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ABSTRACT

The crustal structure under the Tibetan Plateau is quite different from that given by the commonly used Preliminary
Reference Earth Model (PREM, Dziewonski and Anderson 1981). We investigate the effects of such differences on inversion
results of water trend rates in the area using simulated GRACE (Gravity Recovery and Climate Experiment) and GPS data.
When using simulated GRACE data for the inversion, the effects of crustal differences are negligible, confirming the validity
of using PREM for the inversion of water trend rates from current and even follow-on GRACE data. However, when using
simulated GPS data, effects of crustal differences are very prominent suggesting that an Earth model with a realistic crustal

structure instead of PREM should be used for this case.
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1. INTRODUCTION

Space-borne gravimetry and GPS techniques play in-
creasingly important roles in the determination of surface
water storage (denoted by equivalent water thickness, EWT)
changes and the trend rates especially for the high moun-
tain areas like Tibetan Plateau. In this work, we study how
Tibetan Plateau crustal structure affect the results for the
inversion of water trend rates based on simulated GRACE/
GPS data.

Since the launch of the twin-satellites of Gravity Recov-
ery and Climate Experiment (GRACE) in 2002, the Earth’s
time-varying gravity changes can be precisely monitored on
a global scale and the data are successfully used to estimate,
based on the method outlined by Wahr et al. (1998), wa-
ter storage changes and trends both on land (e.g., Tibetan
Plateau, Yangtze River watershed, Ganges River, Amazon
basin, Congo Basin, polar areas) and ocean areas at about
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300 - 400 km resolution (e.g., Tapley et al. 2004; Wang et
al. 2007; Chen et al. 2009; Leuliette and Miller 2009; Rodell
et al. 2009; Matsuo and Heki 2010). In this regard, it is well
known that the gravity changes observed by GRACE are not
only due to the direct attraction from surface mass changes
but also from internal mass redistribution induced by the
elastic loading of surface loads. Furthermore, the results of
the inversion of water storage changes based on GRACE
data can rely in part on the selected Earth model as it deliv-
ers important input parameters for the method used by Wahr
et al. (1998). On the other hand, the vertical displacements
induced by the elastic loading can be observed with GPS,
and these displacements also allow the inversion of water
storage changes.

It should be noted that the Preliminary Reference Earth
Model (PREM, Dziewonski and Anderson 1981) is usu-
ally used to compute the load Love numbers (e.g., Farrell
1972; Han and Wahr 1995; Wang et al. 1996; Guo et al.
2001; Van Dam et al. 2002) in nearly all the related studies
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(e.g., Wang et al. 2007; Matsuo and Heki 2010; Jacob et al.
2012) because it gives a globally averaged elastic structure.
However, the crustal elastic structure in the Crust2.0 model
(Laske et al. 2011) which has a higher depth resolution is
markedly different from that given by PREM. In the Tibetan
Plateau, the crust is found to be the thickest in the world. In
this paper, we investigate the effects of the regional crustal
structure of the Tibetan Plateau on the inversion of water
trends based on simulated GRACE and GPS data.

In the next section, the Earth models and related load
Love numbers used are described. The formulas for the sim-
ulated inversion are derived in section 3. Simulated GRACE
and GPS data are shown in section 4. The computational
results are presented and discussed in section 5. Finally, the
conclusions are summarized in section 6.

2. EARTH MODELS AND LOAD LOVE NUMBERS

For PREM, the globally averaged density, P-Wave ve-
locity and S-Wave velocity are shown in Fig. 1. In order to
investigate the effects of the crustal differences on the simu-
lated inversion of water trend rates in the area, we devise
a modified and more realistic model MQ-PREM which is
based on the PREM model below the crust and the average
crustal structure given by Crust 2.0 as shown in Fig. 1. It can
be seen that within a depth range of 80 km, the density, the
two wave velocities, and thus the elastic Lame constants are
much less than those given by PREM. Therefore this crust

for the Tibetan Plateau could be more easily deformed than
a crust based on PREM.

