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Earth’s  oblateness  is varying  due  to the  redistribution  of Earth’s  fluid  mass  and  the  interaction  of  various
components  in  the  Earth  system.  Nowadays,  continuous  Global  Positioning  System  (GPS)  observations
can  estimate  Earth’s  oblateness  (J2)  variations  with  the  least  squares  method,  but  are  subject  to  ill-
conditioned  equations  with  limited  GPS  observations  and  aliasing  errors  from  truncated  degrees.  In this
paper,  a Tikhonov  regularization  method  is  used  to estimate  J2 variations  from  global  continuous  GPS
observations.  Results  show  that  the  J2 has  been  better  estimated  from  GPS  observations  based  on a
arth’s oblateness
PS
LR
egularization method

Tikhonov  regularization  method  than  the  usual  least  squares  method  when  compared  to  SLR  solutions.
Furthermore,  the amplitudes  and  phases  of  the annual  and  semi-annual  J2 variations  are  closer  to  the
SLR  results  with  truncated  degrees  from  2 to  5. Higher  truncated  degrees  will  degrade  the  J2 estimate.
Annual  J2 variations  are  best  estimated  from  GPS  observations  with  truncated  degree  4 and  semi-annual
J2 variations  are  best  estimated  with  truncated  degree  2.

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

Because of gravitational and centrifugal forces, the rotating
arth is a flattened ellipsoid, whose dynamic oblateness is com-
only called J2. The redistribution of the Earth’s atmosphere, ocean

nd hydrosphere fluid masses and the movement within the Earth’s
nterior lead to changes of the Earth’s rotational momentum and
arth’s oblateness (J2) (Cazenave and Nerem, 2002; Jin and Zhang,
012). The investigation of J2 can contribute to understanding of
he redistribution and movement in the Earth’s interior as well as
he interaction and coupling of different components in the Earth
ystem (Cox and Chao, 2002). In addition, J2 has been correlated
ith lunisolar precession in astronomy and plays an important role

n the change of the amplitude of nutation. Therefore it is of great
ignificance to precisely estimate J2 and understand its change and
echanism.

Satellite laser ranging (SLR), a well-established technique, can

ell estimate the degree-2 zonal gravitational coefficient, which
as been widely used and studied (Yoder et al., 1983; Cheng

∗ Corresponding author. Tel.: +86 21 34775292; fax: +86 21 64384618.
E-mail addresses: sgjin@shao.ac.cn, sg.jin@yahoo.com (S. Jin).

ttp://dx.doi.org/10.1016/j.jog.2014.04.011
264-3707/© 2014 Elsevier Ltd. All rights reserved.
and Tapley, 2004; Jin et al., 2011). Recently the new genera-
tion of gravity satellites provides a new opportunity to measure
the global time-varying gravity field with high coverage, spatial
resolution and precision. The Gravity Recovery and Climate Exper-
iment (GRACE), a joint mission of US National Aeronautics and
Space Administration (NASA) and German Aerospace Center (DLR),
has made very successful measurements of the Earth’s long and
medium wavelengths of the gravity field (Tapley et al., 2004), which
has been widely used in geophysics, oceanography, hydrology,
glaciology and geodesy (e.g., Rangelova and Sideris, 2008; Jin et al.,
2010, 2012; Jin and Feng, 2013). However, GRACE is not sensitive
to J2.

With the increase of global continuous GPS stations and the
accumulation of observation data at high precision and spatial res-
olution, the longer precise 3-dimensional coordinate time series
can be obtained from GPS, which can be used to estimate the varia-
tions of low degree gravity field coefficients using the least squares
method (Kusche and Schrama, 2005; Wu  et al., 2006). However,
the estimation of low degree gravity field coefficients using the

traditional least squares method is subject to ill-conditioned equa-
tions with limited observations and aliasing errors from truncated
degrees. For example, the J2 estimated from GPS observations with
a truncated degree 9 has smaller annual amplitude than the SLR

dx.doi.org/10.1016/j.jog.2014.04.011
http://www.sciencedirect.com/science/journal/02643707
http://www.elsevier.com/locate/jog
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jog.2014.04.011&domain=pdf
mailto:sgjin@shao.ac.cn
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2  Geodynamics 79 (2014) 23–29

