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Abstract: Mascon modeling is used in this paper to produce the mass flux solutions in the Tibetan
Plateau. In the mascon modeling, the pseudo observations and their covariance matrices are derived
from the GRACE monthly gravity field models. The sampling density of the pseudo observations
is determined based on the eigenvalues of the covariance matrices. In the Tibetan Plateau, the
sampling density of per 1.5° is the most appropriate among all choices. The mass flux variations
from 2003 to 2014 are presented in this paper, which show large mass loss (about —15.5 Gt/year) in
Tianshan, North India, and Eastern Himalaya, as well as strong positive signals (about 9 Gt/year)
in the Inner Tibetan Plateau. After the glacier isostatic adjustment effects from Pau-5-AUT model
are removed, the mass change rates in the Tibetan Plateau derived from CSR RL05, JPL RL05, GFZ
RLO5a, and Tongji-GRACEO2 monthly models are —6.41 + 4.74 Gt/year, —5.87 + 4.88 Gt/year,
—6.08 + 4.65 Gt/year, and —11.50 + 4.79 Gt/year, respectively, which indicate slight mass loss in this
area. Our results confirm that mascon modeling is efficient in the recovery of time-variable gravity
signals in the Tibetan Plateau.

Keywords: GRACE; mascon; Tibetan Plateau; mass flux solution

1. Introduction

The GRACE (Gravity Recovery and Climate Experiment) satellites, launched on 17 March 2002,
have accumulated more than 10 years of observations to recover the Earth’s gravity field in high
spatial and temporal resolutions [1]. The time-variable Earth’s gravity field solutions from satellite
tracking data are expressed in terms of either Stokes coefficients or mascon parameters. Due to
relatively large errors in high degrees and orders of Stokes coefficients, several filter techniques, such
as Gaussian filter [2,3], fan filter [4,5], and Wiener filter [6], have been developed to restrain the errors
and recover the signals from the Stokes coefficients. Firstly proposed to analyze spacecraft tracking
data in the 1970s, mascon modeling is established by a connection between mass variations and
gravity potentials at satellite altitude [7-13]. The mascon parameters in terms of point masses [7,14,15],
spherical caps [16] and finite surfaces of constant density [17-21] can be directly calculated from either
the GRACE tracking data [7,16-21] or the Stokes coefficients of monthly gravity field models [14,15,22].

Muller and Sjogren proposed the mascon modeling in 1967 to recover planetary gravity field
from satellite observations [7]. Forsberg and Reeh successfully applied the mascon solution in
calculating the mass flux over the Greenland from the GRACE Stokes coefficients without using
filtering techniques [14], which can reduce the loss of gravity signals. Baur and Sneeuw demonstrated
that the mascon modeling provided reasonable ice-mass decline trend in Greenland with both GRACE
Level 2 products and simulated gravitational signals [15]. However, the impacts of the covariance
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matrices of the gravitational disturbance calculated from the GRACE monthly solutions were not
discussed before, which are helpful to determine the sampling density of the mascon parameters;
and the mascon solutions in the Tibetan Plateau were not compared and discussed using the latest
models (RLO5 or RL05a) from different research groups, such as Center for Space Research (CSR),
GeoForschungZentrum (GFZ), and Jet Propulsion Laboratory (JPL).

Located in the southwest of China, the Tibetan Plateau is known as the Third Pole for its massive
storage of water in terms of lakes and glaciers [23], which also indicates that it plays an important role
in global climate dynamic [24,25]. The study of mass flux in the Tibetan Plateau is always an interest
topic among geoscientists due to the geographic complexity: Yi and Sun concluded a ice-mass loss of
—35.0 &+ 5.8 Gt/year in High Mountain Asia from 10-year GRACE monthly solutions using the Space
Domain Inverse method [26]; Jacob et al. presented a GRACE-based result over Himalayas, which
indicates a slight mass loss of —4 + 20 Gt/year from January 2003 to December 2010 [27]; Song et al.
estimated a rising rate of about 6.79 Gt/year in the Inner Tibetan Plateau from ICESat/GLAS altimetry
data and remote sensing images [25].

In this paper, we estimate the mass flux variations in the Tibetan Plateau from 2003 to 2014 using
the mascon modeling, where the covariance of pseudo observations of gravitational disturbance is
derived from the covariance of the Stokes coefficients of GRACE monthly gravity field model. The rest
of the paper is organized as follows. In Section 2, the mathematical model is presented to clarify how
the mascon model is established, and its regularization solution. In Section 3, the mass flux in the
Tibetan Plateau is presented in terms of trend and annual changes, and the spatial distribution. The
results are compared with previous studies in Section 4 and the conclusions are drawn in Section 5.

