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Abstract The wealth of Sentinel-1 data in eastern Tibet allows to discuss whether InSAR-derived

velocity maps measure ground motion in the ITRF reference frame with sufficient accuracy for large-scale
tectonic applications. High elevation, moderate relief and low vegetation cover in eastern Tibet ensure reliable
multi-temporal InSAR results. We automatically process seven 1,200 km long ascending and descending orbits,
divided into 2 or 3 overlapping segments along-track. Linear phase ramps in range and azimuth are removed
from interferograms. The ramps and the flattened interferograms are separately inverted into time series and
analyzed. The ramps are modeled by their Solid Earth Tides (SET) contribution, seasonal variations, and a
trend in time. SET oscillations are clearly visible in the ramp time series. Seasonal tidal amplifications of
probable atmospheric origin are also evidenced. Ramp rates are shown to precisely quantify the plate motion
of each segment in the ITRF reference frame. They are thus added back to the velocity maps before along-track
merging. Then, a simple referencing procedure implying only a constant and a tilt in azimuth adjusted for each
track is constrained by horizontal GNSS data. It allows straightforward vertical and horizontal decomposition.
The quality of the merged and referenced data sets can then be quantitatively assessed at 1 mm/yr by the
differences between InSAR and GNSS velocities and by the InSAR residuals on track overlaps. The vertical
velocity field is dominated at first order by the effect of permafrost degradation, while the horizontal velocity
highlights strain accumulation across major strike-slip faults in eastern Tibet.

Plain Language Summary The imagery acquired by the Sentinel-1 satellites allows to map the
earth surface displacement field with an unprecedented resolution in space and time. The radar interferometric
technique (InSAR) allows to form time-series of electromagnetic wave delays between the satellite and the
ground for each pixel of the radar footprint. We here analyze in details the differential delay time series at very
large scale, that is, between the east and western parts (250 km apart), or between the southern and northern
parts (700 km apart) of 30 satellite footprints in Eastern Tibet. We show that this differential delays are
explained by the displacements due to tides of the Solid Earth and due to plate tectonic drift with respect to
the orbit reference frame. The robust analysis of the largest-scale delay measurements allows to tie the InSAR
velocity measurements to a reference frame with a minimum input from GNSS observations. InNSAR-GNSS
velocity measurements can then be compared and show an agreement within 1.4 mm/yr. Velocity maps from
ascending and descending tracks are combined to obtain horizontal and vertical velocities. The maps display
clearly the interseismic motion on faults and the effect of permafrost degradation and interannual hydrological
fluctuations.

1. Introduction

The ever-increasing temporal resolution and spatial coverage of radar interferometry (InSAR) satellite data has
expanded the application fields of InSAR. For tectonic studies of active faulting and continental-scale defor-
mation, the use of InSAR has gradually evolved from local-scale studies of earthquakes and fault seismic cycle
(e.g., Biirgmann et al., 2000; Massonnet et al., 1993) to analyzes at the large-scale of major fault systems and
plate-tectonics (e.g., Cavalié & Jonsson, 2014; Walters et al., 2014; H. Wang & Wright, 2012; Weiss et al., 2020).

InSAR time series analysis over longer and longer time spans contributed to improve our understanding of the
mechanisms of postseismic deformation (e.g., Peltzer et al., 1996). It also made it possible to constrain not only
the average rates of tectonic loading on faults at depth (e.g., Cavalié et al., 2008; Wright et al., 2001) but also the
spatio-temporal evolution of slip in the seismogenic zone during the interseismic period (e.g., Jolivet et al., 2012,
2015; Maubant et al., 2020). Recent studies even highlight the interest of time series analysis for coseismic
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studies to improve the signal-to-noise ratio and complete near-field data (Grandin et al., 2017; Liu et al., 2021;
Marconato et al., 2022). However, large-scale perturbations after earthquakes and long-distance interactions
between faults, with possible long time delays, have been observed from geodesy (e.g., Durand et al., 2010;
Trubienko et al., 2013). They now require to enlarge the study of surface deformation associated with the seismic
cycle to a continental scale. For INSAR measurements, this in turn requires to reconsider the methods for their
referencing and discuss their potential for measuring plate tectonic motion in global reference frame systems
(e.g., Parizzi et al., 2021; Stephenson et al., 2022; Xu & Sandwell, 2020). The issues of disentangling the tectonic
signal from the non-tectonic signal and separating the horizontal and vertical movements from all signal sources
are also at stake (e.g., Daout et al., 2017, 2020; Hu et al., 2021).

With these new goals in sight, the launch of the Sentinel-1 (S1) satellites in 2014 and 2016 has opened a new
era for surface deformation observations, providing open access to a large volume of data, acquired systemat-
ically at the global scale over large areas (including high seismic hazard regions) at unprecedented temporal
resolution. Exploitation of the first years of S1 data has already demonstrated, still focusing on the example of
tectonics, the ability of such a dense data set both to detect tiny aseismic transient events along faults (e.g., Aslan
et al., 2019) and to quantify strain partitioning and localization in the interaction zones of tectonic plates (e.g.,
Moore et al., 2021; Weiss et al., 2020).

InSAR measurements are differences in time of phases measured with a 2z ambiguity on the satellite to ground
distance and as such are relative measurements in time and space. The uncertainty of these relative measure-
ments increases significantly with distance (Parizzi et al., 2021). Indeed, the large spatial wavelengths in InNSAR
displacement or velocity maps remain affected by uncorrected phase contributions due to the atmosphere (trop-
ospheric or ionospheric delays), inaccurate orbital information, solid earth tide effects (Xu & Sandwell, 2020)
or other atmospheric, hydrologic or oceanic tidal loading (DiCaprio & Simons, 2008; Yu et al., 2020). Absolute
referencing and displacement mapping at large-scale therefore classically requires a combination with Global
Navigation Satellite System (GNSS) measurements. Several methods exist to express InNSAR and GNSS data in
a common reference frame. They are generally based on the assumption that the GNSS reference sites to which
the InSAR data will be tied have negligible relative vertical motion. Only a few GNSS points can be selected for
referencing InSAR data (e.g., Li et al., 2022), preferably in areas of low vertical signal and low noise level for
both geodetic data sets, or dense GNSS networks can be used depending on the studied area. To fit GNSS data,
linear or quadratic polynomial functions in both range and azimuth directions can be added to InSAR velocity
maps (e.g., Hussain et al., 2018; Walters et al., 2014; Weiss et al., 2020). Alternatively, for a more isotropic refer-
encing procedure, a first-order low-pass GNSS-based velocity model, projected into the Line Of Sight, (LOS)
can be removed from the InSAR velocity maps, then the residuals are high-pass filtered and the GNSS-based
model is added back (e.g., Lanari et al., 2020; Tong et al., 2013; Wei et al., 2010). This is done for each frame
individually, before merging. The GNSS-based model may be interpolated from velocity measurements at GNSS
sites after a robust outlier removal procedure (Lanari et al., 2020), or may derive from modeled displacement
fields constrained by GNSS data after an inversion (Tong et al., 2013). The key parameter is the cutoff wavelength
of the high-pass filter applied to the residual InSAR velocity maps after GNSS correction. The GNSS-based field
must be complete and accurate for all wavelengths down to the cutoff wavelength in the whole area of interest, as
discussed in Tong et al. (2013). The InSAR (referenced or not) and GNSS data can be jointly inverted to retrieve a
2D-3D velocity field model at large scale, although this implies data down-sampling and regularization by spatial
smoothing (e.g., Walters et al., 2014; H. Wang & Wright, 2012). Alternatively, an east-west and up/down decom-
position of the InSAR referenced velocity field can be computed using both ascending and descending viewing
geometries, often neglecting north-south motion (see Brouwer & Hanssen, 2021).

In this paper, we tackle this issue of InSAR data referencing, testing a new approach limiting dependence on
GNSS data, with the specific objective of retrieving surface deformation at the continental-scale in an Interna-
tional Terrestrial Reference Frame (ITRF) (Altamimi et al., 2012). This approach is suitable for new generation
InSAR satellites such as Sentinel-1 (S1) with improved orbit accuracy. We develop and validate it based on a
large set of InSAR velocity maps and time series products from the FLATSIM service (ForM@Ter LArge-scale
multi-Temporal Sentinel-1 InterferoMetry, Thollard et al., 2021) over the eastern Tibetan plateau. The study
area is of ~1,300 km X 1,300 km, covered by 14 tracks along descending and ascending orbits (Figure 1). This
region is marked by major thrusts and strike-slip fault systems with high seismic hazard, which kinematics
and slip behavior have been monitored by InSAR since the ERS generation (e.g., Cavalié et al., 2008; Jolivet
et al., 2012; H. Wang & Wright, 2012; Ou et al., 2022). Being part of the highest and widest plateau on Earth, it
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Figure 1. Seismotectonic map of the eastern part of the Tibetan plateau superimposed on the shaded SRTM digital
elevation model (Farr et al., 2007). Black lines represent major active faults from Tapponnier and Molnar (1977). Red circles
indicate major earthquakes from the International Seismological Centre (1904-1983) and National Earthquake Information
Center (1984-2022) catalogs. Yellow circles represents the seismicity during the InSAR acquisition period for this study
(2014-2020). Sentinel-1 track locations are overprinted in light gray.

has long been studied to debate on the mechanisms of continental deformation (Clark & Royden, 2000; England
& Jackson, 1989; Tapponnier et al., 1990). There is also a growing interest in the region for non tectonic processes
such as permafrost seasonal fluctuations and long-term degradation (Daout et al., 2017, 2020). S1 acquisitions
are available over the Tibetan plateau every 24 days (S1-A) to 12 days (with the added capacity of S1-B), provid-
ing a data set with unprecedented resolution for methodological advances (this study) and further analysis of
tectonic and non-tectonic processes (out of scope of the current paper).

