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Abstract Deformation of the Earth’s surface associated with redistributions of continental water mass
explains, to first order, the seasonal signals observed in geodetic position time series. Discriminating
these seasonal signals from other sources of deformation in geodetic measurements is essential to isolate
tectonic signals and to monitor spatio-temporal variations in continental water storage. We propose a new
methodology to identify and extract these seasonal signals. The approach uses a variational Bayesian
Independent Component Analysis (vbICA) to extract the seasonal signals and a gravity-based deformation
model to identify which of these signals are caused by surface loading. We test the procedure on two
study areas, the Arabian Peninsula and the Nepal Himalaya, and find that the technique successfully
extracts the seasonal signals with one or two independent components, depending on whether the load is
stationary or moving. The approach is robust to spatial heterogeneities inherent to geodetic
measurements and can help extract systematic errors in geodetic products (e.g., draconitic errors). We also
discuss how to handle the degree-1 deformation field present in the geodetic data set but not captured
by the gravity-based model.

1. Introduction

Seasonal signals are observed in geodetic position time series of Global Navigation Satellite System (GNSS)
stations at a global scale (Blewitt et al., 2001). These annual displacements can be explained, to first order,
by the Earth’s response to variations in surface loads mostly due to redistributions of continental water mass
(Blewitt et al., 2001; Dong et al.,, 2002; van Dam et al., 2001). Identifying and extracting nontectonic seasonal
signals from geodetic measurements is critical to detect potential tectonic signals of small amplitude, key to
our understanding of the seismic cycle (e.g., slow slip events and tremors, postseismic slip, and interseismic
strain). Characterizing geodetic seasonal signals is also important to study the possible relationship between
small periodic stresses and earthquake nucleation (Bettinelli et al., 2008; Bollinger et al., 2007; Craig et al.,
2017; Johnson et al,, 2017), invert for continental water storage fluctuations (Argus et al., 2014; Borsa et al.,
2014; Fu et al., 2015), and constrain the elastic (Chanard et al., 2014; Drouin et al., 2016) and viscoelastic
(Chanard, Fleitout, Calais, Barbot, & Avouac, 2018) properties of the Earth.

In recent years, two promising strategies to isolate geodetic seasonal signals have been developing in
parallel. On one hand, a large effort has been made toward developing accurate models of the Earth'’s surface
displacements induced by surface load variations measured by the Gravity Recovery and Climate Experiment
(GRACE) satellites (Figure 1). Several studies (Bettinelli et al., 2008; Chanard et al., 2014; Chanard, Fleitout,
Calais, Rebischung, & Avouac, 2018; Davis et al., 2004; Fu et al,, 2012; Fu & Freymueller, 2012) have demon-
strated that GRACE-based deformation models can explain a large part of the GNSS annual observations.
Although such models are essential to establish the hydrological origin of seasonal geodetic signals, discre-
pancies remain between model and data (e.g., Figures 2a and 2b).

On the other hand, the task of isolating seasonal signals from geodetic time series can be approached as a
blind-source separation problem where the observed displacements are the result of several, mixed sources.
To this end, an independent component analysis (ICA) can be applied to the displacement data set to
untangle, in a purely statistical manner, the different physical processes beneath the observations (Comon,
1994). Notably, Gualandi, Avouac, et al. (2017), Gualandi, Nichele, et al. (2017), and Serpelloni et al. (2018)
showed that the variational Bayesian form of the ICA (vbICA) can objectively extract seasonal signals from
GNSS time series. Being a data-driven approach, ICA-reconstructed seasonal signals have the ability to satis-
factorily reproduce the observations, capturing also the effects of local heterogeneities that are otherwise
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Figure 1. Average peak-to-peak GRACE-derived surface load distribution for the period 2007 to 2012.5 expressed in equivalent water height (EWH). Boxes A and B
delineate the two study areas: the Arabian Peninsula and the Nepal Himalaya. The triangles indicate the locations of GNSS stations used in each study area. Station
KLDN for which time series are shown in Figure 2 is also identified.

averaged out in the aforementioned models. While the independence of components required by ICA
suggests that these seasonal components are physical signals, the technique alone provides no information
about their origins.

In light of the strengths and limitations of these two parallel strategies, we here propose a procedure that
combines the physical robustness of a GRACE-based model (Chanard et al., 2014; Chanard, Fleitout, Calais,
Rebischung, & Avouac, 2018) with the statistical precision of the vbICA algorithm (Gualandi et al., 2016) to
(1) decompose the displacement data sets (GNSS and GRACE-derived deformation) into a finite number of
components, (2) retain the seasonal signals, and (3) describe them in terms of underlying physical processes.
Hereafter, we first present the GNSS data and GRACE-derived deformation model used in this study and pro-
vide an overview of the vbICA technique and the proposed procedure. In section 3, we test the procedure in
two study areas: the Arabian Peninsula and the Nepal Himalaya. Each case study presents its own complex-
ities and provides complementary insight on the robustness of the approach to spatial heterogeneities and
how it can help extract systematic errors in geodetic products (e.g., draconitic errors). In section 4 we explore
two variations to the input time series in order to identify the most robust procedure, which we summarize in
section 5. We conclude with final remarks on the applicability of the procedure.