s
v
G
m
l
a

2

2

d
l
t

w
a
d
t
k
i
5
f

�

w
m
c
(
t
p

w
s
G

2

A

−2.544 −2.543 −2.542 −2.541 −2.54 −2.539 −2.538 −2.537 −2.536 −2.535
−3.52

−3.51

−3.5

−3.49

−3.48

−3.47

−3.46

−3.45

−3.44

−3.43
L−curve

lo
g|

|L
x|

| 2

log||Ax−b||
4 S. Jin, X. Zhang / Journal of

olution (Jin and Zhang, 2012). In this paper, the Earth’s oblateness
ariations are estimated and investigated from global continuous
PS loading displacements based on a Tikhonov regularization
ethod with different truncated degrees. Furthermore, the corre-

ation and seasonal variations of J2 with SLR solutions are evaluated
nd discussed.

. Theory and methods

.1. Low degree coefficient estimation

Global continuous GPS observations can measure the 3-D coor-
inates and according to the theory of Farrell (1972), the surface

oad T(�) results in the change of gravitational potential V(�) and
he displacement of the solid Earth:

V(˝) =
n̄∑
n=1

n∑
m=0

{C,S}∑
�

V�nmY
�
nm(˝)

= 3�w
a�E

n̄∑
n=1

n∑
m=0

{C,S}∑
�

(1 + k′
n)

(2n  + 1)
T�nmY

�
nm(˝)

H(˝) = 3�w
�E

n̄∑
n=1

n∑
m=0

{C,S}∑
�

h′
n

(2n  + 1)
T�nmY

�
nm(˝)

L(˝)  = 3�w
�E

n̄∑
n=1

n∑
m=0

{C,S}∑
�

l′n
(2n  + 1)

T�nmY
�
nm(˝)

(1)

here H(�) and L(�) are the radial and horizontal displacement
t a point (  ̋ = (�,�)), Y�nm(˝) is the spherical harmonic function of
egree n and order m,  T�nm is the spherical harmonic coefficient of
he surface load density, the average radius of Earth is a = 6371 km,
′
n, h′

n, l′n are the load Love numbers, the average density of water
s �w = 1025 kg/m3 and the average density of the Earth �E is about
514 kg/m3. The change of surface density ��  can be expressed as
ollows (Wahr et al., 1998):

�(�, �) = a�w ×
Nmax∑
n=0

n∑
m=0

(�C�nm cos m� + �S�nm sin m�)

× P̄nm(cos �) (2)

here P̄nm is the associated Legendre polynomial with full nor-
alization, �C�nm and �S�nm are the changes in spherical harmonic

oefficients representing the variation of surface density with time,
�C�nm, �S�nm) are related to the change of the geoid (�Cgnm, �Sgnm),
he vertical displacement (�Chnm, �Shnm) and the horizontal dis-
lacement (�Cϕnm, �Sϕnm) as follows (Wahr et al., 1998):

�Cgnm = 3�w
�e

(1 + k′
l
)

2l + 1
�C�nm

�Chnm = 3�w
�e

h′
l

2l + 1
�C�nm

�Cϕnm = 3�w
�e

l′
l

2l + 1
�C�nm

(3)

For GPS observations, the displacement vector has correlation
ith (�Chnm, �Shnm) and (�Cϕnm, �Sϕnm). Therefore, using the least

quares method, the unknown parameters can be estimated from
PS 3-D coordinates, including C20.
.2. Regularization method and parameter estimation

A general linear equation can be written as:

x = b + ε, A ∈ Rm×n, x = Rn, b ∈ Rm (4)
2

Fig. 1. An example of L-curve.

and unknown parameters can be solved through minimizing the
sum of the square differences, i.e.,

min
x

‖Ax − b‖2
2, A ∈ Rm×n, m ≥ n (5)

When the coefficient matrices of the normal equation
(ATAX = Ab)  are nonsingular, the optimal linear unbiased estimation
solution is easily obtained. In practice, however, the determinant
of the system normal equations is very small, and a slight pertur-
bation of the coefficient matrix (A) will result in a big difference in
the solution. This is an example of ill-conditioning. The condition
number in matrix theory is commonly used to measure the stabil-
ity of the coefficient matrix. The condition number of the matrix
of normal equations is defined as the ratio of the maximum and
minimum eigenvalues, depending on the function model and the
dimension of the coefficient matrix (A). When the function model
is fixed, the larger the dimension number is, the poorer the sta-
bility of equations is. In order to obtain reliable solutions from
ill-conditioned equation, we  can add additional constraints based
on a regularization method.