We first present the FLATSIM products used in this study, highlighting their specificities with respect to previous
work and their particular interest in terms of processing to improve InSAR referencing for large-scale studies. We
then perform a time series analysis of the phase ramps in range and azimuth estimated in the original interfero-
grams by the FLATSIM service, discuss the contributions of solid earth tides on these and if/how accurate the
ramp rates are to describe plate motion in an ITRF reference frame. Finally, we propose a methodology for merg-
ing InSAR velocity maps from different tracks in such a reference frame system, requiring a separation of linear
velocity terms from seasonal variations and a limited adjustment to GNSS data. We provide at the end unique
InSAR LOS velocity fields over the eastern Tibetan plateau in both ascending and descending orbit geometries,
showing an agreement with GNSS data at a 1 mm/yr level in LOS. A decomposition into horizontal and vertical
motion further validates the approach and highlights the potential for future analysis of deformation processes.

2. Massive Automated InSAR Processing Over Eastern Tibet
2.1. InSAR Data Set and FLATSIM Products

FLATSIM is a ForM@Ter service operated by the french spatial agency, CNES (Centre National d’Etudes
Spatiales), aiming to systematically produce interferograms and time-series analyzes from Sentinel-1 data, over
large geographic areas (Thollard et al., 2021). It is based on the InSAR New Small temporal and spatial BASe-
lines processing chain (NSBAS) (Doin et al., 2011; Grandin, 2015). Here, we use Sentinel-1A/B radar images
acquired in the Interferometric Wide (IW) Swath mode, along 7 ascending and 7 descending orbits from October
2014 to October 2020 (see Table S1 in Supporting Information S1). Data are processed by 600-700 km long
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track segments, each of them covering on average 30 to 35 bursts, and overlapping by at least 150 km along
the azimuthal direction (Figure 1 and Figure S1 in Supporting Information S1). This strategy differs from that
of other automated services, such as LICSAR (Lazecky et al., 2020) and ARIA (Bekaert et al., 2019), which
process approximately 8 bursts' chunks. The advantage of processing long segments is that it improves certain
processing steps, as for example, the coregistration step or the unwrapping step (by getting around low coherence
areas), or the retrieval of spectral diversity parameters and of phase offsets between subswaths (see subsection
below). It also provides a consistent solution throughout the segment. The process of merging all track segments
is also simplified and facilitated by the large overlapping region. The FLATSIM service provides wrapped or
unwrapped, filtered or raw interferograms in terrain or radar geometry. Besides the result of the time series
inversion of the unwrapped interferometric network, it also gives many useful auxiliary data sets to validate the
automated processing and, if necessary, to re-process certain track segments.

2.2. Processing Details in Relation to the Retrieval of Large-Scale Motion

We describe below some specificities of the FLATSIM processing steps, that are relevant to our large-scale study
and the understanding of all post-processing analyzes. We refer to Thollard et al. (2021) for more details.

1. The first processing step is carried out separately on the three sub-swaths of the radar images (the same
for steps 2 to 5). We select the range of bursts to process for each track segment that falls between the
user-defined maximum and minimum latitudes. Incomplete acquisitions, that is, with missing bursts in the
burst range, are excluded from the data set. Depending on the track segment, 84 to 142 acquisition dates are
selected (Table S1 in Supporting Information S1).

2. A central reference image is chosen for each track segment. We then use the 1 arc-second Shuttle Radar Topog-
raphy Mission digital elevation model (DEM) (Farr et al., 2007) and the orbit of the reference acquisition to
simulate a radar backscatter intensity image and the surface elevation in the geometry of the reference image.

3. All Single Look Complex (SLC) images are then built by assembling bursts and removing the antenna steering
function from the phase. Precise orbits are taken from the Copernicus Precise Orbit Determination (CPOD)
service (Peter et al., 2017) in early 2021, before their complete reprocessing in a homogeneous framework
(Fernandez et al., 2022). The SLC coregistration on the reference image is then performed in successive steps.
First, the precise orbits and the DEM are used to simulate the distortion field in range between the reference
and secondary images. Then, image correlation is used to refine this first estimate, adding a constant offset in
range to this simulated field and an affine function of range and azimuth for the distortion field in azimuth. The
distortion fields are used to resample the secondary SLCs into the reference geometry. Note that the empirical
offset in range accounts for a possible translation velocity of the secondary SLCs with respect to the reference
SLC due to absolute plate motion in the orbit reference frame, but does not affect the interferometric phase.

4. The interferometric network is built from the pairing of successive acquisitions (n/n + 1), each acquisition
n with its next plus two (n/n + 2), each acquisition n with its next plus three (n/n + 3), then from systematic
pairing of images two to 3 months apart and about 1 year apart with a reduced perpendicular baseline. The
number of differential interferograms per track segment varies between 353 and 665 (Table S1 in Supporting
Information S1), of which about one sixth have a temporal baseline longer than 10 months.

5. Differential backward-forward interferograms are computed over the successive burst overlapping areas
(about 30 overlaps for our data set) to extract the Enhanced Spectral Diversity (ESD) phase (Prats-Iraola
et al., 2012). This ESD phase is fitted by a constant, a bilinear ramp in range and azimuth, and a constant
gradient within burst overlaps. These four ESD fit parameters are inverted into time series to improve their
reliability and avoid a drift with time that could result from accumulating random errors. Such network inver-
sion of the ESD phase is also performed by Fattahi et al. (2017) to stabilize the ESD retrieval over long time
series. After inversion of the ESD parameters, they are used to correct interferograms with a sawtooth func-
tion modulated in range and azimuth and a corrugated (by burst) sheet function. The auxiliary data provided
by the FLATSIM service have been checked during the validation procedure to verify that the ESD inversion
process for all these parameters is stable and that the ESD parameters are of very good quality for each
acquisition. Along-track motion affects the ESD phase but is not a component of the interferometric phase.

6. Atthis stage, the interferograms obtained for each sub-swath separately, multilooked by a factor of 8 in range
and 2 in azimuth, are merged using the annotations provided with the SLC data. A phase offset between
contiguous sub-swaths and per acquisition is computed by inverting the phase offsets measured on the inter-
ferograms' overlaps between sub-swaths. It is then applied to avoid phase jumps between sub-swaths. The
quality of the time series of the inverted phase offsets is also checked for each track segment.
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7. This step and the next ones (atmospheric correction, filtering, unwrapping) are applied using procedures
already developed for ERS or Envisat data (Daout et al., 2018; Doin et al., 2015). Interferograms are
corrected from tropospheric delay predictions by the ERAS5 model provided by the European Center for
Medium-Range Weather Forecasts (ECMWF) (Doin et al., 2009; Jolivet et al., 2011) and then multi-looked
to 32 in range and 8 in azimuth. Low-pass filtering is applied using a sliding window. Interferograms are
unwrapped by a coherence-based region-growing algorithm described in Grandin et al. (2012), starting from
an automatically selected point in an area of high coherence. Interferograms with low unwrapping fractions
are automatically discarded.

8. Linear phase ramps in range, a, and azimuth, btji’ in mm/km, are estimated for each interferogram between
dates i and j, using an iterative procedure eliminating outliers, by adjusting:

Gij(x,y) = 47”(a;,-ﬁx+b;jy+c+r,-,-(x,y)), (€))]

where ¢;(x, y) is the unwrapped phase in radian and positive away from satellite, A is the radar wavelength, x

is the satellite to ground range in km, # = 1/sin(d,) is a constant scaling factor to transform range in approx-
imate ground distance with 6, = 33.9°, and y the azimuth in km, ¢ is a constant and r;(x, y) is the residual,
zero-mean, phase. The standard deviation, o, of the residual phase is also estimated for each interferogram.

9. These ramps a; and b; are inverted in time series to retrieve at each time step k the ramp coefficients af
and b?, in mm/km, and the residual phase standard deviation, o*" S (Biggs et al., 2007; Cavalié et al., 2007),
with an iteration to down-weight outliers. The o': PS values represent the mean Atmospheric Phase Screen
(APS) amplitude of each acquisition (Doin et al., 2011). The inverted ramp coefficients are used to correct
(or “flatten”) interferograms. Interferograms with particularly large standard deviations are automatically
discarded, ensuring the rejection of anomalous acquisitions that may exist at the beginning of the time series.

10. Finally, filtered, unwrapped, flattened interferograms are referenced to a small area located around the unwrap-
ping seed point and inverted into displacement time series, with an automatic correction of unwrapping errors
(Doin et al., 2011, 2015; Ho Tong Minh et al., 2022; Lépez-Quiroz et al., 2009). Network misclosures, aver-
aged by date or by interferogram, are all checked during the validation procedure of the FLATSIM products.

Some quality maps are provided by FLATSIM (Thollard et al., 2021). Among them, the root mean square (RMS)
misclosure maps, describing the residual during interferometric network inversion, are displayed in Figure S2
in Supporting Information S1 for each processed track. They quantify the quality of the unwrapping step. We
consider that the RMS should be less than 0.5 radians to ensure good quality. Two segments (D150S and A070S,
Figures S1 and S2 in Supporting Information S1) exhibit large network misclosure values. They correspond to
unwrapping errors acquired when crossing basins subject to strong deformation gradients due to freeze-thaw
cycles (Daout et al., 2017). For tracks A099S and A055 (Figure S1 in Supporting Information S1), located in
the easternmost area with steep relief, the unwrapped FLATSIM interferograms were re-inverted into time series
after changing the reference area and eliminating interferograms with large unwrapping errors.

The Line Of Sight (LOS) velocity maps produced by FLATSIM (or slightly post-processed for some tracks as
mentioned above) for ascending and descending track segments are shown in Figure 2 (a constant offset is added
to each velocity map to improve the readability of the figures). Note that, although almost fully automatic, the
processing described above still produce high quality velocity maps.

In the following, we separately analyze the inverted time series from the phase ramps (Sections 3 and 4) and the
FLATSIM flattened interferograms (Section 5), as summarized in the flowchart displayed in Figure 3. We show
that InSAR phase ramps in range and azimuth measure the oscillations of solid earth tides quite well, and some
other tidal oscillations probably of atmospheric origin. We then explore the accuracy of the ramps' trends with
time (hereafter referred to as ramp rates) and show that the estimated ramp rates are accurate enough for being
re-introduced in the FLATSIM flattened velocity maps. We also present the reasons for a separate ramp analysis,
mainly how it optimizes its retrieval and how it leads to an uncertainty estimation.

