZTD time series for
several GNSS stations due to technical issues. In addition, we apply a filter for only keeping ZTD measurements
with a standard deviation smaller than 1 cm (e.g., an uncertainty <0.5% considering a ZTD of 2 m). As aresult, the
final number of stations used to compute the GNSS models varies between 21 and 39 stations depending on the
epoch with an average of 34 stations for both ascending and descending tracks (Figure S4 in Supporting
Information S1).

For the Merapi volcano, we find that the spatial interpolation of the turbulent part (ZTuD) does not provide
relevant results as it introduces noise in the corrected interferograms. For the Merapi volcano, we adapt the
proposed method using only steps 1-2 to characterize the stratified part and consider no turbulent residual in the
GNSS model. At first order, this is acceptable as stratified signals dominate phase delays for 95% and 85% of the
ascending and descending interferograms, respectively (e.g., correlation coefficient >0.7, and phase-elevation
slope >5 rad/km). Because the quality of zenith tropospheric delays varies between the two networks installed at
Merapi, we chose to weight the ZTD values according to their standard deviation during the fitting of the stratified
component. We recommend this approach for combining data sets derived from different campaigns or pro-
cessing, and for sites in which the number of GNSS stations is limited.

3.5. Statistics Analysis

To assess the performance of the different corrections, several criteria must be evaluated such as the reduction of
the standard deviation and the reduction of the phase-elevation correlation (Albino et al., 2020; Murray
et al., 2019; Stephens et al., 2020).

3.5.1. Reduction of the Standard Deviation

Assuming there is no deformation signal, the spatial variability of the phase difference in an interferogram is
dominated by tropospheric noise in comparison with other sources of noise (e.g., DEM errors and orbital errors).
Therefore, the performance of the correction can be quantified by evaluating the relative difference in the standard
deviation between the unwrapped raw interferogram and the unwrapped corrected interferogram:

o1 =22 @)

o

where ¢; and o, are the standard deviations of the raw and the corrected unwrapped interferogram, respectively.

The minus sign is used to obtain a positive value of Q1 for cases in which there is a reduction of the standard
deviation after correction. The value Q1 = 1 corresponds to an ideal case for which the corrected interferogram is
noise-free (e.g., a flat interferogram with a constant value for all pixels). Negative values of Q1 indicate poor
performance as the correction increases the noise level and therefore corrections should not be applied.
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Figure 2. Comparison of the different methods for correcting tropospheric delays on an individual interferogram covering La
Réunion Island, processed between 18 April and 12 May 2021. (a) Unwrapped interferogram before correction; (b—d)
tropospheric delays derived from (b) GACOS model, (c) ERA5 model and (d) empirical phase-elevation correlation.

(e) Digital Elevation Model of the island; (f)—(h) Corrected interferograms after applying the three different corrections.

3.5.2. Reduction of the Phase-Elevation Correlation

We evaluate the phase-elevation correlation with a linear fit: 6¢p = aZ + b, where Z corresponds to the elevation
and ¢ the phase of the unwrapped interferogram. As a second criterion 02, we quantify the relative reduction of
the phase-elevation correlation:

3)

where |a;| and |a| are the absolute values of the slope for the raw and the corrected unwrapped interferogram,

respectively.

Contrary to the criterion Q1 that considers the reduction of the total tropospheric signal, the criterion Q2 will
provide the performance of each approach to correct the stratified component of the signal. For 0 < Q2 < 1, the
correction applied removes part of the stratified signal (02 = 1 being the case for which there is no phase-
elevation correlation in the corrected interferogram). For negative values of 2, the correction applied adds
some stratified signals that were not present in the original interferogram.

For the empirical method, the criterion Q2 is equal to 1 for all interferograms, as the method relies on the phase-
elevation correlation, so it serves as a reference for comparison. However, an interferogram with Q2 = 1 does not
mean a perfect correction, as large turbulent signals can still be present in the corrected interferograms. For ERAS
and GACOS weather-based corrections, the criterion Q2 will vary among the interferograms.

4. Performance of Common Atmospheric Corrections
4.1. Test Site 1: La Réunion Island
4.1.1. Performance of the Corrections on Individual Interferograms

Based on the analysis of our data set, atmospheric noise in La Réunion is dominated by: (a) stratified signals
related to the topography of the island and (b) large wavelength signals related to the climate and the amount of
rainfall in the island.
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Figure 3. Comparison of the different methods for correcting tropospheric delays on an individual interferogram covering La
Réunion Island, processed between 27 August and 14 October 2021. (a) Unwrapped interferogram before correction; (b—d)
tropospheric delays derived from (b) GACOS model, (c) ERAS model and (d) empirical phase-elevation correlation.

(e) Cumulative rainfall for the year 2021 provided by Meteo France; (f)—(h) Corrected interferograms after applying the three
different corrections.

Figure 2a shows an unwrapped interferogram with a strong stratified signal (¢; = 1.9 cm). In the first order, the
tropospheric signal correlates with the topography of La Réunion Island (Figure 2e). Therefore, the empirical
model provides a good fit (Figure 2d), with a reduction of the standard deviation of Q1 = 0.21 (Figure 2h).
However, small negative and positive signals remain after the correction on the SW and NE coasts, respectively.
For this example, both delay maps derived from the two weather models (GACOS, ERAS) (Figures 2b and 2¢) do
not reproduce the stratified component. The weather-based corrections perform poorly, as they increase the
standard deviation from 1.9 to 2.0 cm (Q1 = -0.05). In this case, it is not recommended to perform such weather-
based corrections as they would increase the tropospheric noise in the data.

