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TTectonics Observatory, Geology and Planetary Sciences Division, California Institute of Technology, Pasadena, California,
USA, 2Laboratoire de Géologie, Ecole Normale Supérieure, Paris, France, 3Géophysique Environnement Toulouse,
Toulouse, France

Abstract Strong seasonal variations of horizontal and vertical positions are observed on GPS time series
from stations located in Nepal, India, and Tibet (China). We show that this geodetic deformation can be
explained by seasonal variations of continental water storage driven by the monsoon. For this purpose, we
use satellite data from the Gravity Recovery and Climate Experiment to determine the time evolution of
surface loading. We compute the expected geodetic deformation assuming a perfectly elastic Earth model.
We consider Green'’s functions, describing the surface deformation response to a point load, for an elastic
homogeneous half-space model and for a layered nonrotating spherical Earth model based on the
Preliminary Reference Earth Model and a local seismic velocity model. The amplitude and phase of the
seasonal variation of the vertical and horizontal geodetic positions can be jointly adjusted only with the
layered Earth model, while an elastic half-space model fails, emphasizing the importance of using a realistic
Earth elastic structure to model surface displacements induced by surface loading. We demonstrate,
based on a formal inversion, that the fit to the geodetic data can be improved by adjusting the layered
Earth model. Therefore, the study also shows that the modeling of geodetic seasonal variations provides

a way to probe the elastic structure of the Earth, even in the absence of direct measurements of surface
load variations.

1. Introduction

Geodetic time series recorded by the Global Positioning System (GPS) have revealed that surface load vari-
ations can induce measurable surface strain. Variations of surface loading can result from various sources:
tidal loading [Agnew, 1996, 1997], continental water storage [Blewitt et al., 2001; Bevis et al., 2005; Van Dam et
al., 2001; Davis et al., 2004; Bettinelli et al., 2008; Steckler et al., 2010; Eldsegui et al., 2003; Fu and Freymueller,
2012; Fu et al., 2012; Wahr et al., 2013], ice and snow [Grapenthin et al., 2006; Matsuo and Heki, 2010; Jiang
et al., 2010], and atmospheric pressure [Kaniuth and Vetter, 2006]. The analysis of these signals has attracted
much attention. One reason is that GPS can provide a way to monitor mass variations of the hydrosphere
or cryosphere which are rather difficult to monitor otherwise. Another reason is that correcting for these
variations is important to measure accurately secular geodetic velocities [Blewitt and Lavallée, 2002] and to
detect eventual aseismic tectonic transients. It has been shown that in some instance, surface load induced
deformation had been misinterpreted as tectonic transients or had obscured subtle tectonic transients
[Vergnolle et al., 2010]. Finally, the measurements and modeling of the Earth response to surface load varia-
tions provide a way to probe the density and elastic structure of the Earth as has been shown recently from
the analysis of geodetic deformation induced by oceanic tides [/to and Simons, 2011].

In this study, we focus on the Himalaya region where the monsoon regime induces large variations of conti-
nental water storage and where strong seasonal geodetic strain has been documented [Bettinelli et al., 2008;
Steckler et al., 2010; Flouzat et al., 2009; Fu and Freymueller, 2012]. Variations of continental water storage
are actually measurable using satellite gravity measurements provided by the Gravity Recovery and Climate
Experiment (GRACE) missions, as shown by Ramillien et al. [2008] for example (Figure 1), while geodetic dis-
placements are measured by continuous GPS (cGPS) stations. The Himalaya region is also a place where
deformation transients associated with Himalayan tectonics could be occurring but would have remained
undetected so far. In a previous study, Bettinelli et al. [2008] have modeled the geodetic strain expected
from surface load annual variations, as determined from GRACE, and assuming an elastic half-space. They
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Figure 1. Peak to peak surface load variations, expressed in equivalent water height (in mm), derived from GRACE for the
2002-2012 period, and corrected from earthquake coseismic and postseismic contributions. Green dots show location
of the cGPS stations used in this study, and red squares highlight the cGPS stations for which time series are plotted in
Figures 2 and 6. Circles labeled A and B show location of the surface load time series of Figure 3. Point A, in Bangladesh,
is located approximately where the seasonal variation is maximum.

found a relatively good fit with the GPS seasonal signal but noticed a difficulty to match simultaneously the
amplitude and phase of the vertical and horizontal components. They were using data from a single tran-
sect across the Himalaya at the longitude of Kathmandu. This problem is even more conspicuous when data
from cGPS stations more widely distributed over the Nepal Himalaya and India are considered (Figure 2).
Here we investigate further that issue and show that the amplitude and phase of the vertical and horizontal
components of the seasonal strain are explained significantly better if a PREM (Preliminary Reference

Earth Model) layered spherical Earth model is considered rather than an elastic half-space. We then exploit
geodetic displacements induced by seasonal variations of continental water storage to constrain a shallow
depth-dependent PREM-like regional model. In the following we present first the GPS and GRACE data
analyzed in this study and then our modeling and inversion results.