3. Tidal Oscillations Observed in Time Series of InSAR Phase Ramps
3.1. Contribution of Solid Earth Tides on InSAR Ramps and Modeling

Solid Earth tides (SET) are known to affect the interferometric phase and are included in the Sentinel-1 Extended
Timing Annotation Datasets (S1 ETAD) in the geodetic correction set (Eineder et al., 2015). As shown in
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Figure 2. Line of sight velocity maps (corrected from linear phase ramps, see details in text) from automated FLATSIM processing, with an offset manually added
to each track segment to improve figure readability. Left panel: ascending geometry. Right panel: descending geometry. Positive and negative values indicate ground
motion toward and away from satellite, respectively. The velocity map for D135S (southeasternmost track in the right panel) is altered by a 1.25 years data gap.

Figure 4a, their main contribution is a phase ramp in range due to the vertical surface displacement (Xu &
Sandwell, 2020). As the S1 incidence angle varies from 29° in near range to 46° in far range, a uniform peak to
peak vertical displacement, Uy, of 280 mm (as produced by SET in Tibet) yields a LOS range change of Uj#-
€0s(29°) = 240 mm in near range and of Ug,+cos(46°) = 190 mm in far range (Xu & Sandwell, 2020), thus a
peak to peak ramp change in range of about 0.20 mm/km. In addition, SET also induce a very large scale deforma-
tion pattern, with wavelengths of the order of ten thousand kilometers. The small displacement gradient in range
adds to the preceding contribution, but is one order of magnitude smaller. In azimuth, both the displacement
gradient and the evolving tide during the acquisition period (1-2 min) produce a small phase ramp in azimuth
(Figure 4c), which is peak to peak of the order of 0.02 mm/km in Tibet. The phase ramps in range and azimuth
due to SET oscillate in time with the characteristic periods of tides.

In order to compare ramp observations from InSAR with SET-induced ramps, then correct them, we run forward
models of SET using the numerical code of V. Dehant and modified by D. Milbert, which defines SET in IERS
2003 convention (McCarthy & Petit, 2004) for spherical harmonic degrees 2 and 3. Displacements are computed
for each acquisition date of our InSAR time series on radar footprints. We convert the predicted surface displace-
ment field (horizontal and vertical components) in LOS range change, yielding at each time step, k, the predicted
ramp in range, a,, and azimuth, b} .

3.2. Comparison Between Modeled and Observed InSAR Ramps in Range

We compare, for the 30 track segments in eastern Tibet and each time step, such predicted ramps in range, a;,
(in mm/km) with the observed ones, ay, derived from the time series inversion of individual ramps in FLAT-

SIM interferograms (see point 8 in Section 2.2 and Figure 3). The given error bar on observed ramps, ¢ , is

ﬂk’
the root mean square of the network misclosures between inverted, (a;’. - a;’), and measured, a;.’j, ramps, for all
interferometric pairs including a specific date, k:

1/2

oo = # Z (af;—a‘,',—af,j)z , 2

i,Jj
fori=korj=k
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Figure 3. Sketch summarizing the processing steps performed in this study. Both the ramps (left column) and the FLATSIM flattened interferograms (right columns)
are processed separately through temporal inversions for, respectively, a ramp rates analysis and the extraction of seasonal and linear signals from time series. Ramp
rates are reintroduced before merging and referencing. A velocity offset, Ve, and a ramp in azimuth, 6b, estimated by GNSS-InSAR comparison on track-wide profile,

are used for referencing each track.
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Figure 4. Sketch of the effect of solid earth tides (SET, panels a, c¢) and plate velocity in the ITRF orbit reference frame
(panels b, d), on ramps in range (panels a, b) and azimuth (panels c, d). Panel (a): U, depicts the almost uniform vertical
surface displacement between two dates ¢, and ¢, due to SET. Its projected effect on the satellite-ground distance and thus the
phase ¢, shown with red lines, varies with the local look angle. a is the ramp in range x resulting from the interferometric
phase ¢ variation with range x. Panel (b): as panel (a) but for a uniform horizontal velocity drift, V., of the plate in the orbit
reference frame. The projected satellite-to-ground distance change is shown with blue lines and depends on the local look
angle. ¢ is the phase rate per unit time, and g is the ramp rate with range. Panel (c) shows the effect of a large-scale surface
displacement field between two dates due to SET (gray gradients) across the satellite footprint (gray rectangle). It results in

a small phase ramp b with azimuth y. Panel (d) shows the effect of an along-track variation of plate motion (white arrows) in
the orbit reference frame. The along-track variation of ¢ (blue solid line), which presents localization across faults, is fitted by
a linear trend (blue dotted line) which defines a ramp rate b in azimuth. Phase delays are defined along the Line of Sight and
are positive away from satellite. Modified from Xu and Sandwell (2020).

where N, is the number of pairs containing the image k. It is a reconstruction error, assumed to quantify how well
defined are the ramps on interferograms including a given date. An example of comparison between observed and
predicted ramps is shown in Figure 5a for a descending track. Another example for an ascending track is shown
in Supporting Information S1 (Figure S3a).

The agreement between the observed and predicted phase ramps in range is striking. Both time series present
the same high frequency oscillations that correspond to the aliasing of the tide frequencies at the sampling
of Sentinel-1 data. After removing the modeled tide ramps, the residual shows a clear trend and a seasonal
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Figure 5. Analysis of ramps as a function of time for the northern segment of track DO04. Panels (a, c, e, g) ramps in range. Panels (b, d, f, h) ramps in azimuth.
Panels (a, b) Observed ramps at each time step, a; or b, inverted from those measured on individual interferograms (black line), with their associated reconstruction

uncertainties, o7, or o-,’jk (crosses). Predicted ramps, a; or b, due to solid earth tides (red line). Panels (c-d): Observed ramps corrected from tidal effect (black) together
with the adjusted linear and seasonal fit (blue). Data in the gray area have a very low weight in the adjustment. Panels (e-f) Observed ramps after subtracting seasonal
and linear fit (black), compared to predicted tidal ramps (red). Panels (g, h) as panels (e, f) but the predicted tidal ramps are shown as a function of residual ramps (from
e, f), with a color scale varying from red for the earliest dates to dark green for the latest dates.
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Figure 6. Observed ramps corrected from seasonal and linear trend versus predicted tidal ramps, for the whole data set, (a) in
range, (b) in azimuth. Only dates later than 2016.8 (2015.8, respectively) are shown with black points for ascending tracks, A,
(with blue dots for descending tracks, D, respectively).

oscillation (Figures 5¢ and 5e and Figures S3c, S3e of Supporting Information S1). Observed ramps in range are
thus fitted using:

a, = a;( + ap+ aty + a.cos(2rty) + agsin(2rty) + ax.cos(4rty) + arssin(drty) + eq(tx) 3)

where ¢, is the acquisition date in year, a, is a constant, ¢ is the estimated ramp rate in range (in mm/km/yr), a_ and
a, are the amplitude of the cosine (winter—summer) and sine (spring—autumn) seasonal ramp variations, a,_ and
a,, are the amplitude of semi-seasonal ramp variations, and €, is the residual ramp. The fit is obtained by linear
least square adjustment with a weight on each acquisition inversely proportional to the reconstruction uncertainty,
o;,» on aj. To account for the presence of outliers in the time series, six iterations are performed by decreasing the
weight of outliers. After removal of the linear and seasonal fit, the agreement between the observed and modeled
ramps is even more striking (Figures Se and 5g), both in the amplitude and timing of the tide oscillations.

The ramps in range shown for the ascending orbit example in Figure S3 in Supporting Information S1 are noisier.
However, the high frequency oscillations of the ramps are clearly of tidal origin. The linear increase of the ramps
in range with time, and the seasonal fluctuation are also evident. The agreement between the observed ramps,
after removing the linear and seasonal fit, and the tidal prediction is summarized in Figure 6a. The root mean
square residue of Equation 3, noted ¢, is lower for descending tracks (¢, = 0.042 mm/km) than for ascending
tracks (¢, = 0.050 mm/km).

3.3. Comparison Between Modeled and Observed InSAR Ramps in Azimuth

SET can also produce a non negligible ramp in the interferometric phase along the azimuth direction. However,
this ramp is proportional to the latitudinal gradient of the SET-induced surface displacement, which is very low
as SET displacement patterns are mostly significant up to spherical harmonic degree 3. This is why the ramp in
azimuth due to SET has never, to our knowledge, been convincingly observed with InSAR.

Figure 5 and Figure S3 of Supporting Information S1 show two examples of time series of the observed (b;)
and predicted (b;() ramps in azimuth as a function of time (panels b). Note that the amplitude of b} variations
(£0.015 mm/km) is at least four times smaller than that of the a} variations (+0.10 mm/km). However, the 700
km-long InSAR chunks allow to measure phase gradients along azimuth with a relatively good accuracy. As in
subsection 3.2, the ramps are adjusted by a constant, b, a linear trend, b, and seasonal and semi-seasonal compo-
nents with amplitudes b, b, b,_and b,  (panels d):

bz = bjc + bo + blk + b.cosQxty) + bssin(2xty) + ba.cos(dnty) + bagsin(drty) + €p(ti). (@]

As for Equation 3, Equation 4 is weighted by the reconstruction uncertainties, "Zk’ on b}, and solved iteratively to
decrease the impact of outliers. After removal of the fitted function of time, the oscillations of the residual ramp
show a clear agreement with those of the predicted tidal ramp (panels f). The one to one comparison between
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Figure 7. Temporal evolution of the correlation between observed InSAR ramps in range and SET predictions. (a, b)
Predicted ramps in range (red line) and observed ramps corrected from seasonal and linear trend (black line and symbols),
plotted as a function of time for descending (a) or ascending (b) tracks. (c, d) Correlation coefficient (p, black line) and
regression slope (s, red line) obtained between observation and prediction on a moving window, covering two times the
aliased SET cycle. Data before 2017 are noisier and not shown.

observed ramps, corrected from trend and seasonality, and predicted tidal ramps is shown in panels h, and for all
tracks together in Figure 6b. The root mean square residue of Equation 4, noted ¢,, shows again, a slightly better
agreement for descending tracks (¢, = 0.020 mm/km) than for ascending tracks (¢, = 0.029 mm/km), with less
outliers.