2. Materials and Methodology

2.1. Research Area

The Tibet is a part of the Tibetan Plateau—a vast flat highland covering an area of around
3,617,367 km? with an altitude above 4000 m on average [23]. Located at the center of Asia, the Tibetan
Plateau is surrounded by numerous glaciers and lakes [24], which make it the source of several major
rivers in Asia, such as the Ganges, Indus and Yangtze. Figure 1 shows the location of the Tibetan
Plateau (shown in yellow) and the research area within the black rectangular frame (64°E-108°E,
20°N-46°N), as well as major waterways over this region. The complex geographic conditions and
massive water storages in the forms of glaciers, rivers, and lakes lead to huge difficulties in recovery
of glacier melting rates, water seasonal variations, tectonic motions etc., which are partly attributed
to poor conditions for carrying out ground-based observations, e.g., the severe weather and the
oxygen-poor environment. In this paper, the mass flux variations in the Tibetan Plateau are calculated
from 11-year time series of monthly gravity field models.
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Figure 1. The Tibetan Plateau shown in yellow and the computed area in black rectangular box.
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2.2. Data

2.2.1. GRACE Monthly Solutions

Since the launch of GRACE satellites in 2002, a series of static and time-variable gravity field
models have been published for geophysical and climate researches on the ICGEM (International
Center for Global Earth Models) [28]. In this paper, the GRACE monthly gravity field models, i.e.,
CSR RLO05 [29], JPL RLO5 [30], GFZ RLO05a [31], and Tongji-GRACEOQ2 (Tongji University, Shanghai,
China) [32] are used. All Cy terms and their uncertainties derived from the GRACE monthly solutions
are replaced by those from satellite laser ranging data [33]. Table 1 shows the time span of the models,
as well as the numbers of missing months. Therefore, nearly 12-year sequences of time-variable gravity
field are used to reveal long-time tendency of the mass flux in the Tibet Plateau.

Table 1. The time period and the numbers of missing months of GRACE monthly solutions.

Gravity Model Time Period Numbers of Months without Data
CSR RLO5 April 2002-October 2014 12
JPL RL05 April 2002-September 2014 12
GFZ RL05a April 2002-August 2014 12
Tongji-GRACEQ2 January 2003-April 2015 11

Since we are interested in the time-variable signals, a mean gravity field should be subtracted,

AClm = Clm - C;nmean’ ASlm = Slm - Slmnfan (1)
where Cp,,, and Sj,,, are the Stokes coefficients of monthly gravity models; C;**"" and ;7" are their
mean values, ACj,,, and ASy,, are the coefficients after the mean field is removed; [ and m indicate the
degree and order of gravity field model.

The radial gravitational disturbance can be expressed in terms of fully normalized Stokes
coefficients ACy,,, and ASy,, as follows [15,34],

lmax l l
0g = —Ci—zM Z (;) (I+1) Z Py, (sing) (ACy,cosmA + AS;,,sinmA) 2)
I=1

m=0

In Equation (2), #, A and ¢ are the spherical coordinates of the computed point, i.e., the radius,
longitude, and the latitude, respectively; GM indicates the gravitational constant; 4 is the mean radius
of the Earth; Py, stands for the fully normalized associated Legendre function. The maximum degree
Lnax 1s 60, since higher degree and order Stokes coefficients would introduce noises [19]. The GFZ
RLO5a models are truncated to degree and order 60 in order to keep consistency among different
models and avoid additional errors. When the Earth'’s elastic yielding is considered, Equation (2) is
reformulated as [15],

!

) Z Py, (sing) (AC,cosmA + ASy,,sinmA) (3)
1 m=0

l
GME al (1+1)
0g = ——— -
J r? l; (r) 1+
where kj is the love number of degree I. The impacts of degree-1 coefficients should be considered [35,36]
and the impacts are corrected with the degree-1 coefficients by Swenson et al. [37].

