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ABSTRACT

The Qinghai-Tibetan Plateau is the largest and the highest area in the world with distinct and competing surface and
subsurface processes. The entire Plateau has been undergoing crustal deformation and accompanying isostatic uplift as a result
of the Cenozoic collision of the Indian and Eurasian continents. Regional secular surface mass changes include the melting
of mountain glaciers and ice caps, and permafrost layer degradation due to global warming. There is also a plausible effect of
glacial isostatic adjustment due to the removal of a possible Pleistocene ice-sheet. In this article, we present an assessment of
the sizes and extents of these competing interior and exterior dynamical processes, and their possible detections using con-
temporary space geodetic techniques. These techniques include, in addition to GPS, satellite radar altimetry over land, and
temporal gravity field measurements from the Gravity Recovery and Climate Experiment (GRACE) satellite mission. These
techniques are complementary: land satellite altimetry, similar to GPS, is sensitive only to surface uplift, whereas GRACE is
sensitive to both surface uplift and mass changes inside the Earth. Each process may dominate the others in a particular region.
Our analysis shows that GRACE data are more sensitive (than GPS or land altimetry) to hydrologic and meteorology signals,

some of which are larger than the combined effect of geodynamic processes and permafrost degradation.
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1. INTRODUCTION

The Qinghai-Tibetan Plateau is a unique geophysical
region of the world with its extreme size and elevation. De-
spite its location at low latitudes, the Tibetan Plateau pres-
ently contains the largest storage of ice after Antarctica,
Greenland, and the Arctic, and it has rightfully being called
the “Third Pole” (Qiu 2008) and the “World Water Tower”
(Xu et al. 2008). Several competing geodynamic processes
are active on the plateau which motivates studies using con-
temporary geodetic sensors in the region. First, the plateau
forms the back arc of the active Eurasian-Indian tectonic
collision zone, and the entire plateau has been tectonically
active (Molnar et al. 1993; Tapponnier et al. 2001). The
horizontal deformation on the plateau has been investigated
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intensively and quantified by dense GPS networks (Wang et
al. 2001). These rates show general agreements with relative
motions of the major fault and suture zones in the plateau
(Meade 2007). Figure 1 shows contemporary GPS horizon-
tal velocities with error eclipses in the Himalayan-Tibetan
continental collision zone [figure courtesy, Q. Wang, up-
dated from Wang et al. (2001)].

Many geologic and geophysical studies indicate that
the present-day Tibetan Plateau has formed during > 40 My
of the continental collision (Tapponnier et al. 2001; Row-
ley and Currie 2006). Determination of present-day tectonic
uplift rates has been limited and challenging using modern
geodetic sensors such as GPS and gravimetry. For example,
Sun et al. (2009) estimated uplift rates and crustal thicken-
ing rates at three locations in Tibet, by combined measure-
ments from absolute gravimetry and three continuous GPS
stations.
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Fig. 1. The Himalayan-Tibetan continental collision zone with contemporary GPS horizontal velocities with error eclipses [figure courtesy, Q.
Wang, updated from Wang et al. (2001)]. Grey lines show the approximate main structural boundaries. Red and blue arrows indicate previous and

new GPS solutions, respectively.

Present-day vertical motion includes the response of
the Earth crust to the retreat of mountain glaciers and per-
mafrost layer degradation over the plateau as a result of an-
thropogenic climate change. During the past half-century,
82% of the plateau’s glaciers have retreated, and 10% of
the thickness of the discontinuous and sporadic permafrost
has degraded (Qiu 2008). In the presence of a warmer cli-
mate, the Tibetan Plateau will likely experience increased
atmospheric water vapor content and precipitation (Xu et al.
2008), despite the rapid depletion of glaciers and degrada-
tion of permafrost. The latter creates a significant problem
for sustained habitability because of the gradual depletion
of regional water resources.

To make the problem even more complicated, because
of the extreme elevations over a large area, it has been pro-
posed that the present Tibetan Plateau may be experienc-
ing the glacial isostatic adjustment (GIA) process, similar to
what is observed over Fennoscandia and present-day Hud-
son Bay region in North America. The size and extent of
the hypothesized Pleistocene ice-sheet is still being debated
(Derbyshire et al. 1991). Various glaciation scenarios have
been recently discussed in the literature and their expected
GIA signals have been modeled (Wang 2001; Kaufmann
2005).