Figure 3a shows an unwrapped interferogram with large wavelength signals (o; = 1.7 cm). The spatial pattern
corresponds to a SW-NE gradient that is partly correlated with the pattern of the annual rainfall recorded in 2021
over the island (Figure 3e). The SW section is the downwind side and it corresponds to the driest part of the island
with less than 1,000 mm of rainfall per year whereas the NE section is the upwind side that receives a large
amount of rainfall between 2,000 and 12,000 mm per year.

In this case, both weather-based models (GACOS, ERAS) can mimic the long wavelength signals observed in the
interferogram (Figures 3b and 3c). Overall, the performance of the corrections is good with a reduction of the
standard deviation: from 1.7 to 1.4 cm for the GACOS model (Q1 = 0.18) and from 1.7 to 1.2 cm for the ERAS
model (Q1 = 0.29). Here, the ERAS model performs ~10% better than the GACOS model. With Q1 = 0, the
empirical model is not able to correct any of the long-wavelength signals present over the island (Figures 3d—3h).

Figures 2 and 3 show the large variability of tropospheric signals present at La Réunion Island and it demonstrates
that the systematic correction based on a single approach (weather-based model or empirical) is not optimal for
mitigating tropospheric signals.

4.1.2. Statistic Analysis of Weather-Based Corrections

Here, we assess the performance of global weather-based models during the year 2021 by quantifying the two
criteria of quality (Q1 and Q2) described in Section 3.5. Our data set consists of 83 ascending and 108 descending
unwrapped interferograms showing an initial average standard deviation of 2.3 and 1.9 cm, respectively. This
difference is due to the daily variations of the atmospheric water vapor content, which are larger during the late
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Figure 4. Reduction of the standard deviation Q1 as a function of the initial standard deviation of the interferograms for the
ascending (blue) and the descending (red) data set for La Réunion Island. We compare the three methods: (a—b) GACOS
model, (c—d) ERAS model and (e—f) empirical model.

afternoon (18 hr 53 min - ascending path) than during the early morning (5§ hr 47 min-descending path). This
phenomenon is even more pronounced during the rainy months between January and March.

GACOS corrections show poor performance with a reduction of the standard deviation (Q1 > 0) for only 40% of
the ascending interferograms and 24% of the descending interferograms (Figures 4a and 4b). It means that on
average GACOS corrections increase the noise level in the data. Among the positive cases (Q1 > 0), the reduction
of the noise Q1 remains small with average values of 17% and 11% for the ascending and descending data sets,
respectively.

ERAS corrections show average performance with a reduction of the standard deviation for more than half of the
interferograms: 63% for the ascending track and 54% for the descending track (Figures 4c and 4d). Among the
positive cases (Q1 > 0), the reduction of the noise for ERAS corrections is on average similar to GACOS cor-
rections, with values of 17% and 12% for the ascending and descending data sets, respectively.

Both weather-based models show better performance for the ascending data sets than for the descending data sets.
Ascending data sets show more dispersion in the values of ¢; than descending data sets (Figures 4a and 4b); in
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Figure 5. Reduction of the phase-elevation correlation Q2 as a function of the slope of the phase-elevation correlation of the
raw interferogram for the ascending (blue) and the descending (red) data set for La Réunion Island. We compare the weather-
based models (a—b) GACOS and (c—d) ERAS.

addition, 37% of the ascending interferograms contain strong tropospheric noise (6;>2.5 cm) whereas this
proportion only reaches 11% for the descending data sets. Statistically, it is more likely that corrections will be
more effective for interferograms that contain initially strong tropospheric signals, explaining the difference in
overall performance between descending and ascending data sets. Compared to weather-based models, the
empirical phase-elevation corrections always decrease the standard deviation of the interferogram (Q1 > 0) but
the amplitudes of the reduction are less than 20% for more than 90% interferograms. Average values of Q1 are
about 8% and 6% for ascending and descending, respectively, which is twice smaller than values obtained from
weather models.

For the criterion 02, GACOS corrections show poor performance with a reduction of the slope (Q2 > 0) for less
than half of the interferograms: 49% of the ascending interferograms and 47% of the descending interferograms
(Figures 5a and 5b). ERAS corrections show average performance with a reduction of the slope for 64% of the
ascending interferograms and 59% of the descending interferograms (Figures 5c and 5d). In terms of amplitude,
the slope has been reduced by more than 50% (Q2 > 0.5) for 50% of the ascending interferograms and 40% of the
descending interferograms. Results show that on average ERAS5 models are 12%-15% more efficient than
GACOS models for removing the stratified tropospheric noise contained in raw interferograms.

In the absence of local measurements (sounding balloons, GNSS), the ERAS weather models should be preferred
to GACOS weather models or even empirical models for correcting tropospheric signals at La Réunion Island.

4.2. Test Site 2: Merapi-Merbabu
4.2.1. Performance of the Corrections on Individual Interferograms

Interferograms at the Merapi volcano show either strong stratified signals correlated to the topography (Figure 6)
or small-amplitude short wavelength turbulent signals (Figure 7). Stratified artifacts are usually present on the two
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Figure 6. Comparison of the two weather-based methods for correcting tropospheric delays on an individual descending
interferogram covering the Merapi area, processed between 28 April and 27 June 2018 showing strong stratified signals.
(a) Unwrapped interferogram before correction; b,c: LOS tropospheric map delays derived from (b) GACOS model,

(c) ERAS5 model. (d) Digital Elevation Model of the area; (e), (f) Corrected unwrapped interferograms after removing the
models. Areas with layover and unwrapping errors are masked and not considered for statistics.

neighbor volcanoes, Merapi and Merbabu, and are associated with two circular signals of a 30 km radius
(Figure 6a). For this specific case, ERAS and GACOS models correct efficiently the stratified signal contained in
the raw interferogram (Figures 6b and 6¢). However, both corrections slightly underestimate the amplitude of the
signal and as a result, small residual signals remain at the volcanoes' summit in the corrected interferograms
(Figures 6e and 6f). Here, the corrections show good performance with a reduction of standard deviation from 1.8
to 1.2 cm for both ERAS and GACOS models (Q1 = 0.36). The stratified signals are largely reduced with
02 = 0.65 and Q2 = 0.57 for ERAS5 and for GACOS models, respectively.