2.2.2. GIA Models

Glacial isostatic adjustment (GIA) is caused by the response of the Earth to the glacial loading
and unloading. GIA effects are removed from the mass variation signals, though the GIA signals are
only about 1 mm/year in terms of equivalent water height (EWH) in the Tibet Plateau. We correct
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our mascon mass flux solutions with Pau-5-AUT GIA model [38], which devotes the decrease in
nearly 4 Gt/year in the Tibetan Plateau. We assume that the GIA effects are linear in the GRACE data
period of this paper [39]. The difference between Pau-5-AUT [38] and W & W-4-AUT [40] is treated
as the uncertainty; the value is about +1.9 Gt/year. In addition to the different computing method,
the difference of PAU-5-AUT and W & W-4-AUT is contributed by what ice history is used (ICE-5G
model [41] for PAU-5-AUT and ICE-4G model [42] for W & W-4-AUT) and whether the effect of earth
rotation is considered (PAU-5-AUT considers this effect, while W & W-4-AUT does not).

2.3. Mascon Modeling

The mascon model conducted in this research is based on the work of Forsberg and Reeh [14].
The mascon model builds the connection between the mass variations (Smj (G = 1,2,..,t) on the
terrestrial surface of the Earth and the radial gravity disturbance dg;(i = 1,2, ..., n) at satellite’s attitude.

Figure 2 shows the geometry of the space location S(A;, ¢;, ) at the satellite attitude and ground
point P(A;, ¢j,a), where a point disturbing mass is located; d;; is the Euclidean distance between
the space location S(A;, ¢;, ) and ground location P(A}, ¢;,a); ¥; ; is the spherical distance between
S(Ai, @i, r) and P(A}, ¢j,a). According to Newton’s law of gravity, if there are n sampling points at
satellite attitude and # mascons in the research area, the total radial gravitational disturbance at each
location S(A;, ¢;, 7) is as follows [15],

(r— acosy; ;)

a2 +r? — Zarcoswi,j)‘%/ 2

t
6gi =G om; i=1,2,..,1j=12,.,t (4)
=1 (

where (5m]- (j =1,2,...,t) is the mascon parameters to be estimated.
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Figure 2. Geometry of mascon modeling.

Then, we briefly reformulate Equation (4) as the following linear observational equation,
y=Ax+e ®)

where y is an n-vector of pseudo observations of radial gravitational disturbance; x is a t-vector of
unknown parameters; e denotes the n-vector of random errors with zero mean and variance of unit
weight (73. Ais an n x t design matrix, its ith row and jth column element is [15],

(r — acosip; ;)
(a2 + 12 — 2arcoszpi,j)3/2

AGj)=G i=1,2,.,n j=1,2,.t 6)
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Since the pseudo observation vector y is generated from monthly gravity field models using
Equation (3), it must be correlated and its covariance matrix Dy, can be derived with the law of
error propagation,

D,, = BTDB 7)

in which D is the covariance matrix of the Stokes coefficients of monthly model (the variance of
Cyo is replaced by that from satellite laser ranging data, we use the full covariance matrices of
Tongji-GARCEO02 monthly solutions, and the diagonal covariance of JPL RL05 and GFZ RL05a monthly
solutions as D), B is the coefficient matrix of projecting the Stokes coefficients to the pseudo observation
vector, its ith row elements corresponding to Stokes coefficients ACy,,, and AS;,,, are written as,

.. 1 .

B (i,jac,,) = —534($) 111111 Py (sing;)cosmA, @
.. 1 . .

B (i jns,,) = ~ () L By, (singy)sinm),

in which, (A;, ¢;, ) is the spherical coordinate of ith space location shown in Figure 2, joc, and jas,,
are the column numbers corresponding to Stokes coefficients ACy,, and AS;,,, respectively.

2.4. Regularization Solution

Generally, least-squares adjustment is applied to solve the linear equations in order to get
best-unbiased estimates. However, the normal matrix N = ATPA is ill-conditioned (where P = Dy_yl),
which makes the least-squares solution unstable. Therefore, Tikhonov regularization [43,44] is applied
to stabilize the solution; its cost function is expressed as:

@ (x) = (Ax — y)TP(Ax — y) + ax"Rx = min )

where « indicates the regularization parameter; R is the regularization matrix and here we take R as
an identity matrix I. The solution of Equation (5) is,

% = (ATPA+al) 'ATPy (10)

Since the optimal o does not exist theoretically, different methods have been proposed to acquire
«, such as the MSE (mean squared error) criterion and the generalized cross-validation method [45].
We apply the MSE criterion that is described in [46,47], because the generalized cross-validation
method does not converge in this problem. As for L-curve criterion, Kuche and Klees suggested
that it tends to yield over-smooth solutions, especially in the context of satellite-borne gravity field
determination [15,48]. We introduce Q¢ = (ATPA + DcI)_1 to simplify the equations, and then the
mean squared error matrix can be expressed as follows,