2. Presentation of the GPS and GRACE Data Used in This Study

2.1. The GPS Data Set

We use data from three International GNSS Service (IGS) stations available in the study area and from the
Geodetic network of Nepal (see locations of stations in Figure 1). The Nepal network consists of three
¢GPS stations, which were installed in 1997 under a collaboration between the Laboratoire de Détection
et Géophysique (CEA/LDG, France) and the Department of Mines and Geology (DMG, Nepal), and 25
stations which were deployed since 2003 by the Tectonics Observatory (http://www.tectonics.caltech.
edu). The daily station positions in ITRF2005 were computed from 24 h GPS dual-frequency phase and
code observations with the GAMIT/GLOBK processing software in a two-step procedure [King and Bock,
2005; Herring, 2005]. We used the Global Mapping Function model for the tropospheric mapping func-
tion [Boehm et al., 2006] and estimated horizontal tropospheric gradients at each station. We include
data sampled at a 2 min interval from reference stations DGAR, GUAM, GUAO, HYDE, IISC, KUNM, LHAS,
LHAZ, POL2, SELE, URUM, and WUHN to obtain a very loosely constrained regional solution. Satellite
orbital parameters used were those published by IGS as final. The regional solution was combined with
solutions at the normal equation level from five global IGS subnetworks (Scripps Orbit and Perma-
nent Array Center IGS1 through IGS5) to arrive at final site positions. The detrended time series, after
removal of a best fitting linear trend, are shown in Figure 2 for four continuous GPS stations. The error
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Figure 2. Detrended geodetic positions, averaged over 10 days, determined at stations (a) ODRE, (b) KLDN, (c) LHAZ,
and (d) I1SC (gray symbols). See Figure 1 for locations of these stations. Error bars show 1¢ uncertainties. The green and
blue lines show predicted surface displacements computed from surface load variations derived from GRACE assuming
a homogeneous elastic half-space. Blue line corresponds to a Young’s modulus E of 90 GPa, the value found to yield the
best overall fit to the horizontal components (Table 1). Green line corresponds to a Young’s modulus £ of 170 GPa, the
value found to yield the best overall fit to the vertical component (Table 1). Poisson’s ratio, v, is 0.25 for both models.
Shaded areas show uncertainties on predictions derived from uncertainties on estimated surface loads.
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Figure 2. (continued)

2010 2011 2012

bars represent formal 1 standard deviations derived from the Kalman filter solution of the joint networks
(Nepal regional network plus IGS1 through 1GS5). They rely on tight position constraints for the IGS ref-
erence sites and assume that monument noise is white (Flicker noise is not accounted for). These time
series show strong seasonal variations at all stations. The gray dots and error bars represent a 10 day
averaged signal used to reduce the daily scatter. The location of the three stations are plotted in Figure 1.

CHANARD ET AL.

©2014. American Geophysical Union. All Rights Reserved.

5100

85UB01 7 SUOILIOD 3A1IES1D) 3(edl|dde aupy Ag peusenob ate sapiie O ‘88N Jo S9N 10} AfeidT8UIIUQ AB]1W UO (SUOPUOO-PUR-SLIBY WD A8 |IM"ARIq 1 U1 [UO//SANY) SUONIPUOD PUe SWis | 8y} 88S *[£202/T0/6T] U0 AriqiTauliuo A8]iM ‘soueI 8Ue1yo0D Aq TSrOTOSCET0Z/Z00T OT/I0p/wod A8 | Ariq1puljuosgndnBe//sdny wouj papeojumod ‘9 ‘YT0Z ‘9SE669TZ



@AG U Journal of Geophysical Research: Solid Earth

10.1002/2013JB010451

500 1 1 1 1 1 1 1 1 1 1
400
€ 4
£ o0
£ 200
=]
£ 100,
o
g 0
=
= —100
o}
S 200
&
g -300
~400 — -
~500

T T T T T T T T T T
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Year

Figure 3. Surface load variations at locations of points A (red line) and
B (green line) reported in Figure 1. Note that surface load variations

at point B, in the Nepal Himalaya, is shifted by about 2 months with
respect to the time series at point A in Bangladesh. Shaded areas rep-
resent the final uncertainty on regional water mass averages from (1)
formal errors from processed Stokes coefficients adjustment; (2) inside
leakage error induced by very dominant hydrological signals from out-
side of the studied area, up to 10 cm of equivalent water height on
the signal amplitude at our GPS stations (e.g., important water mass

2.2, Continental Water Mass Variations
Derived From GRACE Level-2 Solutions
We are interested in seasonal vari-
ations of surface loading driven by
surface hydrology. We take advantage

of the data collected by the GRACE
experiment, a tandem satellite mis-

sion launched in March 2002. GRACE
provides a global mapping of the
gravity field variations from monthly

to decade time scales [Tapley et al.,

2005] and thus gives access to redistri-
butions of large-scale surface water mass
(atmosphere, oceans, and continental
water storage) once the static geoid is
corrected. Gravitational contributions

of the known time-varying phenomena
(tides and polar movements) are
removed from the raw GRACE measure-
ments, and then monthly and 10 day
level 2 solutions are obtained by least
squares orbit adjustment of the resid-
ual observations for each period of time
[Lemoine et al., 2007; Bruinsma et al.,

change drainage basins); and (3) outside leakage error or uncertain-
ties due to the spectrum truncation up to cutoff degree 50 (yielding a
spatial resolution of 300-400 km) that could represent up to 6% of the
estimate of equivalent water height [Ramillien et al., 2005, 2006, 2008]. corrected for as they are not accounted
for in the GPS processing, using the non-