2. Data and Methods

2.1. Data Sets

2.1.1. GNSS Displacement Time Series

We use 24-hr final solution time series processed by the Nevada Geodetic Laboratory (NGL; Blewitt et al.,
2018). The solutions are aligned with ITRF2008 whose origin linearly tracks the mean of the total Earth sys-
tem'’s center of mass but corresponds to the center of the IGS08b network, which is close to the center of fig-
ure of the Earth for subsecular time scales (Dong et al., 2003). Most of the available continuous GNSS stations
in the regions of interest were deployed in 2007 or later. To minimize missing data across the GNSS and
GRACE data sets, we consider the time range (2007.0, 2012.5) since the GRACE data started showing more
frequent gaps in 2012 as the satellites neared the end of their lifespan (Jean et al., 2015). Of the 72 GNSS sta-
tions available in the Arabian Peninsula and of the 59 available in Nepal, for each area we select 14 stations
with recordings during the time range (2007.0, 2012.5) in such a way that the stations are approximately
evenly distributed across the studied region. Five stations outside of Nepal are also included to ensure that
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Figure 2. Comparison of seasonal correction at GNSS station KLDN in Nepal from the GRACE model and the recommended variational Bayesian Independent
Component Analysis (vbICA) reconstruction with two ICs. (a) East, north, and vertical components of the detrended 10-day moving-average geodetic (grey) and
GRACE model (red) data sets with the mean absolute error indicated at the top right corner. (b) GNSS time series corrected for seasonal signal (via subtraction of
GRACE model). (c and d) Same as (a) and (b) but for the vbICA reconstruction (black) proposed in this study. As indicated by the MAE values and the residuals in
(b) and (d), the vbICA reconstruction performs better at removing the seasonal signals in the original GNSS time series.

loads with a spatial wavelength larger than Nepal are fully captured. The selected stations are indicated by
triangles in Figure 1.

The geodetic time series are simultaneously detrended and corrected for step discontinuities by least squares
fitting of a linear trend, annual and semiannual sinusoids, and offsets terms where visually obvious (see Table S1),
at epochs corresponding to equipment changes, and coseismic displacements as reported by NGL (http://
geodesy.unr.edu/NGLStationPages/steps.txt). Note that detrending is necessary when comparing GNSS
and GRACE-derived data sets as they may not exhibit the same long-term trends (e.g., interseismic deforma-
tion might be present in the GNSS data set but not in GRACE). This means that, here, we are only comparing
the variations from the relative linear trends of the two data sets. Note, however, that the technique does
not require the linear trend in the GNSS time series to be of tectonic origin only. Outliers, defined as data
points that exceed 3 times the average deviation from the mean within a 90-day sliding window in any of
the directions (east, north, and vertical), are then removed from all three time series relative to a given
station. The daily position solutions are also averaged over a 10-day period to match the GRACE data
temporal resolution.

The final step consists in removing the spherical harmonics degree-1 contribution from the time series to
allow comparison with the GRACE data set, which does not contain degree-1 deformations (Swenson
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et al, 2008). We estimate and retrieve the degree-1 deformation field using a data set of 689 globally
distributed GNSS time series processed by NGL (Blewitt et al., 2018), as described in Chanard, Fleitout,
Calais, Rebischung, and Avouac (2018). The importance of the degree-1 deformation field and the neces-
sity of correcting for its effect in the GNSS time series are discussed in further details in section 4.1.
These final time series are referred to as the GNSS data set. Figure 2 shows an example of cleaned
GNSS time series at station KLDN in Nepal. Additional time series at other stations are also available in
Figure S1.

2.1.2. GRACE Gravimetric Time Series

To quantify surface mass variations, we start with the 10-day Level-2 CNES/CRGS solutions (http://grgs.obs-
mip.fr, last accessed on 1 July 2017) of the Earth’s time-varying gravitational field as measured by the
GRACE twin satellites. The CNES/CRGS processing methodology, which includes removal of the static geoid
and of well-characterized gravimetric contributions (e.g., solid Earth and oceanic tides), is described in
Bruinsma et al. (2010). We add back atmospheric and nontidal oceanic contributions as these are not cor-
rected for in the GNSS data set (Carrére & Lyard, 2003). The solutions expressed in terms of Stokes coefficients
of degree 2 to 50 are converted, via isotropic filtering (Ramillien et al., 2005), to a spatial load distribution in
units of equivalent water height (EWH). The EWH time series are then detrended to allow comparison with
the geodetic data set. Figure 1 shows the resulting peak-to-peak surface load distribution averaged over
the study period of 2007 to 2012.5.