MSE(®) = 03Q,ATPAQ, + a?Q, XX’ Q, (11)

which is the combination of the covariance caused by measurement errors and the bias caused by
regularization. Since the mean square error of unit weight oy is unknown, we estimate 03 with the
following equation,

o eTPe —a®X' (Q, — aQR)X

0T T =) + 2tr(Q))

where & is the estimator of random errors; 1 and t are the numbers of the measurements and parameters
to be estimated, respectively. Since the true value X remains unknown, we replaced them with the
estimation X. The solution is combined in two steps: (1) a regularized solution % is computed with
Equation (10) using a priori regularization parameter «, then applied to Equation (11) as the true
value to compute the updated « by minimizing the trace of the mean squared error matrix; and

(12)

(2) with the updated «, a new regularized solution is produced. The algorithm is terminated while
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lo+1 — a3l <O, where b is defined as o¢/100. The least-squares solutions are treated as the initial
values of ¥, since no other reliable estimation is available.

2.5. Leakage Problem

Since signal leakage errors rise proportionally with the strength of signal sources and attenuate
rapidly with the increasing distance of signal sources [15], our computed area is about 3 degree larger in
all sides than the Tibetan Plateau, which covers a rectangle area of 62°E-108°E, 24°N—-48°N. To estimate
the leakage errors from outside mass changes of the computed area, we use the additional mascon
solutions in surrounding area as the mass change signals, which are computed with the observational
Equation (4). The spatial distribution of the trend of leakage errors is presented in Figure 3, in which
a positive signal of about 0.2 cm/year occurs in the southern of the Tibetan Plateau, and a negative
signal of about —0.6 cm/year occurs in the west of the computed area. Therefore, the leakage errors
are corrected in our computation.
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Figure 3. Trend of the leakage errors estimated with mascons. (a) CSR RLO5; (b) JPL RLO05; (c) GFZ
RLO05a; (d) Tongji-GRACEO02.

3. Mass Flux Solution in Tibetan Plateau

3.1. Spatial Sampling Strategy

The previous works on the mascon models [14,15,49] did not discuss the sampling density
of the pseudo observations. The GRACE monthly solutions are truncated to degree/order 60,
the correspondent spatial resolution is about 3-degree. A proper sampling density of the pseudo
gravitational disturbances at satellite altitude will not only retain observation signals, but also place
less computational burden. In order to find proper sampling density of the pseudo gravitational
disturbances, their covariance matrices of 2° x 2°, 1.8° x 1.8°, 1.5° x 1.5°, and 1° x 1° grids
are investigated, which are computed with Equation (7) using the full covariance matrices of
Tongji-GARCEO2 monthly solutions D and the diagonal covariance of JPL RL0O5 and GFZ RL05a
monthly solutions published on the ICGEM website (the uncertainties of CSR RLO5 is not available).
The eigenvalues of the covariance matrices are showed in Figures 4 and 5. Figure 4 presents the
eigenvalues computed from both full and diagonal covariance matrices of Tongji-GRACE(02 monthly
solutions, the results demonstrate that the differences of using full and diagonal covariance matrices are
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not distinct. However, higher sampling density cannot provide proportional information. In Figure 4,
the inflection point of the eigenvalue line of 1° x 1° grid is about 5 x 10732, more than 400 of the
total 779 eigenvalues remain less than this value, which means that most of the pseudo gravitational
disturbances cannot provide useful information. For the 1.5° x 1.5° grid, the eigenvalues larger than
5 x 1073 are much more than those of less than this value, which indicates that its larger eigenvalues
are not reduced significantly compared to the total number of eigenvalues. This is the reason we
use the 1.5° x 1.5° sampling grid in our computation. The eigenvalues of 1.5° x 1.5° grid from
different GRACE monthly solutions (i.e., Tongji-GRACEQ02, GFZ RL05a, and JPL RL05) in April 2004
are presented in Figure 5, while slight distinctions can be observed among them. The time series of
eigenvalues less than 5 x 10733 from GRACE monthly models for different sampling intervals are
presented in Figure 6.
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Figure 4. The eigenvalues of the covariance matrices of pseudo observations y in different sampling
grid from Tongji-GRACEQ2 monthly solutions.
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Figure 5. Diagonal covariance matrices of Tongji-GRACE 02, GFZ RL05a and JPL RL05 monthly

solutions, this figure contains the eigenvalues of the simulated observations’ covariance matrices in the

sample density of per 1.5°.