Vertical geodetic rate measurements over the plateau
are limited. A continental scale repeated leveling survey

over China revealed positive uplift rates (2 - 4 mm yr') in
the western Tibet and slightly negative rates (0 to -2 mm yr')
in the eastern parts of Tibet (Zhang et al. 1989). However,
the leveling results are largely in contradiction with the lim-
ited number of vertical GPS measurements have been re-
ported so far. Xu et al. (2000) conducted three campaigns
between 1993 and 1997 and reported vertical rates at 14
locations in central Tibet. Excluding one outlier and four
stations in southern Tibet, their estimated uplift rates are be-
tween 1.1 - 9.8 mm yr'. Recently, Yao (2008) published a
map of vertical rates based on sparse data of repeated GPS
measurements; the data show slightly positive rates (0 -
10 mm yr') over the entire Tibetan Plateau. In general, the
reported vertical GPS rates show large spatial variations and
the solution differences are either comparable or higher than
the calculated rates, indicating significant unreliability. In
addition, most of the GPS velocities over the plateau have
been obtained via campaigns, thus the GPS time series can-
not resolve seasonal or shorter signals. About half of the
existing GPS sites are on or were on bedrock when mea-
surements were taken, the remaining sites are on soil or on
permafrost (Qi Wang, personal communication, 2009). For
example, the continuous GPS site at Lhasa is on the roof
of a building and not directly built on bedrock. All of these
problems contribute to GPS rates, particularly for vertical
uplift estimates.
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Figure 2 is a schematic which summarizes the ac-
tive competing geophysical and climatic processes taking
place over the Tibetan Plateau, along with plausible con-
temporary space geodetic techniques, which could provide
constraints and thus potentially separate some of these
processes. In this study, we present an assessment of the
magnitudes of these processes and their possible detections
or constraints using multiple satellite geodetic techniques
in addition to GPS, namely radar altimetry from TOPEX/
POSEIDON measuring solid Earth deformation which has
been demonstrated over the land region of Hudson Bay ob-
serving glacial isostatic adjustment (Lee et al. 2008a), and
space gravimetry from the Gravity Recovery and Climate
Experiment (GRACE) twin-satellites (Tapley et al. 2004).
The former is sensitive only to surface changes, whereas the
latter is sensitive to both surface and subsurface changes.
Therefore, it is possible for these two techniques to be used
in a complementary manner to discern a certain geophysi-
cal mechanism. In particular, quantification of the vertical
elastic deformation along the major faults, and the extent of
regional permafrost degradation rates are two of the impor-
tant contemporary scientific problems.

2. PRESENT TECTONIC ACTIVITY
2.1 Isostatic Tectonic Uplift

The Tibetan Plateau constitutes the back arc region of
the active Himalayan orogen that started with the collision
of the Eurasian and Indian continents 40 - 50 Ma (Molnar et
al. 1993). During the period of collision, the area that defines
the present Tibetan Plateau experienced more than 2000 km
north-south shortening, gained more than 4 km in elevation,
and underwent a crustal thickening of more than twice typi-
cal continental values. The elevation history of the plateau
has been studied for decades to understand the dynamics
of the continental collision. It has also been suggested that
the increased elevation of Tibet is directly responsible for a
strengthening of the Indian monsoon (Molnar et al. 1993).

The general mechanism governing the high elevation
of the Tibetan Plateau can be explained by the Airy type
isostatic compensation (Braitenberg et al. 2000), in which
the surface of the Earth responds to thickening of the crust
by uplift. This simple isostatic mechanism was shown to be
valid for the majority of the plateau except near the margins
(Jin et al. 1994; Braitenberg et al. 2000). On the other hand,
Jimenez-Munt et al. (2008) argued that the gradual decrease
of the crustal thickness toward the north despite the constant
elevation implies that isostacy is maintained below the crust
in the northern Tibet (discussed below).

Many independent observations suggest that the Ti-
betan Plateau started to rise in the south where it meets the
Himalayas and has been extruding towards the interior of
Eurasia over the course of continental collision (England
and Houseman 1986). Studies based on the historic faulting
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Fig. 2. A schematic representation of the surface and subsurface geo-
physical processes in the Tibetan Plateau and the various satellite geo-
detic techniques proposed to constrain these processes. Distances are
not to scale.

in the region (Tapponnier et al. 2001) suggest a decreasing
age of the thrust faulting toward the north. Combined results
of paleo-altimetry measurements based on oxygen isotope
variations trapped in lake sediments show younger eleva-
tions toward the north (Mulch and Chamberlain 2006; Row-
ley and Currie 2006). The crustal extrusion model has been
already demonstrated by theoretical (Bird 1991), numerical
(England and Houseman 1986; Beaumont et al. 2004), and
laboratory (Royden et al. 1997) models.