tidal ocean model forced by air pressure
and wind on ocean: Mog-2D [Carrére and Lyard, 2003], provided by the European Centre for Medium-Range
Weather Forecasts. We notice, however, that amplitudes of atmospheric and nontidal loading in this region
are relatively low (a few mm) compared to the annual variations of continental loading. In this study, we
use 10 day solutions provided by the Centre National d'Etudes Spatiales/Groupe de Recherche de Géodésie
Spatiale (CNES/GRGS), available at http://grgs.obs-mip.fr/. These solutions are expressed in terms of Stokes
coefficients (i.e.,, nondimensional spherical harmonic coefficients of the geopotential) which represent
the gravitational effects of nonmodeled phenomena, mainly continental hydrology (the degree 1 Stokes
coefficients have been omitted in our study). The solutions also contain polluting noise, aliasing effects,
leakage, and errors in the correction models. Several postprocessing filtering approaches of the residual
Stokes coefficients have been proposed to extract realistic continental hydrology signals and to get rid of
the high-frequency energetic north-south striping that is due to orbit resonance during the Stokes coef-
ficient determination [Wagner et al., 2006] and aliasing of the not-well-resolved short-term phenomena.
Stokes coefficients can be easily converted into geoid and water mass coefficients (expressed in terms of
mm of equivalent water height) by isotropic filtering [Ramillien et al., 2005]. Then, 10day 1° x 1° grids of
water mass are simply interpolated from the water mass coefficients, and a time average is removed to
each 10day solution so that the solutions are expressed with respect to the mean solution over the time
span of analysis. In our study, we estimate the uncertainty on regional water mass averages up to June
2009 from the following: (1) formal errors from processed Stokes coefficients adjustment; (2) inside leak-
age error induced by very dominant hydrological signals from outside of the studied area, up to 10 cm of
equivalent water height on the signal amplitude at our GPS stations (e.g., important water mass change
drainage basins); and (3) outside leakage error or uncertainties due to the spectrum truncation up to cut-
off degree 50 (yielding a spatial resolution of 300-400 km) that could represent up to 6% of the estimate of
equivalent water height [Ramillien et al., 2005, 2006, 2008]. The errors from spectrum truncation-types (2)
and (3) are estimated as a function of time by using an existing global hydrology model (WaterGAP Global
Hydrology Model developed by Déll et al. [2003]) for our studied region and converting it to GRACE-like
observations (with similar spatial resolution, i.e., using Stokes coefficients up to order 50). In addition, we

2010]. An atmospheric and nontidal
oceanic loads in the GRACE data are not
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also suspect errors from correcting models of known gravitational forces, including tides, and time-aliasing
effects, but these errors remain difficult to quantify. A logical way to address these uncertainties is to com-
pare different GRACE solutions available from various processing centers, which handle the noise in the

L1B satellite observations differently and use different orbit integration methods and different correction
models. Sakumura et al. [2014] show that differences between four centers (CSR, GFZ, JPL, and GRGS) solu-
tions are small, at least for seasonal variations, of the order 8.3 to 17.6 mm RMS of equivalent water height
(compared to the 600 mm amplitude of variation, Figure S1). In addition, these authors show that cor-
relations between solutions decrease with the harmonic degree and are better for middle and small
frequencies, i.e., for radial displacements. We conclude that these errors remain small in our area of study,
compared to our estimated uncertainties.

In this study, we use continental water variations time series from February 2002 to August 2012 (Figure 1).
In this region, tectonic signals represent another source of error. Indeed, Han et al. [2006] reported the
detection by GRACE of large coseismic gravity changes due to the 2004 M, 9.3 Sumatra-Andaman earth-
quake. Postseismic recovery of the geoid depression is also observed [Han et al., 2008; Ogawa and Heki,
2007] and causes apparent variations in equivalent water height [Chen et al., 2007]. Moreover, Sun and
Okubo [2007] have shown that measurable coseismic and postseismic geoid and gravity changes can be
induced by large earthquakes (M > 7.5). For the purpose of our study, we empirically model and remove
earthquake-induced mass redistribution observable in the gravity field measurements of each M > 7.5 which
occurred within the 2002-2012 period (M9.1 December 2004 Sumatra-Andaman; M8.5, 7.9, and 7.1 October
2007 Sumatra sequence; and M 7.8 April and M 7.7 October 2010 Sumatra earthquakes), using the following
empirical formulation:

11—t
h(m,t) = h(m,t) — Z aH(t—t) + Z BH(t —t)In (1 + T) , M

where h; refers to the seasonal equivalent water height measured by GRACE at point m at the Earth surface,
after earthquake contributions have been removed from the equivalent water height h. H is the Heaviside
function representing abrupt coseismic changes of the gravity field at time t;, 7 is the characteristic time

of postseismic relaxation described by Hoechner et al. [2011], and «; and f; are constants estimated by a
least squares inversion. Figure 1 shows the averaged annual peak to peak amplitude of the equivalent water
height (in mm) at the Earth surface for the 2002-2012 time period. Figure 3 presents the spatiotemporal
variations of the equivalent water height at the surface. The peak to peak amplitude of seasonal variations
reaches a maximum of 70 cm in Bangladesh (red line). The amplitude of the signal decreases westward
toward Nepal and shows a phase lag of about 3 to 4 months (green line).