In order to achieve the trend of mass variations in the Tibetan Plateau, we use all available data
of CSR RLO5, JPL RL05, GFZ RLO5a and Tongji-GRACEQ02 monthly solutions to calculate the pseudo
measurements of gravitational disturbance. The Global Land Data Assimilation System (GLDAS)
water storage models are converted to Stokes coefficients up to degree and order 60 same as the
GRACE monthly solutions and calculated with mascon modeling as well. A total of 312 mascons in
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the computed area (117 points within the Tibetan Plateau) are recovered by mascon modeling from
January 2003 to August 2014. Figure 7 illustrates the location of mascons and mass changes caused by
degree-one coefficients. To be noted, for mascons on the boundary of the Tibetan Plateau and only
areas within the Tibetan Plateau is calculated in our results. For each month, we establish a set of
observation equations in the forms of Equation (5), and no temporal and spatial correlations were
introduced. Collecting all the monthly mascon solutions, we constructed the time series of mass flux
of terrestrial mascon points and calculated the annual, semi-annual, and 161-day aliasing amplitudes
and phases, as well as linear trends based on the least-squares adjustment.
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Figure 6. The numbers of eigenvalues less than 5 x 10733 of monthly solutions with different grid size:
(a) JPL RLO5; (b) GFZ RLO5a; (c) Tongji-GRACEQ2. (Black: 1° x 1° grid; blue: 1.5° x 1.5° grid; green:

1.8° x 1.8° grid; red: 2° x 2° grid).
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Figure 7. Mass changes contributed by degree-1 coefficients (in EWH) and mascons in the computed
area. Black dots: mascons outside the Tibetan Plateau; red dots: mascons of the mass accumulative
area; green dots: mascons of the mass loss area.

For convenience, the diagonal weight matrices are used for the pseudo observations y of all the
GRACE monthly solutions in our mascon modeling in data processing.

3.2. Regularization Parameter

The choice of regularization parameters is the crucial problem to mass flux solution using mascon
modeling. Figure 8 presents the trace of mean squared error with respect to regularization parameter
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ranging from 107! to 1074, and the regularization parameter for the solution of JPL RL05 in April 2004
is chosen as 2.7 x 1071 with the minimum trace of mean squared errors. Figure 9 illustrates all
regularization parameters for all GRACE solutions, ranging from 1020 to 10~1°.

Trace of mean squared error

107" 7
Regularization Parameter

Figure 8. Trace of mean squared errors with respect to regularization parameters.
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Figure 9. Regularization parameters of CSR RL05, JPL RL05, GFZ RL05a, Tongji-GRACE02 models.

3.3. Spatial Distribution of Tibet

The spatial distributions of mass flux within the rectangular box of Figure 1 with mascon modeling
from CSR RLO5, JPL RLO5, GFZ RL05a and Tongji-GRACEO2 monthly solutions are presented in
Figure 10. Four strong signals are detected in Figure 10. The strong negative signal centered in
75°E, 30°N (Signal A) is observed, contributed by the North Indian ground water depletion [26,50,51].
CSR RL05 models presented the strongest signal of about —3.4 cm/year in this location, while JPL
RLO05, GFZ RLO05a, and Tongji-GRACEQ2 produce —2.6 cm/year, —2.2 cm/year and —1.4 cm/year,
respectively. In the Inner Tibetan Plateau, a strong positive signal (Signal B) of about 1.4 cm/year is
captured, which is believed due to the increasing mass accumulation of numerous high land lakes [25].
However, Tongji-GRACEO02 models present only +0.6 cm/year in the same region. Centered in the
East Himalayas (95°E, 30°N), another negative signal (Signal C) is detected in all groups’ models.
The glacier balance effects contribute the other relatively small signals in the computed area. The results
from Tongji-GRACEQO2 models present a clearer mass loss in the area near 90°E, 27°N (Signal D) and
relatively smaller signals over the whole region than those of the other three models. We will discuss
this distinction and its causes later in Section 4.3. Signal E stands for the area of Tianshan, in which the
decreasing secular trend is found as well.
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Figure 10. Spatial distribution of mass flux in Tibetan Plateau: (a) CSR RLO05; (b) JPL RLO05; (c) GFZ
RLO5a; (d) Tongji-GRACEO02.