2.1.3. GRACE-Derived Displacement Time Series

To enable comparison between the GRACE and GNSS data sets, we compute the displacements expected at
the GNSS site locations from the GRACE-derived surface load distribution by using the numerical model
developed by Chanard, Fleitout, Calais, Rebischung, and Avouac (2018). The model first decomposes the
loads in the temporal and spatial domains and generates load Love numbers (Farrell, 1972) for an elastic
Earth structure with continental crust (Bassin et al., 2000) and preliminary reference Earth model parameters
(Dziewonski & Anderson, 1981). The spatially and temporally separated loads are then convolved with the
appropriate load Love numbers to form the desired displacement time series. Figure 2a shows an example
of a GRACE-derived time series at station KLDN. Hereafter, we refer to this data set as the GRACE data set.

2.2. Variational Bayesian Independent Component Analysis (vbICA)

The goal of any ICA algorithm is to isolate a set of ICs that when mixed together can explain the observations.
As is usual of ICA algorithms (e.g., JADE, Cardoso & Souloumiac, 1993; or FastICA, Hyvarinen & Oja, 1997), the
vbICA framework is set up as a linear mixing problem of nonmoving sources, that is,

X=AZ+N (1)

where X is the matrix of the input time series, A is the mixing matrix, X is the sources matrix, and N is
Gaussian noise. The mixing matrix A only depends on the relative position between the stations and the
sources, while matrix X contains the temporal functions characterizing the sources. Differently from conven-
tional ICA algorithms, however, vbICA follows a modeling approach; that is, it searches for some best (in a
sense to be defined) model parameters. This offers two advantages: (1) Data gaps can be handled without
any interpolation of the missing data (Chan et al., 2003; Gualandi et al., 2016) and (2) we gain flexibility in the
description of the sources. In particular, the sources are modeled by a mixture of Gaussians (MoG). Since any
probability density function (pdf) can be expressed as a MoG, given a sufficient number of Gaussians, the
technique is capable of generating multimodal pdfs commonly observed in geophysical signals (Gualandi
et al, 2016).

Under the Bayesian framework, the modeling approach attempts to maximize the posterior pdf of the model
parameters, that in our case are random variables related to the mixing matrix, the noise and the sources. We
refer to Gualandi et al. (2016) for a list of all the parameters W involved in the model. The best model para-
meter set is that which simultaneously maximizes the statistical independence of the sources’ pdfs and the
fit to the data. Maximizing the parameters’ posterior pdf is a challenging task that vbICA accomplishes by
using a variational approximation approach which consists in introducing an approximating pdf (p'(W)) to
the real posterior pdf (p(W] X)). The best approximation is the one that minimizes the Kullback-Leibler (KL)
divergence between p'(W) and p(W| X), defined as
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D[P’ (W) Ip(WIX)] = Jp' (W) In L‘Eévv&

}dW 2.1

Since the true posterior pdf is unknown, we resort to variational inference and Bayes theorem to rewrite
equation (2.1) as

D' (W) [p(W[X)] = —Jp' (W) In [p?;/fxw)z)} dW + [p' (W) In[p(X)]dW

— _p(W)In L’EJ/WM dW + In[p(X)] 2.2)

Since the log-evidence In[p(X)] does not depend on W, we can maximize the integral term (called the
Negative Free Energy) with respect to p'(W) in order to minimize the KL divergence on the left-hand side
of (2.2).

The Bayesian framework also requires that a priori parameters (or hyperparameters) be specified for the pdfs
governing the model parameters W. In practice, the choice of priors affects how much the model is allowed to
adapt to the observations. However, since the GNSS data set under study here is not particularly affected by
the choice of prior on the mixing matrix and sources, we select a priori hyperparameters that let the data
dominate the a posteriori pdf. For the GRACE data set, we use the same priors on the mixing matrix and
sources precision but select modified values for the noise precision to account for the increased signal-to-
noise ratio (SNR) inherent to modeled data sets. These sets of hyperparameter values are specified in
Table S2 of the supporting information. A brief description of these hyperparameters is also presented in
the footnote of Table S2.

We aggregate the time series from the two data sets into matrices Xyr where M is the number of time series
(equal to 3 times the number of stations to account for the east, north, and vertical directions) and T the
number of epochs. We follow the notation of Gualandi et al. (2016), where similarly to a singular value
decomposition notation, the data set is decomposed into three matrices:

Xmx1~UmxrS rxr V;xT (3)

where R is the number of components, Uyr is the matrix of spatial distributions, Sz« is a weighting diagonal
matrix, and V. is the matrix of temporal functions. The only difference between the notation of equations (1)
and (3) is the introduction of the diagonal matrix S, which is obtained after setting the columns of U and V to
unit norm. Contrary to singular value decomposition and the commonly used principal component analysis,
the columns of U and V are not orthogonal and the weights in S do not directly relate to the variance of the
data set. Hereafter, we refer to the spatial distribution, weight, and temporal function of the ith component as
U, Si, and V,, respectively, withi=1, ..., R.