3. Modeling of Seasonal Ground Deformation Induced by Surface Load Variations

Let us consider a time-varying distributed surface load expressed in terms of a seasonal equivalent water
thickness, h(m, t), with density p, where t is time and m refers to the point location at the Earth surface. We
assume a purely elastic deformation so that the superposition principle applies. The assumption of a per-
fectly elastic Earth model is a good first-order approximation at an annual time scale as the Maxwell time
associated with viscous relaxation of the crust and lithosphere ranges from decades (postseismic deforma-
tion) to thousands of years (postglacial rebound). The time-varying geodetic displacement U;(M, t),i = 1,3
at a point M is then obtained by convolving the load distribution over a surface S with the Green'’s functions
Gi(M):

UM, t) = p / hy(m, H)G,(M — m)dm. 2)
S

Here G; refers to the ith component of the geodetic displacement at point M at the Earth surface due to a
surface point load, a Dirac function, at the origin. For numerical computation, the Earth surface is meshed
and a discrete version of equation (2) is adopted, e.g., the integral in (2) is approximated by a sum over the
1° x 1° GRACE grid. The Green functions must be computed based on assumptions of the elastic structure
of the Earth. We first show the results obtained assuming a homogeneous elastic half-space and move next
to the case of spherical and layered Earth model.
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Table 1. Reduced Chi-Squares ;(rz (See Equation (6)) Obtained From the Inversion of the
Geodetic Time Series (~ 4600 Data Points for Each Displacement Component), Using the
Boussinesq Half-Space Approximation?

;(,2 Horizontal Vertical Horizontal and Vertical
Half-space (E = 90 GPa) 38.1 30.2 34.1
Half-space (E = 170 GPa) 42.0 17.3 29.6
Prem 16.2 123 14.3
MGrace 13.7 5.1 9.4

aThe values in bold are the minimum values obtained when the Young’s modu-
lus assigned to the elastic half-space is adjusted so as to best fit either the vertical
(E = 170GPa) or the horizontal components (E = 90 GPa). ;(,2 using the Preliminary Ref-
erence Earth Model model [Dziewonski and Anderson, 1981]. Note that the PREM model
yields a better fit to both the vertical and horizontal components. Finally, ;(rz using a model
based on PREM, MGrace. Material properties for the uppermost 150 km are the results of a
probabilistic inversion of seasonal geodetic displacements. Note that MGrace leads to an
even better fit to both components.

3.1. Modeling of Seasonal Ground Deformation for a Homogenous Elastic Half-Space

A common assumption is that an elastic half-space model would be a satisfying first-order approximation
to model surface displacements induced by surface loading [e.g., Bevis et al., 2005; Grapenthin et al., 2006;
Bettinelli et al., 2008; Steckler et al., 2010]. The advantage of using that approximation is that the solution

is analytical [Boussinesqg, 1885]. However, it has been well established by Farrell [1972] for several decades
now that a spherical and layered model is the correct one to model both horizontal and vertical compo-
nents simultaneously. Considering the number of recent studies still using the Boussinesq approximation,
we first present results for elastic homogeneous half-space models and emphasize the difficulty to pre-
dict surface displacements induced by surface loading for both components using a single model. Surface
displacements of a nongravitating, homogeneous half-space to surface loading are commonly referred to
as the Boussinesq’s problem, for which the Green'’s functions are obtained by solving the elastic equilib-
rium equation. Let F be the norm of a unit mass force applied vertically at the model’s surface. We consider
a cylindrical coordinates system (r, 8, z), centered on the force application point. The analytical solution
then writes

F(1 = 2v)(1 +v)

uR.0) = —— e —— 3)
uy(R,0) =0, (4)
u,(R,0) = M )

nER

where R is the distance between the observation point and the mass point force, v is the Poisson’s ratio,
and E is the Young’s modulus, quantifying the resistance of an elastic body to deformation. By symmetry,
u, = 0and all components of surface displacements are independent of 8. In this approach there are only
two adjustable model parameters: the Young’s modulus and the Poisson’s ratio. The sensitivity to the Pois-
son’s ratio is actually negligible so that in practice only the Young’s modulus is adjusted and v is generally
set to a standard value of 0.25, as is the case in this study. To compute the deformation induced by dis-
tributed surface load, we convolve the spatial distribution of surface loads derived from GRACE with the
Green's functions corresponding to an elastic homogeneous half-space described above. We use the 10 day
level 2 solutions, expressed in equivalent water height, and a 1° x 1° grid of mass point forces, covering a
40° x 60° area around the Himalayan region (Figure 1). For consistency the cGPS time series are 10 day aver-
aged. Table 1 shows the best fitting Young's modulus obtained from least squares inversion of the GPS data
by minimizing a level 2 norm of the residuals r;, weighted by their nominal uncertainties o;:

1 r
2 i
= E —. (6)
}(r n-p - O_iz

The number of degrees of freedom is (n — p), n being the number of observations (n ~ 4200 for each dis-
placement component) and p the number of fitted parameters (p = 1, the Young’s modulus, for half-space
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0 models, and p = 0 for the PREM model).