2.2.1. Tikhonov regularization method
Tikhonov regularization is one of the most common regulariza-

tion methods. By adding the boundary conditions, Eq. (5) can be
rewritten as:

min
x

{‖Ax − b‖2
2 + �‖Lx‖2

2} (6)

where ||Lx||22 is the boundary conditions, � ≥ 0 is the regulariza-
tion parameter, which controls the ratio between minimization of
boundary conditions and the residual norm, and can be obtained by
the L-curve method, and L is the regularization matrix (Hansen and
O’Leary, 1993). Eq. (6) is called the Tikhonov regularization crite-
ria, and when L is the unit matrix, Eq. (6) has the standard form of
Tikhonov criteria. The selection of the regularization matrix is the
key to obtaining the reasonable results (Calvetti et al., 2004).

2.2.2. Determination of regularization parameter �
The curve is defined as:

L = {( �̂�, �̂�) : � ≥ 0} (7)
where �̂� = log ��, �̂� = log ��, �2
�

= ‖Ax − b‖2
2, �2

�
= ‖Lx�‖. Since

the curve defined by Eq. (7) has the shape of the letter L, it is often
called as the L-curve. Fig. 1 shows an example of an L-curve. The
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oint on the L-curve with the maximum absolute curvature is com-
only known as the “apex”, and the regularization parameter of the

pex is the optimal regularization parameter. The curvature k(�) of
he L-curve is:

(�) = 2

∣∣�̂′′
�
�̂′
�

− �̂′
�
�̂′′
�

∣∣
(( �̂′

�
)2 + (�̂′)2)

3/2
(8)

here �̂′
�

and �̂′
�

represent the derivation of �̂� and �̂� with respect
o �, and �̂′′

�
and �̂′′

�
denote the second derivation of �̂� and �̂� with

espect to �. In actual calculation, we get the value according to the
atrix singular value decomposition, and then obtain the interval

anges corresponding to the regularization parameter of the apex.
he interval is divided by equal intervals on the logarithm, and the
urvature of each point is then calculated (Calvetti et al., 2004).

. J2 estimation from GPS-based on the regularization
ethod

.1. Observation equations

Since the Earth is not a rigid body, the exchange and redis-
ribution of the atmosphere, ocean, and continental water mass
ill cause variations of the solid Earth, gravity field, and the shape

f the solid Earth. Therefore, the Earth’s gravitational loading can
e established from three-dimensional site displacements derived
rom GPS observations. If the Earth is assumed to be elastic spher-
cally symmetric and radially stratified and the load is a very thin
ayer of Earth’s surface, the surface load deformation can be com-
uted through spherical harmonic coefficients. The seven Helmert
arameters (three translation parameters, three rotation parame-
ers and a scale factor) are introduced to absorb the possible impact
f network transformation, and then GPS station displacements can
e expressed as (Kusche and Schrama, 2005):

�h  = a
∑
n,m

(�Chnm cos m�  + �Shnm sin m�)P̄nm(cos �) + �eh · ��x −  a�

�e = a

sin �

∑
n,m

m(−�C nm sin m�  + �S nm cos m�)P̄nm(cos �) + �ee · 

�n = −a
∑
n,m

(�C nm cos m�  + �S nm sin m�)
∂P̄nm(cos �)

∂�
+ �en · ��x  

here �h, �e  and �n  are GPS displacement changes in the
eight, east and north directions, respectively, (�Chnm, �Shnm) are
he change in spherical harmonic coefficients due to height dis-
lacement, (�Cϕnm, �Sϕnm) are the change in spherical harmonic
oefficients due to horizontal displacement, P̄nm is the normaliza-
ion of Legendre polynomials, �ee, �en and �eh are unit vector in the
ast, north and radial, respectively. The degree-1 Love numbers are
sed with l′1 = 0.134 and h′

1 = −0.269 in the center of whole Earth
ass (Blewitt and Clarke, 2003). With the truncated degree N, Eq.