3.4. Trend of Total Mass Variations

Total mass variations in the Tibetan Plateau resulting from CSR RLO5, JPL RL05, GFZ RL05a,
Tongji-GRACEQ2, and GLDAS are drawn in Figure 11, using the time-series of 117 mascons in
the Tibetan Plateau. Here we apply the same data processing procedure to the Stokes coefficients
expanded from GLDAS and make a comparison, since GRACE and GLDAS contains the same signal
source-terrestrial water storage, which is a strong signal in the Tibetan Plateau. GRACE detects all
mass change, while GLDAS only contain the top 2—4 m of soil moisture and exclude the anthropology
effect [26]. Note that the GLDAS model contains modeling error in the Tibetan Plateau, since it tends to
systematically underestimate the surface soil moisture (0-5 cm) while well simulate the soil moisture
for 2040 cm layer [52,53]. Therefore, the amplitude of GLDAS is smaller.

. — CSR RLO05
4 — JPL RLO5
—— GFZ RL05a
—— Tongji-GRACE02
2} GLDAS
ok
§
I -2
=
w
.l
P
2002 2004 2006 2008 2010 2012 2014 2016

Year
Figure 11. Mass variations in Tibetan Plateau after GIA correction.
A two-step filtering solution [54] (P4Mg decorrelation and 300 km Gaussian filtering) of CSR RL05

is compared with our mascon solution in Figure 12. Clearer annual variations are detected by our
mascon solution than the two-step filtering solution.
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Figure 12. Mascon solution and two-step filtering solution of CSR RLO5 in Tibetan Plateau.

We establish a fitting function to estimate the bias, linear rate, annual and semi-annual variations,
as well as 161-day S, alias as follows,

EWH(t) = at + b+ Alcos(%t —6) + Azcos(%ft —6)) + Agcos(%t —03),T1 =1,T, =1, Ty = ;¢ (13)

where A1, A, A3, 01,0,,03 stand for the annual, semi-annual and 161-day amplitudes and phases;
t is the time tag in years; b is bias parameter. The results of fitting are listed in Tables 2 and 3.
The uncertainties of the fitting are given at 95% confidence level; the secular trend and its uncertainties
are corrected by GIA model Pau-5-AUT.

Table 2. The annual and semiannual amplitudes, phases of mass flux solution in the Tibetan Plateau.

Annual o Semiannual Semiannual
Models Amplitude (cm) Annual Phase (°) Amplitude (cm) Phase (°)
CSR RLO5 233 +0.21 204.83 + 5.04 0.21 +0.17 102.33 + 49.57
JPL RL05 1.96 + 0.26 201.74 +7.45 0.25+0.10 84.05 + 74.38
GFZ RL05a 219 +0.21 208.01 £+ 5.16 021+024 107.30 + 30.14
Tongji-GRACE(2 215+ 0.22 209.93 + 5.79 0.22 +0.28 117.11 £+ 31.00
GLDAS 0.56 + 0.13 167.70 + 12.83 0.13 + 0.07 136.84 + 39.48

Table 3. The 161-day amplitudes, phases, and secular trend of mass flux solution in the Tibetan Plateau.

Models 161-Day Amplitude (cm) 161-Day Phase (°) Trend (Gt/year)
CSR RLO5 0.17 +£0.20 341.00 + 70.04 —6.41 +4.74
JPL RLO5 0.10 £ 0.26 277.55 £+ 142.72 —5.87 +4.88

GFZ RL05a 0.24 +0.22 250.04 + 49.96 —6.08 £+ 4.65
Tongji-GRACE02 0.28 +0.23 269.42 +44.12 —11.50 +4.79
GLDAS 0.07+0.13 285.63 + 249.36 1.90 +£0.98

For the GRACE-derived results, the annual amplitudes and phases achieve a fine mutual
verification. The annual amplitude of the Tibetan Plateau is around 2 cm and the peak of a year
appears at the middle of July, corresponding to the phase of approximately 200°. However, GLDAS
produced only 0.56 cm in annual amplitude, while the peak of a year occurs in beginning of June,
corresponding to the phase of 167°. The semi-annual amplitudes and phases among different solutions
show some difference. The annual amplitude of 161-day S, aliasing signal is less than 0.3 cm, which
achieves a fine mutual verification with the amplitude computed by CSR RL04 in the same region [55].