Seismic (Li et al. 2006; Xiong et al. 2009) and regional
gravity (Jin et al. 1994; Shin et al. 2009) studies show that
the Moho is deepest in the central part of the plateau and
gradually becomes shallower toward the margins of the
plateau. A comparison of the Moho depths and plateau age
for some localities in Tibet is shown in Fig. 3. Based on
the empirical relationship shown in Fig. 3 (dashed lines),
we estimated a crustal thickening model and correspond-
ing present-day isostatic uplift rates (assuming Airy type
isostacy). A more detailed discussion of this model with its
justifications is intended for an independent study.

The model estimated present-day isostatic uplift rates
are shown in Fig. 4. According to this, the north-east and
south-west parts of the plateau experience the maximum
amounts of present-day uplift, whereas the central plateau
experience little to no tectonic uplift; these are in general
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agreement with the results of other studies (e.g., Rowley
and Currie 2006). Note that the estimated uplift rates in-
clude isostatic conditions only; therefore, regions with non-
isostatic conditions were masked in Fig. 4. We used the
free-air gravity field of EGM2008 (Pavlis et al. 2008) and
removed areas with gravity anomalies larger than a certain
amount. As expected, areas away from the margins of the
plateau are isostatically compensated, with the exception of
Qaidam basin.

2.2 Interseismic Elastic Deformation

According to the elastic rebound theory, stress accu-
mulation during an interseismic period accompanies both
horizontal and vertical deformations. These effects are larg-
est near the fault zones and dissipate quickly away from the
faults. In the Himalayan-Tibetan orogen these effects domi-
nate all others on the Himalayan arc. Leveling measurements
across the Himalayas reveal vertical rates of more than
10 mm yr! (Zhang et al. 1989; Jackson and Bilham 1994).
Over the Tibetan plateau, vertical motions due to interseis-
mic deformation are expected to be much smaller except
near the margins. In the eastern margin of the high plateau,
repeated leveling surveys with respect to the Sichuan basin
show vertical rates of 2 - 5 mm yr' (Wang et al. 2008). How-
ever, it is not clear that these rates represent purely elastic
loading, since other effects such as non-isostatic uplift and
rapid exhumation may also occur near the margins.
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In the interior of the plateau, far from the margins, the
majority of deformation is by strike-slip motion which is
expected to have smaller vertical components. However,
as Meade (2007) showed these strike-slip faults also have
significant normal and reverse components. Therefore, the
situation may be more complicated than a simple strike-slip
activity. Meade (2007) also showed that the majority of the
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Fig. 3. A plot showing the empirical relation between plateau age and
Moho depths in Tibet. The dashed line shows a plausible fit for the
data. See the text for details.
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Fig. 4. Model estimated present-day isostatic uplift rates in the Tibetan Plateau. The crosshatched areas show the isostatically uncompensated areas
where the model is not applicable. Dark red lines show the suture zones separating major structural blocks (Tapponnier et al. 2001). Profile A - B

is shown for Fig. 5.
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current horizontal GPS rates can be explained by motions
along several major fault zones in the interior of the pla-
teau (Fig. 4, blue lines). Using this assumption, we conduct
a simple quantitative analysis of vertical interseismic rates
along a north-south profile (see Fig. 4 for profile location).
We use the slip rates given in Meade (2007), and assume
constant rates during an interseismic period of 200 years
for all faults. The rates are calculated using the dislocation
code of Wang et al. (2006). Figure 5 shows the calculated
vertical rates along the profile. We find significant rates (1 -
2 mm yr') in the vicinity of the fault zones (£10 km); and
also observe that these rates diminish quickly away from
the fault zones.

3. SURFACE PROCESSES

3.1 Permafrost Degradation

The permafrost region of the Tibetan Plateau covers
the largest area in low-mid latitudes of the world (Wang
and French 1995; Zhao et al. 2000; Zhang et al. 2008). Cur-
rently, ~75% of the plateau is overlain by a permafrost layer
(Fig. 6a). The layer is either discontinuous (50 - 90% cov-
erage; mainly the northern half of the permafrost region)
or sporadic (10 - 50% coverage; mainly the southern half
of the region) in nature (Zhang et al. 2008). The perma-
frost layer starts ~1 - 15 m below the ground where annual
temperature variations are diminished, and extend down to
~150 m where the geothermal conditions exceed the melting
point of ice.