9) can be written as:

1x1 + A2x2 = b + ε (10)

here A1 and A2 are the coefficient matrixes, b is the observed value,
1 is the surface load coefficient and x2 is the Helmert transforma-
ion parameters, which are expressed as:
x1 = [C�10, C�11, S�11, · · ·, C�NN, S�NN]

x2 = [tx, ty, tz, ωx, ωy, ωz, s]
(11)

Using a seven parameters transformation seems reasonable in
heory, but leads to a high condition number. In the following,
ikhonov regularization is used to address this problem.
ynamics 79 (2014) 23–29 25

�en · �ε

�ε

(9)

3.2. Regularization matrix

The Earth’s surface density anomalies can be expanded by
spherical harmonic coefficients as shown in Eq. (2) with f Cnm =
P̄mn (cos �) cos(m�) and f Snm = P̄mn (cos �) sin(m�). Since there are few
or no GPS stations in the ocean areas, we calculate the integral of
the ocean mass changes as.

a2�2
w

∫ ∫
ocean

(��)2d� = a2�2
wx
T
1Rx1 (12)

where

R =

⎡
⎢⎢⎢⎢⎣

(f C10, f C10) (f C10, f C11) · · · (f C10, f SNN)

(f C11, f C10) (f C11, f C11) · · · (f C11, f SNN)

...
...

. . .
...

(f SNN, f C10) (f SNN, f C11) · · · (f SNN, f SNN)

⎤
⎥⎥⎥⎥⎦ = MT1M1 (13)

(f, g) =
∫ ∫

ocean

fg∗d� (14)

where f, g = f Cnm or f Snm, n = 1, . . .,  N ; m = 0, . . .,  n, and g* denotes
complex conjugate. If we  take M2 as a 7th-order unit matrix, then
the regularization matrix is:

L =
[
M1 0

0 M2

]
(15)

In order to calculate the spherical integral of the product of
spherical function, the plural form of the spherical functions is
defined as follows:

Ȳnm = P̄|m|
n (cos �)eim� (16)

The inner product of the four spherical functions on the ocean
is as follows:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Anm,rs

Bnm,rs

Cnm,rs

Dnm,rs

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭
s = s

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

(f Cnm, f Crs)

(f Snm, f Srs)

(f Cnm, f Srs)

(f Snm, f Crs)

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

=
∫ ∫

oceans

P̄mn (t)P̄sr (t)

⎧⎪⎪⎨
⎪⎪⎩

cos m�  cos s�

sin m�  sin s�

cos m�  sin s�

sin m� cos s�

⎫⎪⎪⎬
⎪⎪⎭d cos �d�

(17)

We can obtain⎧⎪⎪⎪⎪⎨ Anm,rs

Bnm,rs

⎫⎪⎪⎪⎪⎬
=

⎡
⎢⎢

1/4 1/4 1/4 1/4

1/4 −1/4 −1/4 1/4

⎤
⎥⎥

⎡
⎢⎢⎢

(Ȳnm, Ȳr,s)

(Ȳn,m, Ȳr,−s)

⎤
⎥⎥⎥
⎪⎪⎪⎪⎩ Cnm,rs

Dnm,rs

⎪⎪⎪⎪⎭ ⎣ −1/4i 1/4i −1/4i 1/4i

1/4i 1/4i −1/4i −1/4i

⎦⎢⎣ (Ȳn,−m, Ȳr,s)

(Ȳn,−m, Ȳr,−s)

⎥⎦
(18)
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If the entire surface of the Earth is divided into N×2N equiangu-
ar blocks based on latitude and longitude, the following equation
an be obtained

Ȳnm, Ȳrs) =
N−1∑
k=0

2N−1∑
l=0

wkl

(∫ �k+1

�k

P̄|m|
n (cos �)P̄|s|

r (cos �) sin �d�

)

×
(∫ �k+1

�k

ei(m−s)�d�

)
(19)

here

kl =
{

0 land

1 ocean
(20)

Each element in the first right parenthesis of Eq. (19) is the
ntegral of the product of two normalized associated Legendre func-
ions, which can be realized by recursion (Mainvile, 1986) or direct
alculation (Pail et al., 2001). The product of the other three spher-
cal functions can be similarly implemented (e.g., Hwang, 1991).