We use the variable transformation method by Wang
et al. (2012) to compute the two load Love numbers (4, k,)
for the PREM and MQ-PREM Earth models (Fig. 2). As
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Fig. 1. Density and velocities for the Tibetan Plateau from PREM
(solid line) and the modified version MQ-PREM with crustal structure
replaced by averaged results (dashed line) from Crust2.0 (Laske et al.
2011). p: density; V,: P wave velocity; V,: S wave velocity.
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expected, the results for the MQ-PREM model are larger
than that for the PREM model with a maximum difference
occurring at about degree 200. For the current situation, the
GRACE time variable gravity field is available only up to
degree 60, and continuous GPS sites are very sparsely dis-
tributed in the Plateau. Thus the effect of the Earth model is
small (< 14% for h, and < 5% for k,). However, in the near
future, when the follow-on missions of GRACE and new
continuous GPS measurements will have a much higher
spatial resolution than the present, the maximum degrees
needed may be much higher. For the maximum degrees of
120 and 180, the relative differences are 24% and 28% for
h,, and 22% and 33% for k,. So the higher the maximum
degrees, the larger differences are found for the load Love
numbers. The differences are so pronounced that the crustal
structure may cause larger effects on the inversion of waters
trend rates.

3. METHODS

In this section, we describe how we implement the for-
ward computation for the simulated GRACE and GPS data
using load Love numbers (4, k) based on MQ-PREM includ-
ing the Tibetan average crustal structure, and the simulated
inversion for surface mass density using load Love numbers
(1, k;) based on PREM. (#,, k) are load Love numbers for
radial displacement and (k, k;) for potential perturbation,
and the results can be found in Figs. 2a and b.

3.1 Forward Computation

In order to produce simulated data for GRACE and
GPS measurements, the forward computations have to be
formulated.

Given the surface mass density of the EWT changes
(or EWT trend rates) at any colatitude 6 and longitude ¢ be
o (0, ¢), then it can be decomposed into harmonics as:

o(0,9)= % 2[,:0 (¢,,cosmep + s, sinm@) P, (cos ) (1)

where M is the maximum degree with M — oo theoreti-
cally.

L 0 a6 b0
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dQ' =sin@'d0'd¢’, and P,, is the normalized associated

Legendre polynomial.

When this surface mass is placed on the Earth, it de-
forms the Earth’s surface and causes gravity perturbation.
The gravity and displacement responses are given by the
convolution of the load o (6, ¢) with the load Green’s func-
tions for gravity perturbation and radial displacement, which
are (Farrell 1972) :

Se(y)= é(l+1)(1+k,)P,(cos7)

u,(Y) = 143 hyP,(cosy)

e

Here, h;, k; are the load Love numbers for radial displace-
ment and potential perturbation based on MQ-PREM, a is
the earth’s radius, g is the surface gravity of the Earth, G is
the Newtonian gravitational constant, M, is the total mass
of the Earth, y is the angular distance between observation
site (0, ¢) and the unit point mass located at (6', ¢’), and
P,(cos?) is the Legendre polynomial. As discussed above,
the load Love numbers depend upon the elastic structure of
the Earth model, and are computed in the last section based
on the Earth model MQ-PREM.

Convoluting the load given by Eq. (1) and the two
Green’s functions by Eq. (4) respectively gives the simu-
lated gravity perturbation and radial displacement,

55(0.9)= 52 [ (6 §) 5 (14 1)(1 4P (cos7)dQ
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Using Eq. (2) and the addition theorem below:

Pcosy)= o1
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Eq. (5) becomes,
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where p is the average density of the Earth.
Eq. (7) can be used to simulate the gravity perturba-
tion and the vertical displacement observed by GRACE and



508 Wang et al.

GPS respectively. Note that the load Love numbers used in
Eq. (7) are given from the realistic MQ-PREM.