The permafrost in Tibet is characterized to be “warm”
because of the high geothermal gradients in the Tibetan
Plateau (An and Shi 2007). This makes the layer more sus-
ceptible to climatic changes compared to permafrost zones
over the high latitudes (Wang and French 1995). Consider-
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ing that the present global warming rates in Tibet, primarily
because of its altitude, are three times faster than the global
average (Qiu 2008), the top of the permafrost layer has un-
dergone rapid degradation. Over the last 15 years, 10% of
the total permafrost ice mass has disappeared (Wang et al.
2000). Continuing with these degradation rates, the entire
permafrost layer is projected to vanish in the next 150 years
(Wang and French 1995).

Effects of permafrost degradation include both sub-
surface mass removal and the elastic rebound of the Earth
in response to mass removal. Considering the widespread
effect of mass removal, the permafrost degradation signals
presumably have a profound effect on the regional vertical
rates. Oelke and Zhang (2007) generated a regional thermal
model using available climatic data, and calculated Active-
Layer Depth (ALD, or the depth of the layer which freezes
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Fig. 5. Calculated interseismic vertical deformation rates along Profile
A - B in Fig. 4. In parentheses, negative rates show compression and
positive rates show extension (Meade 2007). See the text for details.
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Fig. 6. (a) Estimated ALD deepening rates [modified from (Oelke and Zhang 2007)]. The boundary of the permafrost region is shown by heavy
dark brown lines. (b) The net rate of permafrost ice removal rates (see the text). A 200 km Gaussian filter is applied, and rates are converted into

equivalent rock uplift.
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and thaws every year) thickening rates over the Tibetan Pla-
teau. Their model reveals that the ALD thickening rates are
~14 mm yr' in the majority of the permafrost region, 1980
- 2001, and the rates are as high as 40 mm yr' in some loca-
tions [Fig. 6a, modified from Oelke and Zhang (2007)]. It
should be noted that the ALD thickening rate is not directly
comparable with GPS, or land altimetry measured uplift
rates.

3.2 Asia High-Mountain Glaciers

While the largest recent contributions of the glaciers to
sea-level rise include the Patagonia and the Alaskan glaciers
(Cogley 2009), the so-called Asian High Mountain glaciers
are the least observed and have the largest uncertainty in
their mass balance estimates. The Asian High Mountain
glaciers are comprised of eight mountain glacier systems,
Himalayan (glacier area ~33050 km?), Tien Shan (15417
km?), Pamirs (12260 km?), Kun Lun (12260 km?), Quilan
Shan (1930 km?), Tibet (1802 km?), Gongga (1580 km?),
and Dzhungaria (1000 km?), representing a total glacierized
area of 79299 km? with the Himalayan glaciers being the
largest (Dyurgerov and Meier 2005). The Himalayas alone
encompasses ~15000 glaciers, which stores 12000 km* of
freshwater. Matsuo and Heki (2010) used GRACE data and
estimated a significantly larger Asian High Mountain glacier
mass balance than the in situ estimates (Kaser et al. 2006,
Cogley 2009), however, pointing out the geodynamic pro-
cesses, GIA and tectonics, need to be accounted for to accu-
rately estimate the glacier mass balance in the region. Con-
versely, the glacier mass balance must be known to quantify
geodynamic signals in this region. In addition, removal of
glacier mass or its ablation also causes elastic loading of the
crust, which needs to be accounted for to study tectonics in
the region.

3.3 Pleistocene Deglaciation

Holocene global warming caused removal of broad ice
sheets on the surface of the Earth. Such a glaciation possibly
reached its maximum at ~20 Ky B.P., and started to dimin-
ish until ~10 Ky B.P. (Wang 2001). Unloading of the ice
sheets resulted in glacial isostatic adjustment of the litho-
sphere that presently continues due to the finite viscosity of
the asthenosphere. The main effects of GIA include surface
uplift and the subsurface uplift at the Moho, due primarily to
the viscoelastic rebound of the mantle resulting from degla-
ciation or removal of large ice-sheets located on the crust.