.3. Tikhonov regularization method inversion

The linear equation for low-degree gravitational coefficients
stimation from GPS data is expressed as:

b = Ax + �,  E(�) = 0

�2
�

= �2
0Q

(21)

here � is the residual, Q is the error matrix of observation b, and
2
0 is the variance of unit weight. The regularization matrix is Eq.
15), so the objective function of weighted Tikhonov regularization
s expressed as follows (Bouman, 1998):

 = ‖Ax − b‖2
W + �‖Lx‖2

2 (22)

here W is the covariance of observation error and a real symmetric
ositive definite matrix, so that W can be decomposed into the form
 = P′P. With Ā = PAL−1, x̄ = Lx,  then Eq. (22) can be written in a
tandard form:

 = ‖Āx̄ − b‖2
2 + �‖x̄‖2

2 (23)
EL56(383 sites)

 GPS sites in this study.

Once the optimal regularization parameter � has been deter-
mined, we can further obtain

x� = (ATWA  + �LTL)
−1
ATWb  (24)

The posterior variance of unit weight is

�̂2
0 = ‖Ax − b‖2

W + ‖Lx‖2
2

m
(25)

The Variance and Co-Variance matrix of the estimated parame-
ter is

Qx�x� = (ATWA + �LTL)
−1
ATWA(ATWA  + �LTL)

−T
(26)

3.4. J2 estimation from GPS

The International GNSS (Global Navigation Satellite Systems)
Service (IGS) coordinates a worldwide network of permanent track-
ing stations with about 400 GPS stations and provides high quality
data and products for use in GNSS related Earth science research,
navigation application and educational outreach. In this work, we
use 10-year GPS coordinate solutions of 423 continuous GPS sta-
tions (2003–2012) from the Scripps Orbit and Permanent Array
Center (SOPAC) (ftp://garner.ucsd.edu/pub/timeseries). In order to
obtain reliable results, some deformed GPS stations are removed
with deformation residuals between the observed minus estimated
velocity of larger than three times of one sigma based on recent
plate motion model of MORVEL56 (DeMets et al., 2010). In addi-
tion, the GPS sites with anomalous activities, such as earthquake
and antenna change, are removed. Finally about 300 GPS sites are
selected in this study (Fig. 2). Based on the above equations, the
low degree gravity coefficients are estimated from GPS coordinate
time series (January 2003–December 2012), including C20. Finally
J2 can be estimated as J2 = −√

5C20.

4. Results and evaluation

4.1. J2 time series

A monthly J2 time-series is estimated from GPS observations

using the Tikhonov regularization of Eq. (15) from truncated
degrees 2–9. In order to check the results of the proposed method-
ology, the J2 variations are also estimated from same observations
based on the standard least squares method (Kusche and Schrama,

ftp://garner.ucsd.edu/pub/timeseries
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005). For example, Fig. 3 shows the monthly J2 time-series from
he least squares (LSQ) and the Tikhonov regularization method
REG) with truncated degree 4, which agree well with each other
sually.

The monthly J2 time-series are further analyzed using their
ower spectral density (PSD) as:

ˆ(eiω) = 1
2�N

∣∣∣∣∣
N−1∑
k=0

xke
−iωk

∣∣∣∣∣
2

(27)

here ω is the angular frequency, and xk is the time series at time
. Fig. 4 shows the power spectral density of the monthly J2 time-
eries from GPS observations using the least squares (LSQ) and the
ikhonov regularization method (REG) with truncated degree 4.
ignificant annual and semi-annual signals are found in all solu-

ions.
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Fig. 4. Power spectral density of J2 time series from GPS and SLR.
Fig. 5. Correlation coefficients of monthly J2 time-series from GPS with different
truncated degrees with SLR solution.