3.4. Spectral Tide Identification in Ramp Time Series

In order to examine which tides can be identified above the noise level in the ramp time series, we collate all
observations for the 30 InSAR track chunks, corrected from the trend and seasonal function, on two plots for
descending and ascending tracks separately (Figures 7a and 7b for ramps in range and Figures S4a and S4b in
Supporting Information S1 for ramps in azimuth). The sampling of the new time series is irregular (mainly 1, 2 or
3 days, or a few minutes between segments of a single track) but allows to display higher frequency oscillations
than for a single track. We perform Lamb-Scargle periodograms on observed and modeled SET time series and
display the amplitude of periods between 6 and 500 days (Figure 8 for ramps in range and Figure S5 in Supporting
Information S1 for ramps in azimuth). Aliasing of tides, sampled as described above, is complex, as shown by the
periodograms of modeled SET time series. However, it is dominated by the aliased periods of tides sampled at
constant solar time (see Xu & Sandwell, 2020). The M2 (aliased at 14.765 days), O1 (aliased at 14.192 days), and
even N2 (aliased at 9.614 days) tides are clearly above noise level in the time series of the ramp in range for the
two orbit directions, and in the ramp in azimuth for descending data. Only M2 tide can be identified in the ramp
in azimuth for the ascending data. The K1 and P1 tides, aliased with a period of about a year, are also present but
the resolution of the periodograms at these frequencies is lower, and these tides are mixed with other seasonal
contributions. Finally, in ascending data sets only, oscillations with periods of about 24 days stand above the noise
level and may correspond to ionospheric perturbations.

3.5. Intriguing Observation of Apparent Seasonal Tidal Amplification

In Figures Se, 5f and Figures S3e, S3f in Supporting Information S1, the tidal oscillations of InSAR ramps
in range or azimuth, respectively, appear as if they were sometimes amplified compared to the predicted SET
oscillations. However, a possible amplification effect cannot be assessed from the data of a single track. We
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Figure 8. Lamb-Scargle periodogram for periods between 6 and 500 days (logarithmic scale) of observed (filled circles) and
modeled (open circles) SET time series of the ramp in range. The analysis is performed separately for descending (red) and
ascending (blue) tracks. The periods of the main tidal constituents, aliased by a sampling at a constant solar time, are shown
with an open black circle and black vertical lines. A square root on amplitudes is applied to decrease the contrasts between
the peaks.

use the collated observed and modeled ramp oscillations displayed in Figures 7a, 7b and Figures S4a, S4b in
Supporting Information S1 to test possible tide amplifications. The time series are dominated by the 14.765
lunar semi-diurnal M2 oscillation, but modulated by the other tides. We perform a correlation between the SET
predictions and the observed InSAR ramps on a moving window covering two times the aliased SET cycle. The
correlation coefficient p(¢) and the regression slope, s(¢), are then examined as a function of time (Figures 7c
and 7d for ramps in range and Figures S4c, S4d in Supporting Information S1 for ramps in azimuth). Values p = 1
and s = 1 would correspond to a perfect fit between the observations and the SET predictions. In the presence
of white noise, without other tidal effects, we expect a concomitant and proportional variation of both p and s.
Departure of the s(¢) curve from the p(7) curve is thus indicative, for correlation coefficients larger than about 0.4,
of tidal effects not taken into account in the SET prediction.

For the ramps in range (Figure 7), the variation of p(7) is seasonal. It is mostly associated with variations in s(f) for
descending tracks, whereas s(¢) departs strongly from p(¢) for ascending tracks. On morning, descending tracks,
we note short pulses of apparent tide amplification in winter months (February—March) of years 2017, 2018,
and less significantly of years 2019 and 2020. Apparent tide amplification on late-afternoon, ascending tracks is
much more pronounced and last longer, occurring from July to November, with more noise in July—August than in
autumn months. Zooms of the 2018 tide amplification events are displayed on Figure 9. The contrast between tidal
amplifications in ascending and descending tracks favors an atmospheric origin for these tidal effects. One possi-
ble origin is the semi-diurnal lunar ionospheric tides that affect the Total Electronic Content (TEC) (Pedatella &
Forbes, 2010). The February—March amplifications might for example, be related to sudden stratospheric warm-
ing events (e.g., Forbes & Zhang, 2012). Temporal variations in the amplitude of M2 ionospheric tides of about
5 TEC units have also been reported by Paulino et al. (2021) in Brazil. Another origin might be the tropospheric
lunar tides, that have a seasonal modulation but with a rather low amplitude (Kohyama & Wallace, 2014) or an
orbit error of variable amplitude and correlated with tides. Given the level of aliasing in the time series, we cannot
also exclude that the apparent tide amplification results from the combination with an oscillation with another
frequency. Hence, although we favor a ionospheric origin, we are not aware of a direct observation proving the
origin of the strong tidal oscillations observed in summer periods for ascending tracks only.

The ramps in azimuth are larger and noisier for ascending tracks than for descending tracks (Figure S4 in Support-
ing Information S1), with maximum amplitude in summer times. The correlation coefficients remain significant
for descending tracks, and a clear seasonal tidal amplification can also be observed from June to October. Surpris-
ingly, apparent amplifications in the ramp in azimuth are not concomitant to those in range. A zoom in 2019
(Figure S6 in Supporting Information S1) shows that despite noise, the period around 15 days is very clear in the
data, especially after applying a 5-point sliding median. The amplification appears to result from a few large ramp
values, positive or negative, however in phase with tidal oscillations. Similarly, the zoom in 2020 displayed for
ascending tracks again shows large ramp values in phase with tidal oscillations.
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Figure 9. As Figure 7 but zooming on amplification events in 2018. On panels (a-b), observed ramps are drawn with gray
lines and symbols, while a 5-data-wide sliding median is shown with a blue curve. SET predicted ramps are shown in red. For
the noisier ascending track ramps, the median allows to better visualize the tidal oscillations in the data.

4. InSAR Ramp Rate: An Effect of Plate Motion in ITRF Reference Frame
4.1. Origin of InSAR Ramp Rates

GNSS data over the Tibetan plateau show an eastward motion in the ITRF reference frame, with eastward veloc-
ities of about 30-50 mm/yr, as shown Figure S9 in Supporting Information S1 (e.g., M. Wang & Shen, 2020).
On InSAR time series for S1 tracks, a uniform plate velocity in the ITRF reference frame, V., will produce,
because of the look angle variation across the 250 km-wide track range (Figure 4b), a ramp rate in range of about
Virret (5in(46°) — sin(29°))/250, that is, approximately 0.028-0.047 mm/km/yr. A gradient in range of the plate
velocity within the satellite footprint will yield an additional, but in general smaller, ramp rate in range that will
add up to the preceding contribution. Similarly, velocity gradients in azimuth, resulting for example, in Tibet
from differential motion across E-W strike-slip faults, will produce a ramp rate in azimuth, as shown in Figure 4d.
The ramp rates in azimuth, of the order of 0.01 mm/km/yr are smaller than the ramp rates in range. In order to
test the hypothesis that the ramp rates we measured from our InSAR time series (¢ and b in Equations 3 and 4,
respectively) are representative of plate motion in an ITRF reference frame, we first estimate their uncertainty,
then compare the measured ramp rates with predicted values based on the GNSS velocity field.

4.2. Uncertainties on InSAR Ramp Rates in Range and Azimuth

The large number of acquisitions processed in this study over 14 tracks divided into 30 chunks allows to constrain
the uncertainties due to measurement errors and unmodeled phenomena. The residual ramps, after correction
from temporally correlated terms (trend and seasonal) and solid-earth tides, provide a quantification of uncor-
related noise due to unmodeled signals (residual tidal effects, large-scale ionospheric or tropospheric effects,
orbital errors or atmospheric loading) or measurements errors. A residual ramp in range of +0.042 mm/km (for
descending tracks, see Section 3.2) corresponds to +10 mm of relative displacement in LOS between far range
and near range, whereas a residual ramp in azimuth of +0.020 mm/km (for descending tracks, see Section 3.3)
corresponds to +20 mm of relative displacement in LOS for two points 1,000 km apart.

We derive from Equation 3 or 4 and the root mean square residuals, 6, or 6,, an uncertainty on the estimated
InSAR ramp rate in range, o;, or in azimuth, ¢;, as:

Oa

0y = ———,
\/N —60'{ (5)
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Figure 10. Comparison between InSAR-derived and GNSS predicted ramp rates, along LOS, (a) along the range direction, (b) along the azimuth direction. GNSS
ramp rates are computed by a linear regression in azimuth and range of all horizontal GPS velocities in ITRF2008 available within each track segment (M. Wang &
Shen, 2020) and projected into the LOS (black symbols with 1-¢ error bar). Open squares: descending tracks, filled circles: ascending tracks. Red symbols correspond
to the average ramp rate within each track segment, computed using the averaged GNSS velocity of all GNSS points located within the track and considering only the
effect of varying incidence angle from near range to far range.

Op
NI

where N is the number of acquisitions, N — 6, the degree of freedom of Equation 2, and , is the standard deviation
of the acquisition times. The mean value of ¢, is 0.0030 mm/km/yr for ascending tracks and 0.0023 mm/km/yr
for descending tracks. Despite large outliers (Figure S4 in Supporting Information S1) and a significant seasonal

oy =

6

component, the ramp rate in azimuth is also relatively well constrained, with a mean value of ¢; of 0.0026 mm/
km/yr for ascending tracks and of 0.0011 mm/km/yr for descending tracks. These values correspond on average
to a differential velocity uncertainty of 0.65 mm/yr between near range and far range (250 km apart), and of about
1.9 mm/yr for two points 1,000 km apart in azimuth.