The extent of Pleistocene glaciation in Tibet has been
under discussion because of uncertainties with regard to the
causes and interpretation of present-day uplift. Derbyshire
et al. (1991) proposed that only 15% of the plateau (locat-
ed in the trans-Himalaya region) was covered by glaciers,
whereas Kuhle (1988) suggested a much larger ice-sheet of

1 km thick covering the entire plateau. If the former is true
then the effect of GIA on present-day uplift rates is neg-
ligible. For the latter, surface uplift rates of 1 - 2 mm yr!
are expected for the majority of the plateau (Wang 2001;
Kaufmann 2005). Figure 7 shows current GIA models for
the Tibetan Plateau. Figure 7 (upper left panel) shows the
predicted GIA uplift using the KUHLE ice model (Kuhle
1998), and KL1 Earth model (Kaufmann 2005). Figure 7
(upper right panel) shows the predicted GIA uplift for ice
model TIBET4, with Earth model KL1 (Kaufmann 2005).
Figure 7 (lower left panel) shows the predicted GIA uplift
for ice model TIBET6, with Earth model KLL1 (Kaufmann
2005). Finally, Fig. 7 (lower right panel) shows the predict-
ed GIA uplift using the KUHLE ice model with a viscosity
model C (Table 1 in Wang et al. 2001). As discussed before,
the presence of a large Pleistocene ice-sheet over the Tibet-
an Plateau is largely controversial, and the current models
reflect drastically different predicted uplift due to GIA, if
there is such a significant geodynamical process.

4. SATELLITE GEODETIC TECHNIQUES

Over the Tibetan Plateau, there have been very few
ground measurements of accurate vertical rates to constrain
and separate the above mentioned geodynamical and cli-
matic processes. Observations of geodetic quality include
a few vertical rates obtained by GPS (Xu et al. 2008; Yao
2008), and the long-term leveling surveys (Zhang et al.
1989; Wang et al. 2008). One of the permanent GPS stations
is located in Lhasa where Matsuo and Heki (2010) reported
~3 mm yr' after epoch 2000.5. This value is in good agree-
ment with results by Xu et al. (2008). Sun et al. (2009) per-
formed combined absolute gravimetry at three GPS stations
in various parts of Tibet. All GPS measurements showed
uplift in the three areas and gravity changes are negative.
Sun et al. (2009) attributed these observations to the ongo-
ing crustal thickening in Tibet. We note that instruments like
GPS or leveling are sensitive to surface uplifts, but cannot
detect Moho deepening, nor discriminate between processes
acting on the surface uplift, such as permafrost degradation
and crustal thickening.

The Gravity Recovery and Climate Experiment
(GRACE) spaceborne gravimetry has demonstrated that
it can measure gravity changes induced by mass transport
in the Earth’s system with a temporal resolution of weeks
and a spatial resolution as fine as 400 km. (Tapley et al.
2004). The tectonic processes discussed above are occur-
ring over very large spatial scales (in excess of 1000 km).
The GRACE signals need to be further processed including
smoothing or filtering, and de-correlation or destriping or to
reduce the geographically-correlated high frequency errors
(Swenson and Wahr 2002, 2006; Duan et al. 2009; Guo et
al. 2010). Since GRACE measures the total mass change,
it is sensitive to hydrology, surface uplift and changes in
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Fig. 7. Contemporary GIA models for the Tibetan Plateau. (a) Predicted uplift due to GIA using the KUHLE ice model and KL1 Earth model
(Kaufmann 2005). (b) Predicted GIA uplift for the ice model TIBET4 and KL1 Earth model (Kaufmann 2005). (c) Predicted GIA uplift for the ice
model TIBET6 and KL1 Earth model (Kaufmann 2005). (d) Predicted GIA uplift using the KUHLE ice model with a viscosity model C (Wang et

al. 2001).

the Earth’s interior, with sensitivity down to the core-mantle
boundary.

The changes of the permafrost active layer can theo-
retically be measured by satellite gravity, if one could
overcome the current coarse resolution of GRACE and be
able to separate the signal from other competing signals,
including hydrology, tectonics, and aliasing of hydrologic
signals from outside of the Tibetan Plateau. Effective rates
for GRACE are substantially lower than the calculated ALD
deepening rates (Fig. 6b) because of the discontinuous or
sporadic distribution of the permafrost and small ratio of
ice (10 - 20%) content in the permafrost zones (Zhang et
al. 2008). In our calculations (Fig. 6b), we used a generic
value of 60% for continuity of the permafrost coverage and
20% for the ice content of the permafrost layer. We note that
removal of subsurface ice in the permafrost layer results in
the elastic rebound of the crust, these rates are assumed to
be negligibly small in our case, and therefore were not in-
cluded in calculating the geodetic effect of permafrost deg-
radation (Fig. 6b).