4.2. Correlations with SLR

We further calculate the correlation coefficients of the monthly
J2 time-series from GPS observations using the least squares
(GPS LSQ) and the Tikhonov regularization method (GPS REG) with
SLR-determined results. Here J2 from SLR was  estimated from
five geodetic satellites: LAGEOS-1 and 2, Starlette, Stella and Aji-
sai (Cheng and Tapley, 2004), provided by the Center for Space
Research, University of Texas at Austin (courtesy of Minkang
Cheng). The background gravity models used in the SLR analysis
are consistent with the GRACE Release-05 processing. Fig. 5 shows
correlation coefficients of the monthly J2 time-series from GPS by
different truncated degrees with the SLR solution. The correlation
coefficients from GPS observations based on the Tikhonov regu-
larization method (GPS REG) are higher than those based on the
least squares method from all truncated degrees, indicating that
J2 results can be well estimated using our Tikhonov regularization
method. In addition, the correlation coefficients from GPS results
with truncated degree of higher than 6 are lower, which may be
due to effects of unstable estimate at high degrees due to the lack
of GPS observations. For example, results are not good with trun-
cated degree 9. However, the J2 estimates are still closer to the SLR
solution when based on the Tikhonov regularization method.

4.3. Seasonal J2 variations

Using the method of least squares fit to a bias, trend and seasonal
terms, the amplitude and phase of the annual and semi-annual J2
variations are estimated as

y(t) = a + b(t − t0) +
2∑
k=1

[
ck cos

(
2�(t − t0)

pk
− ϕk

)]
+ εt (28)

where a is the constant term, b is the linear term, ck and ϕk are
amplitudes and phases of the period pk (k = 1 and 0.5 year), t0 is
January 2003, and ε is the residual. Fig. 6 shows the annual ampli-
tudes and phases of J2 variations from GPS observations based on
the least squares (GPS LSQ) and a Tikhonov regularization method
(GPS REG) at different truncated degrees, SLR and GRACE RL05,

respectively. The results from GPS observations based a Tikhonov
regularization method (GPS REG) are closer to the SLR solution than
the least squares method (GPS LSQ) at the annual scale. In addition,
for GPS LSQ and GPS REG, the truncated degrees from 2 to 5 are
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Fig. 6. Annual variations of J2 from SLR and GPS observations based on the least
squares (GPS LSQ) and the Tikhonov regularization method (GPS REG) with differ-
ent truncated degrees. (a) is annual amplitude and (b) is annual phase.
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surface mass variations from multisatellite geodetic data. J. Geophys. Res. 111,
B09401, doi:10.1029/2005 JB004100.

Yoder, C.K., Williams, J.G., Dickey, J.O., Schutz, B.E., Eanes, R.J., Tapley, B.D., 1983.
S. Jin, X. Zhang / Journal of

etter to estimate the J2 variations than other truncated degrees
or annual amplitudes and phases. Furthermore, annual J2 vari-
tions are best estimated from GPS observations with truncated
egree 4 (Fig. 7), while models based on GLDAS + GRACE GAC have

arger difference and therefore we do not discuss them further here.
he GLDAS model is the land surface simulation system from the
ational Aeronautics and Space Administration (NASA) Goddard
pace Flight Center (GSFC) and the National Oceanic and Atmo-
pheric Administration (NOAA) National Centers for Environmental
rediction (NCEP), and is the integration of the ground and space-
ased high-resolution observations (Rodell et al., 2004). GRACE GAC

s a GRACE Release-05 processing products (representing the ocean
nd atmosphere mass variations). Similarly the semi-annual ampli-
ude and the semi-annual phase with truncated degrees from 2 to 5
re also better to estimate the J2 variations (Fig. 8) and the truncated
egree 2 is the best for the semi-annual variations (Fig. 9).