The linear rates of 12-year time series show a slight declining trend of the mass flux in the Tibetan
Plateau. Tongji-GRACEQ2 models provide the largest decreasing trend of —11.5 &+ 4.79 Gt/year,
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resulting from the negative signal in Eastern Himalaya and North-Eastern Indian (Signals C and D),
and the relatively smaller positive signal in the Inner Tibetan Plateau (Signal B). In particular, the
GLDAS solutions provided 1.90 + 0.98 Gt/year, which might suggest that the terrestrial water storages
gain slightly during the time period because of the existence of unknown GLDAS modeling error in
this region. Considering the uncertainty of the least squares fitting given at the 95% (20) confidence
level, and the GIA correction, the terrestrial water storages in the Tibetan Plateau remain stable in the
past decade.

We separate the Tibetan Plateau into the mass loss area and mass accumulative area by the
values of mass variations and the mass variations are drawn in Figures 13 and 14 respectively.
The secular mass accumulative rates are 9.27 + 2.26 Gt/year for CSR RL05, 8.62 + 2.29 Gt/year
for JPL RLO05, 5.17 + 2.35 Gt/year for GFZ RL05a, and 1.34 + 2.35 Gt/year for Tongji-GRACEQ2,
respectively. Meanwhile, the secular mass loss rates are —19.09 + 4.13 Gt/year for CSR RLO5,
—17.91 4+ 4.22 Gt/ year for JPL RL05, —14.67 + 4.10 Gt/year for GFZ RL05a, and —16.26 + 3.99 Gt/year
for Tongji-GRACEQ2, respectively. If we remove the signal of terrestrial water storage derived from
GLDAS (—4.02 + 0.97 Gt/year) in the mass loss area, the retreating trend of glaciers can be confirmed
with the ice-mass change rate of approximately —13.0 + 2.27 Gt/ year.

6
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Figure 13. Mass variations in the mass accumulative area after GIA correction.
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Figure 14. Mass variations in the mass loss area after GIA correction.
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4. Discussion

4.1. Mass Variations Distribution

As mentioned above, our results show a strong mass loss signal in the northern Indian
(—3.4 cm/year as CSR RLO5 presented), which was believed to be caused by the India groundwater
depletion in the research of Rodell et al. [50]. With the filtering technique, they reported a mean rate of
—4.0 + 1.0 cm/year over the Indian states of Rajasthan, Punjab, and Haryana with GRACE level-2
products from August 2002 to October 2008. Yi and Sun [26] and Jacob et al. [27] found a decreasing rate
about 3 cm/year in the identical location as well, which match with our results. Ran et al. produced
a linear rate of —2 cm/year in the whole area of North Indian from both Stokes coefficients derived
from short-arc approach and dynamic approach and processed a fan filtering [56]; Xing ef al. presented
a similar distribution using CSR RL04 solutions post-processed by a Gaussian filter [57].

Remote sensing data suggested 68% of observed glaciers in the Himalayas are retreating, while
more than 50% observed glaciers in the North-Western Himalaya remains stable or advancing in the
early twenty-first century [58,59], which agrees with our results that Signal E remains 0~1 cm/year
and there are larger mass losses in the areas of Signals C and D.

The considerable positive signal (1~2 cm/year) in the Inner Tibetan Plateau agrees with the
study of Zhang ef al. (1~3 cm/year) [60], who suggested that the increasing water masses in lakes
in the rate of 4.95 Gt/year caused the gained mass in the Inner Tibetan Plateau with ICESat data.
Other GRACE-derived results using filtering method [25,55] and mascon method [27] described in [22]
also suggest the mass accumulation in the rate of 1~3 cm/year in the High Mountain Asia region.

On the Tibetan Plateau, the freezing and thawing of permafrost can impact the hydrologic cycle
processes by promoting or impeding groundwater and surface water exchange [61], resulting in mass
flux detected by GRACE. Permafrost and groundwater dynamics are especially sensitive to climate
change. The Inner Tibetan Plateau has been transforming to moist and warm climate patterns, which
is revealed by the increasing water levels in the inland lake regions [62]. Our mascon results show
the same increasing trend in this region. Meanwhile, the east Himalayas is still controlled by dry and
warm climate patterns [62]. The negative signals in the source areas of the Yellow river are related to
the diminishing water sources [63], as well as the glacier retreating. Furthermore, since the recharge
pathway for the melt water is not known and the local storage capacity of permafrost is limited [27],
the difference between our mascon results and sparse mass balance measurements remains to be
further discussed. All these interactional factors make the geophysical mechanism in the Tibetan
Plateau complicated.