] I_ Note that the misfit criterion ignores a

possible serial correlation of uncertain-

ties. We find, with no surprise, that if

the horizontal and vertical time series

are inverted jointly the amplitude of

the seasonal variations on the vertical

] components is systematically under-

150 predicted, while the amplitude of the

] seasonal variations of the horizontal

components is systematically overpre-

dicted. We then look at what Young's

— modulus is needed in the Boussinesq

[P I S S S S S S R W problem in order to approximate the cor-
60 80 100 120 140 160 180 20 rect spherical Green's functions for our

Young's modulus (GPa) given load and data distribution. We find
best fitting values of the Young's mod-

100 —

Depth (km)

—200—

Figure 4. Depth variation of the Young’s modulus in the modified X
PREM model used to compute the Green functions for a layered spher- ulus ranging from 92 to 113 GPa for the
ical Earth model. The crustal structure is based on the seismic velocity horizontal components and from 161
model determined for Nepal by Monsalve et al. [2006] (red line). The to 186 GPa for the vertical components.
deeper portion of the model is based on the Preliminary Earth Model When all the stations are combined,
[Dziewonski and Anderson, 1981]. Also shown is the value of Young's
modulus derived from the modeling of vertical (green) and horizontal
(blue) seasonal displacements (Table 1).

we find best fitting Young's modulus of
~90 and ~170 GPa for the horizontal
and vertical components, respectively.
Figure 2 shows 10 day averaged seasonal GPS data in gray and the predicted displacements time series for
half-space models with E = 90 GPa (blue line) and E = 170 GPa (green line). Clearly, as predicted by Far-
rell [1972], the half-space model fails in adjusting simultaneously the amplitude of the seasonal variations
of the vertical and horizontal components. This means that the two components have very different sensi-
tivities to the location of the load. The phase is also mispredicted. In particular, it should be noticed that the
model predicts a horizontal signal which is clearly out of phase at most stations, being too early by a few
months typically, depending on the distance to the load. By contrast, the predicted vertical displacements
are approximately in phase with the observations. This could be explained by the fact that given positive
loads, the vertical displacements always add constructively, while the horizontal displacements can add
destructively depending on the spatial distribution of the load.

3.2. Green’s Functions for a Spherical, Layered Elastic Earth Model

The Green'’s functions entering equation (2) can be computed for a spherical perfectly elastic Earth Model
based on load Love numbers theory [Longman, 1962, 1963; Farrell, 1972], in which the deformation of the
Earth, generated by a surface load, is a function of the spherical harmonic components of the gravitational
potential created by this load. To define the load Love numbers, the vertical and horizontal surface displace-
ments, generated by the surface load, are expanded into spherical harmonics. In this study, the load Love
numbers are computed for a model based on PREM [Dziewonski and Anderson, 1981], in which the ocean

is replaced by a continental crust (Figure 4). We use asymptotic expressions to compute numerically the
Legendre series in the Green’s functions for the load Love numbers, following Farrell [1972] formalism and
the numerical method of Guo et al. [2004], which is more accurate than the Farrell’s original method. The sur-
face Green’s functions for vertical and horizontal displacements, induced by a unit mass point force, are then
given by

R o0
U= 2‘0 h! P,(cos 6), 7)
R < , OP (cos )
= — l’ —n y 8
Y= Zg, " 00 ®

where P, (cos ) are the Legendre polynomials of the nth degree, 6 is the angular distance between the
force application point and the observation point, and h] and /! are the harmonic coefficients of vertical and
horizontal displacement, respectively. R and M denote the radius and mass of the Earth.
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TRANSFER FUNCTION Figure 5 shows that displacements
0.0 B — ‘ : : at the surface of a spherical nonro-
S o5 i 2 = 400 km | tating, elastic, and isotropic Earth,
§ | (n = 50) using PREM structure with a conti-
T -1.01 L nental crust, are mostly controlled by
E large wavelength loads. Indeed, the
g -1:59 | evolution of the ratio of radial dis-
g 201 ! | placement to the equivalent water
= ! height, as a function of the sur-
S -25- i i face load wavelength, highlights
30 ! that for the resolution of GRACE
200 225 250 275 300 325 350 375 4.00 (~400 km, or harmonic degree of 50),
Log,,(Spatial Wavelength in km) the radial surface displacement is
100 times smaller than the applied
Figure 5. Transfer function of the ratio of radial displacement to equiva- load (expressed in equivalent water

lent wa.ter height, as a function of the suntface load wavelength. Fonj the thickness). The ratio decreases with
resolution of GRACE (~400 km or harmonic degree n = 50), the radial sur- . .

face displacement is 100 times smaller than the applied load. The transfer decreasing load size. Therefore, we
function favors large wavelength loads, and local hydrology would not will capture the most significant sur-
significantly affect surface displacements. face displacement with the 400 km

resolution of GRACE data.