For an interferogram dominated by small-scale turbulent signals, ERAS and GACOS models do not correct
efficiently the interferogram (Figure 7). Indeed, the reduction of noise shows values Q1 = 0 for GACOS and
Q1 = 0.07 for ERAS (Figures 7e and 7f). Regarding slope criteria Q2, the ERAS model reduces most of the
stratified component (Q2 = 0.7) observed in the two edifices (Figures 7c—7f) whereas the GACOS model adds
stratified signal (02 = -0.1) that was not present in the raw interferogram (Figures 7b—7e).

The two examples show the variability of tropospheric signals observed on interferograms located at the Merapi-
Merbabu volcanoes. It also highlights that weather-based models are not always consistent with each other and
they do not systematically correct efficiently tropospheric signals observed in the raw data. Models can under-
estimate or overestimate the amplitude of stratified signals resulting in large residuals in the corrected
interferograms.

4.2.2. Statistic Analysis of Weather-Based Corrections

At the Merapi volcano, the data set is composed of 105 descending interferograms and 192 ascending in-
terferograms (Table 1). Based on the statistical analysis of the two criteria, Q1 and Q2, we can evaluate the
performance of weather models at the scale of the Merapi-Merbabu volcanic area (Figure 1b).
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Figure 7. Comparison of the two weather-based methods for correcting tropospheric delays on an individual descending
interferogram covering the Merapi area, processed between 22 January and 15 February 2018 showing small amplitude
turbulent signals. (a) Unwrapped interferogram before correction; b,c: LOS tropospheric map delays derived from

(b) GACOS model, (c) ERAS5 model. (d) Digital Elevation Model of the area; (e), (f) Corrected unwrapped interferograms
after removing the models. Areas with layover and unwrapping errors are masked and not considered for statistics.

For the ascending track, GACOS and ERAS5 models reduce the standard deviation (Q1 > 0) for 36% and 51% of
the interferograms processed, respectively (Figures 8a—8c). For the descending track, the proportion of efficient
corrections is sensibly similar between the two models, with 41% for GACOS and 43% for ERAS (Figures 8b—
8d). Similar to Piton de la Fournaise, ERAS models perform better than GACOS models for Merapi, especially for
the ascending track for which the difference of performance reaches 15%. On the one hand, the distribution for
ERAS corrections is narrow and centered to Q1 = 0 with a large proportion of interferograms (>80%) having
values between —0.2 and 0.2. On the other hand, GACOS corrections show a more asymmetric distribution
toward negative values with almost 20% of interferograms with Q1 < — 0.2.

For the ascending track, GACOS and ERA5 models reduce the phase-elevation correlation (Q2 > 0) for 37.5%
and 59% of the interferograms, respectively (Figures 9a-9c). For the descending track, the proportion of efficient
corrections is 49% for GACOS models and 66% for ERAS models (Figures 9b—9d). Here, there is a net advantage
for choosing ERAS models over GACOS models as the difference of performance is ~20%. For ERAS, one-third
of the interferograms have Q2 values ranging between 0.5 and 1. This class corresponds to the maximum
normalized frequency and the frequency decreases quickly as Q2 decreases. It underlines that ERAS models are at
first order an efficient approach to reduce part of the signals that correlate with topography at the scales of
volcanic edifices. In comparison, the distribution of Q2 for GACOS is more uniform with a normalized frequency
of ~0.2 for the three classes [—0.5 0], [0 0.5] and [0.5 1]. As a consequence, GACOS corrections will add
stratified noise for more than half of the interferograms. Such comparison shows that ERA5 models are much
more adapted than GACOS for mitigating tropospheric stratified signals at Merapi, which is the same result
previously found at Piton de la Fournaise.
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Figure 8. Reduction of the standard deviation Q1 as a function of the initial standard deviation of the interferograms for the
ascending (blue) and the descending (red) data set at Merapi volcano. We compare the weather-based models: (a—b) GACOS
and (c—d) ERAS.

4.3. Comparison Piton de La Fournaise Versus Merapi

For Piton de la Fournaise, results show that the performance is always higher for the ascending track than for the
descending track, whatever the weather models used or the criteria chosen (symbol * in Table 2). Although the
local time of SAR acquisitions is similar for the two test sites (Table 1), the results are different at Merapi. Except
for the case Q1-ERAS, the descending track at Merapi shows better performance than the ascending track (* in
Table 2), which is the opposite of what we observe at Piton de la Fournaise. Our results show that the influence of
the timing of the SAR acquisitions on the performance of the corrections will be highly variable from one volcano
to another.

Looking at the highest performance corrections (symbol * in Table 2), the values obtained in the ascending track
at La Réunion Island are very similar to those obtained in the descending track at Merapi-Merbabu. It is a good
estimation of the maximum performance we can expect on tropical volcanoes for correcting tropospheric signals
using weather-based models. However, reaching at best 51% for the Merapi-Merbabu area and 63% for la
Réunion Island on Q1, and respectively 66% and 64% for Q2, is not satisfactory. Therefore, in the next section, we
will use local GNSS networks to produce tropospheric delay models and compare the performance we obtained
with those from weather models.