4.2. Total Mass Variation

We have found a downward trend (shown in Table 3) in the Tibetan Plateau. Since other studies
concentrate on the ice-mass change rate in the Tibetan Plateau, we remove the hydrology effect
estimated by GLDAS from our total mass variation to get the ice-mass change rate, which produces
about —7.5 Gt/year. Jacob’s mascon solution produced an ice-mass change rate of —4 Gt/year [27],
while Yi and Sun’s spatial filtering solution of —5 Gt/year [26] with the same GIA correction in the
same region. Our results are larger than these previous works; the difference may be attributed by the
unknown modeling error of GLDAS and the GIA correction.

The linear rate in the Tibetan Plateau of our study is negative, but the long-term mass loss in this
area cannot be confirmed, as the decline trend is not significant enough to draw such a conclusion due
to the relatively large GIA correction; meanwhile, the uncertainties may be overoptimistic because of
the unknown GIA modeling error. Digital elevation models (DEMs) from Shuttle Radar Topography
Mission (SRTM) and SPOT 5 stereo imagery were compared in this region, which confirmed slight
mass gain or balanced mass budget of glaciers in the central Karakoram, while for the whole
Pamir-Karakoram-Himalaya glaciers, a mass balance rate of —0.14 & 0.08 m/year is reported [56,64].
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The GIA correction in this area is about —4 Gt/year with Pau-5-AUT model; however, Yi and Sun
suggested that the true value of GIA correction in Tibet might be very small [26]. If we remove the
GIA correction from the results of CSR RL05, JPL RL05, GFZ RL05a and GLDAS, the downward trend
would not be confirmed based on the uncertainties. Further researches upon the uncertainty of GIA
models in this region should be considered.

4.3. Tongji-GRACEO2 Monthly Solutions

As Tongji-GRACEQ02 monthly solutions provide the results with relatively large differences
compared to others, the reasons should be well discussed. Tongji-GRACE02 models were developed
with modified short-arc approach by modeling the non-conservative acceleration and attitude
observation errors [33], while other groups apply a dynamic approach [30-32]. Chen et al. suggested
that the difference between Tongji-GRACE(02 models and others models is contributed by the modeling
of the acceleration and attitude data errors, which may absorb parts of signals [65]. The signals of
Tongji-GRACEO02 model are relatively smaller than other models, especially in the Inner Tibetan Plateau
and North India, resulting in the highest secular trend.

The largest negative signal (—1.9 cm/year) of Tongji-GRACEQ2 is found in 90°E, 25°N (Signal D),
which matches with the same signal Dyurgerov predicted (—3.0 cm/year) in the same region with
sparse mass balance measurements from 1960 to 2008 [66]. However, there still remains 1.1 cm/year
signal or more lost. Jacob et al. [27] attributed the distinction between their results of CSR model and
Dyurgerov’s prediction to two geophysical phenomena—the tectonic process and the sinking of the
glacier melt water, which seems unlikely. The signal loss is possibly due to the absorption of Signal C,
in addition to the accuracy of time-variable gravity field models. Tongji-GRACE02 model may absorb
parts of signals because of the modeling method; however, its mass distribution shows its capability of
recovering gravitational signals.

5. Conclusions

Mascon modeling is applied in this paper to produce the mass flux solutions in the Tibetan Plateau.
For the first time, the covariance of Stokes coefficients is considered to determine the proper sampling
density of the pseudo observations. In the Tibetan Plateau, the sampling density of per 1.5° is the most
appropriate among all choices.

Mass flux variation distributions in the Tibetan Plateau are presented in this paper. We discovered
large mass loss (about —16.9 Gt/year) in Tianshan, North India, and Eastern Himalaya, while a positive
signal (about 6.1 Gt/year) in the Inner Tibetan Plateau. The total mass change rate in the Tibetan
Plateau from CSR RLO5, JPL RL05, GFZ RL05a and Tongji-GRACEQ2 are —6.41 + 4.74 Gt/year,
—5.87 + 4.88 Gt/year, —6.08 + 4.65 Gt/year, and —11.50 + 4.79 Gt/ year, respectively, which indicate
mass loss in this area with consideration on the uncertainty of GIA model. Annual amplitude of
approximately 2 cm and phases of around 200° are detected in the time series of mass flux in the
Tibetan Plateau, which demonstrate that mascon modeling is effective to recovery interannual mass
flux. Long-term observations are recommended to recovery the mass flux in the Tibetan Plateau.
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