3.3. Comparison of Green’s Functions for the Half-Space and Spherical Layered Elastic Earth Models
Figures 6a and 6b represent horizontal and vertical displacements, respectively, computed based on the
PREM model described above (red lines) for a point load at origin. The blue and green lines show for com-
parison the predicted displacements assuming homogeneous half-space models with £ = 90 GPa (the value
found to best fit the horizontal geodetic seasonal displacements) and E = 170 GPa (the value found to
best fit the vertical geodetic seasonal displacements). These figures, in agreement with Farrell [1972] results,
help visualize that it is not possible to approximate satisfactorily the layered Earth model with an elastic
half-space even if only one single component (vertical or horizontal) is considered. For example, when only
the horizontal displacements are considered, the PREM model predicts approximately the same response as
a half-space model with E = 90 GPa for only a relatively narrow range of distances around ~30 km (—0.5°).
When the vertical displacements are considered, this same approximation is valid only at distances of ~3 km
(=1.5°). Figure 6c shows the ratio between horizontal and vertical displacements for the PREM model in red
(note that this figure could be deduced from Farrell [1972] and is in agreement with Wahr et al. [2013]). This
ratio is constant for an elastic half-space (blue line) and depends only on the Poisson ratio as it is equal to

(1 = 2v)/(1 = v) (see equations (3)—(5)). This shows that if one aims at fitting both the horizontal and verti-
cal components, the variations of sensitivity of the components with the distance to the load must be taken
into account. This effect explains why fitting the vertical components with an elastic half-space requires a
Young's modulus of 170 GPa significantly larger than the value of 90 GPa inferred from fitting the horizon-
tal components: the two components have different sensitivity to the elastic structure with distance to the
load. The Boussinesq model matches the ratio of horizontal to vertical displacements of the PREM model
most closely on average for (1 — 2v)/(1 — v) ~ 0.44,i.e, v ~ 0.35. However, even when this ad hoc value
is chosen, it does not help reconciling entirely the amplitude of horizontal and vertical displacements. This
is due to the specific distribution of the cGPS stations relative to the load distribution. As a result, best fit-
ting Young’s modulus for the horizontal and vertical components are of ~60 GPa and ~140 GPa, respectively,
underestimating the horizontal displacements observed at cGPS stations and overestimating the vertical
ones. We show in the next section that this effect explains indeed well the relative amplitudes and phase
of the vertical and horizontal surface deformation induced by seasonal variations of surface loading in the
Himalayan region.

3.4. Modeling of Seasonal Ground Deformation for a Spherical, Layered Earth Model

We now compute seasonal surface deformation by convolving the spatial distribution of surface loads
derived from GRACE with the Green’s functions derived for a spherical, layered Earth model described
above. The predicted displacements now fit both the horizontal and the vertical components quite well
(Figure 7). The reduced 2 of the residuals is reduced by 50% (Table 1). This model thus reconciles the
relative amplitudes of the horizontal and vertical components as well as their apparent phase shift and

CHANARD ET AL.

©2014. American Geophysical Union. All Rights Reserved. 5105

3SUR0 | SUOWILLIOD) aAIRaID a|cedt|dde ay) Aq pausenob afe sajonte YO ‘8Sn JO sajnJ Jo) AkeiqiauluQ 4311/ UO (SUO 1} IPUOD-pUe-SLLIBY WO AB 1M ARe.q 1)U 1 UO//:ST1IY) SUOIPUOD pUe WS | 8Y) 39S *[£202/T0/6T] Uo ARlqiauluQ As|Ia 9otk auelyoo) Aq TSFOTOSrET0Z/200T 0T/I0p/wod A8 |1m AReiq i putjuosgndnBe//sdny wouy papeolumoq ‘9 ‘vT0Z ‘9SE669TZ



@AG U Journal of Geophysical Research: Solid Earth

10.1002/2013JB010451

QO

logio(Tangential displacements) in m/kg

] = PREM-based
=347 == Boussinesq-E=170GPa
—— Boussinesq-E=90GPa

-42 — T T
25 2 -15 -1 -0.5 0 0.5
logio(Distance to loading point) in degrees

logio(Vertical displacements) in m/kg
&
©
|

= PREM-based
=== Boussinesg-E=170GPa
—- Boussinesq-E=90GPa

-2 — T
25 =2 -5 -1 05 0 05
logio(Distance to loading point) in degrees

1 == PREM-based
—— Boussinesq

Ratio of horizontal to vertical displacements o

0.3 T T T T T T T T T T T
=25 -2 =15 =1 -05 0

logio(Distance to loading point) in degrees

1
3

Figure 6. (a) Tangential and (b) vertical surface displacements Green’s functions for the modified PREM model of
Figure 4. Blue and green lines show Green’s functions for tangential displacements computed for a homogeneous
half-space model with a Young's modulus of 90 GPa and 170 GPa, respectively. The Poisson’s ratio is set to 0.25 for all
models. (c) Ratio of horizontal and vertical surface displacements Green's functions for the modified PREM model of
Figure 4 (red line) and for a homogeneous half-space with a Poisson’s ratio of 0.25 (blue line).
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Figure 7. Detrended geodetic positions, averaged over 10 days, determined at stations (a) ODRE, (b) KDLDN, (c) LHAZ,
and (d) IISC (gray symbols). See Figure 1 for locations of these stations. Error bars show 16 uncertainties. The red line
shows predicted surface displacements computed from the surface load variations derived from GRACE assuming the
spherical and layered Earth model described in Figure 4. Shaded areas show the uncertainties on the predictions derived

from the uncertainties on the estimated surface loads.

CHANARD ET AL.

©2014. American Geophysical Union. All Rights Reserved.