5. Benefit of GNSS ZTD Measurements

5.1. Performance of the GNSS Corrections at La Réunion Island

We first apply the ITD method (Section 3.4) on GNSS stations at La Réunion Island to compute LOS phase delay
maps for correcting the two individual interferograms previously shown in Figure 2a-3a. The GNSS model
performs better than all three methods for correcting tropospheric signals correlated with topography (Figure 10 -
top row), The standard deviation reduction is 37% that is 16% higher than the performance obtained with the
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Figure 9. Reduction of the phase-elevation correlation Q2 as a function of the slope of the phase-elevation correlation of the
raw interferogram for the ascending (blue) and the descending (red) data set at Merapi volcano. We compare the weather-
based models (a—b) GACOS and (c—d) ERAS.

empirical approach (Figures 2d—2h). This is because the GNSS model can model the stratified signal as well as the
phase ramp observed between the southwest and the northeast coastlines. The empirical method applied assigns
the same phase delays along the coastlines (Figure 2d) and such SW-NE phase gradient can be removed only by
applying additional ramp corrections. Compared to empirical methods, the GNSS model has the advantage of
mitigating at once both stratified signals and long wavelength phase ramps. As the GNSS model is independent of
the raw interferogram, our approach prevents the removal of ground deformation signals associated with the
pressurization of magma systems.

::‘rlj)‘]oerriance of the Weather-Based Models for Ascending and Descending Data Sets Processed on the Two Test Sites
La Réunion Island Merapi-Merbabu area
Weather models Statistical metrics Ascending Descending Ascending Descending
GACOS p (Q1>0) % 40* 24 36 41%*
median (Q1) % —0.14* —0.15 —0.04 —0.04
p (Q2>0) % 49% 47 37.5 49%
ERAS p (Q1>0) % 63* 54 51* 43
median (Q1) % 0.07* 0.01 —0.002* —0.02
p (Q2>0) % 64* 59 59 66%*

Note. Values correspond to the proportion of interferograms in per cent that is efficiently corrected based on the two criteria,
Q1 and Q2. Symbol (¥) indicates the maximum values between the two tracks. Areas considered are the ones displayed in
Figure 1, respectively La Réunion Island and the Merapi-Merbabu area.
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Figure 10. Performance of the GNSS models for correcting the two unwrapped interferograms shown in Figures 2a and
3a. The left panels show the unwrapped interferograms before correction. Middle panels are the models derived from the
GNSS tropospheric total delays shown by the circles. The right panels correspond to the corrected interferograms after
removing the GNSS models.

For the long wavelength signals caused by the spatial heterogeneities of the humidity over the island (Figure 10 -
bottom row), the GNSS model performs better than the GACOS model (Figure 3b) and equally to the ERAS
model (Figure 3c). Here, the main advantage is that GNSS measurements are obtained in real-time and STD
correction maps can be produced ~1h after the SAR acquisition whereas ERAS and GACOS products are
available a few days after the SAR acquisition.

Then, we assess the performance of GNSS models by evaluating the criteria Q1 and Q2 over the ascending and
descending data sets. GNSS models show very good performance with a reduction of the standard deviation after
corrections for about 90% of the ascending interferograms and almost 78% of the descending interferograms
(Figures 11a and 11b). Among positive cases (Q1 > 0), the average amplitude of the reduction of the standard
deviation is 0.31 and 0.25 for the ascending and descending tracks, respectively. This is a significant improvement
compared to previous methods that have an average reduction ranging between 0.08 and 0.18 (ascending) and
0.06-0.12 (descending).

GNSS models provide better results than global weather models for correcting stratified signals, with success
rates of 75% and 69% for ascending and descending data sets, respectively (Figures 11c and 11d).

5.2. Performance of the GNSS Corrections at Merapi-Merbabu

Figure 12 shows the performance of GNSS models on the two individual interferograms previously shown in
Figures 6a and 7a. For the first interferogram (28 April —27 June 2018), GNSS models perform 11% better than
ERAS and GACOS models with a reduction of the standard deviation of Q1 = 0.44. For the second interferogram
(22 January—15 February 2018), the performance is equivalent to ERAS models.

The performance of GNSS stratified models at the Merapi-Merbabu area is satisfactory, with a proportion of
efficient corrections (Q1>0) for 54% of ascending interferograms and 43% of descending interferograms
(Figure 13a—13c). By adding the turbulent component into the GNSS models (left panels), we see a large decrease
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Figure 11. Performance of the GNSS STD maps evaluated at La Réunion Island through the statistics analysis of the two
criteria of quality: (a—b) reduction of the standard deviation (Q1); (c—d) reduction of the slope of the phase-elevation
correlation (Q2). Blue and red color correspond to the ascending and descending data set, respectively.

in the overall performance, which confirms that turbulent noise cannot be retrieved if the number of stations is too
small. For the Merapi-Merbabu extent, GNSS stratified models perform equal to ERAS models (51% and 43% for
ascending and descending interferograms). By computing the statistics in the Merapi area where all the GNSS
stations are located, the performances increase by 6%—7% compared to the Merbabu-Merapi extent (Figures 13d
and 13f). GNSS stratified models are a better choice than ERAS models only if we are looking at the local scale of
the Merapi volcanic edifice.