. Conclusion

The Earth’s oblateness variations are estimated from GPS obser-
ations using a Tikhonov regularization method, which is much
etter than the standard least squares method when compared to
LR with better correlations at all truncated degrees. The correla-
ion coefficients from GPS results with truncated degree 6 or larger
re lower and are affected by unstable estimates of higher truncated
egree coefficients due to the lack of GPS observations. For annual
ariations, the results from GPS observations based on a Tikhonov
egularization method are closer to the SLR solution than those
rom the least squares method. In addition, with truncated degrees
rom 2 to 5, the amplitudes and phases of annual and semi-annual
2 variations are much closer to the SLR results. Higher truncated
egrees appear to degrade the J2estimate. Furthermore, annual J2
ariations estimated from GPS observations with truncated degree

 are much better than those with other truncated degrees. Semi-
nnual J2 variations estimated with truncated degree 2 are much
etter than those obtained with other truncated degrees. Since
ost GPS stations are located on land and 70% of the Earth’s sur-

aces consist of oceans with fewer GPS stations, and hence there
re less observations from oceanic areas. In the future, J2 variations
ill be further estimated from the combination of GPS and ocean

ottom pressure observations data.

cknowledgements

This research is supported by the Main Direction Project
f Chinese Academy of Sciences (Grant No. KJCX2-EW-T03),
hanghai Science and Technology Commission Project (Grant No.
2DZ2273300) and National Natural Science Foundation of China

NSFC) Project (Grant Nos. 11173050 and 11373059). We  are grate-
ul to thank Jeffrey T. Freymueller and Chris Rizos for manuscript
mprovement and the SOPAC for providing daily GPS solutions
ftp://garner.ucsd.edu/pub/timeseries).
ynamics 79 (2014) 23–29 29

References

Blewitt, G., Clarke, P.P., 2003. Inversion of Earth’s changing shape to weigh sea level
in  static equilibrium with surface mass redistribution. J. Geophys. Res. 108 (B6),
2311, doi:10.1029/2002 JB002290.

Bouman, 1998. Quality of regularization methods. DEOS Report 98.2.
Calvetti, D., Reichel, L., Shuibi, A., 2004. L-curve and curvature bounds for Tikhonov

regularization. Numer. Algorithms 35, 301–314.
Cazenave, A., Nerem, R.S., 2002. Redistributing Earth’s mass. Science 297, 783–784,

doi:10.1126/science.1074593.
Cheng, M.K., Tapley, B.D., 2004. Variations in the Earth’s oblateness during the past

28 years. J. Geophys. Res. 2004 (109), B09402, doi:10.1029/2004 JB003028.
Cox, C., Chao, B.F., 2002. Detection of large-scale mass redistribution in the terrestrial

system since 1998. Science 297, 831–833, doi:10.1126/science.1072188.
DeMets, C., Gordon, R., Argus, D., 2010. Geologically current plate motions. Geophys.

J.  Int. 181, 1–80.
Farrell, W.E., 1972. Deformation of the Earth by surface loads. Rev. Geophys. 10 (3),

761–797, doi:10.1029/RG010i003p00761.
Hansen, P.C., O’Leary, D.P., 1993. The use of the L-curve in the regularization of

discrete ill-posed problems. SIAM J. Sci. Comput. 14 (6), 1487–1503.
Hwang, C., 1991. Orthogonal Functions Over the Oceans and Applications to the

Determination of Orbit Error, Geoid and Sea Surface Topography from Satellite
Altimetry (Ph.D. Thesis).

Jin, S.G., Chambers, D.P., Tapley, B.D., 2010. Hydrological and oceanic effects on polar
motion from GRACE and models. J. Geophys. Res. 115, B02403, doi:10.1029/2009
JB006635.

Jin, S.G., Zhang, L.J., Tapley, B.D., 2011. The understanding of length-of-day variations
from satellite gravity and laser ranging measurements. Geophys. J. Int. 184 (2),
651–660, doi:10.1111/j.1365-246X.2010.04869.x.

Jin, S.G., Hassan, A.A., Feng, G.P., 2012. Assessment of terrestrial water contributions
to  polar motion from GRACE and hydrological models. J. Geodyn. 62, 40–48,
doi:10.1016/j.jog.2012.01.009.