To decide on the number of components to retain, we resort to the Automatic Relevance Determination
(ARD) criterion posed in Gualandi et al. (2016). The ARD criterion relies on the variances of the mixing matrix
columns, which can be computed from the derived mixing matrix posterior pdf. If the posterior variance of
one column is small (<10 times) compared to the variance of the other columns, this implies that the
corresponding IC contributes very little to the data reconstruction as its mixing values remain close to the null
a priori. We thus select the number of components to be one less than the number of ICs at which one IC
becomes unimportant for the data reconstruction.

2.3. Proposed Procedure

The procedure we propose to extract geodetic seasonal signals aims to identify components that share the
same physical mechanism in the GNSS and GRACE-derived data sets. The step-by-step procedure can be
summarized as follows:

1. Generate GRACE-derived displacement time series using the model presented in Chanard, Fleitout, Calais,
Rebischung, and Avouac (2018).
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Figure 3. vbICA results for the Arabian Peninsula case for degrees >1. (a and d) Temporal functions (V) for IC; and IC; from
the GNSS data set (black) and the GRACE model (red). The correlation coefficients and S values are reported in each

case in the top left and right corners, respectively. (b and e) Power spectral densities associated with the temporal functions
in (a) and (d). The first and second draconitic harmonics are indicated by dashed lines. (c and f) Spatial distribution (U) of IC;
and IC,. The arrows are the horizontal displacement for the GNSS data (black) and the GRACE model (red). The
uncertainty ellipses for the spatial distributions correspond to 16 confidence intervals. The circles are the vertical
displacement for the GNSS data (inner circle) and the GRACE model (outer circle). U has been multiplied by the appropriate
Sin order to express the spatial distribution in mm. While ICSN® and ICFRAF are seasonal and matching, IC3"* and ICSRAE are
not. ICS™%is instead attributed to draconitic effects.

2. Perform vbICA with an increasing number of ICs on the GNSS data set until the ARD criterion is
satisfied.
3. Perform vbICA on the GRACE data set with the number of ICs identified in step 2).
4. (a) Starting with the GNSS IC with the highest weight S;, compare the temporal function V; with the
remaining unmatched GRACE temporal functions by computing correlation coefficients (p).
(b) Pair GNSS IC; with the GRACE IC with which it has the highest p.
(c) If the correlation is higher than 0.50, consider the match a good one.

Tables S3 and S4 demonstrate how this pairing process is done in the Arabian Peninsula and the Nepal
Himalaya, respectively.

5. Reconstruct the geodetic seasonal signal from the GNSS ICs having a good match with GRACE ICs.

Note that the above procedure is only meant as a general guideline for potential users of this technique
and can be modified as needed. The 0.50 correlation coefficient criterion, for example, is somewhat arbi-
trary and could be modified, as long as there is some methodology in place to match the ICs across the
two data sets.
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Table 1 3. Case Studies

Correlation Coefficients Between the GNSS-GRACE Model IC Pairs Shown in

Figures 3, 5, and 7-10

3.1. Arabian Peninsula

Degrees >1

Al clzariacs As a first test case, we apply the proposed technique to the Arabian

Decomposition direction 1Cq

Peninsula—a region with a relatively simple but important seasonal load-

G ing pattern (e.g., Figures S1v-S1viii). The first two ICs (shown in Figure 3)

IC> IC;

Arabian Peninsula explain about 55% of the data variance in the GNSS data set and are found

Combined 0.692 0.164 0.747 0.115 to be sufficient to satisfy step 2) of the procedure. Looking at the temporal
jaiecns —oiz - —ED 0208 fynctions of the ICs, we find that VSN and VSRE are both seasonal and
vertical 0623 ,\?:;3; Hima(l)i/? —0013 agree well with one another (p = 0.692; Table 1 and Figure 3a), providing
Combined 0.823 0.628 0.843 0528  strong evidence to conclude that the seasonal signal in Arabia is of hydro-
Horizontal 0.837 0.667 0.699 0.019 logical origin. Although establishing the exact hydrological cause(s) of the
Vertical 0.841 0.745 0.847 0.747

signal is outside the scope of this study, we expect the hydrological sea-

Note. The combined approach with degrees > 1 refers to the original
analysis performed in section 3. The all-degrees and horizontal/vertical
analyses are presented in sections 4.1 and 4.2, respectively.

sonality to be at least partially caused by the inflow of water in the Red
Sea (from the Gulf of Aden) in the fall and the subsequent outflow in the
spring, both resulting from the Monsoon climate (Smeed, 2004; Wahr
et al, 2014).