5.3. Comparison Between Local GNSS Models and Global Weather-Based Models at the Two Test Sites

To discuss the benefit of GNSS models in comparison with weather-based models, we use Venn diagrams to
evaluate if the different approaches provide redundant or additional information. For La Réunion Island, GNSS
models provide significantly better performance than the two other methods, with an increase of ~50% compared
to GACOS models (Figure 14a). For both tracks, the GACOS circle is encompassed by the ERAS and GNSS
circles (Figure 14a). It means that the GACOS models do not correct any interferograms that are not well cor-
rected by the two other models. For 59% of ascending interferograms and 45.4% of descending interferograms,
both ERAS and GNSS models induce a reduction of the tropospheric noise. However, the amplitude of the
reduction obtained with the GNSS model is larger than the ERAS model for more than 80% of the cases. In
addition, we observe that only a small fraction of interferograms are corrected by the ERAS model and not by the
GNSS model: 3.6% for ascending and 8.3% for descending. Therefore, our proposed strategy for well-
instrumented volcanoes such as Piton de la Fournaise is to only use the GNSS models for correcting tropo-
spheric noise.

For Merapi-Merbabu or Merapi areas (Figures 14b and 14c), we observe better performance for GNSS stratified
models than weather-based models only for the ascending track. For the descending track, GNSS and ERAS
models show similar performance. At Merapi (8 stations), the proportion of efficient corrections derived from
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Figure 12. Performance on GNSS models for the two interferograms shown in Figures 6a and 7a. The left panels show the
unwrapped interferograms before correction. Middle panels are the models derived from the GNSS stratified delays shown
by the circles. The right panels correspond to the corrected interferograms after removing the GNSS models.

GNSS models is ~30% lower than for La Réunion Island (~34 stations) for both tracks. It underlines the effect of
the number of stations on the performance. Therefore, our proposed strategy for volcanoes having few GNSS
stations at different elevations such as Merapi is to use the GNSS stratified models for correcting tropospheric
noise as they provide equal (descending) or even better information (ascending) than weather-based models.

6. Discussion: The Importance of Providing Real-Time and Accurate Tropospheric
Corrections During InSAR Routine Processing

6.1. Importance of Spatial and Temporal Resolution

In theory, models with the highest temporal and spatial resolution should provide the best tropospheric correc-
tions. However, in practice, there is often a trade-off between the temporal and spatial resolution of the data sets
available. Global weather models are spatially interpolated from grids of 10 km (GACOS) and 30 km (ERAS5) to
the spatial resolution of the interferograms that is a few tens meters using the information of the DEM. Reanalysis
is performed at fixed times from midnight: every 1 hr (ERAS) or every 6 hr (GACOS). As solutions can be shifted
from minutes to hours relative to the time of the SAR acquisitions, temporal interpolation is needed in addition to
spatial interpolation. In comparison, GNSS models provide the highest temporal resolution (e.g., 5 min for
Merapi), but its spatial resolution will depend on the distribution of the stations.

For the two case studies, ERAS models show better performance than GACOS models for correcting tropospheric
signals. Such behavior has been observed in other settings such as the Telica volcano in Nicaragua (Stephens
et al., 2020) or a few cities in China (Shihezi, Wuhan and Changchun) (Zhang et al., 2022). Although more
comparative studies have to be carried out to better understand in which conditions ERAS5 and GACOS models
perform best, this result could indicate that the spatial resolution of the models is not the first limiting factor.
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Figure 13. Performance of the GNSS models for correcting tropospheric noise for two areas: (a)—(c) Merapi-Merbabu and (d)—(f) Merapi. We consider the two GNSS
networks: DOMERAPI (5 stations - red dots) and SATREPS (3 stations - blue dots). The reduction of the standard deviation (Q1) is calculated for (b)—(e) the ascending
(blue) and (c)—(f) the descending (red) data sets. For each panel, the left side corresponds to the GNSS models considering both stratified and turbulent components
whereas the right panel corresponds to the GNSS stratified model.
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Figure 14. Venn diagram showing the performance of ERAS5 model (green), GACOS model (red) and GNSS model (blue) for
correcting tropospheric noise for different areas: (a) La Réunion Island, (b) Merapi-Merbabu and (c) Merapi. The size of each
circle corresponds to the proportion of interferograms with Q1>0. The values in the intersection between circles indicate the
proportion of interferograms that are corrected by more than one method.
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Table 3
Comparison of the Performance of Tropospheric Corrections Using GNSS Models Derived From 5 to 8 Stations for the Two
Areas: Merapi-Merbabu (MM) and Merapi (M)

Track Ascending Ascending Descending Descending
Area MM MM M M MM MM M M
Criterion 01>0 02>0 01>0 02>0 01>0 02>0 01>0 02>0
S stations 56.8% 58.8% 60.4 64.1% 46.6% 64.7% 53.3% 66.7%
8 stations 54.2% 56.8% 60.4 63.0% 42.8% 58.1% 49.5% 63.8%

Note. Values correspond to the proportion of interferograms with a reduction of the standard deviation (Q1>0) and the
reduction of the phase-elevation correlation (Q2 > 0).

Indeed, for the two tropical volcanoes studied, we were able to provide reliable tropospheric delay models derived
from a network of GNSS stations located at an average distance of 6—8 km from each other (Table 1). In our cases,
tropospheric signals are dominated by the wavelengths of the volcano's topography (e.g., ~10 km for Merapi) or
the local perturbations observed on oceanic islands (e.g., ~20—40 km at La Réunion). Therefore, low spatial
resolution will only limit our ability to correct turbulent components at scales smaller than a few kilometres.

In terms of time scales, the computation of the average hourly ZTD solutions of the station REUN at la Réunion
Island indicates a non-linear trend, especially between 0 and 12 hr UTC (Figure S5b in Supporting Informa-
tion S1). It is not surprising that tropospheric delays show non-linear behavior on tropical volcanoes. As a result,
the linear interpolation performed is likely to over or under-estimate the ZTD measurements depending on the
time of the SAR acquisition and the effect will increase with low temporal resolution models. This could explain
why ERAS models are statistically more efficient than GACOS models on both test sites. For future studies, a
potential improvement would be to use the information obtained from the GNSS ZTD time series to define non-
linear functions for the temporal interpolation of weather models.