Here we show the observed mass change over the Ti-
betan Plateau region using GRACE (Tapley et al. 2004)
data. We used the University of Texas Center for Space Re-

search GRACE Release 04 (RL04) Level 2 monthly Stokes
coefficient data products (/.. = 60) over the Tibetan Plateau
and its vicinity for the time span January 2003 - December
2009. We first remove a mean or averaged gravity field over
a data span of 2003 through 2009. Then we post-processed
the data using de-correlation, filtering and signal leakage
correction techniques (Duan et al. 2009; Guo et al. 2010).
Here we choose a Gaussian filter with radius of 300 km.
Then we compute the monthly Stokes Coefficients as geoid
changes, and the GIA signal is removed using the Paulson
GIA model (Paulson et al. 2007). We also applied geocenter
(I = 1) correction using satellite laser ranging solutions (J.
Ries, personal communication). The missing month, June
2003, is compensated by interpolation using data from two
adjacent months. The GRACE monthly mass variations are
computed as follows (Wahr et al. 1998):

R . Imax |
Ao (6,¢)= [3)‘” ;Z;P(cose)zll:kll

x[AC,, cos(m@)+AS, sin(m@)] (1

where k, are load Love numbers, and AC, & AS,, are

Im
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Stokes coefficients change of degree / and order m. We did
not remove hydrologic signals using GLDAS or VIC mod-
els, primarily because the models are not accurate enough to
predict the true hydrologic signals (results not shown here).
Then a trend is computed simultaneously estimating semi-
annual and annual signals over the Tibetan Plateau and its
vicinity. Figure 8 shows the GRACE observed trend (in
terms of water thickness change, mm yr'). The white areas
are glacier locations from Global Land and Ice Measure-
ments from Space (GLIMS) database (Ohmura 2009). Two
example locations in Fig. 8 show the uplifts (and their for-
mal uncertainties) estimated using TOPEX (1992 - 2002)
land altimetry data over the Qaidam Basin, and in the cen-
tral Tibetan Plateau. Note that GRACE and TOPEX are
computed in terms of different quantities, water thickness
change and uplift, respectively, and thus their comparison
is only qualitative.

A number of the signal shown in Fig. 8 can be ex-
plained. The large negative anomalies (deep blue) in north-
ern India and south of Himalayan glaciers are reported to
be mass losses due to groundwater depletion by human ac-
tivities (Rodell et al. 2009; Tiwari et al. 2009). Mass loss
over most of the glacier regions are due to glacier retreat
(Matsuo and Heki 2010). The mass gain (red) in the regions
of Qinghai Lake, south of Chengdu and southeast corner
of Fig. 8 are most likely caused by interannual variations
of Monsoon, precipitation and hydrologic variations (Lee

65° 70° 75 80° 85"

et al. 2010). Possible changes in GIA are difficult to de-
tect conclusively at this resolution. It is unclear whether the
permafrost degradation signals are detectable since there is
little resemblance in spatial variations between the GRACE
signal and the permafrost ALD change by (Oelke and Zhang
2007). Improved GRACE data processing to enhance spa-
tial resolution are needed for GRACE data to be effective in
constraining or separating the competing geophysical pro-
cesses over the Tibetan Plateau.