4.3. Comparison Between GNSS Predicted and InSAR Observed Ramp Rates

Here, we compare the InSAR ramp rates we inverted (Sections 3.2 and 3.3) with the prediction obtained from
GNSS data, for each of the 30 available chunks in eastern Tibet. To do so, we assume that the large-scale surface
displacement is purely horizontal. We use GNSS horizontal velocities, vy, from M. Wang and Shen (2020),
given in the ITRF 2008 reference frame. Within each track segment, we project them along the LOS using the
local LOS unit vector to get v-©S. We further assume that the sampling of GNSS data is dense and represent-
ative enough (see GNSS point locations in Figure S8 in Supporting Information S1) to adequately capture the
average velocity and its average tilt in range and in azimuth that InSAR would measure in the LOS within each
chunk.

We note &' the average horizontal velocity per chunk obtained after weighting individual GNSS measurements
by their given standard deviation, and after an iterative removal of the main outliers. The averaged tilt rate in
range produced by this average surface velocity, a7, is the LOS projection from near range to far range of 5.
The values of dy are compared to the @ values estimated from InSAR time series on Figure 10a (red symbols)
for all chunks in ascending and descending geometries. The good agreement between the InSAR-derived
values (positive a values of about 0.03 mm/km/yr observed for ascending tracks and negative & values of
about —0.03 mm/km/yr for descending tracks) and GNSS-predicted ones shows that the ramp rates measured
by InSAR are primarily due to the mean horizontal surface motion within InSAR chunks in the ITRF reference
frame.
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To further refine this analysis, taking into account horizontal gradients of the surface velocities within each
chunk, we also adjust the GNSS velocities projected on LOS by:

Ugos = dgxg + bgyg +cg 7

where x, and y, are the range and azimuth of GNSS points, d, is the estimated ramp rate in range using horizontal
GNSS data and b, is the estimated ramp rate in azimuth. The least-square adjustment is performed with a weight
on each GNSS data proportional to its given standard deviation converted into LOS. Note that the GNSS data
distribution in the westernmost tracks (rather along N-S profiles, Figure S8 in Supporting Information S1) does
not necessarily allow an accurate separation between the ramp in range and the one in azimuth. Approximate 1-¢
uncertainties, o,, and o}, are also estimated from Equation 7 using the residual GNSS LOS velocities and the
degree of freedom.

The comparison between the ramp rates predicted from the spatially distributed GNSS data and those estimated
with InSAR is shown with black symbols on Figure 10. We now observe for the ramp rate in range a better
alignment within each ascending or descending point clouds (Figure 10a), except for one track. Similarly, a
good agreement is also observed for the ramp rate in azimuth (Figure 10b). Importantly, no large bias on the
ramp rates, that is, no large offset from the y = x line, is observed. Deviations from the x = y line in Figure 10
are also probably at least equally due to the large uncertainty in the GNSS-derived values of d, and b, than to
the uncertainty on the INSAR-derived values a and b. Indeed, we obtain quite large one-sigma standard devia-
tions on g, and b, (Figure 10) due to uneven GNSS data quality (campaign or continuous stations) and uneven
sampling (Figure S8 in Supporting Information S1). Furthermore, GNSS velocities do not sample the exact
same period of the seismic cycle than InSAR data, and are corrected from post-seismic motion (M. Wang &
Shen, 2020) in contrast with InSAR data. Finally, the asymmetric spatial sampling of GNSS data on either side
of a fault, for example, will lead to differences with InSAR derived ramp rates. This is particularly true for ramps
in azimuth, as large strike-slip faults in Tibet generate strong along-track gradients in LOS velocity, that are
unevenly sampled by GNSS.

All this considered, the agreement shown on Figure 10, for ramp rates in range but also for ramps in azimuth, is
quite remarkable and shows the potential of InSAR data to directly measure large-scale plate motion in the ITRF
reference frame.

To summarize, we show that InSAR-measured ramp rates are dominated by large-scale tectonic plate motion,
with uncertainties that have been quantified. In the following section, we therefore reintroduce the validated
ramp rates in range and azimuth in velocity maps, after separating the linear trend and the seasonal signals from
the FLATSIM time series, as shown in the flowchart displayed in Figure 3. We propose a simple methodology
to merge and reference InSAR velocity maps of all tracks in the ITRF and further compare InSAR velocities
extracted at GNSS data location and GNSS velocities projected into LOS.

5. Merging InSAR Velocity Maps at Large-Scale in the ITRF Reference Frame
5.1. Separation of Average Velocity and Seasonal Signals in FLATSIM Time Series

We first model the ground displacement, inverting the phase timeseries, s(x, y, t,), given by the FLATSIM service,
for each pixel (x, y), to optimize the separation of the seasonal and linear ground movements. We model the
ground displacement by:

Sm(x, ¥, 1) = Ao(x,y) + Ac(x, y)cosrty) + As(x, y)sin(2xty) + Vios(x, y)(tx — to) 8)

where A, A_and A correspond to a constant, the cosine (winter-summer) and sine (spring-autumn) amplitude
of the seasonal displacement, respectively, V, ¢ is the ground LOS velocity, and ¢, is the acquisition time
in year. f, is an arbitrary value taken at the beginning of the time-series. The least square estimation of the
variables Aj, A, A and V, , is weighted by W(x, y, ,) that depends on each pixel and on each acquisition,
in order to take into account the fact that some acquisitions have large APS, defined by o,,, or large RMS
misclosure, defined by ¢, and that some values in the time series are large outliers. Furthermore, during
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the iterative process, we redefine the reference area s,,(#,) of each acquisition. For track segment D135S, as
already mentioned before, a data gap of 1.2 years from 2017/03/08 to 2018/06/19 led to erroneous phase link-
ing across the gap; another unknown variable proportional to a step across the data hole was therefore added
in Equation 8.

We thus minimize the cost C:

C= Y Wyt s (56, 9.16) = srey (1) = sm(x,9.1))° ©)
Xt
with
1
W (x.y.00) = (10)

(oaps(ti) + €) * (max(om(tx), €)) * (|r(x, y,t)| + €)

where r(x, y, 1) = s(x, y, ;) = 5,,{t) = 5,,(x, y, ;) is the residue, o, is the mean of the root mean square network
misclosure of all interferograms containing a given date ¢, (L6pez-Quiroz et al., 2009), o, ,4(?,) is the RMS of
the residue for a given date (Doin et al., 2011), and € is equal to 0.4 rad. The weighting in ¢, constant for all
iterations, is introduced to handle the cases where one or a few acquisitions have fringe patterns that systemati-
cally produce large unwrapping errors, as is for example, regularly observed in case of partial snow cover. When
this happens, the automatic unwrapping error correction implemented in the NSBAS inversion scheme (Doin
et al., 2011) fails. One inner loop of three iterations, made on a single pixel (x, y), allows to define the weight
based on the residue Ir(x, y, £,)l. The outer loop, made of three iterations, is performed once all pixels have been
processed in order to compute 6,,(#,), and the reference value for each date, s,,(#,), such that the average over a

reference area of the residue r(x, y, t,) will be zero.

The reference area first covers the whole track segment. However, in a second step, it is restricted to the bedrock
as in Daout et al. (2017), that is, to the area not affected by seasonal deformation of hydrological origin or due
to permafrost freeze-thaw cycles. In order to automatically define the bedrock pixels, we analyze the along-track
profiles of the term A (x, y) of Equation 8, as shown in Figure S7 in Supporting Information S1. An along-profile
large-wavelength fit is adjusted to the median values per each azimuth bin. This fit serves as a reference to mask
pixels far from the fit line, affected by large seasonal signal. We chose the seasonal spring-autumn sine compo-
nent to define bedrock as it is less affected by residual atmospheric delays than the winter-summer cosine term.

Figure 11 displays the resulting merged amplitude maps in the LOS of the spring-autumn signal (A, in sine term
of Equation 8) and of the winter-summer (A, in cosine term of Equation 8) signal. The maps for each segment are
simply juxtaposed without any offset adjustment. They are very consistent on tracks overlaps and for ascending
and descending tracks, suggesting that they mostly represent well-defined vertical displacement signals. Uplift
in spring and subsidence in winter is generalized over the highest elevation areas of the eastern Tibetan plateau.
These signals, very pronounced on the sine maps, correspond to the effect of freeze-thaw cycles in permafrost
areas, as described in Daout et al. (2017, 2020), and occur mainly within permafrost prone areas (T. Wang
et al., 2020). Other hydrological signals are also apparent in both the cosine and sine maps, especially within
catchment basins or at the foothills of mountains ranges in desert areas. The cosine maps also display strong resid-
ual tropospheric delays with pronounced phase-elevation relationships in deeply incised valleys of southeastern
Tibet where the ERA-5 atmospheric correction is not accurate (Mathey et al., 2022). An in-depth analysis of the
seasonal pattern is beyond the scope of the present paper.

For merging and referencing steps in the following, we use the average velocity maps (linear trend) extracted
from Equation 8.

5.2. Merging InSAR Velocity Maps and Referencing in ITRF

The strategy proposed in this study aims to provide a regional InSAR velocity map that is as least constrained as
possible by GNSS data, that is, using as few as possible degrees of freedom to put each InSAR velocity map in
the ITRF2008 reference frame. This way, GNSS and InSAR data can still be viewed as independent data sources
and checked against each other. We also exclude from the referencing procedure continuity constraints across
adjacent tracks. Indeed, due to varying incidence angle, LOS velocity maps must be discontinuous across tracks.
Continuity should then only be enforced after horizontal/vertical decomposition, or under the assumption of
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Figure 11. Amplitude of the seasonal signal extracted from time series analysis, superimposed on the elevation Shuttle Radar Topography Mission (SRTM). Dark
blue lines contour permafrost-prone areas (T. Wang et al., 2020). Left: ascending tracks. Right: descending tracks. Panels (a—b): sine component. Positive (negative,
respectively) amplitude indicates subsidence (uplift, respectively) in spring. Panels (c—d): cosine component. Positive (negative, respectively) values correspond to
subsidence (uplift, respectively) in winter. “P” labels points toward examples of seasonal displacement induced by freeze-thaw cycles in the permafrost-prone area.
“HS” labels show examples of hydrological signals. “TD” label points to examples of residual seasonal tropospheric delays in deeply incised valleys.

purely horizontal velocity. Here, we reference each track independently and use the redundancy on track overlaps
to test the quality of the InSAR velocity maps at very large-scale.