In the absence of GNSS local stations, we would recommend using weather models with the highest temporal
resolution for correcting tropospheric signals on volcanoes. In cases of well-instrumented volcanoes such as Piton
de la Fournaise, Kilauea and Etna, we highly recommend using Zenith Tropospheric Delays derived from the
GNSS measurements. Indeed, this approach outperforms the current global weather models for correcting
tropospheric noise and more importantly it can be performed with no time latency compared to weather-based
models. In cases of volcanic areas instrumented with a limited number of GNSS stations, such as Merapi, re-
sults will depend on the number and the spatial distribution of the GNSS stations and therefore, we always
recommend first carrying out a statistical analysis to compare the performance between global weather-based
models and GNSS locals models. Then, if there is a gain (even low) from GNSS models, it could be relevant
to implement the approach during InSAR routine processing as it provides real-time corrected time series of
surface displacements that will be suitable for monitoring applications.

6.2. Limitations of the GNSS Approach

As we stated above, the quality of the GNSS model will depend at first order on the number of stations and their
spatial distribution over the studied area (both horizontally in X, y and vertically in z). We expect the performance
to increase with the number of stations. Indeed, we found an increase in overall performance of ~30% between
Merapi (8 stations) and Piton de la Fournaise (~34 stations).

However, the instrumentation of Piton de la Fournaise is exceptional and far from what is currently achievable for
most of the active volcanoes. Depending on the context, it is important to quantify the minimum number of GNSS
stations required to reach at least similar performance to ERAS weather-based models and to quantify the benefit
of adding a few stations.

To look at the influence of the network, we perform again the statistical analysis on the Merapi volcano by only
considering the 5 stations of the DOMERAPI network (Figures S6-S7 in Supporting Information S1). Table 3
shows the comparison of the performance for the criteria Q1 and Q2 between 5 and 8 stations. We should expect a
decrease in the performance with 5 stations. However, results are better with 5 stations than 8 stations. It un-
derlines that adding a few stations will not always induce an increase in the overall performance of the GNSS
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Figure 15. Three top rows correspond to GNSS daily solutions for E-W, N-S and vertical displacements for two stations at
Piton de la Fournaise: ENCG (western rim of Enclos Fouqué) and DERG (eastern rim of Dolomieu crater). Vertical lines
indicate the three intrusive events (red = eruption; blue = failed eruption). The bottom row shows the errors in the ZTD
retrieval based on the cross-validation method for each station.

stratified model. In this context, the SATREPS network does not seem to significantly improve the GNSS
stratified model. Furthermore, Table 3 shows that the correction is always better in the Merapi area than in the
Merapi-Merbabu area, which is directly linked to the fact that all the GNSS stations are located on the flanks of
Merapi. Indeed, the effectiveness of the GNSS network for atmospheric corrections should always be addressed
as a function of the area of interest for the specific study under consideration.

6.3. Influence on Ground Displacements on the Retrieval of Tropospheric Delays

During the GNSS processing, the Zenith Tropospheric Delays are derived assuming fixed daily positions for the
station. Therefore, we can wonder if rapid ground displacement signals (a few tens of cm) related to dyke in-
trusions have an effect on the quality of the hourly ZTD solutions retrieved. During the year 2021, three dyke
intrusions emplaced in Piton de la Fournaise on 09 April, 18 October and 22 December. Both April and December
dyke injections were followed by an eruption whereas the October one did not reach the surface. Distal GNSS
stations such as ENCG did not record any displacements (Figure 15a) whereas GNSS stations located close to the
dyke intrusions such as DERG recorded steps of a few centimeters in the time series of the three components
(Figure 15b).

The performance of the Iterative Tropospheric Decomposition strategy can be tested by using a cross-validation
method in which ZTD values retrieved by the ITD model are compared to the ZTD raw values at each station.
Figure 15 (bottom rows) shows the relative errors between raw and retrieved values for the two stations: (a) for
ENCG station, ITD retrieved values always overestimate raw values with an average error of about —3.9% and (b)
for DERG station, ITD retrieved values underestimate or overestimate raw values depending on the epoch with
absolute errors remaining lower than 0.5%. We do not observe significant changes in the amplitude of the errors at
the timing of the dyke events compared to the baseline period, which demonstrates that short-duration ground
displacements do not affect the quality of the retrieval of tropospheric delays. Therefore, our method can be
applied to correcting tropospheric artifacts during unrest periods.

6.4. Benefit of GNSS Tropospheric Corrections to Reduce Temporal Noise in InSAR Time Series

The main objective for correcting accurately the tropospheric noise is to increase the signal-to-noise ratio in time
series. This will help the characterization of the displacement field by improving the detection of the signal and
eventually reducing the uncertainties in the source models. Here, we quantify the reduction of the noise level in
the time series after tropospheric corrections for both test sites.