5107

85U80| 7 SUOWILIOD 3AIERID) 3|edldde U Aq pauienob ae saolie VO ‘88N JOSajnJ 10y A%eiq1T8UIIUO 4|1/ O (SUOPUOD-PUR-SLLBHLIOD A3 IM AR 1[eu Uo//:SAnY) SUORIPUOD PUe SWS L 83U} 83S *[£202/T0/6T] U0 AriqITauliuo A3|iM ‘Soueld UeI400D AQ TSFOTOSCETOZ/Z00T OT/I10p/L0D A3 im ARl 1jeutjuo'sandnfe//sdiy Wwouy papeounmod ‘9 ‘¥T0Z ‘95666912



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2013JB010451

LHAZ

Detrended East
Displacements (mm) ©
o
\

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Year

Detrended North
Displacements (mm)
o
|

-10
T T T T T 1T T 7] ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ '
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Year

—20 T | T | T | T | T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ 1
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Year
IISC

Detrended Vertical
Displacements (mm)
o

-10
\ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Year

Detrended East
Displacements (mm) o
o
\

Detrended North
Displacements (mm)
o
|

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Year

Detrended Vertical
Displacements (mm)
o

[

-20
\ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Year

Figure 7. (continued)

shape. It is interesting to note that the model fits the GPS data actually better than the elastic half-space
models even when only the vertical or the horizontal components are considered (Table 1). In comparison
to the E = 90 GPa half-space model, the fit to the east component is improved on average by 24% (between
5 and 32% depending on the station considered) and the fit to the north component by 40% (between

12 and 64%). In comparison to the E = 170 GPa half-space model, the fit to the vertical data is improved
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Figure 8. Comparison of 1-D models for P wave/S
wave (a) velocities ratio and (b) density of the upper
150 km of the Earth: Crust 5.1/PREM (blue), regional
models (solid black from Pandey et al. [1995], dashed
black from Monsalve et al. [2006]), Grace (red his-
tograms represent marginal posterior probability
density functions), and MGrace, median derived
from Grace.

by 15% (between 2 and 36%). This is clear indication that
the dependency of the Green’s functions on distance to
the load predicted by the modified PREM model is more
appropriate than the 1/R dependency predicted by the
half-space model. The phase shift between the horizon-
tal and vertical components arises from the fact that
both displacements are sensitive to different distances
to the load. It follows that significant subsidence starts
at the onset of the monsoon season as surface loading
increases over Bangladesh, but horizontal southward dis-
placements occur only later as the surface load becomes
significant in the Gangetic basin immediately to the
south of the Nepal Himalaya. Due to the time-varying
distribution of surface load induced by the monsoon,
combined with the different decrease with distance of
their related Green functions, the PREM and the elastic
half-space models yield quite different temporal evo-
lution of geodetic displacements. Clearly, the shape
predicted by the PREM model fits the geodetic observa-
tions better, and the model does improve significantly
the fit to most of the seasonal geodetic variations ana-
lyzed in this study, but the residuals remain larger than
uncertainties on average (Table 1). This could be due
partly to underestimated uncertainties on the GPS data,
but the misfits show a seasonal residual signal at most
stations suggesting the modeling could be improved.
These residuals could be due to heterogeneities of sur-
face load distribution, at a scale not resolved by GRACE,
or to a nonoptimal elastic Earth structure. We notice
furthermore that the fit of our model to the geodetic
displacements at station IISC (Figure 7d) is not signif-
icantly better than with the Boussinesq model. This
station, located in South India, is probably more sensi-
tive to tides (corrected with GAMIT/GLOBK, assuming a
tidal model) and nontidal oceanic loading as it is closer
to the ocean than the Nepal stations. Even though we
take into account the nontidal oceanic load variations
forced by the atmosphere, the oscillating load might be
biased by other oceanic currents. Another less probable
hypothesis is that the PREM Earth structure we used is
more appropriate for the Himalayan region than for the
Indian craton. In the latter case, modeling of seasonal
geodetic strain might be a way to constrain regional vari-
ations of elastic properties of the Earth at shallow depths.
We therefore propose to solve this inverse problem, in

a probabilistic way, and constrain the shallow material
properties of the Earth to improve the prediction of sea-
sonal geodetic displacements induced by variations in
surface hydrology.
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Figure 9. Histograms of residuals of seasonal geodetic displacements using Crust 5.1/PREM (blue) and MGrace (red) for horizontal, vertical, and both components.

4, Constraining the Crust Depth-Dependent Elastic Structure Using Geodetic
Seasonal Surface Displacements

Several previous studies have used tidal records to probe the Earth’s structure [Pariisky, 1965; Mantovani

et al., 2005]. Recently, Ito and Simons [2011] used geodetic displacements induced by tidal ocean loading
recorded by a dense array of continuous GPS stations in the Western U.S. They inverted this data set, using a
fully probabilistic approach, to estimate depth-dependent interior density and elastic moduli and propose a
1-D regional radial structure model, significantly improving the prediction of surface displacement induced
by tidal loading. We adopt the same approach, using seasonal geodetic displacements induced by varia-
tions in continental water storage. Our initial model is a combination of PREM and a continental crust based
on the CRUST 5.1 model [Mooney et al., 1998], which fairly well predicts seasonal geodetic displacements
(Figure 9). We parameterize the inverse problem in terms of the ratio between the compressional and shear
wave velocities, V, /V,, and the density p. We first test the sensitivity of our model by evaluating the effect of
small variations of V, /V, and p on surface radial and tangential displacements, following the method pro-
posed by /to and Simons [2011]. We find that our model is sensitive to the uppermost 150 km of the Earth.
Thus, we define m, a vector of 14 model parameters consisting of (p, V,,/V;) for each of the seven layers
shallower than 150 km and force deeper parameters to be equal to their PREM values. We then evaluate
the equation