3.2 Simulated Inversion for Surface Mass Density

Supposing that the GRACE gravity perturbation data
and GPS vertical displacement data are available from the
forward computation using Eq. (7), based on the two types
of the simulated data, the surface mass density can be re-
spectively inverted using the following formulas:

O CRACE _ & L 20+1 1
(6.9)= 47IGZO§ I+1 1+k
GRACE

x (¢ cosm ¢ sGRACE51nm¢)P,,,,(cose)

im

®)

where (ci, spF) and (cpr’, sp.°) are the coefficients for
the spherical harmonic expansion similar to those in Eq. (1)
but for the gravity perturbation data from GRACE and the
vertical displacement data from GPS measurement respec-
tively, and #,, k, are the load Love numbers for radial dis-
placement and potential perturbation given in the last sec-
tion based on PREM.

Since the coefficients in Eq. (8) are already given in
Eq. (7), we have the final formulas for the inverted surface
mass density of EWT changes or EWT trend rates using the
simulated GRACE and GPS data respectively,

O—GRACE(6,¢)=§ i 1 +kl

(c,m cosm¢ +s,,sinme)P(cos )
©)

O-GPS(O’ ¢) = g i:

&
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Accordingly, we can choose a hydrological model to
compute the harmonic coefficients of the relevant surface
mass density of the EWT changes (or EWT trend rates) us-
ing Eq. (2), the load Love numbers from a realistic Earth
model MQ-PREM and PREM are respectively used for the
data simulation and the simulated inversion, then the in-
verted surface mass density can be computed using Eq. (9)
based on the two types of the simulated data.

4.DATA

We simulate GRACE and GPS data that only contain
a pure hydrological signal. There are several hydrological
models available, however, the WaterGap Global Hydrol-
ogy Model (WGHM, Déll et al. 2003) appears to be a more
sophisticated model since it takes into account major hy-
drological processes such as snow accumulation and melt-
ing, evapo-transpiration, runoff generation, lateral transport

(c,m cosm@ +s,,sinmP)P, (cos )

of water, and the data are continuously updated. Thus, we
employ WGHM in the Tibetan Plateau to simulate the hy-
drological GRACE and GPS signal from August 2002 to
March 2011.

Using 0.5 deg. x 0.5 deg. grid data of WGHM, we de-
rive the secular trend rates of EWT changes and decompose
them into harmonics using Eq. (2), and then do a synthesis
computation as in Eq. (1) for three maximum degrees M =
60, 120 and 180 which are shown in Figs. 3a, b and c, re-
spectively. It can be seen that larger water rise trends appear

0° 75° 80° 85° 90° 95° 1 0° 105°
I e —) YT
0 -15 10 -5 0 5 10 15 20

95  100°  105°
. . mm/yr
40 -30-20 -10 O 10 20 30 40 50 60 70

Fig. 3. EWT trend rates [mm yr'] from August 2002 to March 2011
from WGHM developed into spherical harmonics up to degrees (a) 60,
(b) 120, and (c) 180. Note the different scales for the subfigures.
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along the Himalaya mountain range and in the northern part the areas where the water is rising based on the computa-

of the Plateau. The higher the maximum degree for synthe- tional results.

sis is, the larger magnitudes for the EWT trends result.
Using Eq. (7) with the load Love numbers #,, k; given

by Figs. 2a and b, we simulate the trend rates of gravity 5. RESULTS

perturbation and vertical displacement shown in Fig. 4. It is In the foregoing, the simulated data are calculated with
found that GRACE and GPS data are reasonably simulated load Love numbers 4, and k, from MQ-PREM. In addition,
since the gravity is increasing and the crust is subsiding in we simulate inversions using Eq. (9) for EWT trend rates
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Fig. 4. Simulated hydrological contribution in GRACE (left) [uGal yr'] and GPS (right) data [mm yr'] using WGHM. (a), (c), and (e) are the trend
rates of gravity perturbation with spherical harmonics up to degrees 60, 120, and 180, respectively. (b), (d), and (f) are the same as (a), (c), and (e),
respectively, but for vertical displacement.
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based on simulated GRACE and GPS data in Fig. 4 but with
Love numbers %, k, from PREM. Comparison of the in-
verted results with the simulated data gives the differences
in Figs. 5, and 6.