We first assemble north to south segments (2 or 3) of each single track using the redundancy in their 150 km-long
overlap areas, and obtain 7 ascending and 7 descending velocity maps. Then, we constrain a LOS velocity offset
and a tilt in azimuth for each track, that is, we invert 2 free parameters for each ascending or descending tracks,
that is, 28 parameters in total. We detail these two steps below (see also Figure 3 for a simplified view).

To assemble along-track segments, we first add to each velocity map (V, ¢ from Equation 8) the ramp rates in
range, d * x, and in azimuth, b * y, defined in subsections 3.2 and 3.3. We observe in the overlap regions that the
difference of the velocity maps presents an offset and a slight ramp in range due to the fact that ramp rates in range
are not evaluated exactly on the same data set for the different segments. The LOS velocity difference in overlap
regions is thus fitted by a constant and a differential tilt in range, §a. The &4 value is split into a = §aV — 845,
where §a" and §a5 are the tilt rate corrections for North and South segments, respectively. They are defined by the
added weighting constraint: 6, N8a" = —6,58a°. The ramps 64" x and §a° x are then subtracted from the North
and South velocity maps before merging. A similar method is used in the case of three along-track segments. At
this step, we obtain merged LOS velocity maps with ramp rates added, but not yet referenced, V,,(x, y).
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Figure 12. Comparison between the horizontal GNSS velocities from (M. Wang & Shen, 2020), projected in LOS, and the InSAR velocities after referencing in
ITRF2008, (a) for ascending tracks. (b) For descending tracks. Note that track D135S presents larger errors due to 1.2 years of missing data in the South and a rugged
and vegetated terrain. (c) Histogram of velocity differences. (d) Track-wide (250 km) InSAR profile along the azimuth of the merged and referenced D004 velocity map
(see location in Figure S1 in Supporting Information S1). The effect of along range change in look angle, 6, is compensated by multiplying by sin,, /sin6, assuming a

mainly horizontal velocity field (6

mi

mi

4 1s the middle look angle). The black line represents the median InSAR velocity value for each azimuth bin, after iterative outliers

removal. The gray lines represent lateral variations in InSAR velocities, displayed as its mean plus or minus its standard deviation. Black filled circles (gray filled
circles, respectively) show the mean (median, respectively) and standard deviation of InSAR velocities at GPS locations, in a small 1.0 X 2.7 km? area (in a larger
0.6 x 135 km? area, respectively). Filled red circles represent the horizontal GNSS velocities from M. Wang and Shen (2020) projected along LOS.

Horizontal GNSS data in ITRF2008 within the merged tracks are projected along the LOS and compared to the
LOS InSAR velocity extracted at the same location. We compute the weighted mean of all velocity differences,
V., after an iterative removal of the outliers. This mean is added to the LOS InSAR map, resulting in a preliminary
referenced velocity map in ITRF, V, ,(x, y) = V), (x, y) + V.. The velocity maps are then multiplied by siné,,,,/
sin@, in order to take into account the effect of the incidence angle € on horizontal motion (8,,, is the middle
incidence angle). This removes the range ramp due to incidence angle only, if one assumes horizontal motion.
The flattened velocity map, VRfe ’;’,(x, ), has a reduced dispersion in the range direction. The same projection on
0,4 1s done for GNSS velocities. A residual ramp in azimuth and an additional offset are then computed from the
weighted residuals of GNSS LOS velocities minus their corresponding InSAR values. The offset, ¥/, and ramp
in azimuth, 6b, are added to the merged LOS InSAR maps using: Viesr(x,y) = Vi (x,y) + Ve + V. + 6b = y.
The resulting, final, referenced LOS velocity maps in the ITRF reference frame, Vp (x, y), are shown in Figure
S8 of Supporting Information S1, together with the GNSS velocities projected along LOS from M. Wang and
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Shen (2020). An example of an azimuth profile of V,.(x, y), multiplied by sin@,,/sin@ to reduce the dispersion
in range, is also shown in Figure 12d.

5.3. Referencing Validation by GNSS-InSAR Comparison in the Line of Sight

We compare here the horizontal GNSS data projected along the LOS to the velocities of the referenced InSAR
maps (displayed in Figure S8 of Supporting Information S1). The comparison is shown in Figure 12 for ascending
and descending tracks. The standard deviation of the LOS velocity difference is low, of 1.4 mm/yr, despite the very
simple adjustment procedure described above. We adjust 28 free parameters (i.e., a ramp rate in azimuth §b and an
offset V, for each of the 14 tracks, Figure 3) for about 1,037 measurements of velocity differences. The absence of
adjustment of range ramp in range and the simple tilt adjustment in azimuth over 1,200 km long tracks shows that
multi-temporal InSAR analysis of Sentinel-1 data is able to retrieve very long wavelength surface deformation fields.

Note that in our referencing procedure, we neglect the vertical motion at GNSS locations. This does not imply that
we will not be able to retrieve vertical motion even at large scale, as only the mean velocity value and azimuth tilt
is fixed by horizontal GNSS data. Furthermore, we observe that GNSS data are almost all located on bedrock,
hence are less subject to large vertical motion.

The main limitations to the simple referencing procedure described here are (a) the uneven sampling and data
quality of GNSS data in general, and the sparse GNSS network in the westernmost part of the study area, (b)
the period of observation, varying from site to site but long for GNSS data (up to 25 years), and short for InNSAR
(5 years), associated with a different sampling of the seismic cycle. In particular, the large-scale post-seismic
signals from the 2001 Kokoxili earthquake and from the 2008 Wenchuan earthquake are clearly present in InNSAR
data but corrected in GNSS data, and may influence the referencing of the tracks covering the impacted areas.
To partly overcome this problem, we imposed a low weight to INSAR-GNSS residuals close to the Kunlun fault.

5.4. InSAR Velocity Maps Decomposition Into Horizontal and Vertical Components

The referenced LOS velocity maps obtained above (Figure S8 in Supporting Information S1) are finally decom-
posed into horizontal and vertical components. The approach chosen here differs from other possible simplifica-
tions, as inverting for an E-W velocity and neglecting either the N-S velocity or the up-down contribution to the
LOS InSAR measurements. Here, we fix the local azimuth of the horizontal velocity to the one obtained from the
interpolated GNSS field (Figure S9 in Supporting Information S1). We invert for the horizontal, V,;, and vertical,
V,, velocities, with input data, V, ¢, on ascending and descending tracks, using equation:

Vios = (ug * sin(a) + un * cos(a)) * Vg +uy * Vy (11)

where u = (ug, uy, u,) is the local unit LOS vector and «a is the local azimuth of the horizontal velocity vector,
counted clockwise from North. The system of Equation 11 is inverted where we have at least one ascending and one
descending observation. The inverted values of V,, and the GNSS horizontal velocity amplitudes display overall
good agreement, as shown on Figure 13a. This figure also highlights the high potential of InSAR data to spatially
densify measurements of horizontal motion to complement GNSS, identify strain localization on and off-faults to
further explore strain partitioning and slip transfer between faults over wide intracontinental deformation zones.

In areas where we have three or four observations, the absolute value of the residue of Equation 11 measures the
consistency of overlapping velocity maps, while taking into account the viewing angle difference and the vertical
motion. The residue is for 98% of pixels lower than 2 mm/yr (Figures 13b and 13d). In the diamond areas with
four observations, the median of the residue is 1.2 mm/yr (Figures 13b and 13e). Note that here, we only constrain
with InSAR the amplitude of the horizontal velocity vector, the angle of the velocity vector being fixed to the
interpolated GNSS field. This resulting velocity vector has two components, with the northward component far
less constrained than the eastward one. Residues in overlapping areas may also arise from local deviations of the
velocity vector angle from the interpolated GNSS velocity angle.

The inverted horizontal velocities from InSAR differ from GNSS velocities by a standard deviation of 1.6 mm/
yr (Figures 13b and 13c¢). The differences appear quite random in space with the notable exception of three main
areas (redish dots in Figure 13b). In the southeasternmost part of our study area, at the limit of the Sichuan basin
(between the Longriba fault and the LongmenShan thrust systems), InSAR yields a larger eastward velocity
than GNSS, by about 3 mm/yr. This discrepancy must be due to the postseismic displacement associated with
the Wenchuan 2008 Earthquake (M. Wang et al., 2021). In the western part of the velocity map around the
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Figure 13. (a) Comparison of the amplitudes of the horizontal motion from GNSS (filled circles) and InSAR (color map). (b) Absolute residuals of the H-V
decomposition on track overlaps (color strips) and signed GNSS-InSAR horizontal velocity difference (colored dots). Panels (a, b): the gray shade depicts the number of
track available for each pixel. (c) Histogram of GNSS-InSAR horizontal velocity differences. (d) Distribution of the absolute residuals of the H-V decomposition where
three tracks overlap. (e) As panel (c) but where four viewing angles are present (diamond shape areas).

Kunlun fault, we also observe the on-going post-seismic deformation after the 2001 Kokoxili earthquake (D.
Zhao et al., 2021), leading to positive INSAR-GNSS residuals as this signal was corrected from the GNSS data
(M. Wang & Shen, 2020). Finally, south of the eastern end of the XianShuiHe fault where it bends to the south,
InSAR velocity maps yields higher velocity than long-term GNSS velocities, resulting in larger velocity contrasts
across the fault by about 2-3 mm/yr. This may be due to the 3D complexity of the fault systems in this area, with
the uplift of the Gongga Shan massif at the junction of the Xianshuihe Fault and a series of SW-NE thrusts as the
Muli thrust (Bai et al., 2018; Pitard et al., 2021). Furthermore, this area is characterized by extreme relief with
numerous deeply incised and vegetated valleys, which may induce InSAR measurements errors. It is also part of
the southern segment of descending track D135 presenting a 1.2 years data gap, where we expect the automated
MTInSAR processing to produce less accurate results than in the other parts of Tibetan plateau.