U1GNSS

As for the spatial distributions and USRAE, there is good agreement in the vertical direction, but discre-

pancies are visible in the horizontal directions. We see two potential reasons for these discrepancies: (1) The
GRACE data set is derived from long-wavelength gravity measurements (>200 km), whereas GNSS observa-
tions are local measurements. Geodetic measurements can thus be affected by local heterogeneities (e.g., in
mass, Earth rheology, or in surface load due to basins and rivers) that are averaged out in the GRACE data set.
This is especially true for horizontal GNSS measurements, which are more sensitive to small-wavelength het-
erogeneities than vertical measurements. For example, the large-amplitude observed at GNSS station HALY
(Figure 3c) could be due to a nearby body of groundwater with high seasonality. (2) The signal extracted from
the GNSS data set is still mixed with other physical effects (e.g., poroelastic and thermoelastic) or potential
systematic GNSS processing errors both not captured by gravimetric measurements. In other words, there
might be cross-talk (i.e., leakage of one IC into another) between the ICs. Given the high correlation between

VSNSS and VSRACE, e argue that cross-talk is negligible in this case.

To investigate the first possibility, in Figure 4, we demonstrate how a heterogeneous load distribution, for
example, can result in different horizontal Us for data sets of different spatial resolutions. Figure 4b shows
a heterogeneous load distribution and the resulting deformation at 10 fictive GNSS stations computed using

500 a T T T T T 500 b T T T T T
—>Horizontal Displacement —>Horizontal Displacement
400 | A Vertical Displacement 400 1 A Vertical Displacement
ool N o0f N\
200 A 200
__ 1001 __ 1001
IS IS
< O0r A < 0r A
” 100 ” 100 E
-200 -200 R &
-300 & \A -300 \A
-400 A/ -400 A/
1mm 1 mm
—_— —_—

“500
-500-400-300-200-100 0 100 200 300 400 500

2

3 4 5 6
Vertical Displacement (mm)
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-500-400-300-200-100 0 100 200 300 400 500
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Surface Load (kPa) Surface Load (kPa)

2

3 4 5 6
Vertical Displacement (mm)

Figure 4. Deformation induced by (a) homogeneous and (b) heterogeneous load distribution (grey scale), measured at 10
fictive GNSS stations (triangles). Scenarios (a) and (b) are representative of the spatial resolution of GRACE and GNSS
measurements, respectively.
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Table 2

Mean Absolute Errors

vbICA Reconstructions

(MAE) Between GNSS Data and Different

a simple Boussinesq forward model (Boussinesq, 1885). In Figure 4a, the
same total load is instead averaged out over the entire 400 x 400 km area

to simulate the resolution of the GRACE data set. Calculating the deforma-

Degrees >1 All degrees tion induced at these same 10 stations, we find that the horizontal displa-

North Vertical East North Vertical cements are different than in (b), even though these two scenarios present

the same total load. Discrepancies in displacements are observed in the
horizontal direction, but the vertical distributions display a similar pattern
5482 2101 1793 5338 independent of load heterogeneity. This is consistent with what we
Nepal Himalaya observe in real GNSS data sets. Note that discrepancies only arise for the
11570 3166 3470 11299 stations inside the loaded area; stations outside the loaded patch feel a

vbICA
reconstruction East
Arabian Peninsula
Combined 18.89 1244 5580 2299 16.13 52.98
Horizontal/Vertical 1828 12.53
Combined 3438 31.87
Horizontal/Vertical 35.66 3273 11573 3276 3549 113.93

similar effective load whether the distribution is averaged out or not.

Modeling these local effects goes beyond the goals of this paper and
requires a more refined surface load distribution that can be achieved through integrated models relying
on local meteorological data for example. Ultimately, since we use the Us from the GNSS data set to
reconstruct the desired signal from the seasonal Vs, such local effects are inherently modeled by the
technique. Thus, our conclusions regarding the origin of the seasonal geodetic signal remain unchanged
in light of these diverging Us.

As for the second IC, the correlation between VSN and VSRACE (5 = 0.164; Table 1; Figure 3d) does not satisfy
the criterion in Step (4c). The quasi-perpendicularity of the directions of the horizontal responses ofU?NSS and
USRACE reinforces the idea that the two signals are not related; that is, ICS"** cannot be attributed to surface
load variations. Considering the power spectral density (PSD) distribution of the temporal functions in
Figure 3e, VSNS displays a mix of quasi-annual and quasi-biannual signals, whereas VS® shows annual

and multiannual signals (Figure 3e). Given that the PSD of VSN

peaks around the first and second draconitic
harmonics, we instead attribute ICS"** to draconitic effects known to affect GNSS measurements (Ray et al.,
2008). Draconitic effects are systematic errors in geodetic products most likely due to orbit modeling
deficiencies. The resulting signals being spatially correlated, with a spatial correlation a priori distinct from
the loading processes, we expect vbICA to be able to discriminate them from true deformation signals.
Figure S2 shows that V?NSS can indeed be explained by a sum of sinuisoids with periods corresponding to
the first 6 draconitic harmonics (351.6, 175.8, 87.9, 44.0, 22.0, and 11.0 days). Mean absolute errors (MAE)
between the GNSS data set and the vbICA time series reconstructed with the seasonal ICS*, and the
draconitic IC§NSS are listed in Table 2. MAE values are considerably higher in the vertical because the signal

is stronger in this direction.