d=G(m)+e, (9)

where d is the seasonal geodetic data vector, G the kernel matrix, and e the vector of errors on observa-
tions, with a Gaussian distribution. We adopt a probabilistic approach, where the posterior probability
density function (PDF) is the result of a likelihood function based on the misfits to observations. We use a
Bayesian formulation to solve the inverse problem and a Markov Chain Monte Carlo sampling method, with
a Metropolis algorithm, to obtain the posterior PDFs of the unknown parameters (V,/V;) and p [Tarantola,
2005]. Figures 8a and 8b show, respectively, PDFs of (V,/V;) and p for each layer, and the following mod-
els: median MGrace from this study, PREM, and two local velocity models [Pandey et al., 1995; Monsalve et
al., 2006]. Our density profile shows lower values than the 1-D averaged global model, also in agreement
with Wang et al. [2013] results, using an inversion of water mass anomalies. The (V,/V;) profile is closer to
the local velocity model found by Pandey et al. [1995] than the Crust 5.1/PREM model but does not capture
the low (V,/V;) zone between 23 and 55 km found by [Monsalve et al., 2006]. Figure 9 shows histograms

of residual seasonal displacements using Crust 5.1/ PREM (in blue) and MGrace (in red) for horizontal, ver-
tical, and both components. MGrace improves significantly the fit to the data by 20% compared to the fit
obtained with PREM (Table 1). Note that we are confident that the inversion is not biased by the relatively
low resolution of the GRACE data set. Indeed, the transfer function converting surface loads into surface dis-
placements on a spherical Earth weights long wavelengths more heavily (Figure 5). Thus, a loading signal at
shorter wavelength than the GRACE resolution would have a negligible effect on the induced surface dis-
placements. It is also possible that the fit to the data could be improved further by allowing for variations
of the Earth elastic properties in 3-D. Such an inversion is beyond the scope of this study. The inversion pre-
sented here is sufficient to demonstrate the possibility of using seasonal geodetic displacements induced
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by surface hydrology to probe the shallow elastic structure of the Earth but requires more data coverage to
give significant insights on the Earth local elastic structure.

5. Implications and Conclusions

Our study confirms the conclusion of Bettinelli et al. [2008] and Fu and Freymueller [2012] that the sea-
sonal strain seen in the Himalaya on the horizontal and vertical components is primarily due to surface
load variations induced by continental hydrology. The model also explains the seasonal variations seen in
Bangladesh [Steckler et al., 2010] as well as in southern India and Tibet as shown in this study. The compari-
son between the homogeneous elastic half-space and the PREM models shows that vertical and horizontal
displacements are sensitive to different distances to the load. As a result, the Young's modulus needed to
approximate the correct spherical Green’s function using a Boussinesq'’s approximation from the modeling
of vertical displacement is typically of the order of 110 to 190 GPa as found in this and other studies [Bevis
et al., 2005; Steckler et al., 2010], while horizontal displacements are better adjusted with significantly lower
Young's modulus, 92 to 113 GPa in this study. Also, the value of the Young’s modulus derived from invert-
ing geodetic time series based on the Boussinesq's approximation depends on the spatial distribution of
the stations, with respect to the distribution of surface load. This problem is solved when a spherical layered
Earth model is considered, as demonstrated by Farrell [1972]. The PREM model is also found to reproduce
better the temporal structure of the signal seen on individual components in our data set as the seasonal
loading pattern induced by the monsoon is not stationary. This improvement is due to a better account of
dependency of surface deformation to the distance to the load point. The study thus points to the impor-
tance of using a realistic model of the elastic Earth structure to model deformation induced by surface loads.
It also shows the possibility to use seasonal geodetic displacements induced by variations in continental
hydrology recorded by GRACE to probe the shallow Earth elastic structure (at depths typically shallower
than 150 km). We show that the density profile found by inverting seasonal variations of surface displace-
ments induced by continental hydrology shows lower density values for the crust, similar to a local density
model. (V, /V;) profile derived from GRACE is in agreement with one of the local velocity models but lacks at
reproducing a lower (V,,/V;) zone between 23 and 55 km found by Monsalve et al. [2006]. Our study also has
implications for tectonic geodesy as the accurate determination of secular rates, as well as the detection of
transient deformation events, requires proper identification and modeling of nontectonic sources of surface
deformation. Finally, the study shows that to probe the depth-dependent shallow Earth structure proper-
ties from the response to surface load variations, it is advantageous to use both the vertical and horizontal
components. Therefore, we propose a code written in Matlab to compute surface horizontal and vertical dis-
placements at GPS stations due to atmospheric, nontidal oceanic loads (MOG-2D) and residual surface loads
(continental hydrology, sediment transport...) inferred from GRACE. The code is available on the Tectonics
Observatory’s website (http://www.tectonics.caltech.edu/).
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