Jin, S.G., Zhang, X.G., 2012. Variations and geophysical excitation of Earth’s dynamic
oblateness estimated from GPS, OBP, and GRACE. Chin. Sci. Bull. 57 (36),
3484–3492, doi:10.1360/972011-1934.

Jin, S.G., Feng, G.P., 2013. Large-scale variations of global groundwater from satel-
lite gravimetry and hydrological models, 2002–2012. Global Planet Change 106,
20–30, doi:10.1016/j.gloplacha.2013.02.008.

Kusche, J., Schrama, E.J.O., 2005. Surface mass redistribution inversion from global
GPS deformation and Gravity Recovery and Climate Experiment (GRACE) gravity
data. J. Geophys. Res. 110, B09409, doi:10.1029/2004 JB003556.

Mainvile, A., 1986. The altimetry-gravimetry problem using orthonormal base func-
tions. Report No. 3 73. Department of Geodetic Science and Surveying, the Ohio
State University.

Pail, R., Plank, G., Schuh, W.,  2001. Spatially restricted data distributions on the
sphere: the method of orthonormalized functions and applications. J. Geodesy
75, 44–56.

Rangelova, E., Sideris, M.,  2008. Contributions of terrestrial and GRACE data to
the study of the secular geoid changes in North America. J. Geodyn. 46 (3–5),
131–143.

Rodell, M.,  Houser, P.R., Jambor, U., et al., 2004. The Global Land Data Assimila-
tion System. Bull. Am. Meteorol. Soc. 85 (3), 381–394, doi:10.1175/BAMS-85-3-
381.

Tapley, B.D., Battadpur, S., Watkins, M.,  Reigber, C., 2004. The gravity and climate
recovery experiment: Mission overview and early results. Geophys. Res. Lett. 31
(L09607), doi:10.1029/2004 GL019920.

Wahr, J.M., Molenaar, M.,  Bryan, F., 1998. Time variablility of the earth’s gravity
field: hydrological and oceanic effects and their possible detection using grace.
J.  Geophys. Res. 103 (B12), 30 205–30 229.

Wu,  X., Heflin, M., Ivins, E., Fukumori, I., 2006. Seasonal and inter- annual global
Secular variations of Earth’s gravitational harmonic J2 coefficient from Lageos
and nontidal acceleration of Earth rotation. Nature 303, 757–762.

http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0005
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0010
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0010
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0010
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0010
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0010
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0010
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0010
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0015
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0015
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0015
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0015
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0015
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0015
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0015
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0015
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0015
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0015
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0015
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0015
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0015
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0020
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0020
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0020
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0020
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0020
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0020
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0020
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0020
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0020
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0025
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0030
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0030
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0030
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0030
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0030
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0030
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0030
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0030
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0030
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0030
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0030
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0030
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0030
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0030
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0030
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0030
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0030
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0035
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0035
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0035
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0035
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0035
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0035
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0035
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0035
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0035
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0035
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0035
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0040
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0040
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0040
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0040
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0040
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0040
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0040
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0040
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0040
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0040
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0040
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0040
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0040
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0040
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0040
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0045
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0050
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0055
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0060
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0065
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0070
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0075
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0080
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0085
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0090
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0095
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0100
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0105
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0110
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0115
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120
http://refhub.elsevier.com/S0264-3707(14)00069-6/sbref0120

	A Tikhonov regularization method to estimate Earth's oblateness variations from global GPS observations
	1 Introduction
	2 Theory and methods
	2.1 Low degree coefficient estimation
	2.2 Regularization method and parameter estimation
	2.2.1 Tikhonov regularization method
	2.2.2 Determination of regularization parameter λ


	3 J2 estimation from GPS-based on the regularization method
	3.1 Observation equations
	3.2 Regularization matrix
	3.3 Tikhonov regularization method inversion
	3.4 J2 estimation from GPS

	4 Results and evaluation
	4.1 J2 time series
	4.2 Correlations with SLR
	4.3 Seasonal J2 variations

	5 Conclusion
	Acknowledgements
	References