3.2. Nepal Himalaya

The Nepal Himalaya represents a more intricate case due to its more complex hydrological loading pattern.
The procedure once again prescribes a two components vbICA as presented in Figure 5. In this case, the
temporal functions from both data sets are all seasonal and the correlation coefficients are highest for the
pairs VSN — V/SRACE (, = 0.825; Table 1 and Figure 5a) and VSN - VSRACE (5 = 0.628; Table 1 and Figure 5d).
We thus argue that both ICSN** and ICSN*® should be related to hydrological processes. The vertical patterns
YSNSS USRACE are in good agreement, while the horizontal distribution of U$N*® is again quite
heterogeneous compared to USRAE. Considering USN® and USFAE, we notice a substantial improvement
and degradation in the agreement of the horizontal and vertical patterns, respectively. In light of these
observations, it is useful to consider the nature of the load by considering the gravimetric data presented in
section 2.1.2. Movie S1 in the supporting information shows a migration of the load distribution over time,
from southeast to central Asia. This trend corresponds to the Indian Monsoon regime, which causes heavy pre-
cipitations during the summer months (Bettinelli et al., 2008). This load pattern cannot be considered
stationary as the Monsoon first hits the eastern Himalaya and gradually sweeps westward over the whole
arc during the summer. This process results in a westward moving source of load. Since vbICA assumes
nonmoving sources (section 2.2), multiple components are necessary to fully recover the effects of the
propagating Monsoon load. For the special case of a source moving at a constant speed in a constant
direction, we find that two components are sufficient to explain the observations and that these two
components must be derivatives of one another. Text S1 presents an analytical proof of these results valid

of and
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Figure 5. Same as Figure 3 but for the Himalayan case. In this case, both pairs of ICs are seasonal and matching.

for simple harmonic loads and the Boussinesq forward model in Figure 6 demonstrates that these findings
might hold for a broader category of deformation fields (i.e., the temporal functions do not need to be
simple sinusoids and the spatial mixing factors do not need to be harmonic). In Figure 6, we first compute
the deformation induced by a load propagating to the right with the temporal function shown in Figure 6a.
After performing a vblCA on the resulting deformation field, we find that two components are indeed
sufficient to explain all of the data variance and that the second component is the derivative of the first
component as indicated by the excellent fit between the black and red lines in Figure 6d. Moreover, IC; is
associated with the loading pattern itself, whereas IC, is related to the motion of the loading pattern, which
is consistent with what we observe in the Nepal Himalaya. Since in the Himalaya we indeed find that VfNSS
approximates the derivative of VNS (Figure S3), we conclude that the two ICs are likely expressing the moving
nature of the Monsoonal load. The fact that the horizontal patterns of USN*® and USRAE both point in the direc-
tion of load migration further supports this conclusion. Discrepancies in amplitudes between the two data sets
(e.g., SSN° > SSRACE) could be due to thermal, poroelastic, and atmospheric effects not captured by the GRACE
satellites (Dong et al.,, 2002).

As for draconitic effects in the Nepal Himalaya, there is a quasi-biannual signal present in VSN, which

approximately corresponds to the second draconitic harmonic, meaning that the draconitic effect might
have infiltrated ICSN*°. A decomposition with three ICs (Figure S4) still shows the same features for the first
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Figure 6. Two-component variational Bayesian Independent Component Analysis (vbICA) decomposition of a load pattern
moving to the right at a constant velocity with a nonsymmetric temporal function. (a) Temporal load evolution at different
point along the loaded patch. (b and d) Temporal functions corresponding to IC; and IC,. The red curve in (d) corresponds to
the derivative of IC;. (c and e) Load distribution (in shades of grey) and vbICA spatial distribution (in yellow to red colors).

two ICs, but VSN and VSR*ACE do not display an acceptable correlation (p = 0.346; Figure S4g), indicating that

ICSN®% is likely not related to surface loading. An analysis of the associated PSD (Figure S4h) reveals that VN

peaks around the second draconitic harmonic but not around the first. Given that SS\*°

GNSS
CZ

is considerably higher
than SSRACE it is possible that part of the annual signal in | is due to first harmonic draconitic effects.
Draconitic errors usually exhibit a long-wavelength spatial pattern. Thus, one reason why the first
draconitic harmonic signal may be absorbed into the annual component in Himalaya but not in Arabia is
because the hydrological signal is of longer wavelength in Himalaya. Moreover, looking at the sum of

VSNS in Figure S5, we see that in addition to the annual and biannual periods, the first two

GNSS
V3

sinusoids fit of

draconitic harmonics play the most important role in reconstructing the signal. in Figure S6, on the

other hand, can be mostly explained by the first two draconitic harmonics alone. We conclude that IC3"*
is probably mostly draconitic and that there might be some leakage of ICS™*® into ICS™**. MAE values from

GNSS GNSS
7 and IG

the vbICA reconstruction with | are presented in Table 2.