The horizontal and vertical velocity fields resulting from this analysis are displayed on Figure 14. Both show a
good spatial across-track continuity, although this continuity was not enforced in the referencing procedure. We
observe a north to south increase in horizontal velocities, with marked gradients across the Altyn Tagh, Haiyuan,
Kunlun and Xianshuihe left-lateral fault systems. The velocity contrast across the Altyn Tagh is clearly visible up
to 96°E, with a progressive eastward decrease and a relay to the Haiyuan fault, also marked by a velocity gradient
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Figure 14. (a) Amplitude of the horizontal motion. Background shading is the gradient of the horizontal motion computed in a NNE direction. It underlines the major
(labeled) faults mapped in Figure 1. The label “postEQ” is centered on the still ongoing postseismic deformation of the 2001 Kokoxili earthquake (b) Vertical velocity
field (blue/yellow for subsidence/uplift). The dark blue lines show the limit of the permafrost domain from T. Wang et al. (2020). Faults are drawn with black lines.

“P” stands for permafrost induced subsidence, “HS” for examples of hydrological uplift signals. We can see the subsidence signal induced by the lake level increase of

Qinghai and Longyang lakes.

from 99° to 105.5°E. Strong localization on the Kunlun fault is visible throughout the study area, although
velocity contrast decreases eastward. On the contrary the velocity contrast across the Xianshuihe fault vanishes
westward, east of 96°E. The vertical velocity map appears to be dominated by hydrological contributions, with
subsidence within permafrost-prone areas, and uplift in low elevation catchment basins. Although referencing is
performed using only horizontal GNSS measurements, we show here that we can still retrieve a long-wavelength
vertical velocity field, due to the small degree of freedom in our referencing procedure.

6. Discussion
6.1. Rationale for a Separate Analysis of Ramps

A specificity of our processing methodology is to separate the temporal inversion and analysis of the flattened
interferograms from those of ramp measurements (Figure 3). Ramp rates are estimated on ramp time series and
added back on velocity maps computed from flattened interferograms. The reasons are as follows:

e First of all, the orbit uncertainty and the ionospheric and residual tropospheric phase screens were believed
to prevent multi-temporal InSAR analysis from reaching a few mm/yr accuracy on deformation at very large
scales (e.g., Lanari et al., 2020; Parizzi et al., 2021), in contrast with what is expected when measuring
small-scale deformation patterns. Therefore, one must first ascertain the confidence level that we have in ramp
measurements, before possibly adding them back in velocity maps for further interpretation.

e Second, obtaining a velocity map from a linear regression through time of a phase time series affected by tilt
oscillations is not ideal. The latter would appear as noise in time, and lead to a lower velocity amplitude by
least-square regression than if these oscillations had previously been removed. Furthermore, the time series
for some pixels may have data gaps due to areas that are not unwrapped, as could occur in the case of coher-
ence drops due to snow or rain. In these noisy conditions, the best-fit velocity through the phase time series
may be impacted by data holes in a non negligible way.

e Third, the weights applied for an optimized ramp inversion into time series (point 9 of subsection 2.2) are quite
different than those used for time series inversion on each pixel. Similarly, the weights used for an optimized
estimation of the ramp trends with time are different from those used for computing the velocity for each pixel
(as in subsection 5.1). For example, the ramps obtained at the beginning of the time series must be strongly
down-weighted.

We advocate that the separate analysis proposed here is necessary to reach the accuracy of about a mm/yr needed
for large-scale tectonic studies.
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6.2. Seasonal and Transient Signals

Ramp time series include seasonal and possibly transient ground displacement signals, which in theory could
also be re-injected into the flattened time series. However, we must bear in mind that the ramps in range
include a contribution due to the absolute value of the signal projected on varying look angles and a contribu-
tion from the gradient of the signal. The two effects cannot be disentangled in the absence of absolute meas-
urements. In Tibet, we do not have access to seasonal GNSS data or GNSS time series to reference the absolute
seasonal displacement. Therefore, re-introducing seasonal ramps in seasonal amplitude maps would introduce
an ambiguity and offsets between adjacent tracks. Alternatively, focusing on the main hydrological origin of
seasonal displacements, we chose to reference the seasonal terms in sine and cosine by setting to zero their
average value over “bedrock” pixels in wide areas (more than 400 X 250 km?), “bedrock” being defined as flat
areas on sine amplitude maps. Furthermore, besides seasonal signals, we did not observe transient wide-scale
deformation signals in Eastern Tibet during the 2015-2020 period. Therefore, here we only re-introduce ramp
rates into velocity maps and discard the re-injection of seasonal or transient ramps into the displacement time
series.

The origin of seasonal ramps must also be discussed. We did not attempt in this study to correct the ramp time
series from atmospheric, hydrologic, or ocean tidal or non-tidal load effects. While the ocean tidal and non-tidal
loading effect is low in Tibet (Yu et al., 2020), the seasonal ramp oscillations, evident for some tracks, could
possibly result from the effect of seasonal hydrologic or atmospheric loading. The atmospheric load induces
peak to peak, large-scale vertical displacement oscillations in our area of interest of about 3 mm on the plateau
itself, increasing to 8 mm on its boundaries at lower elevation (Yan et al., 2019). Xiang et al. (2019) show that
peak to peak seasonal vertical motion due to hydrologic loads in eastern Tibet, as derived from GNSS, GRACE
or an hydrological model, presents a trend from about 15 mm in the south to about 4 mm in the north of our
study area. They could produce seasonal ramps in range and/or azimuth of the order of 0.01 mm/km. Both effects
could thus contribute to the seasonal signals observed in the ramp time series. However, the seasonal ramps
observed here are quite large, around 0.05 mm/km. The seasonal geocenter motion could also contribute to the
observed seasonal ramps. Here, we take them into account by an empirical adjustment with simple seasonal and
semi-seasonal terms, in order to optimize the retrieval of the ramp rates. A correction based on hydrological and
atmospheric loads could be tested in further studies, with the aim to improve the ramp rate estimation.

6.3. Residual Noise in Ramp Time Series

The residual ramps in range or azimuth are larger for ascending tracks acquired at dusk than for descending tracks
acquired at dawn, suggesting a residual tropospheric or a ionospheric origin. The temporal variation in Total
Electronic Content (TEC) generates a ramp in range due to varying look angles, whereas lateral TEC gradients
will produce both a ramp in range and in azimuth, the latter yielding larger phase change for geometrical reasons.
Azimuth ramps will also be large in case of very rapid temporal TEC dynamics. The standard deviation value
found here for the residual ramps in azimuth, of 0.020 mm/km (0.029 mm/km, respectively) for descending
(ascending, respectively) tracks corresponds very well to that found by Liang et al. (2019) for ionospheric ramps
in Sentinel-1 in California, at similar mid geomagnetic latitude regions.

Part of this noise could have been mitigated by ionospheric corrections which were not attempted here. The
split-spectrum method (Gomba et al., 2016) allows for retrieving lonospheric Phase Screens (IPS) and correcting
the phase time series. However, this powerful technique also strongly amplifies the impact of phase noise and of
unwrapping errors in the IPS calculation. Thus, its use requires special caution, in our opinion not compatible
with massive data processing. TEC corrections computed using Global Ionospheric Models (GIM), as given in
S1 ETAD (Eineder et al., 2015) for example, could also be applied. However, available GIMs are still at low reso-
lution (2.5 by 5 degrees, every hour), and their efficiency for correcting interferograms has yet to be quantified.
For example, Yunjun et al. (2022) found that only the high resolution GIM from Jet Propulsion Laboratory (not
freely available yet) significantly reduces the geolocation error of S1 ascending data in Chile.

‘We highlight ramp oscillations with periods of 24 days in ascending tracks only, thus with a possible ionospheric
origin. We also observe that the residual ramps, during specific periods of the year, are in phase with tidal forces
but not explained by SET. If the ionospheric origin of this signal were confirmed, it would suggest that efficient
ionospheric corrections from TEC models should include the variability associated to possible amplifications of
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ionospheric diurnal tides. Taking into account and correcting all non-stationary tidal signatures in the atmosphere
could help to strongly reduce the noise standard deviations in InSAR ramps.

6.4. Ramp Rate Uncertainty

The ramps measured at the beginning of the time series appear noisier and were heavily down-weighted in the
adjustment of Equation 1, before 2015.8 for descending tracks, and before 2016.8 for ascending tracks. Tentative
explanations are that (a) the quality of the focusing and given metadata for early acquisitions is lower than for later
acquisitions, (b) the orbits are less constrained, (c) the ramp in range induced by TEC is larger at the beginning of
the time series. It is worth discussing these limits in more detail. First, the IPF software version used for focusing
SAR data varies and our experience, also noted in Liang et al. (2019), is that we have more problems with wrong
or less accurate annotations for the frequency modulation rates in early (2014-2015) acquisitions than later (2016
onward). Second, the precise orbits that were used in this study were computed with a time-varying methodology
(Peter et al., 2021). For example, the gravity field employed by the CPOD team has changed at least three times.
Finally, the ionospheric perturbations in InSAR S1 data decrease from year 2014 which is a maximum of solar
activity to year 2018 which stands in a sunspot low (Liang et al., 2019).

Ramps rates measured in range might also be affected by a systematic bias. For example, a strong bias was
observed due to an oscillator drift on the Envisat ASAR data (Marinkovic & Larsen, 2013). However, the S1
oscillator appears very stable (Larsen et al., 2017). A multi-annual TEC change or TEC gradient change could
also produce a bias, which could be avoided with GIM-derived TEC corrections when validated (see subsec-
tion 6.3). In this study, the earliest ramp values are strongly down-weigthed and the time series is centered in
an ionospheric low. We therefore neglect this potential bias source. Finally, an orbital drift with respect to the
ITRF reference frame would produce a systematic deviation of ascending or descending ramp rates, with oppo-
site signs. One may identify such a systematic deviation in Figure 10a, of about 0.002 mm/km/yr, equivalent to
an E-W drift of approximately 2.5 mm/yr. However, this is far from being well resolved at this stage. A vertical
movement of eastern Tibet as a whole would, in contrast, produce a deviation from the y = x line in Figure 10a
identical for the ascending or descending tracks.