Satellite radar altimetry measurements, originally de-
signed to observe deep-ocean sea level and circulation, have
been used to detect solid Earth deformation, e.g., the Lau-
rentian GIA, with an accuracy of several mm yr! (Lee et al.
2008a, 2008b). The limitation of this technique is that the
radar echo loses lock if the terrain is mountainous. Hence, it
is challenging to achieve accurate vertical motion estimates
from altimeter data over the parts of the Tibetan Plateau
with rugged topography. Figure 9, showing the ellipsoi-
dal heights over the Tibetan Plateau reveals the capability
of TOPEX to sporadically maintain lock over these rough
topographic surfaces. When data are available, it is diffi-
cult to estimate a reasonable vertical motion from a gener-
ated height change time series primarily because of errors
caused by steep topography gradients. The height difference
from cycle to cycle can reach several hundreds of meters, as
can be seen from Fig. 10, and the gradient correction using
Shuttle Radar Topography Mission (SRTM) C-band Digital
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Fig. 8. GRACE secular trend (in terms of water thickness change, mm yr') between 2002 and 2009 using the University of Texas Center for Space
Research RL0O4 data product. Two example locations show the uplifts (and their formal uncertainties) estimated using TOPEX (1992 - 2002) land
altimetry data over the Qaidam Basin, and central Tibetan Plateau. Note that GRACE and TOPEX are computed in terms of different quantities,
water thickness change and uplift, respectively, and thus their comparison is only qualitative.
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Fig. 10. TOPEX pass 231 profiles from cycle 272 and 290 over the Tibetan Plateau. The SRTM heights are converted to be referenced to the TOPEX

ellipsoid. The zoomed figure is inserted for visual clarity.

Elevation Model (DEM) as in Lee et al. (2008b) could not
mitigate the problem. We found that the currently available
DEMs, including SRTM and GTOPO DEMs, are not ade-
quate to correct the surface gradient changes for radar altim-
etry due to the DEM’s errors, spikiness, and voids over the
extreme terrains in the Qinghai-Tibetan Plateau. Instead, we
used TOPEX 10-day repeat surface elevation measurements
to generate mean profiles over relatively smooth study re-
gions, which are used to mitigate the surface gradient errors
in the time series of surface height changes. Here we show
that it is possible to estimate vertical motion from TOPEX
over the relatively smooth Qaidam Basin region, which is
located at the northeastern Qinghai-Tibetan Plateau and in
the central region of the plateau (Fig. 8). Two example time
series are shown here (Fig. 11). We observed an uplift of

7.5 2.6 mm yr' in the Qaidam Basin, and an uplift of 15.4
+ 3.7 mm yr' in the central Tibetan Plateau (Fig. 11, top
and bottom, respectively), in qualitative agreement with the
GRACE estimated trend in terms of water thickness change
(Fig. 8). At present, land altimetry uplift observations are
limited by the steep and rough terrain over the Tibetan Pla-
teau causing the radar altimetry to be unreliable. Even if
data are available, accurate and fine-resolution digital eleva-
tion models are not available to remove the gradient errors
to align repeat-track radar altimeter measurements to form
a height time series.

5. CONCLUSIONS

In this study, we estimated the magnitudes of regional
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Fig. 11. (a) TOPEX land altimetry (pass 155) time series, 1992 - 2002,
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at a location over the western Qaidam basin, before (blue lines) and after

(black lines) the gradient correction using a DEM generated using TOPEX surface elevation. The estimated vertical rate (with formal uncertainty)
shows uplift. (b) TOPEX land altimetry time series (pass 64) and the estimated uplift (and its formal uncertainty) over a location in central Tibetan
Plateau, before and after the gradient correction. Both uplift points are also shown in Fig. 8 for a qualitative comparison.

surface and subsurface processes over the Tibetan Plateau
based on the available data in the region. We also calcu-
lated the effect of these processes using satellite geodetic
methods, in particular, satellite radar altimetry and satellite
gravimetry from GRACE. Multiple geodetic observations
of varying spatial resolutions can be combined, each mea-
suring independent and distinct geophysical parameters, to
quantify the competing physical processes, i.e., isostatic up-
lift, interseismic vertical deformation, permafrost degrada-
tion, crustal uplift resulting from elastic loading effect from
mountain glacier ablation, and possible glacial isostatic ad-

justment effect. The surface motions can be measured by
satellite altimetry over the solid Earth and by GPS/leveling,
while the combined surface and subsurface signals in theory
can be measured by GRACE, at a resolution of several hun-
dred km.

Our study shows that all of the mentioned processes
have comparable effects to the satellite geodetic signals.
However, their spatial coverage are different; e.g., perma-
frost degradation may be dominant in the western region
whereas isostatic crustal uplift may dominate in the north-
east and southeast. Vertical motions due to interseismic
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deformation are only significant within 10 - 15 km of the
vicinity of the fault zones. It has been concluded that the
expected GRACE signal due to isostatic crustal thickening
is negligibly small, likely because of the cancelling effects
of the Moho deepening and the surface uplift. However, the
non-isostatic effects of crustal thickening near the margins
and their possible sensitivity to a suite of modern geodetic
sensors still need to be investigated.
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