During the period of survey (January 2016-June 2018), the Merapi volcano was at rest with no surface dis-
placements recorded by ground stations. Therefore, the InNSAR time series should record the level of noise in the
data. For both ascending and descending tracks, InSAR raw velocity maps show a positive signal at the edifice's
summit that could indicate a motion toward the satellite (Figures 16a—16d). Mean velocities calculated between
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Figure 16. Impact of tropospheric corrections on the quality of InSAR time series at Merapi volcano. (a—f) LOS velocity
maps deduced for the raw time series and the corrected series (ERAS weather-based models and GNSS models) for (a—c) the
ascending and (d—f) the descending track; (g), (h) Ascending and descending InSAR time series of the point A considering
the point B as the reference (see location in velocity maps) for the raw data set (magenta solid line) and the corrected data set
using ERAS weather-based models (green solid line) and GNSS models (blue solid line). To reduce scatter and identify
trends, time series are smoothed over a sliding window of 18 days. Vertical error bars on each data point correspond to the
standard deviation calculated on a 5 X 5 window centered on the pixel location.

the summit (point A) and the base of the volcano (point B) are estimated at 1.4 + 0.1 and 1.2 + 0.1 cm/yr for
ascending and descending tracks, respectively (Figures 16g and 16h - pink line). For both tracks, we observe a
large increase in the displacement rates between January and June 2018. However, the amplitude of the positive
signal is largely reduced after performing tropospheric corrections (Figures 16b, 16c, 16e and 16f), which in-
dicates that the signal initially detected is dominated by tropospheric phase delays.

After ERAS corrections, the mean LOS velocity is reduced to 1 £ 0.1 and —0.3 + 0.02 cm/yr for ascending and
descending time series, respectively (Figures 16g and 16h - green line). After GNSS corrections, the mean LOS
velocity decreases to 0.4 = 0.07 and 0.01 + 0.08 cm/yr for ascending and descending time series, respectively
(Figures 16g and 16h - blue line). For both corrections, the reduction of tropospheric signals is more effective for
the descending track than for the ascending track.

After GNSS-based corrections, the temporal noise (o,) for a 2.5-year time series is reduced by half from 0.9-1.1 to
0.4-0.5 cm. Then, we can expect to detect displacement rates >1 cm/yr at 95% confidence. For the descending
track, the reduction of temporal noise is better after ERAS corrections (0.2 cm) in comparison with GNSS-based
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corrections (0.4 cm). This could be explained by the fact that the ERAS models correct part of the turbulent noise
that is not taken into account in the GNSS approach due to the lack of stations. However, we can observe that the
ERAS corrected time series shows a linear trend of —0.3 cm/yr when we should expect no displacement, sug-
gesting that ERAS is over-correcting the positive stratified signals. Here, we show that both methods have
limitations that depend first order on the characteristics of the noise (turbulent vs. stratified) present on
interferograms.

Because ground deformation signals localized at the summit of stratovolcanoes can be the result of the rapid
pressurization of the shallow magmatic system leading to an eruption (Biggs et al., 2010; Morales Rivera
etal., 2017; Poland, 2024), it is crucial to provide a rapid and accurate analysis of InNSAR observations to Volcano
Observatories during a period of crisis. Here, we show that the use of routine tropospheric corrections based on
real-time GNSS models contributes to this objective by improving the identification and mitigation of tropo-
spheric signals at the Merapi volcano.

At Piton de la Fournaise, the period of the survey is marked by three magma intrusions emplaced successively on
9 April, 18 October, and 22 December 2021. The GNSS station ENCG is located on the western rim of the Enclos
Fouqué far from the deformation signals and therefore it did not record any deformation during the year 2021 (see
location in Figures 17a and 17b). It will be used as a baseline to estimate the noise level. To compare GNSS and
InSAR time series, the GNSS data set (E-W, N-S, Up/Down) were projected into the corresponding Line-Of-
Sight (Figures 17c¢—17f - gray dots). Without atmospheric corrections, both descending and ascending InSAR
time series at the ENCG station are largely scattered with a temporal standard deviation o, of 2.8 and 3.0 cm,
respectively (Figures 17c and 17d - magenta dots) that is five times larger than the noise level recorded for the
GNSS time series (o, = 0.5-0.6 cm). After applying ERAS corrections, the temporal standard deviation of the
InSAR descending and ascending time series is reduced to 1.8 and 1.9 cm (Figures 17c and 17d - green dots). With
GNSS-based corrections, the reduction is larger than for ERAS, with a temporal standard deviation of 1.1 and
1.2 cm for descending and ascending time series. These solutions are in good agreement with the GNSS time
series. Here, we see the benefit of performing systematic GNSS-based corrections, as it reduces the noise level in
a l-year time series to ~1 cm, which is only twice as large as the GNSS noise level.

The GNSS station DERG is located close to the Dolomieu crater (see location in Figures 17a and 17b) and
recorded different trends of displacements due to the magmatic activity. GNSS time series show large step-like
displacements: (a) ~8 and ~10 cm of LOS displacements in the descending geometry related to the April and
October intrusions (Figure 17¢ - gray dots) and (b) ~6 and ~4 cm of LOS displacements in the ascending ge-
ometry for the October and December intrusions (Figure 17f - gray dots). For the descending geometry, none of
the InSAR time series shows step-like displacements due to the loss of coherence in the area that made the phase
unwrapping of the deformation signal quite challenging. For the ascending geometry, it is not easy to identify the
step-like displacements in the raw InSAR time series due to the high level of noise (Figure 17f - magenta dots).
However, the identification of the step-like displacements is possible using the corrected InSAR time series
(Figure 17f - green and blue dots).