In Fig. 5, we show the effects of crustal differences in
the Tibetan Plateau on inversion of EWT trend rates when
simulated GRACE data are used. For degree 60 which marks
the current resolution of provided Release 4 GRACE data,
the inverted results are presented in Fig. 5a. The differences
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between using MQ-PREM and PREM (Fig. 5b) are very
small with a magnitude of at most 0.01 mm yr'. Figures 5c,
d a, e, and f highlight the results for truncated degrees 120
and 180. The inversion results (Figs. Sc, e) are still quite
very similar to the values (Figs. 3b, ¢) given by WGHM.
However, the differences become larger with magnitudes of
~0.04 and ~0.06 mm yr'!, respectively, when increasing the
maximum degree M. Thus, the effects of crustal differences
in the Tibetan Plateau on inversion of EWT trend rates are
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Fig.5. EWT trend rates inverted from simulated trends of GRACE gravity perturbation. (a), (c), and (e) are the results of the simulated inversion with

spherical harmonics up to degrees 60, 120, and 180, respectively. (b), (d),

and (f) are corresponding differences to WGHM in Fig. 3a, b, and c.
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generally small. The reason is that the gravity signals are
dominated by the direct attraction of the surface mass load
and only partially affected by load induced deformation
term as apparent in the first formula of Eq. (7). Therefore,
although the differences of load Love number between X,
and k; are quite pronounced in Figs. 2b and d choosing MQ-
PREM instead of PREM would not change the inversion
results too much.

When simulated GPS data are used, larger effects of
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crustal differences in the Tibetan Plateau on inversion of
EWT trend rates are found (Fig. 6). First, when checking
the second formula of Eq. (7), we see that the GPS signals
are totally dependent upon the loading term with load Love
number /,, thus any difference in the load Love number
values of MQ-PREM and PREM would affect the results of
the simulated inversion. The differences (Figs. 6b, d, f) with
respect to those given by WGHM (Figs. 3a, b, ¢) are large
with magnitudes of ~2.0,~5.0, and ~15.0 mm yr'.
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Fig. 6. EWT trend rates inverted from simulated trends of GPS vertical displacement. (a), (c), and (e) are the results of the simulated inversion with
harmonics up to degrees 60, 120, and 180, respectively. (b), (d), and (f) are corresponding differences to WGHM in Figs. 3a, b, and c.



512 Wang et al.

6. CONCLUSIONS

Through the inversions of water trend rates in the Ti-
betan Plateau using the simulated GRACE and GPS data,
we studied the effects of two different crust models on the
simulated inversion results. First, when using simulated
GRACE or GPS data, the effects become larger with in-
creasing maximum degree M of the synthesis computation
for simulated data. Thus, assuming that the resolution of
GRACE and GPS data will increase in the near future, the
effects on the inversion results with such data may impact
future analyses and their results. However, we note also that
when using simulated GRACE data for the inversion, the
effects are negligible independent of the maximum degree.
Therefore, PREM is suitable for the inversion of water trend
rates in our investigation area and also anywhere else in the
world based on present and even follow-on GRACE data.
Third and in contrast to GRACE, when using simulated
GPS data, the effects of crustal differences are very promi-
nent with magnitudes of 2, 5, and 15 mm yr' for maximum
degrees of 60, 120 and 180, respectively. This means that
PREM would not be applicable to the inversion of water
trend rates in the Tibetan Plateau using GPS network data in
the future. In this case a modified Earth model with a more
realistic crustal structure such as MQ-PREM in this paper
should be used.
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