4, Variations to the General Procedure
4.1. Inclusion of the Degree-1 Contribution

Although we have previously removed the degree-1 contribution from the GNSS time series for comparison
purposes, the degree-1 spherical harmonic deformation is important to consider since a significant portion
of it is due to redistributions in very long wavelength hydrological mass. Identifying the origin of the
degree-1 deformation field as recorded by GNSS stations has major implications for reference
frame definitions.
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Figure 7. Same as Figure 3 but for the all-degrees case.

If the extracted seasonal signal is meant for hydrological studies, it would be preferable to perform the
analysis directly on the original GNSS time series (i.e., not corrected for degree-1) and on the GRACE-derived
time series to which the degree-1 contribution has been added as described in Chanard, Fleitout, Calais,
Rebischung, and Avouac (2018). The results from such analyses are presented in Figures 7 and 8 (and
Figure S7) and the correlation coefficients and MAEs in Tables 1 and 2, respectively.

Unsurprisingly, the correlation coefficients for the IC;s are larger for the all-degrees case than the degrees
>1 analysis for both the Arabian Peninsula and the Nepal Himalaya. This is to be expected since a portion of
the vbICA input, namely, the degree-1 contribution, is correlated in both data sets. The spatial correlations
between the matching UM and USRAE are also better, especially in the Arabian Peninsula where the
degree-1 contribution is a comparatively more important part of the seasonal signal. Although the
correlation between USMS and USRACE in the Himalaya is noticeably improved for the all-degrees case,
the correlation coefficient between VSN and VSRACE is actually smaller in that case. We hypothesize that
this may be due to the relative stationarity of the degree-1 deformation field compared to that of higher
degrees, diminishing the importance of the propagation signal and thus making it harder to resolve by

the vbICA. Nonetheless, given that the correlation coefficient is above the threshold of 0.50 and V$N®*°

and VSRACE are visibly matching, we still conclude that IC$*S and ICSN® for the Himalaya are most likely

of hydrological origin.

Since we reach the same conclusions whether we apply the procedure to the data sets with or without
the degree-1 contribution, we recommend doing the analysis without correcting the GNSS time series for
the degree-1 deformation. This way, the resulting vbICA reconstruction will not depend on the choice of
degree-1 field and will be readily useable for hydrological studies. Going through the procedure without
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Figure 8. Same as Figure 5 but for the all-degrees case. See Figure S7 in the supporting information for a close-up view on Nepal.

the degree-1 contribution was still necessary, however, to demonstrate that the correlation between the
ICEN>S and ICERAYE s not solely due to the GNSS-derived degree-1 contribution added to the GRACE data
set. For reference, Figures S2, S3, and S5 are also presented for the all-degrees analysis to show that the
discussion from section 3 still holds in this case.

4.2. Analysis on the Vertical and Horizontal Time Series Separately

Up to this point we have applied the procedure to the vertical and horizontal time series simultaneously
without questioning the validity of this combined approach. The intuitive reasoning behind this approach
is that the vertical and horizontal deformation fields should have the same source. To evaluate the validity
of our combined approach, we compare our results so far to that obtained through vblCAs performed
separately on the vertical and horizontal time series (with degree-1; Figures 9 and 10). In both Arabia
and Himalaya, we find that the ICF"** and ICFRAF from the vertical decomposition are quite similar to those
from the combined analysis. This is expected because vertical seasonal deformation is the dominant signal
in these time series. For the horizontal analysis in Arabia, the decomposition does not seem to be
separating the seasonal loading from the draconitic effects in the GNSS data set, thus resulting in a lower
correlation coefficient between VNS and V$*AE The horizontal decomposition also does not perform as
well in Nepal as VSRAE does not match VSN, possibly because the horizontal direction is largely affected

by localized loads in the mid/high range (e.g., rivers) that GRACE averages out. This effect is smoothed out
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Figure 9. Same as Figure 3 but for the vertical/horizontal, all-degrees analysis.

in the combined approach because the vertical direction is much less affected by small scale loads and
therefore consistent with GRACE.

In terms of MAEs (Table 2), in the Himalaya, all values are smaller for the combined analyses than for the
horizontal/vertical analyses. In the Arabian Peninsula, only about half the values are smaller for the
combined analyses. However, looking at the sample GNSS time series and vbICA reconstructions from a
combined and a vertical/horizontal analysis in Figure S8, the fit to the east and north directions is visually
better for the combined case. This is because the separated analysis does a poor job at capturing the
weak but still existent seasonal signal in the east and north time series. We hypothesize that this is because
the signal is too weak to be captured by the vbICA in the horizontal time series alone. Thus, unless the
approach in which the horizontals and verticals are separated is improved, we advocate for the
combined approach.
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Figure 10. Same as Fig

ure 5 but for the vertical/horizontal, all-degrees analysis.