A last point to discuss is the chosen realization of the ITRF reference frame to compare GNSS and InSAR data.
In fact, the orbits used for our InSAR time series were computed in an ITRF reference frame evolving over time
(ITRF 2008 until the end of 2016 then ITRF2014) (Peter et al., 2021). The GNSS velocity data from M. Wang
and Shen (2020) is given in ITRF 2008. At this point, we think that the accuracy of the InSAR ramp rates does
not allow an insightful discussion on the slight difference between the two reference frames in Tibet.

6.5. Vertical Velocity

Using only horizontal GNSS data to reference the LOS velocity maps leads us to assume a zero-mean and zero-
tilt in azimuth for the vertical contributions on each track. Since the GNSS data are located in their vast majority
on bedrock, they are only very moderately affected by permafrost, hydrology or gravitational instability. This can
be verified with the good LOS GNSS-InSAR agreement seen on profiles, as the example shown in Figure 12d.
Furthermore, outliers are detected and down-weighted in the InNSAR-GNSS adjustment. As a result, these zero-
mean and zero-tilt in azimuth constraints on the vertical contribution per track apply on bedrock. When the verti-
cal velocity is computed from LOS and referenced velocity maps, these constraints imply that we cannot retrieve
absolute or very large scale (more than 500 km) vertical displacement rates on bedrock.

Let us now discuss what would happen in case of an almost uniform uplift of eastern Tibet. A broad uplift pattern
in Eastern Tibet has been measured by GNSS, varying from North to South from at most 3 mm/yr to about 1 mm/
yr (Q. Zhao et al., 2023). It could produce a small ramp in azimuth of less than 0.0015 mm/yr/km, of opposite sign
for ascending and descending data, which will be canceled by the ramp adjustment in azimuth. It can also lead
to a small LOS ramp rate in range, due to varying look angles, of less than 0.002 mm/yr/km, positive toward the
satellite for both ascending or descending data, in contrast to the effect of horizontal motion (see Figure 10). As
the referencing only uses horizontal GNSS data, these ramps due to nearly uniform uplift should produce small
discrepancies in the form of across-track discontinuities in the horizontal/vertical decomposition, and residues
where we have more than two tracks available. Part of these discrepancies (totaling about 1 mm/yr and including
other sources of errors) could thus be due to absolute or very large-scale vertical motion of Tibet.
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6.6. Referencing Strategy

We use a very simple referencing procedure with few constraints from GNSS data. This allows to cross-check
both data sets, extract a large-scale vertical motion not available on the GNSS data set, and to use overlap consist-
ency for uncertainty measurements. The drawback however is that we do not ensure across-track continuity in
horizontal or vertical motions.

Other referencing procedures published so far typically include the computation of a low-pass velocity field
based on available GNSS data, that is then projected along LOS and removed from InSAR velocity maps (Tong
et al., 2013). The corrected InSAR maps are high-pass filtered and the GNSS LOS velocity map is added back.
Other related referencing method replace the high-pass filter step by a polynomial fit in both range and azimuth
directions for each Sentinel-1 frame (250 km by 250 km) (Weiss et al., 2020). The advantage of these methods
is that the long wavelength field is tied to external GNSS data, ensuring a good across-track and along-track
continuity. However, the drawbacks, beside the lack of independence between the GNSS and InSAR velocity
fields, are that high-pass filters are less efficient at frame borders, and more importantly, that the low-pass GNSS
to InSAR tying might be impacted by local unsampled phenomena and by vertical motion. To clarify the latter
point, we can consider the case of an area with no horizontal motion but with pervasive subsidence in numerous
basins captured by InSAR. If GNSS points are mostly installed on bedrock, or if the GNSS vertical motion is
either unavailable or unreliable, the GNSS interpolated surface will indicate zero motion in this area. The high-
pass filtering of the InSAR minus the GNSS-derived surface will then show motion toward satellite on bedrock.
Adding back GNSS-derived surface will leave this bias on InSAR velocity maps. Tiling of InSAR frames might
then become hazardous. Such usual referencing procedures therefore only work well in the case of even, unbiased
sampling of GNSS points, with coeval vertical rate measurements.

The present study still uses two degrees of freedom per track, adjusted using GNSS data, to reference the veloc-
ity maps. A next step would be to obtain absolute velocity measurements directly from SAR data. This requires
obtaining the absolute InSAR phase. This problem is explored by Xu and Sandwell (2020), but still requires
improvements in the geometric and atmospheric modeling of the satellite-to-ground delay before the absolute
phase can be retrieved. Solving for the phase ambiguity can also be guided by range offset measurements, which
provide an absolute measure of the satellite-to-ground delay. Yunjun et al. (2022) show that, after tropospheric,
ionospheric (using the JPL high resolution global model and S1 topside ionospheric observations) and SET
corrections, the standard deviation of the average range offset decreases to 5 cm. This remains yet too large for
solving the 2.8 cm phase ambiguity, however this might be tackled by future studies.

7. Conclusion

The originality of this study is to explore to what extent MTInSAR based on Sentinel-1 acquisitions could be used
for very large-scale mapping of surface displacements. In that end, we purposely limit the amount of free param-
eters needed for referencing InSAR data in the ITRF reference frame, so that we can then use the InNSAR-GNSS
independence to validate InSAR measurements. In all the studies we know of so far, this is the first time that
such a strategy is experimented. The Tibetan plateau is a favorable study area to start with, due to its moderate
relief, limited vegetation cover and high elevation, implying a thin tropospheric layer. It is also less affected by
ionospheric disturbances than equatorial regions.

The data set, made of 7 ascending and 7 descending Sentinel-1 tracks over eastern Tibet, was processed automat-
ically with the FLATSIM service (Thollard et al., 2021). The ~1,300 km-long tracks were divided in two or three
chunks overlapping by about 150 km. To ensure high quality velocity maps, we post-processed all provided time
series for each chunk, analyzing and taking into account measurement noise of diverse origins and a seasonal
contribution.

The largest displacement wavelength that can be captured by MTInSAR corresponds to displacement tilts in
azimuth and range. We show that it is useful to analyze them separately from the rest of the deformation signal.
The quality of tilt observations is lower early in the time series than later. We show that InSAR is not only
able to accurately measure the tilt in range due to solid earth tide, but it also measures the tilt in azimuth quite
well. Furthermore, we show that other, time-dependent, lunar tidal effects of unknown origin, are apparent in
the tilt time series. We suspect transient ionospheric tide amplifications, with high temporal dynamics, espe-
cially important for dawn orbits. The standard deviation of unmodelled, residual tilts for descending (ascending,
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respectively) tracks is 0.042 mm/km (0.050 mm/km, respectively) in range direction and 0.020 mm/km
(0.029 mm/km, respectively) in azimuth direction.

The careful ramp analysis allows to provide reliable estimates of the linear ramp evolution with time (ramp rate).
We quantify their uncertainties for descending (ascending, respectively) tracks, at 0.0023 mm/km/yr (0.0030 mm/
km/yr, respectively) in range direction, and 0.0011 mm/km/yr (0.0026 mm/km/yr, respectively) in azimuth direc-
tion. A comparison with the GNSS horizontal velocity data shows that the tilt rates accurately represent the plate
motion in the ITRF 2008 reference frame, despite the changes made for orbit computation at the time of this
study (Peter et al., 2021). No bias was observed neither for ascending nor descending tracks, although no iono-
spheric corrections were performed in this study. INSAR-GNSS tilt rates discrepancies are not only due to InSAR
measurement errors at large wavelength, but also, and as importantly, to limitations such as uneven and possibly
unrepresentative GNSS sampling, GNSS uncertainties, lack of GNSS vertical information, and differences in
measurement periods in case of non linear motion.

Based on these first conclusions, we devise a very simple merging and referencing procedure. Tilt rates are rein-
troduced before along-track merging. Then a simple offset and final ramp adjustment in azimuth is performed
for each track. Only two degrees of freedom are therefore used for each track. The adjustment is based on the
GNSS-InSAR velocity differences at GNSS points, which avoids potential biases due to GNSS data interpolation
and InSAR high-pass filtering. The measured misfit between the GNSS LOS-projected and InSAR LOS velocity
maps is 1.4 mm/yr. It is again related not only to InSAR errors, but also to GNSS errors, lack of GNSS vertical
velocity, and differences in sampling periods.

The horizontal-vertical decomposition allows to quantify the quality of the very large-scale InNSAR maps.
Indeed, tilted InSAR maps are used as input into the inversion to directly recover the horizontal velocity
amplitude in the ITRF2008 reference frame. Wrong ramps would incorrectly attribute some horizontal motion
to the vertical, or inversely, and that might be different from one track to the next. LOS residues (¢ = 1.2 mm/
yr) in regions of track overlaps allows to quantify the consistency of the LOS velocity maps while taking
into account variable look angles. Horizontal GNSS-InSAR velocity differences have a standard deviation of
1.6 mm/yr.

Based on all the above quantified uncertainties, we show that it is possible to obtain InSAR velocity maps in the
orbit reference frame, at very large scale, with little input from GNSS data. The obtained velocity and seasonal
maps are rich in tectonic and hydrological signals, which will deserve more in-depth analysis in future studies.

Data Availability Statement

The analysis presented here is based upon SAR Sentinel-1 data available https://peps.cnes.fr/rocket/#/home, and
on GNSS data from Wang and Shen (2020) available at https://dataverse.harvard.edu/dataset.xhtml?persisten-
tld=doi:10.7910/DVN/C1WE3N. Solid Earth tides have been computed with the Solid program from Dr. Dennis
Milbert available at https://geodesyworld.github.io/SOFTS/solid.htm.
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