In addition to step-like displacements, the GNSS time series showed a linear trend between April and October
2021 with LOS mean velocities (v) of 4.6 + 0.7 and —3.9 £ 0.6 cm/yr for ascending and descending geometries,
respectively (Figures 17e and 17f). Such long-term inter-eruptive signals of a few cm/yr have been detected in
GNSS time series during past events and they have been interpreted as the pressurization of magmatic reservoirs
ranging from 3.9 to 1.2-1.7 km below the surface (Peltier et al., 2016; Staudacher & Peltier, 2015). So far, these
inter-eruptive signals have never been detected in previous InSAR studies. For the raw InSAR time series, the

Figure 17. Impact of tropospheric corrections on the quality of INSAR time series at Piton de la Fournaise. (a), (b) Descending and ascending LOS velocities calculated
between April and October 2021, after applying GNSS-based tropospheric corrections. The location of the GNSS stations, ENCG and DERG, are shown by black and
red squares. (c), (d) Descending and ascending time series for the year 2021 at the station ENCG. (e), (f) Descending and ascending time series for the year 2021 at the
station DERG. Gray dots correspond to the GNSS time series projected into the corresponding line-of-sight. Color dots correspond to the different INSAR time series:
raw (magenta), with ERAS corrections (green) and with GNSS-based corrections (blue). For each data point, the values and error bars are the mean and the standard
deviation of the LOS displacements evaluated on a 5 X 5 window centered on the GNSS location. Vertical solid lines indicate the timing of the three intrusive events
(red = eruption; blue = failed eruption). In panels c and d, the temporal standard deviation (o,) is indicated for each data set as a proxy for noise level. In panels e and f,
the inter-intrusive displacements between 9 April and 18 October are fitted by a linear trend for each time series (dashed lines). Values of v correspond to the LOS velocities

and its uncertainties (1o).
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mean velocity values obtained are far from those deduced from the GNSS time series, and the uncertainties are
greater than 8 cm/yr. After ERAS corrections, the time series are less scattered, and therefore, the trends get closer
to the GNSS time series; however, the confidence is low as the uncertainties on mean velocities remain around
7 cm/yr. After applying GNSS-based corrections, mean velocity estimates are 3.3 + 3.9 and —4.9 + 4.1 cm/yr,
which are on the same order of magnitude as the values found for the GNSS data set. Once corrected from the
GNSS-based approach, maps for the ascending and descending mean velocities show complex patterns for the
inter-intrusive period spanning between April and October 2021 (Figures 17a and 17b). We observe that the small
amplitude and localized signal on the crater Dolomieu is largely perturbed by other strong signals: i) a NW-SE
elongated negative signal in the south related to the emplacement of the April intrusion ii) a large negative pattern
on the eastern flank (with amplitude up to —10 cm/yr in the ascending geometry) previously identified as an area
where flank motion is activated by the emplacement of successive intrusions (Dumont et al., 2022). Here, we
show that accurate corrections of tropospheric signals based on a dense GNSS network contribute to reducing the
signal-to-noise ratio in InSAR time series, allowing for better detection and characterization of both co-eruptive
and inter-eruptive signals at Piton de la Fournaise.

7. Conclusions

In response to the occurrence of natural hazards such as volcanic eruptions, it is crucial to design and implement
automated systems that can monitor and detect surface displacements in real time. Open-access policy for
Sentinel-1 radar images provides large opportunities for the scientific community to develop such automated
InSAR processing systems. Although InSAR products can be available a few hours after the SAR acquisition,
access to weather-based atmospheric corrections remains a limitation for near real-time applications as the
products are available a few days after the present. Our statistical analysis based on two tropical volcanoes,
Piton de la Fournaise and Merapi, shows that the performance of the corrections remains low for GACOS
models with a reduction of the tropospheric noise for only 24%-45% of the data sets and average for ERAS
models with a reduction of the tropospheric noise for 43%—63% of the data sets. Our analysis of these two test
sites indicates that ERAS corrections perform better than GACOS corrections, which underlines that the
temporal resolution of the model is first-order more important than the spatial resolution. Compared to weather-
based models, GNSS ZTD measurements are available in near real-time on Volcano Observatories and GNSS
map delays only require a few minutes to be produced. In addition, the standard processing of GNSS data
provides tropospheric delays at high temporal resolution ranging from 5 min to 1 hr. For Piton de la Fournaise,
by using ~34 stations, GNSS models reduce the tropospheric noise for 80%-90% of the data sets, which
corresponds to an increase of the performance of ~25% in comparison with ERAS5 models. As expected, the
performance is lower for Merapi than for Piton de la Fournaise as the former volcano is less instrumented.
However, our results show that with 5 stations, GNSS models already reach the performance obtained with
ERAS models. Therefore, our approach can be applied to a large number of active volcanoes as long as they
have few GNSS stations distributed at different elevations. The production of corrected InSAR time series using
GNSS tropospheric models can support the routine monitoring of ground displacements on active volcanoes and
improve the detection of volcanic unrest. For the two test sites, the GNSS-based corrections decrease the noise
level in the InSAR time series by a factor of two in comparison with the raw time series. At Piton de la
Fournaise, the corrected InSAR time series enables the retrieval of inter-eruptive displacements. Between April
and October 2021, the rate of displacements is found to be ~3.3 cm/yr for the descending time series and
~—4.9 cm/yr for the ascending InSAR time series, which are in good agreement with the amplitude derived
from GNSS time series (4.6 and —3.9 cm/yr).

Data Availability Statement

InSAR products have been processed with the LICSAR automated system (Lazecky et al., 2020) for la Réunion
island and with NSBAS processing chain (Doin et al., 2011) for Merapi volcano. InSAR data sets and weather-
based models are available in a Zenodo repository (Albino et al., 2024). GNSS data sets for La Réunion Island are
available via the Volobsis portal (Beauducel et al., 2024). The python package "MANGO” (Mitigating Atmo-
spheric noise using GNSS Observations) used to produce the GNSS-based tropospheric corrections is available in
Gitlab repository (https://gricad-gitlab.univ-grenoble-alpes.fr/albinof/mango.git).
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