5. Discussions and Conclusions

We have shown that supplementing a GRACE-based deformation model with a vbICA provides an efficient
and accurate means of isolating surface load contributions from geodetic time series. We used the fact that
GNSS and GRACE-derived displacements yield consistent time functions in both the Arabian Peninsula and
the Nepal Himalaya to validate the origin of the ICs®™*° related to continental water mass variations.
Specifically, we recommend following the proposed procedure presented in section 2.3 with the vbICA
performed simultaneously on the horizontal and vertical time series including the degree-1 deformation
field (as presented in Figures 7 and 8) since, of the different analyses presented in this work, it is the
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simplest and most robust approach to recover the complete surface load variation signal from the GNSS
time series.

To correct the GNSS data set for these seasonal effects, we suggest to directly subtract the matched ICsSN>®

from the geodetic time series as opposed to subtracting the associated ICsCRACE we argue that this approach
is more accurate in filtering out the nontectonic seasonal signals than the latter as GNSS stations are sensitive
to local effects that are smoothed out by the GRACE data acquisition and processing. Figure S1 shows
examples of vbICA reconstructions and corrected GNSS time series using this approach. MAE values are also
presented in map format in Figures S9 and $10. Moreover, once an IC°N*° in a given region has been
identified as being caused by surface load variations by comparison with the GRACE-derived data set over
a sufficiently long timespan, redoing the comparison would not be strictly necessary if a similar ICCNSS s
obtained from a vbICA in the same region but over a longer time span. In other words, the method could still
be useful for epochs with missing GRACE data.

Although both study areas display a single hydrological seasonal source, we retain two ICs to correct the
GNSS time series to account for (1) draconitic errors in the case of Arabia and (2) the migratory behavior of
the load in Nepal. In the latter case, a third IC is related to the GNSS draconitic error, here considered as noise.
Since the SNR between the hydrological signal and the draconitic error is larger in Nepal than Arabia, it is
reasonable to expect this noise to appear in higher components, although not strictly necessary to reproduce
the observations to first order as seen in Figure 2c. Nonetheless, the fact that vbICA is able to discriminate at
least part of the draconitic error from the hydrological signal for the low SNR scenario is a major strength of
the proposed procedure. Moreover, we recognize that the decision to retain only two components for the
decompositions is influenced by our choice of a priori hyper-parameters in the vbICA. Even if ICA is not meant
to decompose the data set in terms of variance maximization, an alternative approach could be to select the
number of components by setting a minimum threshold on the amount of variance explained. In either case,
selecting the number of components remains a case-dependent decision in which expert judgment still plays
an important role.

The two complementary examples shown in this work demonstrate that the procedure is robust to
complexities associated with spatial heterogeneities (e.g., local mass anomaly, poroelastic and thermoelastic
deformation and regional deviation from preliminary reference Earth model) and simple moving loads. The
technique can also help to isolate systematic errors in geodetic products, especially in low SNR ratio scenarios
as is the case in Arabia. In a tectonically active region like Nepal, the technique can be used to investigate the
link between seasonal loading and seismic activity.

It should be noted that although the technique aims to identify components that share the same physical
mechanism across the two data sets, what the procedure is actually doing is identifying GNSS components
that follow the same temporal pattern as surface load variations measured with GRACE. If there happened
to be a source of deformation different but in phase with the GRACE components, then the seasonal signal
extracted from the GNSS data might not be entirely caused by surface loading. A prime candidate for this is
thermoelastic deformation of solid Earth (Ben-Zion & Leary, 1986; Fang et al.,, 2014; Tsai, 2011) and /or
eventually of the GNSS monuments (Yan et al., 2009). Since, in the two study areas presented here, the
temporal pattern and the amplitude of the GNSS seasonal signal agree fairly well with the prediction made
from GRACE, we are confident that thermoelastic deformation is not a dominant effect in these regions. It
could however be more significant in other regions, and the geodetic signal could then represent the
combined effect of surface load and surface temperature variations if both signals were in phase.

Now that this methodology has been benchmarked for seasonal signals, a similar technique could be
developed to capture multiannual hydrological trends, which could provide new insights into Earth’s
rheology (Chanard, Fleitout, Calais, Barbot, & Avouac, 2018). When additional ICs are included in the analysis,
the technique can also be used to compare them with nonhydrological sources of known temporal behavior
to help validate their physical causes. In fact, any data set with a spatio-temporal structure can be analyzed
with the vbICA algorithm, making the approach suitable for the study of other geophysical problems. For
example, a similar procedure could be applied to seismological data to study the effects of hydrology on
seismic velocities. The kind of techniques describe in this study will also be particularly useful in exploiting
the upcoming data set from the GRACE Follow-On mission, which will benefit from better procedures to
relate surface hydrology and transient geodetic strain.
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